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Chapter 1 

Introduction 

Cellular signalling involves the generation, propagation and processing of information critical 

for cellular functions. Processing of biological information by employing signalling events is 

ubiquitous across the genre of life. However, the complexity of signalling events in 

multicellular organisms is significantly greater than those operating in unicellular organisms.  

Cells use a myriad spectrum of molecules, such as proteins, sugars, lipids and ions, to exert 

these signalling events. In higher organisms, intricate interlacing of the signalling pathways 

adds to their complexity. These signalling cascades control a wide array of cellular activities, 

including gene expression, metabolism, cell growth and differentiation. In multicellular 

organisms, signalling plays critical roles in maintaining homeostasis, regulating immune 

responses and for developmental processes. In higher eukaryotes, Wnt signalling is known for 

its critical role in regulating of numerous cellular functions such as cell polarization, 

differentiation, proliferation and migration during the developmental stages of the embryo as 

well as in tissue homeostasis in adult organisms. This pathway is mediated by Wnts ligands, 

which are lipidated, secreted glycoproteins. In humans, the Wnt family is shown to be 

composed of 19 members that activate various intracellular signalling cascades by binding to 

their membrane bound receptors, Frizzled. Frizzled are the seven transmembrane helical 

receptors that belongs to the family of G protein-coupled receptors (GPCRs)1,2. Apart from 

Frizzled receptors, Wnts are also shown to signal via heterodimeric complexes consisting of 

Frizzled receptors and other co-receptors including Lipoprotein-receptor related protein 5 and 

6 (LRP5 and LRP6), Tyrosine kinase-related (RYK) receptors and Receptor tyrosine kinase-

like orphan receptors 1/2 (ROR1/2) to transmit the signalling cues to the downstream 

effectors3. The mechanism of selectivity between Frizzled receptors and Wnt ligands and the 

subsequent modes of signalling cascade they exert remains unclear. Notably, this selectivity is 

also regulated by the co-receptor involved in the signalling event4,5. The Wnt signalling 

pathway is primarily divided into two categories: the β-catenin dependent canonical pathway 

and the β-catenin independent non-canonical pathway. 
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1.1 Canonical Wnt signalling 

Canonical Wnt signalling is majorly involved in cellular differentiation and proliferation. In 

the absence of Wnt signalling, a β-catenin destruction complex consisting of cytoplasmic 

proteins such as Adenomatous polyposis coli (APC) protein, Casein kinase 1 (CK1), Ser/Thr 

kinases glycogen synthase kinase-3 beta (GSK-3β), Axin, E3-ubiquitin ligase β-TrCP, and 

Protein phosphatase 2A (PP2A) is formed. It has been shown that this destruction complex 

phosphorylates β-catenin, leading to its ubiquitination and breakdown by proteasome mediated 

degradation (Fig 1.1A). Once the Wnt ligand interacts with the corresponding Frizzled (FZD) 

receptors and co-receptors (LRP5/LRP6), the former recruits a scaffold protein called 

Dishevelled (Dvl) at its cytosolic domains. Dvl further interacts with the destruction complex 

proteins such as Axin and GSK-3β, thereby dissociating the destruction complex3,6,7. This event 

stabilizes the β-catenin in the cytosol, which further translocate to the nucleus, where it interacts 

with the T-cell factor/ Lymphoid enhancer factor (TCF/LEF) transcription factors and regulates 

expression of gene under their control (Fig 1.1B). 

 

Figure 1.1: Overview of β-catenin dependent canonical Wnt signalling. A) Wnt signalling 

in the absence of Wnt ligand. B) Wnt signalling in the presence of Wnt ligand. 
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This signalling plays a vital role in various biological processes involving different 

stages of development and tissue maintenance. During mouse embryogenesis, it is shown to be 

involved in locally triggering the epithelial to mesenchymal cell transition and mesendodermal 

differentiation8. In adult tissues, particularly in organs requiring constant renewal like the 

intestine, stomach and skin, Wnt signalling is important for stem cell proliferation and tissue 

regeneration. For example, Wnt signalling in the intestinal epithelium brings about continuous 

regeneration of intestinal tissue by promoting the proliferation of the local stem cells9,10. 

Similarly, Wnts, in their canonical mode of operation, are also shown to promote the 

regeneration of interfollicular epidermis11,12 and proliferation of pancreatic beta cells13. 

Furthermore, Wnt signalling also controls hematopoiesis, emphasizing its importance in the 

maintenance of the hematopoietic system14. 

1.2. Non-canonical Wnt signalling 

On the contrary to its canonical counterpart, non-canonical Wnt signalling operates 

independently of β-catenin stabilization and it is subsequently divided into the Wnt-calcium 

pathway and the Wnt-planar cell polarity (Wnt-PCP) pathway. This mode of Wnt signalling is 

shown to be involved in cell migration and polarization. Along with the Frizzled receptors 

(FZD), these Wnt ligands are also reported to interact with co-receptors such as ROR1/2, RYK 

receptors, Syndecan, Glypican and Protein tyrosine kinase 7 (PTK7) receptor to transmit 

signals intracellularly15. 

The Wnt-calcium pathway involves recruitment of Dishevelled (Dvl) as well as 

heterotrimeric G-protein activation by the Wnt receptors, Frizzled. This pathway activates 

Phospholipase C (PLC), which converts phosphatidylinositol 4,5-bisphosphate (PIP2) into 

inositol 1,4,5-triphosphate (IP3) and 1,2 diacylglycerol (DAG) which acts as signalling 

molecules. IP3 releases Ca2+ from the endoplasmic reticulum (ER), further activating calcium 

regulated proteins like Calmodulin-dependent protein kinase II (CaMKII)16, Protein Kinase C 

(PKC)17 and Calcineurin18 in Xenopus. Further, CaMKII is reported to activate regulatory 

proteins such as NF-κB19 and CREB20. Similarly, Calcineurin in Xenopus is shown to activate 

the nuclear factor associated with T cells (NFAT)18, another transcription factor. These 

transcription factors, NF-κB, CREB and NFAT, transcribe the regulatory genes by their nuclear 

translocation (Fig 1.2A). Activation of another calcium sensitive protein, PKC is reported to 

activate Cdc42 and to control tissue separation during gastrulation in Xenopus21,22. 
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Non-canonical Wnt-PCP signalling is stimulated when the appropriate Wnt ligand 

interacts with its cognate FZD receptor. This further recruits Dishevelled (Dvl) to the receptor 

and activates it to form a complex with Dishevelled-associated activator of morphogenesis 1 

(Daam1)23. Dvl-Daam1 complex is reported to subsequently interact with Weak-similarity 

Guanine Nucleotide Exchange Factor (WGEF), which activates RhoA, leading to cell 

movement during Xenopus gastrulation24. Apart from RhoA, Dvl is also shown to activate 

another Rho GTPase, Rac, which is independent of Daam1 interaction. Dvl activated Rac is 

reported to stimulate c-Jun-N-terminal Kinase (JNK), which eventually leads to the regulation 

of cell polarity and migration25 (Fig 1.2B). During embryonic development, Wnt-PCP 

signalling is required for cellular movement during neural crest closure and gastrulation26. In 

higher eukaryotes, the Wnt-PCP pathway is also known to regulate hair follicle orientation in 

mammalian skin27 and is crucial for neural tube closure. Disruption of Wnt-PCP proteins has 

been linked to convergent extension defects in the mouse kidney, cochlea and heart28–30. 

Figure 1.2: Overview of β-catenin independent non-canonical Wnt signalling. A) Wnt-

calcium pathway. B) Wnt-planar cell polarity (Wnt-PCP) pathway. 

In the Wnt-PCP pathway, Prickle protein is known to inhibit this pathway in the 

absence of Wnt ligand. The binding of Wnt ligand to the receptor recruits proteins such as 

Inversion, Dvl2, Par-6 polarity protein and smad ubiquitination regulatory factor (smurf), 
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which ubiquitinates Prickle leading to its proteasomal degradation and activation of Wnt-PCP 

signalling. This indicates that the Wnt-PCP pathway is also regulated, like canonical Wnt 

signalling. Celsr1 and Vangl2 are the other known receptors that also interact with Wnt ligands. 

1.3 Wnt ligands, Receptors and Co-receptors in Wnt signalling  

1.3.1 Wnt ligands  

The word ‘Wnt’ is derived from the wingless (wg) gene, essential for the correct development 

of most of the appendages and tissue in Drosophila31,32. In humans there exist nineteen different 

genes that encode Wnt ligands. Wnts are cysteine-rich proteins consisting of approximately 22 

cysteine residues that form disulphide bonds required for the proper folding of the proteins. 

After translation, Wnt proteins are targeted to the ER and Golgi apparatus for post-translational 

modifications which include acylation and glycosylation. The amount of glycosylation on Wnts 

varies significantly across the family. On post-translational modifications, these proteins are 

secreted out of the cells through a secretory pathway33. Previously, they were classified as 

canonical and non-canonical Wnts based on the pathways they majorly activate. For instance, 

Wnt1, Wnt2, Wnt3, and Wnt8A are some of the Wnts involved in canonical Wnt signalling34 

whereas Wnt4, Wnt5A/B, Wnt6, Wnt7A, and Wnt11, are known to activate the non-canonical 

Wnt signalling35. It is to be noted that there is no one-to-one correspondence between the Wnt 

ligands and the type of pathway they exert. 

1.3.2 Frizzled, the non-canonical GPCRs 

Frizzled (FZD) are seven transmembrane helical receptors of Wnt ligands and belong to the 

class F of the GPCR family. They are also referred to as atypical or non-canonical GPCRs, as 

their primary signalling does not involve canonical G-proteins36. GPCRs encompass a wide 

range of membrane receptors that regulate crucial physiological functions, making 50% of 

these proteins important drug targets. Although they vary in sequence and functions, the seven 

transmembrane helical architecture of GPCRs is highly conserved across the family37. The 

class F of GPCRs consists of ten FZD and one Smoothened (SMO) receptor. They are known 

to possess an extracellular cysteine-rich domain (CRD), which mediates binding with the Wnt 

ligands38. Based on their sequence FZD have been grouped into four clusters: FZD1, 2 and 7 

share approximately 75% sequence identity; FZD5 and 8 share about 70% sequence identity; 

FZD4, 9 and 10 exhibit about 65% sequence identity; whereas FZD3 and 6 share 50% sequence 
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identity38. The specific downstream Wnt signalling is activated depending on the interaction 

between the corresponding Wnt ligand, FZD receptor and co-receptor39. Apart from these 

interactions, the linker domain between the CRD and the transmembrane domain of FZD 

receptors also plays a role in determining the specificity of Wnt-FZD interactions40. 

1.3.3 Wnt ligand co-receptors 

In addition to FZDs, Wnt ligands interact with co-receptors such as LRP5 and LRP641. These 

single-span non-FZD transmembrane proteins heterodimerize with FZD receptors upon Wnt 

binding. Phosphorylation of LRP receptors by various protein kinases operating in the 

cytoplasmic region recruits Axin, facilitating the activation of Wnt signalling42. Other receptors 

of Wnts include RYK receptors, which consist an extracellular Wnt inhibitory factor (WIF) 

domain that interacts with the Wnts to form a Frizzled-Wnt-RYK ternary complex43. 

Additionally, the ROR1/2 also serve as co-receptors of Wnts. These receptors have an 

extracellular CRD domain similar to that of FZD receptors, a single-pass transmembrane 

domain, intracellular kinase domain and a proline-rich domain44,45. These proteins also form 

heterodimers with FZD receptors upon Wnt binding to initiate the signal transduction46. 

1.4 Recruitment of Dishevelled and Daam1 in non-canonical Wnt-PCP 

pathway 

1.4.1 Recruitment of adapter protein Dishevelled 

The recruitment of Dishevelled (Dvl) at the cytosolic end of the FZDs is a key event in Wnt 

signalling as it plays a crucial role in canonical as well as in non-canonical Wnt signalling. 

Based on the specific Wnt-FZD interaction, the Wnt signalling diverges from the point of 

Dishevelled recruitment. In canonical Wnt pathway it is known to prevent β-catenin from 

proteasomal degradation, whereas in non-canonical Wnt-PCP pathway it forms complex with 

Daam1 to activate RhoA. It can also activate Rac, independent of Daam1 interaction47. In 

vertebrates, Dvl is known to possess three isoforms (Dvl1, Dvl2 and Dvl3) and all of these 

comprise of three conserved domains, namely, an N-terminal DIX (Dishevelled-Axin) domain, 

a central PDZ (PSD-95, DLG, ZO1) domain, and a C-terminal DEP (Dishevelled, EGL-10, 

Pleckstrin) domain (Fig 1.3). These domains play a vital role in signal transmission during Wnt 

signalling. The N-terminal DIX domain brings about dynamic polymerization to form Wnt 

signalosomes and also promotes protein-protein interaction. In canonical Wnt signalling, the 
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DIX domain of Dvl interacts with Axin, which leads to the disruption of the β-catenin 

destruction complex and stabilizes the β-catenin to activate Wnt signalling48,49. The central 

PDZ domain plays an crucial role in establishing protein-protein interactions during canonical 

and non-canonical Wnt signalling50,51. For instance, DvlPDZ domain is reported to bind with the 

KTXXXW internal peptide motif of Frizzled receptors and also interacts with Daple, which 

further mediates Dvl phosphorylation to regulate both canonical and non-canonical Wnt 

signalling (involving Rac GTPase)52,53. On the other hand, the DEP domain present at the C-

terminal contributes to the assembly of signalosomes54,55 (Fig 1.3). The C-terminal DEP 

domain is responsible for interaction with Frizzled receptors for Dvl recruitment and also 

dimerizes to cross-link Dvl polymers, contributing to the assembly of signalosome during Wnt 

signalling55.  Additionally, Dvl possesses other regions, such as a basic region of positive amino 

acids between the DIX-PDZ domain, a nuclear import signal and a proline-rich region between 

the PDZ-DEP domains and a C-terminal nuclear export signal. These regions are shown to 

assist during interactions with other proteins, signal transduction and cellular localization of 

Dvl47 (Fig 1.3). For instance, phosphorylation of the basic region is linked to interaction of 

proteins such as Naked Cuticle which act as antagonist of canonical Wnt signalling. This region 

is also important for interaction of Dvl with membrane lipids. The proline-rich region of Dvl1 

interacts with NEDL1 ubiquitin ligase, which further leads to the degradation of Dvl156. Thus, 

these interactions enable Dvl to coordinate complex signalling events involving regulation of 

both canonical and non-canonical signal transduction. 

Figure 1.3: Different domains of Dishevelled (Dvl) proteins and their respective functions 

during signalling. 
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1.4.2 Daam1, another critical player in non-canonical Wnt signalling 

Daam1 belongs to the group of formin proteins and consists of four domains: GTPase binding 

domain (GBD), the formin homology 1 and 2 (FH1 and FH2) domains, and the diaphanous 

autoinhibitory domain (DAD). Daam1 is autoinhibited through the intradomain interactions 

between its N-terminal GBD and the C-terminal DAD domains. Dvl binds with the DAD 

domain of Daam1 to release its autoinhibition. Rho GTPase is also known to bind the GBD 

domain to partially release Daam1 from an autoinhibitory state57. Thus, recruitment of the Dvl-

Daam1 complex is an important step in the activation of RhoA dependent cytoskeletal 

rearrangement in the Wnt-PCP pathway58,59. 

1.5 Rho GTPases in non-canonical Wnt signalling 

1.5.1 Rho family of GTPases 

The Rho (RAS homolog) family of GTPases belongs to the RAS superfamily of Guanine 

nucleotide binding small GTPases (~21 to 25 kDa). GTPases such as Rho (A-D, G and H), Rac 

(1-3), Cdc42 and RND (1-3) belong to the Rho family of GTPases60. These GTPases are crucial 

for several cellular processes, such as cell migration, cell polarity establishment, cytoskeleton 

rearrangement, etc. Like other GTPases, these proteins act as biomolecular switches that cycle 

between the GTP-bound “ON” (active) and the GDP-bound “OFF” (inactive) states. The most 

conserved structural motifs of these proteins include G1 (phosphate-binding loop, P-loop), G2 

(Switch I region/SWI), G3 (Switch II region/SWII), G4 and G5 motifs, important for guanine 

nucleotide binding. The G1 motif consists of a conserved sequence GxxxxGK[S/T], where x 

denotes any amino acid. This motif binds to the β-phosphate of the guanine nucleotide as well 

as to the Mg2+ ion (Fig 1.4).  
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Figure 1.4:  Crystal structure of RhoA bound with GTP analogue (GTPγS) (PDB ID: 1A2B). 

Conserved motifs of RhoA are represented with different colours; G1 (P loop): Yellow, G2 

(SWI): Bordeaux, G3 (SWII): Blue, G4:  Dark yellow, G5: Green.  

The threonine (Thr37 in RhoA) residue of the SWI region forms a hydrogen bond with 

the GTP γ-phosphate as well as with the Mg2+ ion through its side chain (Fig 1.5). Similarly, 

the glycine (Gly62 in RhoA) residue of the SWII region, which is part of the conserved DxxG 

(x is any amino acid) motif, also establishes a hydrogen bond with the GTP γ-phosphate. Thus, 

conformational reorganization of SWI and SWII regions on account of these hydrogen bonds 

with the γ-phosphate was asserted to be a signature of activation of Ras superfamily of proteins, 

known as the “loaded spring mechanism”61,62. After GTPase-driven hydrolysis of the GTP γ-

phosphate, GTP is converted to GDP and the two hydrogen bonds are lost, thereby relaxing the 

GTPase to GDP specific state (Fig 1.6A and B). Thus, this transition between the GTP to GDP-

bound state is accompanied by a structural change in the SWI and SWII regions of the GTPases 

(Fig 1.6C and D). The G4 (NKxD) motif and G5 (TSAK) motifs are shown to make interactions 

with the guanine nucleotide base. The aspartate side chain of the DxxG motif is responsible for 

binding specificity towards guanine nucleotide base61,62. 
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Figure 1.5:  Crystal structure of RhoA in active (PDB ID: 1A2B) and inactive state (PDB 

ID: 1FTN). A) RhoA bound to GTP analogue. Thr37 and Gly62 form bonds with the γ-

phosphate of the bound GTPγS. B) RhoA bound to GDP. The bonds involving Thr37 and Gly62 

are disrupted after GTPase-driven hydrolysis of the γ-phosphate. 

Figure 1.6: Loaded spring mechanism and switching mechanism of GTPases. A) In the 

active state, the conserved Thr in the SWI region and Gly in the SWII region form hydrogen 

bonds with the γ-phosphate, a conformation referred to as “loaded spring mechanism”. B) 

After the γ-phosphate is cleaved, the structure is relaxed. C and D) Superimposition of the 

active (1A2B-Pink colour) and inactive (1FTN- Teal colour) structures of RhoA shows a shift 

in the SWI and SWII regions after GTP hydrolysis. 
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1.5.2 Rho pathway meeting the Wnts 

Rho GTPases are recognized as key downstream regulators in non-canonical Wnt signalling. 

Operating under this pathway, they control actions that drive cytoskeletal dynamics for cell 

movements during gastrulation63. Amongst the Rho family, RhoA and Rac have been shown 

to be activated by Wnt11 and Frizzled7 (FZD7) interaction in the Wnt-PCP signalling. As 

observed from the majority of Wnt-FZD pathways, Wnt11-FZD7 interaction recruits the 

adapter protein, Dvl, which relays the signal to the effector proteins. The Wnt11-FZD7 

signalling cascade that activates RhoA, depends on the interaction between Dvl, Daam1 and a 

Rho specific GEF known as WGEF23,24.  However, activation of Rac under the same pathway 

is independent of Dvl interaction with Daam1 and WGEF25. Thus, RhoA and Rac activations 

are proposed to be mutually exclusive during the convergent extension movements. 

Furthermore, Wnt11-xFZD7 interaction is also reported to activate another Rho family 

member, Cdc42, by the Gβγ subunit of the heterotrimeric G-protein, which acts through Protein 

kinase C (PKC) during Xenopus gastrulation21. It is also suggested that Cdc42 regulates 

convergent extension movements through the activation of PKC, brought about by the 

Wnt/Ca2+ pathway64. 

1.6 Regulators of Rho GTPases  

The switch between GTP-bound active and GDP-bound inactive conformation of the GTPases 

is controlled by two groups of regulatory proteins known as Guanine nucleotide exchange 

factors (GEFs) and GTPase activating proteins (GAPs). For Rho GTPases, there is an 

additional level of regulation, which is exerted by Guanine nucleotide dissociation inhibitors 

(GDIs) (Fig 1.7). 

Figure 1.7: Rho GTPase regulation cycle. Made with biorender. 
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1.6.1 Guanine nucleotide exchange factors (GEFs) 

GEFs are regulatory proteins which activates Rho GTPases by facilitating the exchange of their 

bound GDP with GTP (Fig 1.7). The intrinsic dissociation of GDP after GTP hydrolysis is slow 

as GTPases have a high affinity for the guanine nucleotides (GDP/GTP). GEFs bring about 

conformational change in the SWI and SWII region of the Rho GTPase, leading to the reduced 

affinity of GTPase for GDP/GTP, eventually leading to the dissociation of GDP65. 

Subsequently, GEF forms an intermediate complex with nucleotide-free GTPase (Fig 1.8), 

which further binds immediately to GTP, as the cytoplasmic concentration of GTP is tenfold 

excess than GDP. The final step in the GTPase activation involves dissociation of the GTP 

bound GTPase from the GEF. Thus, GEFs activate GTPases by exchanging their bound GDP 

with the cytosolic GTP62,66. 

Figure 1.8: Crystal structure of RhoA in complex with Leukaemia-associated Rho GEF 

(LARG) (PDB ID: 1X86). Diffuse B-cell lymphoma (Dbl) homology/DH (pink) and pleckstrin 

homology/PH (green) domain containing LARG is shown to form complex with RhoA (blue). 

Different residues of the catalytic DH domain, which form salt-bridges and hydrogen bonds to 

interact with RhoA are shown as black dotted lines67. 

1.6.2 GTPase activating proteins (GAPs) 

The intrinsic hydrolysis of the GTP by the GTPase is slow but can be significantly accelerated 

from their interaction with Rho GAPs (Fig 1.7). Apart from the catalytic (GAP) domain, GAPs 

comprise other functional domains such as PH and SH3 domains60. Despite more than three 

decades of structural and biochemical studies, the GAP catalyzed GTPase hydrolysis 
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mechanism is still not clear. From the structures of Rho GAP in complex with RhoA-

GDP·AlF4- (tetrafluoroaluminate) and other GAP bound GTPase structures (Fig 1.9), the most 

plausible mechanism for the hydrolysis of GTP has been proposed60,68. The catalytic 

mechanism involves the reorientation of glutamine residue at the 63rd position of the GTPase 

(RhoA) and the conserved arginine of the GAP domain (also known as arginine finger) into the 

nucleotide binding pocket of the former68 (Fig 1.9). This new favourable position of Q63 makes 

it a potent nucleophile, which subsequently activates the nearby bound water molecule to 

initiate the cleavage of γ-phosphate. The arginine finger stabilizes the transition state. Thus, a 

coordinated action of these two residues triggers the hydrolysis of GTP to GDP. It is interesting 

to note that till date, there are only 66 GAPs identified in humans, whereas there are 

approximately 85 canonical GEFs known60. Therefore these numbers show that GAPs may 

have higher promiscuity towards their ligands (GTPases) compared to GEFs.  

Figure 1.9: Conserved mechanism of GAP mediated GTP hydrolysis by RhoA GTPase. A) 

Crystal structure of P50-RhoGAP bound to RhoA-GDP·AlF4- (PDB IB: 1TX4). B) Crystal 

structure of ArhGAP20 bound to RhoA-GDP.MgF3 (PDB IB: 3MSX). From these crystal 

structures, it is observed that the conserved arginine of the GAP domain (R399 in ArhGAP20 

and R85 in P50-RhoGAP) facilitates the stabilization of GTPase transition state and promotes 

the GTP hydrolysis activity of the GTPase. 

1.6.3 Guanine nucleotide dissociation inhibitors (GDIs) 

As explained previously, GDIs provide an additional level of regulation that is seen exclusively 

for Rho GTPases. GDIs sequester the GDP-bound Rho GTPases from the cytosol, thereby 

preventing their degradation and/or unwanted activation60. Firstly, GDIs interact with Rho 

GTPases through their N-terminal arm, which binds to the switch regions of Rho GTPase. This 
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step prevents the hydrolysis of GTP as well as dissociation of GDP from the GTPase. Next, the 

N-terminal of GDIs interacts with the hypervariable region of GTPase, which is known to 

interact with the phospholipid in the membrane. After this interaction, the hydrophobic moiety 

of Rho GTPase is inserted into the hydrophobic pocket of the GDI protein, thus releasing the 

GTPase from the membrane69 (Fig 1.10). 

Figure 1.10: GDI1 mediated dissociation of Rac1 GTPase from membrane. Image adapted 

from Mosaddeghzadeh et al.69.  

1.7 Autoinhibition of GEFs 

In terms of hierarchy of regulation, GEFs, too, require activation so that they can act upon the 

downstream GTPases to further propagate the signal. This is achieved by releasing GEFs from 

their autoinhibitory state on account of their inter-protein and other interactions. In higher 

eukaryotes, such as humans, two clades of GEFs are known: the canonical (DH-PH)/ Diffuse 

B-cell lymphoma (Dbl) GEFs and the non-canonical or Docker GEFs (Table 1.1). The 

canonical GEFs essentially consists of the catalytic Diffuse B-cell lymphoma (Dbl) homology 

(DH) domain and the membrane anchoring pleckstrin homology (PH) domain70,71. On the 

contrary Docker GEFs have DOCK homology regions-2 and 1 (DHR-2 and DHR-1) domains 

known to exert similar functions when compared to that of DH and PH domains, respectively72–

74. Apart from the DH and PH domains, Dbl family of GEFs may also contain additional 

domains such as Src homology 2 (SH2), Regulator of G protein signalling (RGS), Src 

homology 3 (SH3), Ras binding domains (RBD) and PSD-95, DLG, ZO1 domains (PDZ) 

which assists in protein-protein binding and regulating the activity60,75. The interdomain 

interaction induced autoinhibitory state renders the GEFs inactive by precluding their active 

sites for GTPases binding76 (Fig 1.11).  
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Table 1.1: List of few canonical and non-canonical GEFs, along with the GTPases they 

activate and their tissue-specific expression. 

 

Guanine nucleotide 

exchange factors 

(GEFs) 

GTPase specificity Tissue  specificity 

High expression Moderate/ low 

expression 

Canonical GEFs 

LARG RhoA Peripheral  blood 

leukocytes,  ovary, 

spleen, testis, small 

intestine, prostate and 

colon 

Thymus 

PDZ-RhoGEF RhoA Brain, testis, heart, 

ovary, central nervous 

system (CNS) and 

placenta 

Kidney, spleen, colon, 

skeletal muscle,  

pancreas, lung, 

prostate and liver 

p115-RhoGEF RhoA Hematopoietic cells  

AKAP-Lbc RhoA Cardiac tissues  

p63RhoGEF RhoA, RhoB, RhoC Heart and brain  

p114-RhoGEF RhoA, Rac1 Kidney and pancreas Liver, skeletal muscle 

and testis 

P-Rex1 Rac, RhoG Neutrophils, 

macrophages, 

platelets, endothelial 

cells, neurons and 

brain tissues 

Bone marrow, thymus, 

spleen, lymph nodes 

and lungs 

αPIX Rac1 , Cdc42 Heart, skeletal muscle 

and immune cells 

 

βPIX Cdc42 , Rac Ubiquitous  

Vav1 RhoA, Rac1, Rac2, 

RhoG, Cdc42 

Hematopoietic cells Pancreas, the tooth 

enamel, and the 

trophoblast layer 

Vav2 RhoA, RhoG, Rac, 

Cdc42 

Broadly expressed  

Vav3 RhoA, RhoG Broadly expressed, 

highest in brain and 

hematopoietic cells 

 

WGEF RhoA Intestine, liver, heart, 

and kidney 

 

TIAM1 Rac1 Brain, testis and 

epidermis 

 

TIAM2 Rac1 Only restricted to 

neuronal cells 

 

Non-canonical GEFs 

DOCK180/  DOCK1 Rac Broadly expressed  

DOCK2 Rac Hematopoietic cells  
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Figure 1.11: Illustrations showing autoinhibition of few Dbl family GEFs. 

The activation of GEFs, achieved by releasing them from their autoinhibited state, 

involves numerous mechanisms such as phosphorylation of GEFs, lipid-mediated interactions 

and protein-protein interactions. These modifications lead to the structural rearrangement in 

GEFs, thereby activating them76. Kinases are shown to release autoinhibition of GEFs by 

phosphorylating them at specific positions leading to their activation. For instance, p21-

activated kinase interacting exchange proteins α and β (α-PIX and β-PIX) are phosphorylated 

by kinases such as Src kinase, p21-activated kinase (PAK) and protein kinase A (PKA). 

Another similar example would be the Janus kinase (JAK) mediated phosphorylation of Vav 

GEFs. In contrast, T-cell lymphoma invasion and metastasis inducing factor 1 (TIAM1) are 

reported to be activated by both phosphorylation and lipid-mediated interactions. Furthermore, 

a few GEFs are activated through protein-protein interaction. For instance, PDZ-RhoGEF and 

Leukaemia-Associated Rho GEF (LARG) are activated through their direct binding with the 

GPCR, whereas WGEF is reported to be activated by interaction with Dvl2 adapter protein76. 

This highlights the regulation of GEF activation, which occurs via different mechanisms 

depending on the signalling context.  

1.8 Aberration in non-canonical Wnt signalling   

Upregulation or overexpression of Wnt ligands, such as Wnt5A, Wnt7A and Wnt11, which 

predominantly operate under the non-canonical Wnt-PCP pathway, have been linked with 

various cancers, including those of the lungs, liver, pancreas, ovaries and breasts77. 

Furthermore, non-canonical Wnt signalling is also implicated in cardiovascular diseases78. 
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Amongst the non-canonical Wnts, Wnt5A is studied extensively for its role in cancer and other 

diseases. For instance, Wnt5A has been reported to promote cell migration as well as cell 

invasion in gastric and colon cancer79,80. Dysregulation of Wnt5A is also associated with other 

pathological conditions including, fibrosis and inflammation81. Along with Wnt5A, the FZD7 

receptor, which predominantly activates non-canonical Wnt signalling, but also plays a role in 

canonical Wnt signalling, is gaining attention as a potential therapeutic target81–83. 

Upregulation of FZD7 and other Wnt-PCP pathway proteins has also been detected in ovarian 

cancer, leading to cell proliferation, progression of cell cycle and migration84. Similarly, FZD7 

is involved in tumour cell migration and invasion in colorectal cancer and hepatocellular 

carcinoma85. Wnt11, another bonafide member of the Wnt family, has been shown to control 

tumour cell migration and invasion in colon cancer86. Overexpression of another Wnt-PCP 

component, Daam1, is linked with poor prognosis and metastasis in breast cancer87. Other Wnt-

PCP proteins, such as Vangl and Prickle, are shown to be involved in cancer cell metastasis85. 

While hyper activation of Wnt-PCP components is linked with cancer, their downregulation or 

loss of function has also been linked to various disorders, including neural tube closure defects, 

ciliopathies and kidney disorders88–90. Several reviews highlight the significance of Wnt-PCP 

in cancer and developmental disorders, emphasizing its potential as a target for therapeutic 

interventions77,91. 

1.9 Statement of problem 

Cytoskeletal remodelling through the activation of RhoA has been shown to be one of the 

primary manifestations of the Wnt-PCP pathway. This signalling is critical for establishing cell 

polarity during the developmental stages and also for maintaining tissue homeostasis. 

Furthermore, dysregulation of the Wnt-PCP pathway has been implicated in various 

pathological conditions, including cancer and autoimmune disorders. Therefore, it is 

imperative to understand how this signalling propagates at the molecular level for therapeutic 

interventions targeting this pathway. Additionally, as one of the critical pathways that regulate 

life processes, it is essential to unravel how Wnt signalling exhibits diverse signalling modes 

by utilising a combination of Wnts and Frizzleds. 

With decades of research on Rho GTPases, it is now well established that RhoA, a 

bonafide member of the Rho family, regulates a multitude of cellular processes by acting as a 

molecular switch. Activation of these switches requires GEFs that facilitate the exchange of 
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bound GDP for GTP in GTPases. Thus, the pathways that utilize Rho GTPases, employ GEFs 

that are activated by the upstream signalling events, which essentially involve propagation of 

signalling cascade emanating on account of the interaction between membrane receptors and 

their extracellular ligands. In the current context, RhoA is activated by the Wnt-PCP signalling, 

which is triggered upon the binding of secreted glycoprotein, Wnts and their membrane bound 

receptors, Frizzled. The GEF that operates under this pathway is shown to be WGEF. Although 

the signalling mechanism for the WGEF mediated activation of RhoA under the Wnt-PCP 

pathway has been shown, the molecular basis of this signalling event at the atomic level has 

remained unaddressed. The present study aims to unravel these aspects of WGEF mediated 

activation of RhoA, which is relayed under the Wnt-PCP pathway. From earlier studies, it is 

clear that cellular processes have evolved multiplayer regulation for triggering GTPases, which 

involve activation of GEFs that are generally known to exist in an autoinhibited state. In the 

present case, the autoinhibition of WGEF is released by an adapter protein, Dvl2, which is 

recruited to the C-terminal domain of the activated Frizzled receptors. The PDZ domain of 

Dvl2 engages with WGEF to release the autoinhibition of GEF. However, the precise molecular 

basis of Dvl2-WGEF interaction and its subsequent effects on RhoA activation is not clear. 

Thus, in pursuit of unravelling the Wnt-PCP controlled RhoA activation mechanism, the 

current thesis addresses key questions like a) which regions of WGEF interact with the Dvl2PDZ 

domain? b) What is the structural basis of their interaction? and c) How does the WGEF-

Dvl2PDZ interaction influences the catalytic activity of the GEF?  

1.10 Objectives of the thesis  

As detailed in the previous section, this thesis work aims to investigate the molecular 

mechanism of Wnt-PCP signal that propagates from the Frizzled7 receptor to activate RhoA, 

leading to cytoskeletal rearrangements. By applying biochemical, structural and computational 

methods, we seek to achieve the following three objectives:  
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Objective 1: To investigate the mechanism of RhoA activation through WGEF  

WGEF possesses the catalytic canonical DH domain, which shares a modest 42.9%, 45.1%, 

38.9% and 46% sequence similarity with the well-characterized RhoA GEFs, LARG, PDZ-

RhoGEF, Vav1 and AKAP_Lbc, respectively. Sequence alignment of DH domains of WGEF 

and other GEFs is given in Figure 1.12. However, it has been shown that subtle differences in 

the sequence and structure between the GEFs could result in a divergent catalytic mechanism92–

94. Furthermore, Dbl family GEFs harbour a spectrum of functional domains that largely 

influence their mode of action75. Thus, unravelling the WGEF mediated RhoA activation 

requires an understanding of the structural basis of their interaction. Such a study would also 

provide insights into the role of other domains present in the GEF on the catalytic mechanism 

of the protein. Therefore, the first objective of the study is to elucidate the structural basis of 

WGEF-RhoA interaction using X-ray crystallography, which involves the formation of stable 

in vitro complex of both the proteins.  

Figure 1.12: Sequence alignment of DH domains of WGEF and other RhoA GEFs. 
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Objective 2: To unravel the mechanism of WGEF activation through the adapter protein 

Dishevelled2 

Next, we aim to understand the activation of WGEF by the Wnt adapter protein Dvl2. Members 

of this GEF family are intrinsically autoinhibited in the absence of signalling events and are 

known to be activated by divergent mechanisms76. The autoinhibition of WGEF is due to the 

intra-protein interactions involving its N-terminal autoinhibitory domain (NID) and the C-

terminal Src homology 3 (SH3) domain. Autoinhibition of the GEF is reported to be released 

by protein-protein binding involving WGEF and the PDZ domain of Dishevelled2 (Dvl2PDZ)24.  

However, the specific regions of WGEF that interact with Dvl2PDZ are not known. Under the 

current objective, we employ biochemical, structural and computational methods to map the 

Dvl2PDZ interacting regions of WGEF and further investigate how this interaction influences 

the activation of RhoA by the GEF. 

Objective 3: To investigate the molecular interaction between WGEF and Dvl2 in the 

context of Wnt-PCP pathway 

On elucidating the Dvl2PDZ interacting regions of WGEF, we aim to understand how the 

interaction between these two proteins manifests in the Wnt-PCP pathway. Here, we utilize 

fluorescence microscopy to establish a cellular system to study the mode of Dvl2PDZ- WGEF 

interaction operating under the FZD7-Wnt5A (Wnt-PCP ligand) pathway58. The formation of 

stress fiber upon activation of the Wnt-PCP pathway shall be used as a readout to characterize 

the Dvl2PDZ-WGEF interaction and the consequent activation of RhoA. To achieve this 

objective, we shall establish breast cancer cell lines that conditionally express the Wnt-PCP 

components. 
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Chapter 2 

Materials and Methods 

This chapter discusses the materials and methods used to achieve the thesis objectives. The 

first section provides a list of reagents and materials used in the experiments, while the second 

section summarizes the key methodologies employed for biochemical characterization and 

protein structure determination using X-ray crystallography. Methods like molecular, 

analytical, biochemical, cell culture and computational techniques used to meet the thesis 

objectives are also briefly discussed. 

2.1 Materials 

List of reagents and materials used for the thesis work is given in Table 2.1 

Name Company 

Taq DNA Polymerase New England Biolabs (NEB), USA 

Oligonucleotide primers Eurofins, India 

Restriction endonucleases New England Biolabs (NEB), USA 

20x SYBR Green Invitrogen, USA 

LA taq Takara Bio, Japan 

T4 DNA ligase Promega, USA 

Ultra pure agarose Invitrogen, USA 

Gel extraction and PCR purification kit Qiagen, Germany and Promega, USA 

Luria Bertani (LB) media HiMedia, India 

Luria Bertani (LB) agar HiMedia, India 

Isopropyl-β-D-thiogalactopyranoside MP Biomedicals, USA 

Ampicillin MP Biomedicals, USA 

Kanamycin Gibco, ThermoFisher, USA 

Chloramphenicol Sigma-Aldrich, USA 

Gentamicin Invitrogen, USA 

Tetracycline HiMedia, India 

Tris-HCl MP Biomedicals, USA 

Sodium chloride MP Biomedicals, USA 

Dithiothreitol (DTT) MP Biomedicals 

2β-mercaptoethanol HiMedia, India 

Phenylmethylsulfonyl fluoride (PMSF) Sigma-Aldrich, USA 

Glycerol SRL, India 

Lysozyme MP Biomedicals, USA 

cOmplete EDTA-free protease Roche, Switzerland 

Glutathione reduced MP Biomedicals, USA 
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Coomassie Brilliant Blue R-250 SRL, India 

Glutathione sepharose 4B slurry Cytiva, USA 

Ni2+-nitrilotriacetate (Ni2+-NTA) slurry Roche, USA 

Strep-Tactin XT Sepharose Cytiva, USA 

Sodium dodecyl sulfate (SDS) Sigma-Aldrich, USA 

d-Desthiobiotin Sigma-Aldrich, USA 

Calcium chloride MP Biomedicals 

TOPO-TA cloning kit Invitrogen, USA 

Tris-acetate Sigma-Aldrich, USA 

1kb DNA ladder New England Biolabs (NEB), USA 

Acrylamide Sigma-Aldrich, USA 

Ethylenediaminetetraacetic acid (EDTA) ANJ Biomedicals, USA 

Heparin trap Cytiva, USA 

Blue sepharose trap Cytiva, USA 

Q sepharose trap Cytiva, USA 

Sucrose Sigma-Aldrich, USA 

Size exclusion columns Cytiva, USA 

Precision plus protein standards Bio-Rad, USA 

Imidazole MP Biomedicals, USA 

Mant-GDP Sigma-Aldrich, USA 

Guanosine triphosphate (GTP) Sigma-Aldrich, USA 

Magnesium chloride Sigma-Aldrich, USA 

Commercial Crystallization suits Qiagen, Germany & Molecular Dimensions, 

UK 

Polyethylene glycol (PEG) Sigma-Aldrich, USA 

Isopropanol MP Biomedicals, USA 

Tri-sodium citrate Sigma-Aldrich, USA 

sodium-acetate Sigma-Aldrich, USA 

Peptides Sai biotech, India 

CHAPS  SRL,India 

Triton X-100 HiMedia, India 

Dimethylsulfoxide (DMSO) MP Biomedicals, USA 

Diluent for nucleic acid extraction  ANJ Biomedicals, USA 

Fetal Bovine Serum, HI Gibco, ThermoFisher, USA 

GeneJuice Transfection Reagent Sigma-Aldrich, USA 

SF900-III Insect Cell Media Gibco, ThermoFisher, USA 

Polyethylenimine (PEI) Sigma-Aldrich, USA 

Lipofectamine 3000 Invitrogen, USA 

OPTI-MEM media Gibco, ThermoFisher, USA 

DMEM media Gibco, ThermoFisher, USA 

Poly L-lysine Sigma-Aldrich, USA 

GlutaMAX supplement Gibco, ThermoFisher, USA 

TrypLE Gibco, ThermoFisher, USA 

Sodium pyruvate solution Gibco, ThermoFisher, USA 

Geneticin powder Gibco, ThermoFisher, USA 

Phosphate Buffer Saline (PBS) Gibco, ThermoFisher, USA 

Penstrep Gibco, ThermoFisher, USA 
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Zeocin  Invitrogen, USA 

Trypan blue Gibco, ThermoFisher, USA 

Anti-6xHis tag primary antibody ThermoFisher, USA 

HRP-conjugated secondary antibody ThermoFisher, USA 

Table 2.1: List of chemicals and reagents used. 

2.2 Methods 

2.2.1 Molecular biology methods 

2.2.1.1 Primer designing 

NCBI database was used to obtain a complete nucleotide sequence of genes of interest. 

Nucleotides consisting of the start and end of the gene sequence that need to be cloned serve 

as a template to design primers. Although a nucleotide length of 20-30 base pairs is considered 

ideal for primers, this may vary depending upon the GC content (GC content of 50% is 

considered ideal) and the melting temperature (Tm) of the primer95. To calculate the GC 

content and Tm for primers, the free online tool Oligo Calc: Oligonucleotide Properties 

Calculator was used96. Primers were synthesized and procured from Eurofins, Bangalore. 

2.2.1.2 Polymerase chain reaction (PCR)  

PCR is a technique in molecular biology used to produce multiple copies of a specific DNA 

fragment. PCR based gene amplification utilizes Taq polymerase (thermostable DNA 

polymerase) and gene specific forward and reverse primers. PCR reactions were carried out in 

a 30 μL reaction volume containing 30-60 ng of DNA template, 0.1-0.5 μM of forward and 

reverse primers each, 0.2 mM final concentration of each dNTPs, 1U of Taq DNA polymerase 

enzyme, 1X DNA polymerase buffer and RNase free water to makeup the reaction volume. 

Thermal cycler PCR instrument (Agilent Technologies Sure cycler 8800) was used for DNA 

amplification and the specific cycling program is given below (Table 2.2). 
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Step Stage Temperature ℃ Time  No of cycles 

1 Denaturation  95 1 minute 1 

2 Denaturation  95 10 seconds 5 

 Annealing 61 10 seconds  

 Extension 68 As per length of gene (1 

kb/minute) 

 

 Extension 72 10 seconds  

3 Denaturation  95 10 seconds 5 

 Annealing 58 10 seconds  

 Extension 68 As per length of gene (1 

kb/minute) 

 

 Extension 72 10 seconds  

4 Denaturation  95 10 seconds 30 

 Annealing 55 10 seconds  

 Extension 68 As per length of gene (1 

kb/minute) 

 

 Extension 72 10 seconds  

5  Extension 72 10 minutes 1 

6 Hold 4 Infinite  

Table 2.2:  PCR program for gene amplification.  

This method of decreasing the annealing temperature after a few cycles is known as 

touch-down PCR, this helps to get specific PCR products97. The amplified PCR product was 

subsequently analyzed using agarose gel electrophoresis to get a pure and isolated product, as 

there may be non-specific and primer dimer bands in the reaction. Upon visualizing the gel, a 

band obtained at the correct size was excised from the gel and extracted using gel extraction 

and PCR clean-up system (Promega). 
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2.2.1.3 Restriction digestion and Ligation 

The cloning vector of interest and the PCR amplified product were digested using the same set 

of restriction endonuclease enzymes. 0.5-1 μg plasmid DNA, 1X of buffer and 1U of restriction 

enzymes were added to the reaction followed by incubation at 37°C/3 hours (h). This process 

generates complementary sticky ends in the PCR product and the vector facilitating their 

ligation. For ligation reaction, the digested PCR product and vector were mixed in a ratio of 

3:1 or 5:1 in a reaction mixture of 10-12 μL consisting of T4 ligase enzyme (Promega) and 1X 

manufacturer’s ligase buffer. This ligation reaction was incubated at 4°C/16 h or room 

temperature (RT)/2 h, followed by transformation in chemically competent E.coli strain DH5α. 

Plates were kept at 37°C/16-18 h and the colonies obtained were further processed for 

screening of positive clones. 

2.2.1.4 Transformation 

Chemically competent cells of E.coli strains Rosetta (DE3), B834 rare (DE3), BL21* (DE3) 

and DH5α were generated by the Inoue method98. For transformation, the competent cells from 

-80oC were allowed to thaw for 5 min on ice. After thawing, the ligation reaction was added to 

cells, followed by gentle tapping to ensure proper mixing of DNA. The cells-DNA mixture was 

then incubated for 35 min on ice to promote DNA binding to the cell surface. After incubation, 

cells were given heat shock in a 42°C water bath for 60 seconds (sec), temporarily creating 

pores in the cell membrane and allowing DNA entry. Following heat shock, 1 mL of Luria-

Bertani (LB) broth was added to the cells, which were then incubated under shaking condition 

37°C/1 h. After incubation, the cells were centrifuged and the media was discarded, such that 

around 100 μL media was left for cell resuspension before plating on the desired antibiotic-

containing agar plate. Similar transformation steps were performed in E.coli cells during 

protein expression and plasmid amplification, wherein 100-150 ng of desired plasmid was 

added to the competent cells. Plates were incubated 37°C/overnight. 

 2.2.1.5 Purification of plasmid DNA 

A single isolated colony obtained on the antibiotic-containing plate was cultured in 5-10 mL 

of antibiotics supplemented LB broth at 37°C/12-14 h, followed by cell pelleting. Purification 

of plasmid was done as per the manufacturer's instructions (Qiagen). The cell pellet was first 

resuspended in a resuspension buffer (Tris buffer, pH 8.5 or TE buffer, pH 8) followed by 
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alkaline lysis with NaOH and SDS containing buffer for 5 minutes (min) in presence of RNase 

(final concentration 100 μg/mL). After cell lysis, a neutralization step was carried out, during 

which the chromosomal DNA, proteins and other insoluble components were precipitated. This 

mixture was centrifuged at high speed to separate the precipitate from the plasmid DNA present 

in the supernatant. The supernatant was then added to a pre-equilibrated column, enabling the 

binding of plasmid DNA to the column and eliminating other components, such as salts and 

metabolites, in the flow through. This binding of the plasmid to the column is based on the 

principle of ion-exchange, where the plasmid adheres to the anion-exchange column. Column 

washing was done with a low salt, low alcohol wash buffer to remove any contaminants without 

affecting the bound plasmid. Finally, the plasmid DNA was eluted with pre-warmed (60°C) 

MilliQ purified water or a high salt buffer.  

2.2.1.6 Quantification of DNA 

Plasmid DNA concentration was measured using a Nanodrop spectrophotometer (NanoVue 

GE Healthcare) based on the optimal absorption at 260 nm, as double-stranded DNA absorbs 

at this wavelength. Purity of the DNA was evaluated using the 260/280 ratio. A ratio between 

1.8-2.0 indicates pure DNA, a ratio of 2.0 and above suggests presence of RNA and a ratio 

below 1.8 suggests protein or phenol contamination. 

2.2.1.7 Site-directed mutagenesis 

Site-directed mutagenesis was employed to incorporate specific nucleotide changes into a DNA 

sequence, typically by using PCR. Primers for mutation were designed such that the intended 

mutation should be present in the center of the primers with, 10-15 base pairs (bp) matching 

on each side, this ensures proper primer annealing to the DNA template. Eurofins, Bangalore, 

synthesized the primers. The parent DNA plasmid was used as a template for PCR 

amplification. LA Taq DNA polymerase (Takara bio) was used for PCR by using the program 

given in Table 2.3.  Amplified DNA was then treated with Dpn1 enzyme at 37°C/3 h, to digest 

the methylated parent plasmid. After this, DH5α cells were transformed with the plasmid and 

plated on the antibiotic-containing agar plate. The colonies obtained were further screened for 

positive clones. 
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Step No Stage  Temperature 

(℃) 

Time Cycles 

Step1 Denaturation 95 1 minute 1 

Step2 Denaturation 95 10 seconds 30 

 Annealing 54 10 seconds  

 Extension 68 As per plasmid 

length 1kb/minute 

 

Step3 Extension 72 10 minutes 1 

Step4 Hold 4 Infinite  

Table 2.3: PCR program for site-directed mutagenesis.  

2.2.1.8 TOPO-TA subcloning 

TOPO subcloning was used to transfer PCR products from one vector to another. This cloning 

method relies on the 3´ A-overhangs introduced by Taq polymerase during PCR amplification. 

The TOPO vector is designed with T-overhangs to facilitate efficient ligation with the PCR-

amplified product. Once the PCR product was obtained, it was incubated at RT with the TOPO-

TA vector which is covalently bound with Topoisomerase I (Invitrogen™ TOPO-TA Cloning 

Kit). This reaction after incubation, was used for transformation of DH5α cells. This cloning 

method does not require a separate ligation step as Topoisomerase I acts as restriction enzyme 

and ligase. 

 2.2.1.9 Clone conformation and sequencing of plasmid  

After cloning or mutagenesis, the colonies from the plates were screened to identify positive 

clones. Firstly, the colonies were inoculated for plasmid extraction. The plasmid was extracted 

using the protocol in section 2.2.1.5. The extracted plasmid was further subjected to restriction 

digestion using specific restriction enzymes. The digested products were then run on 0.7% 

agarose gel, and the resulting band patterns were compared with the predicted band pattern 

profile obtained using NEBcutter v2.099 for the digested plasmid. Once the digested bands are 

confirmed, positive clones are further sequenced using Sanger sequencing (Eurofins, 

Bangalore) and the sequence is analyzed using Snapgene viewer and Clustal Omega (Multiple 

Sequence Alignment) softwares.  
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2.2.2 Analytical Methods 

2.2.2.1 Electrophoresis 

Electrophoresis is used to separate molecules, such as proteins, DNA and RNA according to 

their size and charge under the influence of an electrical field. This separation was done by 

using agarose gel for DNA and polyacrylamide gel for proteins. The separated DNA and 

protein bands were visualized using stains, such as SYBR-safe and Coomassie blue, 

respectively.  

2.2.2.1.1 Agarose gel electrophoresis 

Agarose gels were made in TAE buffer (40 mM Tris-acetate pH 8, 1 mM EDTA). The gels 

were casted and run using a Mini electrophoresis system (Bio-Rad, USA). Percentage of 

agarose gel to be casted was determined based on the length of the DNA fragments to be 

separated. Solidified gel was placed in the electrophoresis unit containing the TAE buffer. 

DNA samples were mixed with SYBR-safe gel loading dye (contains 0.25% Xylene cyanol 

FF, 40%  sucrose, 0.25% Bromophenol blue) and loaded into the wells of the gel. 1 kb DNA 

ladder (200 ng) (New England Biolabs, UK) served as a marker for molecular weight. 

Electrophoresis was carried at 5 V/cm for 40 min or until the ladder was resolved, and the DNA 

was observed under UV light using the Bio-Rad Gel Doc XR system. 

2.2.2.1.2 SDS-Polyacrylamide gel electrophoresis (SDS-PAGE) 

SDS-PAGE was used to resolve protein bands depending on their molecular weight. Protein 

samples were prepared with 1X SDS-PAGE sample loading buffer and heated at 95℃/5 min. 

All SDS-PAGE gels used in this study were prepared in the lab and casted using Bio-Rad 1.0 

mm mini gel cassettes. Depending on the size of the protein, either 12% or 15% resolving gels 

were used with a 5% stacking gel. SDS-PAGE was carried out in 1X SDS running buffer in an 

electrophoresis unit containing both the cathode and anode chambers at 150 V/2 h. Further, the 

gels were removed and stained with a lab-made instantBlue coomassie blue protein stain to 

observe the protein bands. 
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2.2.2.2 Affinity Chromatography 

Protein purification using affinity chromatography is based on their specific interaction with a 

ligand immobilized on the chromatographic matrix. To selectively isolate proteins of interest, 

these proteins were tagged with 6xHis, Glutathione S-transferase (GST) and Strep-tag II 

affinity tags. GST-tagged proteins attach to glutathione-coated resin and are eluted by using 

free glutathione100. Besides facilitating purification, the GST tag can also enhance the solubility 

of the fusion protein. His tag typically consists of six histidine residues (6xHis) and binds to 

metal ions like nickel or cobalt charged resins and elution was typically achieved by increasing 

concentrations of imidazole, which competes with histidine tag for binding the charged 

slurry101. Strep-tag II peptide tag comprises 8 amino acids (WSHPQFEK) that attach to the 

streptavidin slurry102. Elution for strep II-tagged proteins was achieved by using biotin or biotin 

analogues, which have a high affinity for streptavidin.  

2.2.2.3 Ion-exchange Chromatography (IEC) 

IEC is a technique used for separating molecules based on their net charge. The stationary 

phase consists of an ion-exchange resin that contains charged groups, the negatively charged 

cation-exchange resins interact with positively charged molecules, whereas the positively 

charged anion-exchange resins interact with negatively charged molecules. Elution of the 

attached protein was achieved by raising the ionic strength of the mobile phase, which is 

achieved by having a gradient of increasing salt concentration. Q sepharose anion-exchange 

column (GE Healthcare) was used to perform ion-exchange chromatography. 

2.2.2.4 Size exclusion chromatography (SEC) 

SEC is used to resolve molecules based on their molecular weight. The SEC columns are 

packed with porous beads made from dextran, agarose or polyacrylamide materials. The choice 

of the bead depends on the molecule to be separated, as each of these beads has a defined pore 

size range. Large molecules that cannot enter the pores travel around them, whereas small 

molecules enter and elute through the pores, delaying their elution. Thus, the molecules are 

separated based on size, with the large molecules eluting first followed by the small 

molecules103.  
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2.2.2.5 Size exclusion chromatography- Multi angle light scattering (SEC-MALS) 

SEC combined with Multi-angle light scattering is a highly sensitive and commonly used 

technique for determining the absolute molecular weight of proteins104. SEC separates the 

molecules based on their hydrodynamic volumes. At the same time, MALS measures the 

intensity and angular dependence of scattered light to determine the size (radius of gyration) 

and absolute molar mass in the solution. These techniques together provide more accurate mass 

determinations than either methods individually. SEC-MALS analysis of the purified proteins 

was done using a Superdex 200 10/300 GL column (GE Healthcare) in line with an Agilent 

HPLC system consisting of an 18-angle light scattering detector (Wyatt Dawn HELIOS II) and 

a refractive index detector (Wyatt Optilab TrEX). ASTRA software (Wyatt Technologies) was 

used to determine the molecular weight. 

2.2.3 Biochemical Methods 

2.2.3.1 Protein expression and purification 

2.2.3.1.1 Expression protocol 

After confirming the recombinant constructs, transformation of E.coli expression strains was 

done. A single transformed colony was used to inoculate 5 mL of LB broth supplemented with 

antibiotics (depending on the resistance encoded by the plasmid used) and incubated at 

37°C/overnight in a shaker at 180 RPM. 1 mL of this primary culture was used to inoculate 

100 mL of LB broth with antibiotics for secondary culture. This culture was grown at 37°C in 

a shaker. When the optical density (OD 600nm) of 0.6 is achieved, expression of protein was 

induced with 0.5 mM isopropyl β-d-thiogalactopyranoside (IPTG) and cells were incubated at 

18°C-20°C/14-16 h. Similarly, an equal volume of uninduced culture was also processed as a 

control. Following incubation, cells were centrifuged at 4000 RPM/20 min. The harvested cell 

pellet was stored at -80°C for subsequent use. 

2.2.3.1.2 Expression analysis 

The cell pellet was resuspended in Tris buffer followed by sonication for 30 seconds (sec) (45% 

amplitude, 5 sec ON/8 sec OFF cycle). Cell extract was further centrifuged at 20,000 RPM/30 

min at 4°C, and the resulting clear supernatant and pellet fractions were loaded onto 12% or 
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15% (depending on the size of protein to be studied) SDS-PAGE to assess protein expression. 

Similar steps were repeated for the uninduced cell pellet. A comparison of both the induced 

and uninduced bands can be analyzed for protein expression. 

2.2.3.1.3 Solubility analysis 

The solubility analysis of the overexpressed protein was performed by resuspending the 

harvested cells in 5-10 mL of buffer with 0.70 mg/mL of lysozyme. The lysate was then 

subjected to sonication and centrifugation at 20,000 RPM/30 min at 4°C. The clear supernatant 

and the pellet were analyzed for the presence of overexpressed protein by SDS-PAGE. 

Presence of protein in the clear supernatant fraction indicates soluble protein. 

2.2.3.1.4 Large scale protein expression and purification 

Large scale expression was performed using 4 liters to 8 liters of secondary culture. 1% of 

primary culture was inoculated in antibiotics-containing LB broth. Protein expression was 

induced as discussed in 2.2.3.1.1. Cell pellet was resuspended in a 10X chilled lysis buffer 

containing 20 mM Sucrose, 2 mM PMSF, lysozyme and a cOmplete EDTA-free protease 

inhibitor (PI) tablet. Lysis was done either by sonication or homogenization: for sonication, the 

sample was subjected to 3-4 rounds of 5 min cycle (45% amplitude, 5 sec ON/8 sec OFF) at 

4°C; for homogenization, pellet was lysed at 4°C/20 min under 350-400 bar pressure. After 

lysis, the lysate was spun at 20,000 RPM/1 h to obtain a clear supernatant, and filtered using a 

0.4 μm syringe filter to remove any residual debris and then loaded onto the respective pre-

equilibrated affinity column. After loading the protein on column, buffer wash was given to 

remove non-specifically bound proteins. Elution was carried out using 20 mM reduced 

glutathione for GST-tagged protein, 200 mM imidazole gradient elution for His-tagged 

proteins and 5 mM desthiobiotin for elution of strep II-tagged proteins. To remove cleavable 

affinity tags, the elute fractions were dialysed at 10°C/overnight in presence of PreScission 

protease (for GST-tagged proteins in p3E vector) or TEV (for His-tagged proteins in pET 

vector) proteases, both purified in our lab. After dialysis, the tags, proteases and uncleaved 

protein were removed by performing desalting and a reverse affinity purification. Target 

protein present in the flow-through of reverse affinity chromatography was further purified by 

IEC, followed by SEC or directly used for SEC. SEC was done using Superdex or Sephacryl 
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columns. Peak fractions containing the proteins were concentrated for biochemical and 

crystallization studies. 

2.2.3.2 Guanine nucleotide exchange factor (GEF) assay  

GEF assay is used to measure the activity of GEFs, which catalyze the exchange of GDP with 

GTP, switching the GTPases from inactive (GDP-bound) to active (GTP-bound) state. In this 

assay, the GTPase is pre-loaded with fluorescently labelled Mant-GDP and incubated with and 

without GEF. After the fluorescence stabilizes, an excess GTP is added, which replaces the 

fluorescent Mant-GDP, leading to a decrease in the fluorescence105 (Fig 2.1A). The intrinsic 

rate of nucleotide exchange in GTPase is slow, however in the presence of GEF, this exchange 

is enhanced, indicated by an exponential decrease in the fluorescence. This exchange is 

monitored for 20-30 min to determine the rate of exchange reaction in the presence and absence 

of GEF (Fig 2.1B). 

Figure 2.1: Guanine nucleotide exchange assay. A) Addition of GEF, enhances the GDP to 

GTP exchange of GTPase. B) The exchange activity can be plotted as exponential decrease in 

the fluorescence and the catalytic activity is determined. The graph shows exponential decay 

in the presence of human WGEF330-581 construct (hWGEF330). The catalytic rate of nucleotide 

exchange was calculated using the one-phase exponential decay mode in GraphPad Prism. 

2.2.3.3 Microscale Thermophoresis (MST) 

MST is a technique used to study binding affinities between proteins, nucleic acids and small 

molecules. Binding affinities are measured based on the detection of changes in the movement 

of molecules in the presence of temperature gradients. This technique is sensitive to any 

binding-dependent changes in molecular properties such as size, hydration shell, conformation 

or charge of the molecule. In MST, typically, one of the interaction partners is labelled with a 

fluorescent dye which is tracked using fluorescence spectroscopy106,107. The labelled molecule 
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was added in a fixed quantity, whereas the unlabelled molecule is serially diluted across these 

tubes and incubated for 30 min. Once the incubation is done, each of these mixtures were 

loaded into glass capillaries, which were then loaded on the MST instrument. When a 

microscale temperature gradient is applied using an infrared laser, molecules in the capillary 

move away. Changes in the movement of the molecules which are dependent on the binding 

event or conformational changes are detected by the changes in the fluorescence. The relative 

fluorescence between the initial fluorescence and fluorescence after thermal diffusion is used 

to measure the binding affinity through MST106,107 (Fig 2.2). 

Figure 2.2: Microscale Thermophoresis (MST) assay. A) MST instrument. B) Movement of 

molecules with respect to temperature change. C) Signals for bound and unbound molecules 

(left) that are further used to determine the binding curves (right). Image adapted from Asmari 

et al. 107,108. 

2.2.4 Macromolecular X-ray crystallography 

Macromolecular X-ray crystallography is used to determine the atomic and macromolecular 

structure of large biological macromolecules, such as nucleic acids and proteins. Using this, 

we can visualize the three-dimensional arrangement of atoms inside these macromolecules with 

high resolution, revealing details on their function, mechanism and interactions. For this, the 

target macromolecule should be first crystallized, followed by X-ray diffraction of the crystal. 

Exposing the crystals to X-rays, leads to scattering of these rays by the atoms within the crystal 
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lattice, producing sharp, intense spots on an X-ray detector. The intensities and positions of 

these diffraction spots can be used to obtain the structure factors are necessary to calculate the 

electron density map for the molecule109. This structure determination process has significant 

limitations, as achieving crystals of diffractable quality and size can be difficult. Furthermore, 

even after collecting high-quality diffraction data, obtaining accurate phase information 

remains a significant hurdle in X-ray crystallography. Consequently, crystallization and phase 

determination steps are often considered the rate-limiting steps in macromolecular 

crystallographic studies. Despite these challenges, X-ray crystallography remains one of the 

important methods for determining protein and other macromolecule structures. Moreover, 

recent advancements such as the development of tunable synchrotron X-ray sources, automated 

robotic systems for sample handling, improved cryoprotection techniques, and the use of CCD 

detectors have significantly accelerated and simplified the procedure. Experimental steps 

involved in structure determination are outlined in a flow diagram (Fig 2.3). 

Figure 2.3: Major steps involved in protein structure determination. 

2.2.4.1 Protein crystallization 

Protein crystallization is a fundamental step in X-ray crystallography, allowing the study of 

protein structures at the molecular level. However, it is often a challenging process as the 

success of obtaining high-quality crystals majorly depends on the purity and homogeneity of 

the protein. Impurities such as aggregates or misfolded proteins can interfere with the crystal 
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formation. Other parameters that influence the crystal formation may include the concentration 

of protein, disordered regions in the proteins and crystallization conditions. The basic principle 

of crystallization is to bring the protein into a supersaturated state, where the protein 

concentration is more than its solubility. A protein crystallization phase diagram helps to 

explain the relationship between protein concentration and precipitation concentration (Fig 

2.4A). In undersaturated regions, no crystallization occurs. In the moderately supersaturated 

region, nuclei begin to form. If the supersaturation is too high, the protein will form 

precipitation instead of nucleation. Therefore, controlled saturation of the protein is critical for 

the formation of crystals. After nucleation, the crystal growth phase begins, where more protein 

molecules add up to the nucleation, forming a stable crystal lattice. At this stage, the protein 

molecules arrange in a regular, repeating pattern, forming a crystal.  

 

Figure 2.4: Protein crystallization phase diagram and methods: A) Phase diagram of 

crystallization. Image adapted from McPherson et al. 110. B) Hanging drop crystallization 

method. C) Sitting drop crystallization method. 

Several crystallization methods have been developed over time, with vapour diffusion 

being the most commonly used method. The protein solution and precipitant were mixed and 

equilibrated against a reservoir of precipitant solution. The protein solution becomes 

concentrated as the water vapour diffuses, leading to supersaturation. There are two variations 

of vapour diffusion method, hanging drop: in this method, a small droplet containing the protein 

and precipitant mixture is suspended on a coverslip over a reservoir of precipitant (Fig 2.4B), 

sitting drop: in this method, the droplet sits on a platform in a well which also consists of a 

reservoir well for the precipitant (Fig 2.4C). In the present study, these two methods were 

majorly employed to obtain protein crystals. Microbatch method is another method in which 

the protein and precipitant are mixed in small droplets and covered with a layer of silicon or 
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paraffin oil, preventing evaporation, allowing the protein and precipitant to interact over time 

and promotes supersaturation. Other methods would include the dialysis method in which a 

semi-permanent membrane separates the protein and precipitant. Crystal formation is achieved 

by diffusion of precipitant into the protein chamber over a period of time. Another method is 

free interface diffusion, in which the protein and precipitant solutions are layered on top of 

each other in a capillary, leading to the diffusion and subsequent increase in protein 

concentration. Commercially available screening kits provide a wide range of conditions as 

these kits contain a combination of precipitants, salts and buffers at different concentrations 

and pH levels. Once initial crystals are obtained, these parameters can be fine-tuned to improve 

the quality of the crystals. 

2.2.4.2 Single crystal X-ray diffraction and data collection 

X-ray diffraction is based on constructive interference. Constructive interference is formed 

when the path difference between X-rays diffracted by two adjacent crystal lattice planes is an 

integral multiple of the wavelength of the collimated monochromatic X-ray used111. This is 

also known as Bragg's Law 112 and is given by the following equation 1: 

                                                                       nλ= 2dsin(θ)         (1) 

Where, 

n = integer 

λ= X-rays wavelength 

d= distance between two adjacent crystal lattice planes generating diffraction 

θ= angle of diffraction/incident 

For protein crystallography, there are two radiation sources: Laboratory/Home source 

and synchrotron source. These consist of three main components which include, X-ray 

radiation source, optical elements and detectors. In laboratory/home sources, the X-ray 

radiations can be obtained with a rotating anode. X-rays are produced by bombarding metals 

like copper and molybdenum with high-speed electrons113. Another way for obtaining X-rays 

in laboratory/home sources is by using vacuum-sealed tube X-ray generators114. At synchrotron 
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facilities, highly collimated X-ray beams are generated by using high-energy electrons 

circulating in the storage ring. Paths of these electrons are maintained via bending magnets or 

undulators. Some advanced synchrotron facilities use free-electron lazers as a source to 

produce more collimated and intense X-ray beams115. To generate high-quality data, optical 

elements also play an important role. These optical elements include collimators, 

monochromators, mirrors, beam shaping optics and beamstop116. Amongst the detectors, 

Hybrid Photon Counting detectors facilitate high resolution data collection and better signal-

to-noise ratio117. Modern synchrotrons are better than conventional laboratory/home sources, 

mainly due to their elevated electron flux and ability to fine-tune X-ray wavelength. 

         Data collection for protein crystals is conducted at cryogenic temperatures (100 K) to 

prevent radiation damage caused due to interaction of X-ray beams with the crystal molecules. 

This interaction generates heat, leading to bond cleavage in protein atoms depending on X-ray 

exposure dose. Therefore, once the protein crystals were obtained, they were soaked in a 

cryoprotectant buffer before being frozen in liquid nitrogen for storage118,119. Successful data 

collection depends on the quality of the crystal, its symmetry and mosaicity, amongst other 

factors. To design an optimal data collection strategy, a few diffraction frames were collected 

and indexed to determine crystal lattice, unit cell parameters and also the optimum distance 

between crystal and detector. Data obtained from X-ray diffraction can be processed further 

using following steps: Indexing of data, integration of spot intensities, scaling and merging. 

Indexing involves analysis of diffraction patterns and assigning Miller indices (hkl) values for 

each plane in the crystal lattice, which contribute to the diffraction spots. It helps in defining 

the lattice plane orientation and also provides a preliminary approximation regarding the 

dimensions of the unit cell and crystal symmetry120,121. Integration involves quantifying the 

intensity of each diffraction spot. It can be achieved by the summation integration method, 

which requires addition of each pixel value that forms the spot. Alternatively, the profile fitting 

method is employed in which a 3D integration profile is created using intensities from the spots 

in different images, followed by calculating the refined intensity of the diffraction spot. This 

refined intensity is more accurate than the intensity obtained from summation integration121. 

Various factors such as crystal size, X-ray beam intensity fluctuations and radiation damage 

lead to differences in the scale of recorded intensities. Therefore, scaling was done to normalize 

these intensities on a common scale followed by merging which merges the scaled data sets 

into a single, merged dataset. This was done by averaging the intensities of equivalents from 
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different data sets. The dataset was further used for structure determination. This can be done 

in crystallographic software packages like CCP4 and Phenix121. 

After scaling, parameters such as resolution, completeness, multiplicity, signal-to-noise 

ratio and Rmerge can be used for assessing the quality of diffraction data. Data completeness 

describes how complete the data is for the reflections that are recorded. Multiplicity helps to 

determine the average number of measurements for equivalent reflections. Rmerge corresponds 

to different measurements of intensities of a particular reflection and its agreement with the 

average122. It is defined as (Equation 2) 

                              Rmerge =
∑ ∑ |𝐼𝑖(ℎ𝑘𝑙)−𝐼 ̅(ℎ𝑘𝑙)|𝑛

𝑖=1ℎ𝑘𝑙

∑ ∑ 𝐼𝑖(ℎ𝑘𝑙)𝑛
𝑖=1ℎ𝑘𝑙

                      (2) 

Where n stands for independent intensity measurements, I(hkl) denotes the reflection intensity 

and Ī(hkl) denotes average of the intensities. Rmerge value for a good data set is ~10%122. In 

this study, diffraction data were indexed and integrated using XDS and scaling was done using 

AIMLESS. 

XDS was used for the reduction of data obtained from single crystal diffraction 

collected using the rotation method in X-ray crystallography. This software identifies and signs 

the crystal’s unit cell parameters. The software also calculates the intensities of individual 

reflections by adding the diffraction spots over different images, accounting for the orientation 

of the crystal and other parameters. This software is composed of three programs, which 

include XDS, XSCALE and XDSCONV. XDS predicts the crystal symmetry and generates a 

list of integrated reflection intensities. This program is organized into 8 steps, namely, 

XYCORR, INIT, COLSPOT, IDXREF, DEFPIX, XPLAN, INTEGRATE and CORRECT, 

which are used in succession by the program. XSCALE aligns the data sets processed by XDS 

on a common scale and optionally combines them into one or more sets of unique reflections. 

A report on the accuracy of the integrated intensities and the completeness of the data is also 

provided by this program. XDSCONV is used to convert reflection data files produced by XDS 

and XSCALE into different formats needed by various structure determination softwares. It 

can also provide test reflections to calculate the Rfree factor required for monitoring the 

structure refinement progress123. After XDS, AIMLESS is used for scaling and merging the 

data. It applies scaling corrections to the diffraction data to take care of the experimental 
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variations, such as changes in crystal orientation, decay of crystal over time and detector 

response. It combines multiple datasets of the same reflection to produce a set of unique 

reflections with average intensities. It also provides various parameters of the scaled and 

merged data, which includes completeness, redundancy, Rmerge and signal-to-noise ratio. 

These parameters help to assess the data quality124. 

2.2.4.3 Structure determination and Phase problem 

After scaling the diffraction data, the next step is to calculate the structure factors which can 

be used to calculate the electron density map for the molecule. The structure factor (Fhkl ) is 

expressed in terms of amplitude and phase of the scattered wave for a hkl reflection125 

(Equation 3). 

𝐹ℎ𝑘𝑙 =  |𝐹ℎ𝑘𝑙| 𝑒
𝜙𝑖ℎ𝑘𝑙     (3) 

The amplitude of the structure factor is directly proportional to the square root of the measured 

intensity from the diffraction (Equation 4). 

|𝐹ℎ𝑘𝑙|  ∝  √𝐼ℎ𝑘𝑙      (4) 

For a unit cell, the structure factor Fhkl is the summation of all scattered waves by the individual 

atoms present in the unit cell (Equation 5). 

𝐹ℎ𝑘𝑙 =  ∑ 𝑓𝑗
𝑛
𝑗=1  𝑒2𝜋𝑖(ℎ𝑥+𝑘𝑦+𝑙𝑧)    (5) 

Where n is the number of diffracting atoms; fj is the atomic scattering factor (depends on the 

atom type and diffraction direction); x, y and z are atomic coordinates; e
2πi(hx+ky+lz) 

is the 

phase factor. Structure factors can be used to calculate the electron density at a particular point 

(xyz) in a unit cell through an inverse Fourier transform126 (Equation 6). 

𝜌(𝑥𝑦𝑧) =  1/𝑉 ∑ |𝐹ℎ𝑘𝑙|  𝑒𝜙𝑖ℎ𝑘𝑙𝑒−2𝜋𝑖(ℎ𝑥+𝑘𝑦+𝑙𝑧)   (6) 

Thus, it is essential to know both the amplitude and the phase of the diffracted waves to 

calculate electron density. The amplitude can be obtained from the intensity of the diffraction 

spots, but the phase information is lost during the process of measurement, which is known as 
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‘Phase problem’. For small molecules, the phases of reflections can be determined directly 

from their diffraction data by analyzing strong reflections in specific regions of the unit cell. 

This approach is known as a direct method of phase determination. However, for larger 

molecules such as proteins, the phase problem is typically solved using methods such as 

experimental phasing or molecular replacement. 

2.2.4.3.1 Molecular replacement 

Molecular replacement (MR) is a computational method used in X-ray crystallography to solve 

the phase problem while determining the structure of proteins. In this method, the structure of 

a homologous protein is used to determine the phases of the target protein. The starting 

homologous model should have at least 40% sequence identity with the target protein126,127. 

The known structure is oriented and positioned within the unit cell of the target molecule so 

that the calculated diffraction pattern matches the experimental diffraction data. The search 

model can be oriented and positioned in three-dimensions each, making it a six dimension 

problem. This problem can be solved by the equation given below (Equation 7):  

                                                                X′ = [R] X + T     (7) 

where X represents a set of vectors corresponding to the original atomic positions of the 

molecule and X′ denotes the new position of the atoms after transformation, R and T represent 

the rotation matrix and translation vector, respectively128. The equation signifies that, to 

transform the original molecule from its starting position, X to a new position X′, the molecule 

is first rotated by the rotation matrix [R] and then translated by the vector T. In the conventional 

MR approach, the Patterson function of a known model can be compared with the Patterson 

function of experimental data to determine the model orientation and position in the unit cell. 

The Patterson function gives a map of interatomic vectors in which each peak corresponds to 

a vector between two atoms in the unit cell, showing the distances and directions between 

atoms. The maps generated by the two Patterson functions will agree well only if the model is 

accurately oriented and positioned correctly within the unit cell. The Patterson function, P (u, 

v, w) is defined as (Equation 8): 

𝑃(𝑢, 𝑣, 𝑤)  =  
1

𝑉
∑ |𝐹ℎ𝑘𝑙|

2
ℎ𝑘𝑙  cos2π (hu+ kv+ lw)    (8) 
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Where 𝑃(𝑢, 𝑣, 𝑤) is the Patterson function; |𝐹ℎ𝑘𝑙|2 is the squared structure factor amplitudes 

for the reflection (hkl) and V is the unit cell volume. u, v, w are distance between the atoms at  

positions (x1, y1 and  z1) and (x2, y2 and z2), respectively.  

The Patterson function enables us to divide the six variables problem (three for each 

position and orientation of the model) into two problems, the rotation matrix and the translation 

vector, as solving a six variable problem becomes computationally expensive. The rotation 

function relies on the principle that self-vectors depend only on the molecule’s orientation, not 

its position. The rotation matrix is calculated by rotating the model Patterson function (Pself) 

(from self-convolution of electron density) to align with the observed Patterson function (Pcryst) 

(from experimental data). The rotation function F(R) can be denoted as the sum of the product 

of these Patterson functions at individual points where r is the integration radius (Equation 9). 

 𝐹(𝑅) = ∫ 𝑃𝑐𝑟𝑦𝑠𝑡 𝑟
(𝑢) 𝑃𝑠𝑒𝑙𝑓  (𝑅𝑢)𝑑𝑢     (9) 

After determining the orientation of the molecule in the unit cell, the next step is to find the 

translation vector, which locates the definite molecule position. As the molecule is translated, 

the intermolecular vectors shift. The correct position is achieved when the cross vectors from 

the observed and model Patterson functions align well128. The translation function T (t) can be 

given as (Equation 10):  

𝑇(𝑡) = ∫ 𝑃𝑐𝑟𝑦𝑠𝑡 𝑣
(𝑢) 𝑃𝑐𝑟𝑜𝑠𝑠  (𝑢𝑡)𝑑𝑢     (10) 

The experimental Patterson function is abbreviated as 𝑃𝑐𝑟𝑦𝑠𝑡  and the Patterson function 𝑃𝑐𝑟𝑜𝑠𝑠  

is determined from the probe oriented in the crystal, translation vector is denoted as t whereas 

intermolecular vector present between two symmetry related molecules is given as u. 

Several softwares are available for MR solutions, this includes Phaser129, AMoRe130 

and MOLREP131. This study used the CCP4 Phaser module132 to solve the structures. Phaser is 

a widely utilized program that automates the phase problem by employing maximum likelihood 

probability theory this approach evaluates how well the model aligns with the data through a 

likelihood function, which represents the probability of the observed data given the model. 

Phaser enables rapid and sensitive searches for rotation and translation likelihood and includes 

likelihood-based corrections for anisotropy, along with a pruned tree search feature that 



Chapter 2 

42 

accommodates multiple molecules, thus making it effective for complex molecular 

replacement challenges.  

2.2.4.4 Model building, refinement and density improvement 

Molecular Replacement gives the initial electron density map, based on which a three-

dimensional model of the molecule is built from the X-ray diffraction data. Model building 

requires interpretation of the electron density to assign the correct positions of atoms, residues 

and ligands. 2FO-FC and FO-FC are the two Fourier-derived electron density maps used to 

identify the positioning of atoms. The 2FO-FC map shows the overall electron density, while 

the FO-FC map highlights the differences between observed FO and the calculated FC densities, 

revealing the presence of unmodelled atoms or residues133. Software tools such as COOT134 

were used to view and build the model. The starting model should be validated as it may have 

geometric errors such as incorrect backbone torsion angles, bond angles and bond lengths. 

Therefore, the initial model needs to be refined iteratively against the experimental data, which 

minimizes the differences between the observed and calculated structure factors. Programs like 

Phenix135 and Refmac136 were used for model refinement which use different algorithms to 

minimize discrepancies between the model and the observed data while preventing the 

geometry of the structure. After the computational refinement cycle, the model is further 

improved by visually examining the map and adjusting the fit accordingly. This process was 

repeated iteratively, leading to the optimization of both the map and the model. During 

refinement, other factors such as atomic displacement parameters (B factors), R-factors, bulk 

solvent, constraints and restraints were also accounted for to ensure a good fit quality. 

2.2.4.4.1 R-factor 

R-factor was used to assess the agreement between the observed (Fobs) and the calculated (Fcal) 

structure factors during the refinement process. It is calculated as follows (Equation 11): 

𝑅𝑓𝑎𝑐𝑡𝑜𝑟 =  
∑ ||𝐹𝑜𝑏𝑠| − |𝐹𝑐𝑎𝑙||

∑ |𝐹𝑜𝑏𝑠|
    (11) 

The R-factor was monitored to ensure model improvement during the refinement process. As 

refinement progresses, the R-factor is expected to decrease as the model fits better with the 

experimental data. However, the R-factor alone does not guarantee the correctness of a model, 

as overfitting can occur. This is why additional parameters like R-free are also used to assess 
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model quality137,138. During refinement, a subset of 5%-10% of the reflections is randomly 

excluded from the refinement process. These reflections are referred to as the test set and the 

R-free was calculated using only this set. The rest of the reflections (containing 90% data) are 

known as the working set which were used to optimize the model. The R-free value is an 

indicator of how well the refined model predicts the test set data and prevents overfitting139. 

The R-free value is slightly higher than the R-work and the difference between them depends 

on the resolution of the data. Large difference between R-free and R-work indicates overfitting. 

A good resolution data can give a difference of approximately 0.02, whereas data with low 

resolution can give a difference of 0.05-0.08140. 

2.2.4.4.2 B-factors or atomic displacement parameters (ADP) 

B-factors or atomic displacement parameters (ADP) or temperature factors, and they are used 

to describe the thermal motion or static disorder of atoms in a crystal structure. The B-factor 

(B) is related to the mean square displacement of an atom (u2) through the given equation 12141:  

𝐵 =  8𝜋2 (𝑢2 )     (12) 

ADP can be isotropic or anisotropic. The isotropic ADP assumes that atomic motion is the 

same in all directions (spherical) and is used when the data resolution is low142. The anisotropic 

model is used for high resolution and assumes atomic displacements in different directions to 

accurately represent the atomic vibrations. It is described by six parameters that account for the 

movement in three-dimensional space. At lower resolution, the data-to-parameter ratio may be 

insufficient for detailed macromolecular refinement. As a result, isotropic ADP refinement, 

often combined with TLS (Translation, Librarian and Screw) parameters, is commonly 

applied142. 

2.2.4.4.3 Geometric constraints and restraints in refinement 

Restraints and constraints help to maintain the chemically relevant fitting of the experimental 

data. This requires prior information regarding the bond angles, length, torsions, hydrogen 

bonds and van der Waals interactions. Thus, ‘restrained refinement’ is majorly used in 

macromolecule structure determination as it combines the use of both experimental data and 

allowed geometry. The primary restraints used in macromolecule structure refinement are 

stereochemical restraints, which define the geometry of ligands and monomer residues142. 
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Constraints are more stringent than restraints as they use mathematical relations and enforce 

exact relationships between atoms to reduce independent parameters.  

2.2.4.4.4 Bulk solvent correction 

Protein crystals contain about 30%-70% solvent, most of which are disordered in the crystal 

lattice between protein molecules143. These disordered solvent molecules contribute to the low-

resolution diffraction, making it important to perform bulk solvent correction to obtain a good-

quality electron density map. The electron density of the continuous bulk solvent that surrounds 

the protein is about 0.33 e/Å3 and for the protein, it is about 0.43 e/Å3 144. The total structure 

factor (F) is calculated as Equation 13: 

𝐹 =  𝑘{𝐹𝑐𝑎𝑙𝑐 𝑒𝑥𝑝[−𝛥𝐵(𝑠𝑖𝑛𝜃/𝜆)2] + 𝑑𝑠𝑜𝑙𝑣𝐹𝑠𝑜𝑙𝑣 𝑒𝑥𝑝[−𝐵𝑠𝑜𝑙𝑣(𝑠𝑖𝑛𝜃/𝜆)2]}     (13) 

where scale factor is denoted by k, Fcalc is the structure factor of protein, dsolv denotes electron 

density of bulk solvent, Fsolv denotes the solvent mask scattering, which is a step function 

having value 1 in the solvent and 0 outside145. 

2.2.4.5 Validation 

Structure validation is a critical process in ensuring the accuracy and reliability of 

macromolecular models. It is also an essential step during structure refinement to evaluate the 

improvement in the model as the refinement progresses. Refinement should continue until all 

structural parameters reach their optimal values, aligning with the quality of the experimental 

data. The validation process assesses the geometric and stereochemical quality of the protein 

model, as well as its fit to the experimental data. Ramachandran plots are one of the tools that 

help to verify the allowed and disallowed conformations of backbone dihedral angles and also 

checks the bond lengths, bond angles and torsional angles to make sure that the structure 

complies with the known chemical constraints. Other parameters, such as R-free and R-factor, 

are used to evaluate how well the model fits the observed diffraction data. Additionally, tools 

such as MolProbity, provide an analysis of steric clashes, side-chain rotamers and hydrogen 

bonding patterns146. 
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2.2.5 Computational methods 

2.2.5.1 Molecular Dynamics simulation 

Molecular Dynamics (MD) simulation is a computational method used to model the physical 

movements of atoms and molecules over a period of time. It can provide insights into the 

structural dynamics, thermodynamics and mechanical properties of biomolecules like proteins, 

nucleic acids, ligands, etc. In MD simulations, the behaviour of a group of interacting particles 

is tracked overtime by solving Newton’s equations of motion (Equation 14): 

𝐹𝑖(𝑡)= 𝑚𝑖  
𝑑

2
𝑟𝑖(𝑡)

𝑑𝑡
2       (14) 

where 𝑟𝑖  is the position vector of the ith particle at time t, 𝐹𝑖 is the force which acts on the ith 

particle and 𝑚𝑖 is the particle mass147. The force on the ith atom is derived from the potential 

energy function U(r) of the system where r is the atom position (Equation 15): 

𝐹𝑖= − 
𝜕𝑈(𝑟)

𝜕𝑟𝑖
    (15) 

The force allows for the calculation of each atom’s velocity, position and acceleration by 

solving Newton’s equations of motion. By repeating this process at distinct time intervals, the 

movement of individual particle is determined over time. As a result, MD simulations generate 

a series of sequential conformations that help to map the energy landscape of the system. In 

this work, simulations were performed using the Desmond module from the Schrödinger 

suite148. Following steps were performed for simulation runs: 

a. System preparation: The protein molecule is placed in a defined simulation box filled 

with solvent, typically water. After adding solvent, counterions are added to neutralize the 

system and mimic the physiological condition. Non-bonded and bonded parameters are 

further assigned using the force field. The choice of force field is also essential at this 

stage, as it dictates the potential energy functions and parameters that describe the 

interactions within the system.  

b. Energy minimization and equilibration: Energy minimization is performed to remove 

unfavourable steric clashes and optimize the system's initial geometry. This step adjusts 

atomic positions to reach a local energy minimum. Further temperature (NVT) and 
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pressure (NPT) equilibration is performed using the respective thermostat and barostat. 

This is done to stabilize the system under the desired thermodynamic conditions. 

c. Production run: Following system set up, the simulation run involves integrating 

Newton’s equations of motion over a specified period of time. At each timestep, the 

positions, velocities and forces acting on the atoms are determined, generating a trajectory 

that captures the dynamics of the system. These trajectories can be further analyzed to 

extract meaningful information regarding the stability, interactions, conformational 

changes, etc. within the system.  

2.2.5.2 DCCM, dynamically coupled sectors and independent components 

Molecular dynamics simulation trajectories provide information regarding the dynamic 

behaviour of the proteins. These trajectories can be analyzed to gain information regarding 

regions of the protein which have highly correlated or anti-correlated motions indicating that 

these regions are dynamically coupled and can be represented as the dynamical cross-

correlation matrix (DCCM), dCij
149 (Equation 16),  

Where, ri and rj are the position vectors of the ith and jth Cα atoms, respectively of the protein, 

at time t. In DCCM, a positive correlation value of Cij indicates that the two residues move in 

the same direction, while a negative Cij suggests anti-correlated motion, where the residue 

moves in the opposite direction. The value Cij=1, indicates the two residues are perfectly 

correlated, meaning their movement has the same period and phase. In contrast, Cij= -1 signifies 

complete anti-correlation, where residues have the same period and phase, but move in opposite 

directions. If the residues have the same period and phase but their displacements are oriented 

at 90o angle, then the Cij= 0. In the DCCM, strong correlations between residue motions appear 

as large off-diagonal peaks. This highlights the regions with significant interaction or 

coordination in their movements149. This information is crucial for understanding processes 

like allosteric transitions and ligand binding.  
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The DCCM obtained from MD studies can be further analyzed by using spectral/eigen 

decomposition algorithms to obtain the sectors of dynamically coupled amino acids. In spectral 

decomposition the matrix is represented as a product of three matrices (Equation 17): 

 Where  represents a diagonal matrix containing the eigenvalues and represents a matrix with 

corresponding eigenvectors. Spectral decomposition of DCCM gives eigenmodes, which 

correspond to the specific patterns or modes of correlated or anti-correlated motions. Each 

eigenvector represents a distinct eigenmode of correlated or anti-correlated motion, while the 

eigenvalue indicates the significance of that mode. Further k* significant eigenmodes are 

determined to capture the most meaningful correlated motions in the system. Typically, the top 

few eigenmodes are selected150.  

Dynamically couple sectors are defined based on the residues that contribute strongly 

to each of the significant eigenmodes. They share similar motion patterns and are therefore 

dynamically coupled. This clustering of residues based on their contribution to the eigenmodes 

leads to the identification of dynamical sector groups of residues that are functionally or 

structurally linked by their correlated dynamics. The top k* eigenmodes of a correlation matrix 

can be transformed into independent components by using independent component analysis 

(ICA)150,151 (Equation 18). 

Where,  represents the top k* eigenvectors, represents the k* maximally 

independent components and W is the matrix deduced from the ICA. Independent components 

often give information regarding the domain movement, conformational changes or collective 

motions that contribute to the function of protein. 

2.2.6 Cell based assays 

2.2.6.1 Cell culture transfection 

Cell culture transfection is a technique used to introduce foreign DNA or RNA into eukaryotic 

cells to study the function of that gene, for transient protein expression, to create a stable cell 
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line which involves integration of foreign DNA into the host genome. There are several 

methods which can be used to facilitate the uptake of these nucleic acids by the cells152. These 

methods are: 

Chemical methods: This uses lipofectin, where cationic polymers or liposomes are used to 

encapsulate the negatively charged nucleic acids. This complex then integrates the cell 

membrane enabling the entry of nucleic acids into the cell cytoplasm. 

Physical methods:  In physical methods, techniques like electroporation (involves use of 

electric field to create pores in the cell membrane) or microinjection are used.  

Viral vectors: Viral vectors which can infect host cells and introduce genetic material in the 

cells are also used for transfection. 

2.2.6.2 Wound healing assay 

Wound healing assay (scratch assay) is used to study cell migration and processes involved in 

wound healing. This assay helps to understand how cells migrate to close a wound and the 

factors that influence this process. In order to perform wound healing assay, cells are first 

cultured in a monolayer. Once a uniform layer is formed, a wound or a scratch is created using 

a pipette tip or specialised wound making tools. After the wound is created, the cells are 

incubated in a medium containing specific growth factors, cytokines or ligands which promotes 

healing. The area of the wound is observed and imaged at regular intervals to monitor cell 

migration into the scratched area. The extent of closure is then quantified by measuring the 

area of wound overtime and analyzed using imaging software.  

2.2.6.3 Fluorescence-Activated Cell Sorting (FACS) 

FACS is a flow cytometry technique used to sort cells from a heterogeneous cell population. 

Cells fluorescently labelled for specific markers or express fluorescent proteins after 

transfection can be sorted using this technique. Cells can also be sorted depending on their 

physical properties, like granularity and size. In this process, a suspension of labelled cells 

passes through the flow cytometer one by one. A laser beam is focused on the cells, exciting 

the fluorescent tags or proteins. 
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As the lazer interacts with each cell, light is scattered. Scattered light is captured by two 

detectors. The side scatter (SSC) detector measures the light scattered at 90-degree angle to the 

laser. The SSC reflects cellular complexity and granularity. The forward scatter (FSC) detector 

measures the light scattered in the direction of the laser. This measure provides information 

about the cell size. Together, SSC and FSC data offer insights into the physical characteristics 

of different cell types within the population153. For instance, Figure 2.5 shows SSC vs FSC 

flow cytometry plot for whole blood cell population. Different cell types such as lymphocytes, 

monocytes and granulocytes show different scattering patterns based on their granularity and 

size154. In the presence of a fluorescence tag, the cells which emit fluorescence can be identified 

by their fluorescence emission and can be subsequently sorted for further experiments. 

Figure 2.5: Side scatter (SSC) vs Forward scatter (FSC) plot for whole blood cells obtained 

from flow cytometry. Image adapted from Proserpio et al.154. 
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Chapter 3 

To understand the mechanism of RhoA activation by WGEF 

 3.1 Background 

Non-canonical Wnt-PCP signalling regulates convergent extension (CE) movements during 

embryo development and adult tissue homeostasis through actin cytoskeleton remodelling, by 

activating small GTPases such as RhoA and Rac24,25,155,156. This signalling pathway gets 

initiated upon binding of the secreted glycoprotein ligands, Wnts, to their membrane receptors, 

Frizzleds. This event recruits adapter protein Dishevelled2 (Dvl2) to the cytosolic domain of 

Frizzleds. Subsequently, other scaffold protein known as Dishevelled-associated activator of 

morphogenesis 1 (Daam1) is activated and it further recruits Rho Guanine nucleotide exchange 

factor, eventually leading to the activation of effector RhoA GTPase23,24. Activation of Rac 

GTPase takes place independent of Daam1 recruitment25 (Fig 3.1A). As detailed in the 

Introduction chapter, Rho GTPases exerts signal relay by shuttling between GTP-bound active 

(ON) and GDP-bound inactive states (OFF). GEFs activate Rho GTPases by exchanging their 

bound GDP with GTP (Fig 1.7). Aberrant activation of the GTPases is often driven by the 

dysregulation of these regulatory proteins, which are involved in many pathological conditions, 

including cancer. For example, dysregulation of various GEFs, such as Vav 1/2/3 and Tiam 

1/2, has been implicated in cancer and developmental diseases157. Therefore, understanding the 

mechanism by which RhoA is activated during non-canonical Wnt signalling is imperative for 

designing various drugs, as disruption in this pathway is shown to contribute to various cancers 

and developmental disorders77,158. 

Weak-similarity Guanine nucleotide Exchange Factor (WGEF) is a Dbl family GEF 

known to operate in the non-canonical Wnt11/Frizzled7 pathway, which is shown to activate 

the downstream GTPase, RhoA (Fig 3.1B). WGEF shares weak similarity with another 

member of the Dbl family, TIM (RhoGEF 5)159. WGEF is suggested to consist of four major 

domains, including an N-terminal inhibitory domain (NID) responsible for the autoinhibition 

of GEF activity, a catalytic Dbl-homology (DH) domain that facilitates the GDP to GTP 

exchange on RhoA, a pleckstrin homology (PH) domain that plays a regulatory role and 

contributes to the membrane localization of WGEF and an SRC Homology 3 (SH3) domain 
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that is involved in establishing protein-protein interactions with its binding partners (Fig 3.1C). 

Like many of the canonical Dbl GEFs, WGEF is known to exist in an autoinhibited state due 

to the interdomain interactions of the protein involving the NID and SH3 domains. Earlier 

studies have shown that WGEF interacts with Dvl2 as well as Daam1 during Wnt-PCP 

signalling24. However, the precise role of all these domains in the activation of RhoA is not 

clear. In this chapter, we report our attempts to elucidate the structural basis of WGEF-RhoA 

interaction, using X-ray crystallography to further our understanding of the RhoA activation 

mechanism as well as the consequent signal transduction events. This chapter details 

optimization of WGEF and RhoA constructs for forming their in vitro complex and subsequent 

crystallization studies.  

Figure 3.1: Schematic representation of non-canonical Wnt-PCP signalling. A) Overview of 

RhoA and Rac GTPase activation during non-canonical Wnt signalling leading to cell 

migration during embryo development. B) Detailed pathway for activation of RhoA axis during 

Wnt11/Frizzled7 activated non-canonical Wnt signalling. C) Different domains of WGEF 

protein; N-terminal inhibitory domain (NID), Dbl-homology (DH) domain, pleckstrin 

homology (PH) domain and SRC Homology 3 (SH3) domain. 
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3.2 Methodology 

3.2.1 Cloning 

To express the target protein in the E.coli system, the gene encoding the protein of interest is 

cloned into a suitable E.coli expression vector. These vectors are optimized to achieve higher 

yields of desired protein. In this study, different constructs of Xenopus laevis WGEF (xWGEF/ 

Arhgef19), spanning various ranges of amino acids, were generated by cloning the respective 

gene segments into a modified pGEX-6P-1 (p3E) vector. To enhance the solubility of the 

protein, PreScission protease cleavable GST tag was fused at the N-terminal of the protein (Fig 

3.2). Thus, the GEF constructs were overexpressed as N-terminal GST tag fusion proteins, 

which also facilitated the purification of proteins using glutathione sepharose beads based 

affinity purification method. After affinity chromatography, the fused GST tag was removed 

by using PreScission protease.   

Figure 3.2: Sequence map of p3E vector highlighting the gene of interest and other plasmid 

features. 

The cloning process begins with the amplification of the xWGEF genes via PCR. The 

amplified gene products were digested with restriction enzymes (Nde1 and BamH1) to create 

sticky ends compatible with the vector. The vector was similarly linearized using the same 

restriction enzymes to facilitate the ligation of the digested gene. After ligation, E.coli DH5α 

cells were transformed using the reaction mixture, and the resulting colonies obtained on the 
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selection media plate were cultured for plasmid amplification and purification. Restriction 

digestion was used to screen plasmids for ligated target gene, followed by plasmid sequencing 

based confirmation. Confirmed positive clones were subsequently used for expression and 

purification of the target proteins. 

3.2.2 Protein expression and purification 

Recombinant xWGEF constructs were expressed in E.coli C41 (DE3) strain (Table 3.1). 

Secondary cultures were grown at 37°C in LB broth supplemented with 100 µg/mL ampicillin. 

After IPTG induction, cells were incubated at 18°C/16 h. Following incubation, cells were 

centrifuged at 4000 RPM/20 min. The resulting cell pellet was resuspended and lysed in 

respective Buffer A (50 mM Tris pH 8-8.5, 500 mM NaCl, 2 mM β-met, 2 mM EDTA and 5-

10% glycerol) supplemented with 2 mM PMSF, PI tablet, 20 mM sucrose and approximately 

1 mg lysozyme. Lysis was performed using a homogenizer at 4°C/20 min at 350-400 bar 

pressure. The lysate was spun at 20,000 RPM/1 h to separate the cell debris from the 

supernatant. The clear supernatant was passed through a 0.4 μm syringe filter to eliminate 

residual debris and then used for protein purification. For purification, the filtered supernatant 

was loaded onto the Glutathione Sepharose-4B (GSH) column pre-equilibrated with Buffer A, 

allowing the GST-tagged xWGEF proteins to bind. The flow-through was collected, and the 

column was washed with Buffer A to remove non-specifically bound proteins. After washing, 

the target protein was eluted by using Buffer A containing reduced glutathione (10 mM 

concentration). Fractions from pellet, supernatant, flow-through, wash and elutes were 

analyzed on SDS-PAGE to monitor the expression, presence of contaminant protein bands, 

solubility and degradation of the target protein. The eluted protein was subjected to overnight 

dialysis for buffer exchange (10 mM Tris pH 8-8.5, 350-250 mM NaCl, 2 mM DTT, 5-10% 

glycerol). GST tag of the protein was cleaved by adding 10 fold molar excess of PreScission 

protease in the dialysis bag. Next day, the dialyzed and cleaved protein was desalted to remove 

the residual glutathione, followed by reverse affinity purification to eliminate the cleaved GST 

tag and uncleaved protein. The target protein present in flow-through after the reverse affinity 

column was concentrated and further purified by SEC using a buffer consisting of 10 mM Tris 

pH 8-8.5, 350-150 mM NaCl, 2 mM DTT, 5-10% glycerol. The purified protein was then 

concentrated, snap-frozen in liquid nitrogen and stored at -80°C.  
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Similar to xWGEF constructs, recombinant RhoA with an N-terminal non-cleavable 

Strep-tag II, cloned in modified pET33b vector with kanamycin resistance, was expressed in 

B834 (rare) cells. For purification, the clear supernatant obtained after cell lysis was loaded 

onto Strep-Tactin XT Sepharose slurry pre-equilibrated with Buffer A containing 50 mM Tris 

pH 8, 200 mM NaCl, 2 mM β-met, 5 mM EDTA and 5% glycerol. Following loading and 

washing steps, RhoA was eluted with a 5 mM desthiobiotin containing Buffer A. Eluted RhoA 

was further purified using SEC in a buffer consisting of 10 mM Tris pH 8, 150 mM NaCl, 2 

mM DTT, 2 mM EDTA and 5% glycerol. The protein from the stable fraction was then 

concentrated and used for subsequent studies. 

xWGEF constructs  Stability 

xWGEF330 

 

Stable when co-expressed with RhoA 

xWGEF404 Stable when co-expressed with RhoA 

xWGEF386 Not stable 

  

Table 3.1: Different constructs of xWGEF made for crystallization with RhoA  

3.2.3 Co-expression and purification of xWGEF and RhoA 

For co-expression, BL21*(DE3) cells were co-transformed with plasmids carrying RhoA (with 

kanamycin selection gene) and xWGEF (with ampicillin selection gene) genes. Cells were 

plated on LB agar supplemented with 100 µg/mL ampicillin and 50 µg/mL kanamycin 

antibiotics to selectively culture the cells co-transformed with both the plasmids. Once the co-

transformed colonies were obtained, they were grown for co-expression in the presence of both 

antibiotics, following the previously discussed protocol. After cell lysis and clarification of the 

supernatant, the co-expressed proteins were purified using GST affinity chromatography. This 

allowed purification of the GST-tagged xWGEF and co-expressed RhoA, which was bound to 

xWGEF. Further purification steps involved dialysis, GST tag cleavage, desalting and reverse 
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affinity purification, similar to the steps discussed earlier involving xWGEF purification. To 

separate apo xWGEF from the RhoA-bound xWGEF, IEC was employed. For this, the salt 

concentration of the protein mixture was reduced to 50 mM NaCl and then loaded onto a Q 

sepharose column, pre-equilibrated with 10 mM Tris pH 8, 50 mM NaCl, 2 mM EDTA, 2 mM 

DTT and 5% glycerol. Next, the column was washed with the same low salt buffer, following 

which the bound protein was eluted using a gradient of 1M NaCl containing buffer (10 mM 

Tris pH 8, 1 M NaCl, 2 mM DTT, 2 mM EDTA and 5% glycerol). The purified protein was 

further subjected to the SEC in a buffer containing 10 mM Tris pH 8, 250 mM NaCl, 2 mM 

EDTA, 2 mM DTT and 5% glycerol. Fractions corresponding to the xWGEF-RhoA complex 

were concentrated and used for the protein crystallization. Both xWGEF404 and xWGEF404-

RhoA proteins were analyzed by SEC-MALS to determine their molecular weight. The SEC 

column connected in line with the MALS setup was equilibrated with a buffer comprising 10 

mM Tris pH 8, 250 mM NaCl, 2 mM DTT, 2 mM EDTA and 5% glycerol.  

3.2.4 Crystallization  

Protein samples obtained from the size exclusion step were concentrated and spun at 14,000 

RPM/20 min to eliminate soluble aggregates or precipitation, if any. These samples were 

subjected to crystallization trials using commercial crystallization screening suites, including 

JCSG+, PACT, proplex and PEGs. In a 96-well, 3-drop sitting drop plate, 30 μL of precipitant 

was added to each reservoir well using a multichannel pipette. Different concentrations of the 

protein samples (xWGEF or xWGEF-RhoA) were mixed with the precipitant in a 1:1 ratio, by 

keeping the drop volume 200 nL, using the Mosquito (TTP labtech) crystallization robot (liquid 

handling system). The sitting drop plates were then sealed and incubated at 20°C, and the drops 

were periodically observed for protein crystal formation. 
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3.3 Results 

3.3.1 Co-expression of xWGEF330 and RhoA stabilize xWGEF330  

For structural studies, a stable in vitro WGEF-RhoA complex is essential. To obtain such 

complexes, optimization of the constructs, spanning different domain boundaries, is 

imperative. Our initial construct design was guided by in silico tools, such as disorder 

prediction and AlphaFold predicted models. However, the AlphaFold predicted structure of 

WGEF indicates a significant portion of the protein to be disordered and even many of the 

ordered regions were predicted to have low confidence scores (Fig 3.3). Secondary structure 

and disorder predictions using Phyre2 (secondary structure prediction software) also projected 

a similar trend, suggesting these regions to be disordered. Therefore, we designed WGEF 

constructs with varying construct boundaries by carefully excluding these disordered regions. 

Figure 3.3: Overall AlphaFold predicted structure of hWGEF (Uniprot ID: Q8IW93). 

Regions of the structure are coloured based on per-residue confidence score (pLDDT). 

Earlier studies conducted in our laboratory have shown that some human WGEF 

(hWGEF) constructs were either insoluble and/or poorly expressed in E.coli. Therefore, we 

opted for WGEF from Xenopus laevis (xWGEF) as a surrogate system for further studies. To 

ensure proper folding, stable expression and purification of WGEF, we excluded the major N-

terminal disordered region of xWGEF, as predicted by Phyre2 (Fig 3.4). The resulting 

truncated construct of xWGEF (330-856), hereafter referred to as xWGEF330, retained all the 
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domains and it was used for complexation with purified RhoA (Fig 3.5). Unfortunately, the 

SEC purification profile of xWGEF330 revealed that most protein eluted under the void peak, 

indicating the protein to be aggregated (Fig 3.6). However, a small amount of the protein was 

found to be stable and non-aggregated, and it was further used for complexation with RhoA 

(Fig 3.7). xWGEF330 obtained from this step was mixed with RhoA in a molar ratio 1:3 and 

subjected to SEC. The SEC peak corresponding to the protein complex was identified from 

SDS-PAGE and it was concentrated for further studies. However, the xWGEF330-RhoA 

complex started precipitating when concentrated above 2 mg/mL, indicating instability of the 

complex at higher concentrations (Fig 3.8). To circumvent this problem, various buffers, 

including CHES, Trizma and Bis-tris propane, were used to identify optimal conditions that 

might stabilize the protein complex at higher concentrations. However, all buffers produced 

similar results, with no significant improvement in the stability. 
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Figure 3.4: Secondary structure and disorder prediction of xWGEF protein by Phyre2. 

Residues from 1-420 are shown, where the majority of the protein is shown to be disordered. 

The confidence key for the structure and disorder prediction is given below. 
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Figure 3.5: Schematic representation of xWGEF_full length and xWGEF330 protein 

domains. 

Figure 3.6: xWGEF330 purification. A) SDS-PAGE for GST affinity chromatography B) Size 

exclusion chromatogram. C) SDS-PAGE for size exclusion chromatography. 

Figure 3.7: RhoA purification. A) SDS-PAGE for GST affinity chromatography B) Size 

exclusion chromatogram C) SDS-PAGE for size exclusion chromatography. 

 



Chapter 3 

60 

Figure 3.8: xWGEF330 and RhoA complexation. A) Size exclusion chromatogram for 

complex B) SDS-PAGE for size exclusion chromatography. Red box indicates the peak 

containing both proteins. 

       Francis & Page report that the co-expression of unstable proteins with their cognate 

binding partner might improve stability of the unstable proteins160. Based on this, we co-

expressed GST-tagged xWGEF330 with streptactin-tagged RhoA and purified the 

xWGEF330-RhoA complex using the GST affinity purification method. Formation of the 

xWGEF330-RhoA complex on the GST affinity column was detected using SDS-PAGE 

(Fig 3.9). The peak corresponding to the protein complex obtained from SEC was 

concentrated and set up for crystallization screening by using protein concentrations up to 

15 mg/mL. Thus, it is clear that co-expression of xWGEF330 with RhoA stabilizes the 

protein complex, which is contrary to what we had observed previously. Forming the in 

vitro complex of xWGEF330 & RhoA on the SEC column, after individually purifying 

them, resulted in precipitation of the complex when the concentration of protein was close 

to 2 mg/mL. Despite numerous crystallization trials using various screens and protein 

concentrations, it did not produce any crystal hits. 
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Figure 3.9: xWGEF330 and RhoA co-purification. A) SDS-PAGE for GST-pulldown 

affinity chromatography B) Size exclusion chromatogram. C) SDS-PAGE for size 

exclusion chromatogram. Red box indicates the peak containing both proteins. 

3.3.2 Crystallization of xWGEF404 and RhoA complex 

Since our initial crystallization trials of xWGEF330 and RhoA complex met with no 

success, we further optimized the xWGEF construct by truncating the construct to 

eliminate the NID region. This new construct will be referred to as xWGEF404 (Table 

3.1). The idea was to obtain the GEF that is not completely autoinhibited (Fig 3.10). The 

modified xWGEF construct was cloned into the p3E vector, encoding an N-terminal GST 

tag (Fig 3.11).  

Figure 3.10: Schematic representation of xWGEF404 protein domains. 

Figure 3.11: Cloning of xWGEF404 in p3E vector. A) xWGEF404 PCR product B) 

Linearization of the p3E vector. C) Restriction digestion confirmation of cloned xWGEF404. 

Positive clones are denoted with ‘+’ symbol. 
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Following successful cloning and expression, solubility tests for xWGEF404 were done 

by expressing the protein in different E.coli expression cell lines, such as BL21*, C41, Rosetta 

and B834. This exercise was meant to determine the optimal cell line that yields the most stable 

protein. Results indicated that in all tested cells, the majority of expressed xWGEF404 protein 

was found to be insoluble and appeared in the pellet fraction (Fig 3.12), again suggesting that 

xWGEF404, too, was unstable when expressed by itself. We approached this problem by co-

expressing xWGEF404 with RhoA (contained Strep-tag II) and the complex was purified using 

the GST pulldown affinity method. Co-expression significantly improved the solubility and 

stability of the complex (Fig 3.13). 

Figure 3.12: Test expression of xWGEF404 in BL21*, C41, Rosetta and B834 E.coli 

expression cell lines. 

Figure 3.13: xWGEF404 and RhoA co-expression and affinity purification. A) SDS-PAGE 

for GST-pulldown affinity chromatography. B) SDS-PAGE for protein after desalt and reverse 

affinity purification. 

After affinity purification and tag cleavage, ion-exchange chromatography was 

performed to separate the unbound xWGEF404 from the xWGEF404-RhoA complex (Fig 

3.14A-C). The unbound xWGEF404 was found in the wash fraction, while the protein complex 
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was obtained from the elute fractions of the ion-exchange chromatography. Both the apo and 

protein complex were subjected to size exclusion chromatography, after which the respective 

protein fractions were concentrated and used for setting up crystallization trials (Fig 3.14 D-

F). Despite extensive crystallization trials, no crystals of the protein complex were obtained. 

Although we successfully separated the apo protein from the protein complex using ion-

exchange chromatography, achieved a symmetrical elution peak for the complex on the SEC 

column and concentrated the complex to a relatively higher concentration, crystallization 

attempts remained unsuccessful. This observation suggests that the complex may not be stable, 

which could be hindering the crystallization. 

Figure 3.14: xWGEF404 and RhoA purification. A) Chromatogram for Ion-exchange 

chromatography (IEC). B) SDS-PAGE for peaks corresponding to IEC protein C) Size 

exclusion chromatogram for xWGEF404 D) SDS-PAGE for size exclusion chromatography of 

xWGEF404 E) Size exclusion chromatogram for xWGEF404 and RhoA complex F) SDS-

PAGE for size exclusion chromatography of xWGEF404 and RhoA complex. 

To further investigate whether the proteins eluted from size exclusion were forming a 

stoichiometric complex or merely co-eluting as higher oligomers of individual proteins, we 

subjected the protein complex to SEC-MALS. This technique combines SEC with MALS, 

which enables the determination of molecular weights of different fractions, as seen under the 

SEC. As a control, we used the apo xWGEF404. This analysis revealed that the proteins were 

not forming a stable complex, but rather they were co-eluting as individual oligomers (Fig 

3.15). The lack of complexation could be due to the weak or transient interactions between 

them. To circumvent this problem, we adopted a strategy of reducing the purification steps and 
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setting up crystallization after IEC, with the hope to prevent dissociation and degradation of 

the complex due to the storage. This approach led to a crystal hit in a condition with , 0.1 M 

Tris pH 8.5 , 0.2 M TMAO (Trimethylamine N-oxide) and 20% w/v PEG2000 MME. This 

crystal was plate-like and needed further optimization to obtain better quality crystals (Fig 

3.16). However, attempts to optimize the crystallization conditions and/or reproduce the crystal 

did not yield any success. 

Figure 3.15: SEC-MALS analysis for xWGEF404 and xWGEF404+RhoA. A) xWGEF404 

B) xWGEF404+RhoA. 

Figure 3.16: Protein crystal obtained at a 6.8 mg/mL concentration of xWGEF404-RhoA 

complex. A) UV image B) Brightfield image C) Light microscope image. 

3.3.3 Cloning and expression of xWGEF386 

Given that the crystallization of RhoA in complex with xWGEF330 and xWGEF404 met with 

limited success, we cloned another shorter construct of xWGEF, excluding both the NID and 

SH3 domains. This construct has just the DH-PH domains of the GEF, which were found to be 
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crystallizing for other Dbl family GEFs.  xWGEF gene sequence encoding amino acids 386-

760 (xWGEF386) was cloned in the p3E vector (Fig 3.17A). Although this particular construct 

was expressed and purified, the resulting protein appeared to be aggregated as it was eluted in 

the void fraction during size exclusion chromatography (Fig 3.17B-D). Consequently, no 

further experiments were conducted with this construct. 

Figure 3.17: Cloning and purification of xWGEF386. A) Agarose gel electrophoresis of 

positive clones after Restriction Digestion (RD) test for the presence of xWGEF386 gene insert. 

B) SDS-PAGE for GST affinity chromatography of xWGEF386. C) Size exclusion 

chromatogram for xWGEF386. D) SDS-PAGE for size exclusion chromatography of 

xWGEF386. 

3.4 Discussion 

The structural characterization of WGEF-RhoA complex is essential for understanding the 

molecular basis of RhoA activation by WGEF. We designed different constructs of xWGEF 

and tried to form an in vitro complex with RhoA. However, due to the intrinsic properties of 

WGEF, we repeatedly observed that all of the xWGEF constructs produced aggregated protein 

when individually expressed in the E. coli. This phenomenon was observed across a spectrum 

of E. coli strains. Thus, the primary challenge in this study was the propensity of WGEF 

constructs to aggregate or remain unstable during purification. This observation aligns with the 

structural features predicted by computational tools, which indicated a high degree of 

disordered region in WGEF. However, the same constructs, except the xWGEF386, were found 

to be stable and soluble when expressed along with RhoA. The xWGEF386 construct was not 

subjected to the co-expression studies, as the protein showed no signs of stability when 

expressed in E.coli. These findings underscore the complexity of studying WGEF-RhoA 

interactions, particularly due to structural characteristics of WGEF. 
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Furthermore, all the constructs of xWGEF were observed to form sub-stoichiometric or 

unstable complexes on the SEC column. Our SEC-MALS analysis shows that the SEC peak 

identified as the one corresponding to the protein complex could be of the individual proteins, 

eluting as higher oligomers. Although a crystal hit for the xWGEF404-RhoA complex was 

obtained, when we reduced the number of purification steps and set up crystallization plates 

immediately after the ion-exchange chromatography step, we could not reproduce the crystal. 

From our extensive xWGEF-RhoA in vitro complexation and crystallization studies, we can 

infer that the protein complex is highly unstable or feeble. Given the multi-domain induced 

autoinhibitory nature of WGEF, it is really challenging to design a construct of the protein that 

retains all the functionally interesting domains and yet forms a stable complex with RhoA. 

Perhaps we could have designed a construct with just the DH domain of the GEF and formed 

its complex with RhoA. However, the structure of such a complex shall be an insignificant 

advancement in our understanding of RhoA activation by WGEF, as there are many structures 

of RhoA bound to canonical DH-PH domains available, and they can be used to model the 

complex of our interest. In fact, we have dwelled on such a strategy in the subsequent chapter 

of this thesis. However, the information obtained here on the nature of the recombinant 

xWGEF-RhoA complex shall act as a stepping stone in further optimization of the constructs 

and/or expression systems to elucidate its structure.   
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Chapter 4 

Elucidation of Dishevelled2 induced WGEF activation 

mechanism in Wnt/Frizzled PCP pathway   

4.1 Background 

It has been shown that RhoA mediated actin cytoskeleton rearrangement is one of the 

manifestations of the non-canonical Wnt-PCP signalling pathway, which essentially requires 

RhoA activation. In this particular pathway, the GEF that activates RhoA is shown to be Weak-

similarity Guanine nucleotide Exchange Factor (WGEF). Like many canonical GEFs, WGEF, 

too, exists in an autoinhibitory state and releasing it from the inhibitory state acts as another 

level of regulation. WGEF autoinhibition is governed by the intra-protein interactions formed 

by the NID and the SH3 domains of the protein with the residues present in the vicinity of DH 

and PH domains161,162 (Fig 4.1). The N-terminal inhibitory region comprises of a helix with an 

inhibitory tyrosine residue (Y295 in hWGEF and Y353 in xWGEF), which interacts with the 

serine 394 (as per hWGEF numbering) of DH domain and blocks the access of RhoA. 

Substitution of Ser 394 to Ala is observed to increase the GEF activity by four folds, thus 

underlining the role of this interaction in rendering WGEF in an autoinhibited state161. 

Similarly, the interdomain interactions made by the SH3 domain with the polyproline-rich 

region of the GEF bring WGEF to an autoinhibited state161,162 (Fig 4.1). However, in this case, 

the residues that are involved in establishing these interdomain interactions are not clear. Thus, 

regulation of WGEF involves releasing the protein from its autoinhibitory state, which could 

involve different activation mechanisms, such as protein-protein interaction with the domains 

involved in exerting the autoinhibition. It is worth noting that several other GEF activation 

mechanisms include protein-lipid binding, phosphorylation of the GEF, etc66,76. However, for 

many GEFs, their activation mechanism is not clear. Previous reports suggest that the 

interaction of WGEF with the adapter protein Dishevelled2 (Dvl2), operating under the Wnt-

PCP pathway, is responsible for releasing the GEF from its autoinhibitory state24.   
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Figure 4.1:  Schematic representation illustrating how the NID and SH3 domain blocks the 

DH domain for RhoA access. 

As per the reports, the crucial step in canonical as well as non-canonical Wnt signalling 

involves the recruitment of a scaffold protein Dishevelled (Dvl) to the cytosolic domain of 

Wnt-bound membrane receptors, Frizzled56 (Fig 1.1 and 1.2). Depending on the type of Wnt 

and Frizzled interaction, Wnt signalling modes diverge from the point of Dvl recruitment. As 

mentioned in the Introduction chapter, Dvl proteins have three major domains, namely, DIX, 

PDZ and DEP domains (Fig 1.3). With respect to WGEF activation, the PDZ domain of Dvl2 

(Dvl2PDZ)  is shown to be responsible for releasing WGEF from its autoinhibitory state24. 

However, the exact region of WGEF that interacts with Dvl2PDZ
 and its mode of interaction 

with Dvl2 is not known.  

The elucidation of WGEF-Dvl2PDZ interaction and its consequent role in the activation 

of GEF is very crucial in understanding the Wnt-PCP regulated cell migration. In this chapter, 

we have set out to identify the regions of WGEF and Dvl2PDZ that are involved in their 

interaction. Further, we systematically probe this interaction to determine the WGEF activation 

mechanism. This chapter is divided into two parts: Part A details about biochemical studies 

used to identify an evolutionary conserved internal motif in WGEF (WGEFpep), which interacts 

with Dvl2PDZ and releases GEF from its autoinhibitory state. The next one, Part B, deals with 

molecular dynamics simulation studies to elucidate the mode of Dvl2PDZ-WGEF interaction. 
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4.2 Part A: To identify the site of interaction between WGEF and the PDZ 

domain of human Dishevelled2 

4.2.1 Background  

PDZ domains are ubiquitous signalling modules found in almost all eukaryotes. They play a 

crucial role in myriad signalling events, serving as signalling nodes by assembling proteins 

involved in the pathway through their ability to establish protein-protein interactions. 

Structurally, these domains are predominantly composed of 5-6 β strands and 2-3 α-helices. 

They consist of a binding site, which is present in the groove formed by the α2-β2 region of 

the protein51. The carboxylate binding loop, which is an integral part of this groove, is shown 

to possess a conserved X-Φ-G-Φ motif (where X corresponds to any amino acid and Φ 

corresponds to a hydrophobic residue) (Fig 4.2A). The PDZ domains can recognize specific 

amino acid motifs that could be present either at their C-terminal or within the polypeptide 

chain of the target proteins. Thus, based on the presence of the location of the binding motif, 

the PDZ-target protein binding has been categorised into two modes: the C-terminal and the 

internal binding (Fig 4.2B). Further, the PDZ domains also exhibit variations in binding with 

the C-terminal motifs and on the basis of their interaction with these motifs, they are classified 

into three different classes depending on the motif consensus sequence, class I (motif 

recognized, S/T-X-Φ), class II (motif recognized, Φ-X-Φ) and class III (motif recognized, D/E-

X-Φ) where Φ is a hydrophobic residue. In a few instances, the free carboxylate group of the 

C-terminal residue of the target drives the protein-protein interaction by interacting with the X-

Φ-G-Φ motif, while the amino acids present at other positions of the motif also contribute to 

stabilizing the interaction. Depending on the importance of these residues lying upstream of 

the P0th residue (C-terminal residue which interacts with the X-Φ-G-Φ motif), this 

classification is further extended to 16 classes163. Some PDZ domains are also known to interact 

with internal sequence motifs of binding partners (Fig 4.2B).  For example, the internal motif 

of the Pals1 protein is shown to be involved in its interaction with the par-6PDZ domain164. 

Similarly, DvlPDZ is known to interact with the internal motif (KTxxxW/I) of the Frizzled 

receptor and Idax protein52,165. In the present context, however, the sequence motif of WGEF, 

which interacts with Dvl2PDZ, is not known. Therefore, we carried out a systematic sequence 
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and biochemical analysis to discover the Dvl2PDZ binding motif of WGEF and further we 

probed the role of this interaction on its GEF activity. 

Figure 4.2: PDZ domains and their binding motifs in target proteins. A) Canonical PDZ 

domains comprise 6 β strands and 2 α helices. The ligand binding groove is formed by α2 and 

β2 regions. The carboxylate binding loop is present at the beginning of β2 strand. B) PDZ 

domains can bind target proteins having C-terminal PDZ binding motif (PBM) or internal 

PBM. 

4.2.2 Methodology 

4.2.2.1 Constructs, cloning, and mutagenesis 

Human Arhgef19 (encoding hWGEF 330-581) gene was amplified using PCR and cloned into 

a modified p3E vector (with N-terminal cleavable GST tag) using the same methods described 

in Chapter 3. Human Dishevelled2 PDZ (hDvl2 PDZ) was a gift from Nicola Burgess-Brown 

(RRID: Addgene_38876); this vector was modified by introducing a stop codon after C354 
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residue of Dvl2PDZ to eliminate the fused peptide, cloned at the C-terminal of the PDZ. Fused 

constructs of hDvl2PDZ-WGEFpep were commercially synthesized from Twist Biosciences. 

Dvl2PDZ constructs have an N-terminal cleavable 6xHis tag. Mutations were introduced into 

the xWGEF (330-856) construct by using the site-directed mutagenesis method and confirmed 

by DNA sequencing. Synthetic peptides such as WGEFpep, WGEFpep variants and N3pep were 

procured from Sai Biotech. 

4.2.2.2 Protein Expression and purification  

Recombinant hWGEF (330-581) was expressed into Escherichia coli (E. coli) BL21*(DE3) 

strain, using the same method described previously for GST-tagged proteins. SEC was 

performed with 10 mM MOPS pH 6.5, 150 mM NaCl, 2 mM DTT, and 10% glycerol. 6xHis 

tagged hDvl2PDZ and fused hDvl2PDZ-WGEFpep proteins were expressed in Rosetta (DE3) cells 

and purification was done using Ni2+-nitrilotriacetate (Ni2+-NTA) affinity chromatography. 

6xHis tag was further cleaved by using TEV protease during overnight dialysis. TEV protease 

and His tag were eliminated after desalting and reverse Ni2+-NTA affinity purification. Pure 

protein was obtained from SEC using a buffer containing 10 mM Tris pH 8, 2 mM DTT, 150 

mM NaCl and 5% glycerol for hDvl2PDZ and 10 mM Tris pH 8, 2 mM DTT, 350 mM NaCl 

and 5% glycerol for fused hDvl2PDZ-WGEFpep. Site-directed mutagenesis method was used to 

introduce mutations into xWGEF (330-856); expression, and purification were carried out as 

described above for the GST-tagged proteins. RhoA expression and purification were done as 

per the previous chapter. These proteins were concentrated and stored at -80°C. 

4.2.2.3 Protein crystallization, data collection, and structure determination 

Protein purified from SEC was concentrated and used for setting up plates using a 

crystallization robot, Mosquito® (TTP Labtech, Royston UK). Crystals of human Dvl2PDZ 

(Dvl2PDZ) were grown using sitting drop vapour diffusion method at 293 K by mixing 1:1 ratio 

of Dvl2PDZ (10 mg/mL) with 6 M excess of WGEFpep and reservoir buffer consisting of 0.1 M 

tri-sodium citrate (pH 5.6), 20% (w/v) PEG4000 and 20% (v/v) isopropanol. Similarly, crystals 

of human Dvl2PDZ (Dvl2PDZ) fused with WGEFpep (10 mg/mL) were grown with a reservoir 

buffer consisting of 0.1 M sodium acetate (pH 4.5) and 3 M sodium chloride (NaCl). Crystals 

were frozen in cryoprotectants containing crystallization conditions supplemented with 28% 

glycerol. X-ray diffraction data for Dvl2PDZ co-crystallized with WGEFpep was collected at 100 
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K on microfocus beamline ID23-2 of the European Synchrotron Radiation Facility (ESRF), 

Grenoble, France166. Crystals of the fused hDvl2PDZ-WGEFpep protein were diffracted at Indus-

2 synchrotron on BL-21 PX beamline at RRCAT, Indore. Data integration and scaling was 

done by using XDS123 and AIMLESS124,167, implemented on CCP4 software168, respectively. 

Structure solving was done with molecular replacement using PHASER129. Human Dvl2-PDZ 

structure (PDB entry: 2REY) served as a search model.  The structure was further iteratively 

built using COOT169 and refined using PHENIX135,170. The structure validation was performed 

using Molprobity171. Coordinates and structure factors for hDvl2PDZ and WGEFpep fused 

hDvl2PDZ (no electron density for the peptide) are deposited in the Protein Data Bank with PDB 

IDs 8WWR and 8YR7, respectively.  

4.2.2.4 In vitro Guanine nucleotide exchange assay 

GEF assays were carried out with fluorescently labelled RhoA93. Briefly, 150 μM of RhoA was 

incubated with 5 Molar excess of fluorescent label, i.e., Mant-GDP in a buffer consisting of 10 

mM Tris pH 8, 2 mM DTT, 150 mM Nacl, 5 mM EDTA, 0.5 mM MgCl₂, 5% glycerol. The 

reaction was incubated on ice for 30 min, after which 10 mM MgCl2 was added to terminate 

the reaction. Excess Mant-GDP was removed through buffer exchange and Mant-GDP loaded 

RhoA was concentrated and stored at -80°C. For assays, Mant-GDP loaded RhoA (2 μM) was 

mixed and incubated with xWGEF (5 μM) in the presence or absence of hDvl2PDZ (0 μM, 25 

μM, and 50 μM) at 25°C/30 min. To observe the effect of synthetic peptides WGEFpep 

(GSTFSLWQDIP), and WGEFpepD9A (GSTFSLWQAIP) of WGEF origin on Dvl2PDZ-WGEF 

interaction, these peptides were added in the respective reactions such that their final 

concentration is 200 μM. Once the fluorescence was stable, excess GTP (10x of labelled 

GTPase) was added to start the reaction. All GEF assays were carried out in a buffer containing 

10 mM Tris, pH 8, 2 mM DTT, 150 mM NaCl, 10 mM MgCl₂, and 5% glycerol. A decrease 

in fluorescence was recorded using a BioTek cytation 5 plate reader with excitation and 

emission of 360 nm and 440 nm, respectively. Fluorescence was normalized and decrease was 

fitted using a single exponential decay mode in GraphPad Prism. Assays were performed in 

triplicates. 
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4.2.2.5 Microscale Thermophoresis (MST) 

MST experiments were performed using the Monolith NT.115 instrument from Nanotemper 

technologies. Dvl2PDZ domain was fluorescently labelled as per instructions, using Monolith 

Redmaleimide 2nd generation-cysteine reactive label (Nanotemper technologies). The 

experimental condition comprise of 10 mM Tris pH 8, 2 mM DTT, 150 mM NaCl, 5% glycerol, 

and 0.05% tween20. For Dvl2PDZ-peptide affinity determination, synthetic WGEF peptides 

were serially diluted (1:2) 16 times starting with an approximate concentration of 3.4 mM. 50 

nM of fluorescently labelled Dvl2PDZ domain was added to the serially diluted peptides and 

incubated at 25°C/30 min. Thermophoresis signals were recorded at 20% of excitation power 

and 40% MST at 25°C. Data was fitted using the Kd fit model in the MO. Affinity Analysis 

v2.3 software107. Like peptides, hWGEF (330-581) protein was serially diluted to obtain a 

protein concentration range of 138 µM to 0.0042 µM. Experimental conditions were the same 

as mentioned above for peptides. All MST experiments were done in triplicates.   

4.2.3 Results 

4.2.3.1 WGEF contains a conserved internal peptide motif which shares sequence 

homology with Dvl2PDZ binding peptides 

Previous studies have shown that Dvl2PDZ binds to WGEF and releases it from the 

autoinhibitory state. However, the precise motif through which WGEF interacts with Dvl2PDZ 

is not clear, with studies suggesting the involvement of different regions of the protein. For 

instance, Igor et al. have shown that the Dvl2PDZ binding site in WGEF is present towards the 

N-terminus, as deletion of the first 213 residues of hWGEF (hWGEFΔ213) reduces its affinity 

for Dvl2PDZ while significantly enhancing the GEF activity. This finding indicates that the 

binding of Dvl2PDZ within this domain may be responsible for releasing WGEF from 

autoinhibition24. A different study by Yohe et al. showed that deletion of the first 302 residues 

of hWGEF (hWGEFΔ302N-term) also releases the GEF from its autoinhibition161. Both these 

studies indicate that the Dvl2PDZ binding region precedes the autoinhibitory domain of the GEF 

(spanning residues 291-NSVLYQEY-298) (Fig 4.3). But the exact motif of interaction 

remained elusive. Like other PDZ domains, the Dvl2PDZ domain shows promiscuity in 

recognizing different peptide motifs. PDZ domains canonically recognize C-terminal peptide 

motifs composed of 7-10 amino acids present at the C-terminus of their interacting partners. 
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Some PDZ domains can recognize internal peptide motifs having similar lengths as the C-

terminal peptide motifs. In contrast to the C-terminal peptide motifs, the internal peptide motifs 

can be located anywhere within the binding partner51,172,173 (Fig 4.2B). The interaction between 

internal motif and PDZ domains mimics that of the C-terminal peptide binding, with slight 

variations in the peptide residues involved in interaction173,174. 

 

Figure 4.3: Schematic representation of WGEF domains and the Dvl2PDZ binding region 

suggested from previous studies. 

As mentioned in section 4.2.1, PDZ binding C-terminal peptide motifs shows some 

consensus in sequence. Thus, PDZ domains can be divided into three classes (class I, class II 

and class III) based on the consensus sequence of the C-terminal peptide they bind to163. 

However, there is no statistically significant data to define a consensus sequence for internal 

peptides recognized by PDZ domain. Therefore, to identify the Dvl2PDZ interacting motif of 

WGEF, we used the Dvl2PDZ binding motifs identified from the peptide-phage display assay to 

search the sequences of WGEF family members175. We analyzed WGEF protein sequence for 

the presence of Dvl2PDZ binding motifs at both the C-terminal as well within the protein 

(internal peptide motifs). However, no conserved sequence corresponding to the C-terminal 

motif was identified, consistent with the findings reported by Zhang et al., which showed that 

WGEF (Ephexin-2) lacks a C-terminal PDZ binding motif162 . For internal motifs, we used 

three prominent peptide motifs, X-Y-G-W-Φa-D/G, X-W-Φa-D-G-P, and W-Φs-D-X-P (where 

X, Φa, and Φs are any, aliphatic and short side chain hydrophilic amino acids [S/T], 

respectively), as templates for the search. From this motif search, the only hit that we obtained 

was 349-GSTFSLWQDIP-359 (hereafter referred to as WGEFpep) (Fig 4.4). This motif is 

located between the DH and the N-terminal inhibitory domain of hWGEF and is evolutionarily 

conserved, suggesting it could be the putative site for Dvl2PDZ interaction. This finding differs 

from the previous observations where the Dvl2PDZ binding region was mapped towards the N-

terminal of hWGEF (between amino acid residues 1-213)24 (Fig 4.3), whereas the motif 

identified by us is present between the DH domain and the NID domain. 
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Figure 4.4: Schematic representation of WGEF domains and sequence alignment of the 

conserved PDZ binding motif of different WGEF species. Zebrafish (Uniprot ID: E7EY470), 

Xenopus (Uniprot ID: A5X5J0), Mouse (Uniprot ID: Q8BWA8), Human (Uniprot ID: Q8IW93-

1) and Bovine (Uniprot ID: E1BQ24) ahead of DH domain in WGEF. The amino acid residue 

numbers in the upper and lower parts of the diagram correspond to hWGEF and xWGEF, 

respectively.  

4.2.3.2 The identified N-terminal conserved ‘internal peptide’ motif of WGEF facilitates 

its interaction with Dvl2PDZ 

Since the peptide motif identified by us lies away from the earlier reported Dvl2PDZ binding 

region. We needed to validate that this motif is indeed involved in Dvl2PDZ binding. With this 

aim, we designed GEF constructs comprising both the autoinhibitory and the identified motif 

of interest, yet excluding major N-terminal disordered regions of human WGEF (hWGEF).  

Due to insolubility and/or poor expression of these hWGEF constructs in E.coli, we used 

WGEF from Xenopus laevis (xWGEF330) as a surrogate system for further experiments. To 

study the effect of Dvl2PDZ interaction on the catalytic activity of xWGEF330, we performed 

guanine nucleotide exchange (GEF) assay on xWGEF330 (5 µM concentration) in presence 

and absence of the Dvl2PDZ domain. From the assay, it could be observed that addition of 50 

µM of Dvl2PDZ (10-fold excess compared to xWGEF330) increased the activity of xWGEF330 

by fourfold, whereas the addition of a lower concentration of Dvl2PDZ (25 µM concentration) 

did not exhibit any notable change in the xWGEF330 activity (Fig 4.5). This indicates that even 

though the binding of Dvl2PDZ enhances the activity of xWGEF330, the binding affinity 

between Dvl2PDZ and xWGEF330 is low. Thus, higher concentrations of Dvl2PDZ are required 

for xWGEF330 activation. Further, to investigate that the WGEF internal peptide motif 

identified by us 402(349)-GSTFSLWQDIP-412(359)/ WGEFpep [residue number shown in the 
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parentheses corresponds to hWGEF] is responsible for Dvl2PDZ-xWGEF330 interaction, we 

performed GEF assay in the presence of both Dvl2PDZ and WGEFpep peptide. Since the internal 

peptides are shown to have relatively low affinity for PDZ domains, we used a fourfold molar 

excess of WGEFpep (200 µM concentration) compared to Dvl2PDZ to disrupt the WGEF-

Dvl2PDZ interaction. This experiment clearly showed that WGEFpep competitively binds to the 

PDZ domain, displacing xWGEF330 from Dvl2PDZ-xWGEF330 interaction, thereby reducing 

the catalytic activity of WGEF (Fig 4.5). Our findings suggest that the 402-412 region of 

xWGEF represents the ‘internal peptide motif’ that mediated its interaction with Dvl2PDZ. 

Figure 4.5: Guanine nucleotide exchange assay for xWGEF330 and mutants. A) GEF assay 

plots of xWGEF330, xWGEF330L407A, and xWGEF330Y353E, in the presence and absence of 

Dvl2PDZ and peptide variants. B) Bar graph showing relative GEF activities of xWGEF 

variants normalized against that of wild-type (autoinhibited xWGEF330) protein. The error 

bar and * represent standard deviation (± SD) and significance as ****P <0.0001, ***P 

<0.001, **P <0.01, and *P ≤0.01, respectively. 

4.2.3.3 WGEFpep motif-Dvl2PDZ interaction is sufficient to partially release the 

autoinhibition of WGEF 

So far, we have observed that binding of Dvl2PDZ and WGEF takes place through the identified 

internal peptide motif leading to an increase in activity of xWGEF330. Next, to understand the 

mechanism behind this activation, we examined other reported Dvl2PDZ binding internal motifs. 

The internal peptide motif identified by us shares sequence homology with the previously 

reported Dvl2PDZ binding internal peptides N1pep, N2pep and N3pep, with N3pep showing the 



Chapter 4 

77 

highest sequence homology175 (Fig 4.6). In these peptides, the aspartate side chain mimics the 

free C-terminal carboxylate group, allowing it to bind to the carboxylate binding loop of 

Dvl2PDZ, thereby stabilizing the Dvl2PDZ-effector interaction175 (Fig 4.7). Here, we wanted to 

determine if the aspartate in our peptide motif also plays a similar role in peptide-PDZ 

interaction. To further explain our study, we defined labels to different residues of the motifs 

for better understanding their positions. PDZ domains typically interacts with the C-terminal 

peptides, the free carboxyl group of the terminal residue of the peptide interacts with the X-Φ-

G-Φ motif of the carboxylate binding loop (X represents any amino acid and Φ represents 

hydrophobic residues) referred to as the 0th or P0 residue. Residues lying towards the N-

terminus of P0 residue are numbered in reverse order as ‘-1’, ‘-2’, ‘-3’ or P-1, P-2, P-3 and so 

forth164,176,177. Dvl2PDZ binds to both C-terminal motifs as well as non-canonical internal 

motifs175,178. Therefore, we labelled the residue which interacts with the X-Φ-G-Φ motif of 

PDZ as P0, followed by P-1, P-2, P-3 for residues preceding P0 and P1, P2, P3 for the residues 

that follow P0
51 (Fig 4.6). To determine if the WGEFpep follows the typical internal peptide-

Dvl2PDZ interaction, we substituted the conserved aspartate of the peptide with alanine 

(WGEFpepD9A). Interestingly, while the WGEFpepD9A peptide reduced GEF activity of 

xWGEF330, the effect was not as significant as with the wild type WGEFpep (Fig 4.5). We also 

created a corresponding mutation in the xWGEF330 construct (xWGEF330D410A), but this 

mutant was not stable upon expression (Fig 4.8), precluding further analysis.  

Figure 4.6: Conserved internal motif identified in WGEF. Shows sequence alignment of 

WGEF internal peptide motif with N1pep, N2pep and N3pep internal peptides, which are reported 

to form complex with Dvl2PDZ. 



Chapter 4 

78 

 

Figure 4.7: Interaction of C-terminal (C1pep) and internal (N3pep) peptides with the 

carboxylate binding motif of Dvl2PDZ. A) Crystal structure of Dvl2PDZ in complex with C-

terminal peptide (PDB ID: 3CBX). The terminal carboxyl group of the P0 residue of the C-

terminal peptide makes contact with the carboxylate binding motif of PDZ (marked in red 

circle). B) Crystal structure of Dvl2PDZ bound to internal peptide (PDB ID: 3CC0) which shows 

highest homology with the WGEFpep. The carboxyl side chain of the conserved aspartate 

residue (P0) in the peptide interacts with the carboxylate binding motif of PDZ (marked in red 

circle). 

Next we wanted to study the role of other residues, spanning the P0 position in the 

interaction. Previous studies indicate that proline, tryptophan and leucine at positions P2, P-2 

and P-3, respectively, also play key roles in stabilizing Dvl2PDZ-peptide interactions. Also, these 

residues are conserved between N3pep and WGEFpep. Therefore, to explore the significance of 

these residues in GEF-PDZ interaction, we generated xWGEF330P412A, xWGEF330W408A and 

xWGEF330L407A mutants (Fig 4.8-4.11). Amongst these, only xWGEF330L407A was soluble 

(Fig 4.9). Surprisingly, this mutant showed higher GEF activity which appeared to be 

independent of Dvl2PDZ, as addition of 50 µM Dvl2PDZ to the assay mixture did not alter its 

GEF activity (Fig 4.5). The higher GEF activity observed for this mutant might be due to the 
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structural rearrangement caused by the mutation; however, the exact mechanism by which 

L407A substitution affects GEF autoinhibition is not known and requires further investigation. 

Figure 4.8: Purification of xWGEF330D410A mutant. A) SDS-PAGE for GST affinity 

chromatography B) Size exclusion chromatogram C) SDS-PAGE for size exclusion 

chromatography. 

Figure 4.9: Purification of xWGEF330L407A mutant. A) SDS-PAGE for GST affinity 

chromatography B) Size exclusion chromatogram C) SDS-PAGE for size exclusion 

chromatography. 

Figure 4.10: Purification of xWGEF330W408A mutant. A) SDS-PAGE for GST affinity 

chromatography B) Size exclusion chromatogram C) SDS-PAGE for size exclusion 

chromatography. 
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Figure 4.11: Purification of xWGEF330P412A mutant. A) SDS-PAGE for GST affinity 

chromatography B) Size exclusion chromatogram C) SDS-PAGE for size exclusion 

chromatography. 

Further, to determine if WGEF-Dvl2PDZ enhances GEF activity by releasing 

autoinhibition or involves an unknown activation mechanism, we generated an Y353E mutant 

of xWGEF330. This tyrosine residue (Y353 in xWGEF/ Y295 in hWGEF) is part of the NID 

region and is known to inhibit the GEF activity by interacting with the DH domain of the GEF. 

Previous studies have shown that substituting this tyrosine to glutamate (Y295E) in hWGEF 

releases the GEF from its autoinhibitory state161. Remarkably, the xWGEF330Y353E mutant 

demonstrated nearly a threefold enhanced GEF activity compared to the wild type xWGEF330, 

and addition of Dvl2PDZ (50 µM concentration) did not affect its GEF activity (Fig 4.5). These 

findings suggest that Dvl2PDZ interacts with the WGEFpep motif, present between the NID and 

the DH domains, partially relieving WGEF from its autoinhibitory state regulated by the NID. 

However, the mechanism involving the release of autoinhibition, which is governed by the SH3 

domain, is not clear. 

4.2.3.4 Residues at P-2, P0, and P2 positions of the binding motif mediates the binding of 

WGEFpep with Dvl2PDZ 

From the GEF assay it is observed that while the WGEFpep region is substantially conserved 

among the WGEF family (Fig 4.12), the interaction between WGEF and Dvl2PDZ is feeble. 

This is consistent with earlier reported PDZ-internal peptide interactions173,175. Perhaps 

differential affinity of the Dvl with its effectors is one of the strategies adopted by Wnt-Frizzled 

pathways to exert diverse signalling modes47,179. While our GEF assay-based studies confirmed 

that the residue at P0 position of WGEFpep is crucial for WGEF-Dvl2PDZ binding, however, the 
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influence of residues at other positions on this interaction was not clear from this study, as the 

xWGEF mutants used to probe this aspect were found to be unstable (Fig 4.8, 4.10 and 4.11). 

Therefore, to gain structural insights into the Dvl2PDZ-WGEF interaction, we employed a 

multipronged approach in which we tried to crystallize both the protein complex (hWGEF330-

Dvl2PDZ) and the protein-peptide (Dvl2PDZ-WGEFpep) complex. The hWGEF330-581 is a minimal 

construct of human WGEF, which consists of the WGEFpep motif and the DH domain. Before 

conducting further studies, we used RhoA activation assay and confirmed that the protein was 

active (Fig 2.1). Although both strategies produced crystals, the crystals obtained from 

Dvl2PDZ-WGEFpep in a condition consisting of 0.1 M tri-sodium citrate (pH 5.6), 20% (w/v) 

PEG4000 and 20% (v/v) isopropanol diffracted to a highest resolution of 1.75 Å.  However, on 

elucidation of the structure, Dvl2PDZ was found to be in its apo form as the electron density for 

the bound peptide was not observed (PDB ID: 8WWR) (Fig 4.13, 4.14 and Table 4.1). 
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Figure 4.12:  Sequence alignment of WGEF from different organisms (Uniprot IDs: 

Zebrafish_E7EY47, Xenopus_A5X5J0, Mouse_Q8BWA8, Human_Q8IW93_1 and 

Bovine_E1BQ24). Sequences with 100% conservation along different organisms are 

highlighted in green, whereas sequences with 70% conserved sequence identity are highlighted 

in purple. The conserved Dvl2PDZ binding motif is marked with a black box. Similarly, other 

regions like the N-terminal Inhibitory (IH), DH, PH and SH3 domains present in WGEF are 

labelled and underlined with a black line below the sequence.  
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Figure 4.13: Purification of hWGEF330 and Dvl2PDZ for crystallization. A) Agarose gel of 

positive clone of hWGEF330-581 after restriction digestion. B) SDS-PAGE of GST affinity 

chromatography for hWGEF330-581. C) Size exclusion chromatogram for hWGEF330-581. D) 

SDS-PAGE of size exclusion chromatography for hWGEF330-581. E) Size exclusion 

chromatogram for Dvl2PDZ. F) SDS-PAGE of size exclusion chromatography for Dvl2PDZ G) 

Crystals of hWGEF-Dvl2PDZ. H) Crystals of WGEFpep-Dvl2PDZ. Ly=Lysate, P= Pellet, 

S=Supernatant, FT=Flow through, W=Wash, E=Elute. 

Figure 4.14: Crystal structure of apo Dvl2PDZ obtained from the crystals of WGEFpep-

Dvl2PDZ complex. 

Another approach involves fusing of WGEFpep peptide with the C-terminal of the PDZ 

domain. This strategy has been described for studying the interaction involving the PDZ 

domain and N1, N2 and N3 peptides175. WGEFpep fused Dvl2PDZ construct was purified and 

crystallization trials were set up (Fig 4.15A and B). Even for this construct, we obtained crystals 
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with the crystallization condition containing 0.1 M sodium acetate pH 4.5 and 3 M NaCl. 

However, as observed with our co-crystallization approach, even in this condition, there was 

no density for the fused peptide (PDB ID: 8YR7) (Fig 4.15C- E and Table 4.1). We surmise 

that the presence of very high salt concentration (3M NaCl) in the crystallization condition 

might have impeded the protein-protein binding, resulting in the abrogation of interaction 

between the C-terminal peptide and the PDZ domain. Different constructs of Dvl2PDZ-peptide 

with varying linkers and configurations did not yield any crystals. The only construct that 

crystallized has a PDZ binding peptide (GSTFSLWQDIP) separated by four amino acid linker 

(SGGG). Thus, despite extensive efforts, the structure of WGEFpep bound to the Dvl2PDZ 

domain could not be elucidated. However, to fill the gaps in our understanding due to the non-

availability of WGEFpep-Dvl2PDZ complex structure, we systematically designed variants of 

WGEFpep and biochemically analyzed their interaction with Dvl2PDZ. For this, we used 

Dvl2PDZ-N3pep complex structure (PDB ID: 3CC0) as template to create WGEFpep variants by 

substituting residues from P-3 to P2 with alanine, as majority of these residues are conserved 

between N3pep and WGEFpep and in the structure of Dvl2PDZ-N3pep complex they are seen to be  

within  5Å from Dvl2PDZ residues. 
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Figure 4.15: Purification and crystallization of WGEFpep fused construct of Dvl2PDZ. A) Size 

exclusion chromatogram for Dvl2PDZ fused with WGEFpep. B) SDS-PAGE of size exclusion 

chromatography for Dvl2PDZ fused with WGEFpep. C) UV image of Crystals obtained for 

Dvl2PDZ fused with WGEFpep. D) The fused Dvl2PDZ crystallized in the I41 space group with 

~0.6 solvent content. The crystal packing was found to be markedly different from the other 

reported peptide fused Dvl2PDZ structures (PDB ID: 2REY, 3CC0, 3CBX, 3CBY, and 3CBZ). 

The electron density for the fused binding motif at the C-terminal of Dvl2PDZ is not observed 

(PDB ID: 8YR7), as this particular segment of the structure is fully exposed to the bulk solvent. 

E) Crystal structure of Dvl2PDZ obtained from the crystals of fused Dvl2PDZ with WGEFpep. 
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hDvl2PDZ crystallized with 

WGEFpep 

hDvl2PDZ fused with 

WGEFpep 

Data collection 

Source ID23-2 beamline of   ESRF  
BL21-PX beamline of  Indus-

2 synchrotron 

Space Group P43212 I 41 

a  (Å) 45.98 59.49 

b (Å) 45.98 59.49 

c (Å) 78.42 58.25 

α(°) 90 90 

β(°) 90 90 

γ(°) 90 90 

Resolution limits (Å) 32.51-1.75 42.07-3.00 

Rmerge 0.067(0.731) 0.058(1.091) 

I/s (I) 23.3(3.8) 27.8(2.7) 

Number of reflections 157526(7686) 30769(5090) 

Unique reflections 9023(482) 2071(336) 

Completeness (%) 100(100) 99.9(100) 

Multiplicity 17.5(15.9) 14.9(15.1) 

CC(1/2) 0.999(0.915) 1(0.731) 

Refinement 

Resolution limits (Å) 32.51-1.75 29.75-3.00 

Number of reflections 8984 2067 

Working set 8594 1951 

Test set 390 116 

Rwork/Rfree 0.227/0.252 0.299/0.335 

Number of atoms   

Protein 1245 512 

Water 20   

B factors 

Protein atoms (Å2) 39.26 114.32 

Water 37.25   

RMSD from ideal values 

Bond length (Å) 0.007 0.009 

Bond angles  (°) 1.089 1.361 

Ramachandran plot   

Preferred (%) 97.53 87.32 

Allowed (%) 2.47 12.68 

PDB code 8WWR 8YR7 

Table 4.1: Data collection and refinement statistics for the structures of human Dishevelled2 

PDZ domain, co-crystallized and fused with WGEFpep, respectively. Single crystal was used 

for data collection. Values in parenthesis are for the highest-resolution shell. 
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To determine the differential contribution of these residues to the WGEFpep-Dvl2PDZ 

interaction, we determined the dissociation constants of the WGEFpep variants for Dvl2PDZ, 

employing Microscale Thermophoresis (MST). As a protein control, we used the hWGEF330-

581 construct in the MST study. The affinities of WGEFpep and N3pep for Dvl2PDZ were found to 

be nearly identical, with their dissociation constant (Kd) being 45±5 µM and 54±7 µM, 

respectively. This observation validates our structural model (N3pep-Dvl2PDZ, PDB ID: 3CC0) 

adopted for studying WGEF-Dvl2PDZ interaction. Further, we made interesting observations on 

the contribution of peptide residues to the WGEFpep-Dvl2PDZ interaction. Amongst the variant 

peptides, substitution of Gln at the P-1 (Fig 4.16A, C and Table 4.2) with Ala (WGEFpepQ8A) 

enhances the affinity of the peptide by almost 6-fold, whereas substitution of Ile at P1 to Ala 

(WGEFpepI10A) did not affect the interaction (Fig 4.16A, C and Table 4.2). Notably, amongst 

these two residues, only the side chain of Ser at P-1 makes direct interaction with Dvl2PDZ, in 

the Dvl2PDZ-N3pep complex crystal structure. On the contrary, the substitution of Leu at the P-3 

position (WGEFpepL6A) significantly reduces the affinity of the peptide for Dvl2PDZ (Fig 4.16B, 

C and Table 4.2). Furthermore, substitution of tryptophan (WGEFpepW7A), aspartate 

(WGEFpepD9A), and proline (WGEFpepP11A) residues at the P-2, P0, and P2 positions, respectively, 

with alanine completely abolishes the WGEF-Dvl2PDZ interactions (Table 4.2). Thus, from 

MST studies it is clear that residues at P-2, P0, and P2 positions (W, D & P) make crucial 

contributions to the WGEF-Dvl2PDZ interaction, whereas leucine at the P-3 position might 

influence the peptide-Dvl2PDZ interaction either by stabilizing the conformation or by 

enhancing the solubility of the peptide. 
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Figure 4.16: MST binding assays of Dvl2PDZ and WGEFpep variants. A and B) Binding curve 

corresponding to the interaction of Dvl2PDZ with WGEFpep, N3pep, WGEFpepQ8A, WGEFpepI10A 

peptides, hWGEF330-581, and WGEFpepL6A peptide, respectively. C) Bar plots showing 

dissociation constants between Dvl2PDZ and different peptides. 

Table 4.2: Consolidated table showing dissociation constant (Kd) values for binding studies 

between different peptides, hWGEF protein and Dvl2PDZ. 
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4.3 Part B: To determine the binding mode of WGEFpep-Dvl2PDZ interaction 

 4.3.1 Background 

From our biochemical studies it is observed that WGEFpep interacts with Dvl2PDZ through a 

conserved internal motif and we also identified the residues of the internal peptide motif that 

drive the WGEFpep-Dvl2PDZ interaction. However, due to lack of structural information, the 

mode of WGEFpep-Dvl2PDZ binding was not clear. The problem gets compounded as PDZ 

domains exhibit a spectrum of peptide binding modes. For example, in both canonical and non-

canonical (internal peptide), the ligand adopts antiparallel β strand conformation and forms a 

β sheet by associating with the β2 strand of the PDZ domain180. In the canonical binding mode, 

the carboxyl group of the P0 residue (C-terminal residue) engages with the X-Φ-G-Φ motif of 

the carboxylate binding loop (CBL) to stabilize the complex. However, in the non-canonical 

PDZ binding mode, the CBL may not adopt a closed conformation and instead engages with 

the internal peptide through a network of hydrogen bonds involving either the main chain or 

the side chain atoms of the peptide164,175,181. Earlier studies have shown that certain PDZ 

domains like ErbinPDZ and SyntrophinPDZ exhibit limited flexibility during peptide interaction. 

Perhaps that is why ErbinPDZ specifically accommodates C-terminal peptides with higher 

sequence specificity. However, SynrophinPDZ can bind with both, the C-terminal and the 

internal peptides, provided the peptide undergoes a change in conformation to form a β finger, 

in order to be incorporated within the peptide binding loop, as seen in nNOS-SyntrophinPDZ 

complex182,183. Another PDZ domain containing protein, Par-6, displays allostery mediated 

binding for C-terminal peptides, which exhibits an increase in affinity for the ligand by 10-

folds when Cdc42 interacts with its adjacent Cdc42/Rac interactive binding (CRIB) domain184. 

Par-6PDZ domain also binds to the internal peptide motif of Pals1, via a change in conformation 

within the PDZ domain, which is independent of allosteric alterations164. Thus, it is clear from 

these studies that PDZ domains exhibit huge conformational dynamics to accommodate their 

binding motifs, leading to different modes of binding. Due to the limited availability structural 

data on the WGEFpep-Dvl2PDZ complex, their binding mode has remained unclear. Hence, to 

address this aspect we performed a total of 9 μs molecular dynamics simulations of the Dvl2PDZ 

structure, complexed with WGEFpep, WGEFpepQ8A and N3pep peptides.  Since for two of the 

former peptides, there was no crystal structure available, we modelled the respective Dvl2PDZ-

peptide complexes using the coordinates of the apo (PDB ID: 8WWR) (Table 4.1) and N3pep 
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bound structures of Dvl2PDZ. The trajectories obtained were then analyzed to study the mode 

of interaction between Dvl2PDZ and WGEF peptides. 

4.3.2 Methodology 

4.3.2.1 Molecular Dynamics (MD) simulations of hDvl2PDZ and interacting peptides 

Molecular dynamics (MD) simulations were performed by using the Desmond module from 

the Schrödinger suite148. The crystal structure of apo human Dvl2PDZ (PDB code: 8WWR) was 

used as a template for MODELLER based homology modelling in order to build the missing 

loops185. WGEFpep, WGEFpepQ8A and N3pep (as positive control) peptides were modelled and 

docked on Dvl2PDZ by using the previously available internal (N3pep) peptide structure (PDB 

code: 3CC0). These peptides, along with the modelled Dvl2PDZ structure, were further used for 

1 µs MD simulation. Apo form of Dvl2PDZ was also simulated by adopting a similar 

methodology. All the structures were placed in an orthogonal simulation box with a buffer 

distance of 10 Å and further solvated using TIP3P water molecules and Na+ to neutralize the 

system186. Next, temperature equilibration was done at a constant temperature of 300 K using 

the Nosé-Hoover thermostat, and the pressure was equilibrated at 1.01 bar under NPT ensemble 

using Martyna-Tobias-Klein barostat187–190. Followed by temperature and pressure 

equilibration, MD runs were performed using OPLS_2005 force field191,192. MD runs were 

performed in triplicates.  

4.3.2.2 Interaction propensity 

Residue-wise peptide-PDZ domain interaction propensity was determined by plotting the 

probability of the residue side-chain lying within 4 Å from the PDZ residue throughout the 

simulation time. These interaction propensities were plotted as a heat map where the intensity 

of colour is directly proportional to the interaction propensity. 

4.3.2.3 Dynamical coupling Analysis  

The dynamical cross-correlation matrix (DCCM), dCij
193, was calculated as: 
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Where, ri and rj are the position vectors of the ith and jth Cα atoms, respectively of Dvl2PDZ, at 

time t. DCCM calculations were done using the R implementation of the Bio3D program 

(version 2.4-1)194. The spectral decomposition algorithm151 was used to identify the dynamical 

sectors using the methodology (Statistical coupling analysis) reported earlier93,195. MD 

trajectories from triplicate runs were merged for dynamical coupling analysis. 

4.3.3 Results 

4.3.3.1 Residue-wise interaction propensity of Dvl2PDZ with WGEFpep, WGEFpepQ8A and 

N3pep internal peptides 

The MD simulation trajectories of the modelled Dvl2PDZ-WGEFpep, Dvl2PDZ-WGEFpepQ8A and 

Dvl2PDZ-N3pep structures were used to calculate the residue-wise interaction propensity. 

Consistent with earlier reports and our biochemical studies, the aspartate at the P0 position of 

the internal peptides was found to be important, showing the highest propensity of interaction 

with the X-Φ-G-Φ motif of the CBL and with the α2 helix residues of the PDZ domain (Fig 

4.17A and D). Apart from Asp at the P0 position, it was observed that residues at the positions 

P-1, P-2, and P-3 also interact with the β2-α2 region of Dvl2PDZ (Fig 4.17A and D). Interestingly, 

most of the interactions between WGEFpep-Dvl2PDZ and WGEFpepQ8A-Dvl2PDZ are similar to 

those observed in the N3pep-Dvl2PDZ (Fig 4.17). However, subtle differences in the interactions 

made by the P-4 and P-5 residues of WGEFpep residues make the mode of WGEFpep binding 

with the PDZ domain divergent when compared with N3pep-Dvl2PDZ interactions. In N3pep-

Dvl2PDZ complex, residues at P-4 and P-5 positions interact with β2 strand of the Dvl2PDZ 

domain, which was absent in the WGEFpep-Dvl2PDZ model (Fig 4.17). Additionally, the 

residues towards the N-terminus of WGEFpep did not seem to contribute significantly to the 
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interaction. Perhaps that is why in WGEFpep-Dvl2PDZ simulations, residues from P-4 onwards 

(towards N-terminus) exhibit higher RMSF values as compared to N3pep (Fig 4.18). 

Figure 4.17: Interaction propensity of Dvl2PDZ with peptide ligands. A) Interaction propensity 

with WGEFpep B) N3pep and C) WGEFpepQ8A D-F) show the structure of Dvl2PDZ (represented 

as surface) bound with peptide variants, WGEFpep, N3pep and WGEFpepQ8A (represented in ball-

and–sticks), belonging to one of the stable trajectories, respectively. 

Figure 4.18: Root-mean-square fluctuation (RMSF) plots of the Cα atoms of peptides from 

MD simulation studies with Dvl2PDZ. A) RMSF of N3pep, B) WGEFpep and C) WGEFpepQ8A used 

for studying different internal peptide–Dvl2PDZ interaction employing MD simulations.   

Our MST studies reveal that the substitution of Gln at P-1 with Ala (WGEFpepQ8A) in 

WGEFpep considerably increases affinity of this peptide variant towards Dvl2PDZ by 6-folds 

(Fig 4.16A and C). To understand this increase in the affinity, we first plotted the difference in 
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interaction propensity of WGEFpepQ8A and WGEFpep to observe if there is any significant 

change in the binding. However, the difference propensity plot showed no significant 

difference in the interaction propensity (Fig 4.19A). Therefore, we closely examined the MD 

trajectories pertaining to both of these systems, sampled at the known time intervals. The 

structure analysis of the WGEFpepQ8A-Dvl2PDZ complex from MD simulation indicates a higher 

propensity for the Trp at the P-2 position to stay in the hydrophobic groove formed by the Ile 

280, Leu 278, Leu 337 and Val 341 residues of the β2-α2 region of the PDZ domain (Fig 

4.19B). However, the backbone conformation of this residue that favours the hydrophobic 

interaction with the PDZ domain is governed by the residue at the P-1 position. The presence 

of a residue with a longer side chain at P-1 could restrict the conformational space of Trp at P-

2 and, hence, may hinder the additional hydrophobic interactions between this residue and the 

PDZ domain (Fig 4.19B). Thus, the substitution of Gln with a shorter-side chain amino acid, 

like Ala, at P-1 position promotes WGEFpep-Dvl2PDZ interaction, as seen from MST studies. 

Thus, our MD studies provide insights into the Dvl2PDZ-WGEF interaction and corroborate our 

biochemical studies on the Dvl2PDZ-peptide complexes. 

Figure 4.19: Interaction propensity difference for WGEFpepQ8A and WGEFpep. A) Difference 

in the interaction propensity of WGEFpepQ8A and WGEFpep. B) Superimposition of WGEFpep 

(yellow peptide) and WGEFpepQ8A (green peptide) structures from MD simulation. The residues 

marked in the red circle correspond to yellow-glutamine and green-alanine. 

4.3.3.2 Internal peptide ligands of Dvl2PDZ exhibit divergent modes of interaction 

Furthermore, our MD studies and previous reports on Dvl2-internal peptide complexes 

show no conserved mode of interaction between the internal peptides and Dvl2PDZ 52,183,196. In 
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the Dvl2PDZ-N3pep crystal structure, it is observed that N3pep forms antiparallel β strand 

interaction with the β2 strand of the Dvl2PDZ domain (Fig 4.20).  

Figure 4.20: Superimposition of internal peptides present in binding the pocket of Dvl2PDZ 

and Secondary structural propensity of residues corresponding to the peptide. Yellow colour 

peptide represents N1 inhibitory peptide (PDB Code: 3CBY), pink colour peptide represents 

N2 inhibitory peptide (PDB Code: 3CBZ), blue colour peptide represents N3 inhibitory peptide 

(PDB Code: 3CC0) and grey colour peptide represents WGEFpep peptide from one of the stable 

trajectories. Residue positions of WGEFpep are labelled. 

Thus, to assess whether there is a conservation of β sheet formation of the internal 

peptides with the β2 strand of the Dvl2PDZ domain, we calculated the secondary structural 

propensity of the peptide residues using their respective MD trajectories. In the case of Dvl2PDZ 

domain and internal peptide complexes (WGEFpep, WGEFpepQ8A and N3pep peptides), it was 

observed that these ligands did not show consistency in forming β sheet with the β2 strand of 

the Dvl2PDZ domain, as the ligand may not essentially adopt β strand conformation. Perhaps 

this loss of secondary structural conformation might aid the flexibility of the peptide and, 

hence, enhance its interaction with Dvl2PDZ (Fig 4.21). Thus, it is observed that the internal 

peptide does not adopt one secondary structure but undergoes a conformational change to be 

recognized by the Dvl2PDZ domain. 
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Figure 4.21: Secondary structure probability of the peptides, obtained from the MD 

trajectories. A) N3pep, B) WGEFpep and C) WGEFpepQ8A residues during 1µs simulation of 

peptide–Dvl2PDZ interaction. The occurrence of a specific secondary structure is denoted by a 

blue dot within its corresponding axis.  Red colour spots indicate the absence of secondary 

structure. 

4.3.3.3 Dvl2PDZ exhibits ligand-dependent conformational changes 

The secondary structure probability plot shows that the peptide undergoes conformational 

changes, which perhaps promotes its recognition by the Dvl2PDZ domain. Next, we wanted to 

explore whether Dvl2PDZ, too, exhibits signatural conformational dynamics in the presence and 

absence of the peptide. From the earlier reported MD simulation studies on PDZ domains, we 

can underline that the dynamic features of the PDZ domains presented by different MD studies 

vary extensively183,197. This could be due to variations in the type of PDZ structures (apo, or 

bound with C-terminal and/or internal peptide) employed in the MD simulations and the time 

scale of the simulation197,198. Since we have elucidated the apo structure of human Dvl2PDZ 

(PDB ID: 8WWR), we looked into the dynamics of this structure and other modelled structures 

bound to different peptides. Furthermore, superposition of available Dvl2PDZ structures shows 

deviations with RMSD values in the range of 1.7-2Å. Importantly, significant conformational 

variations are observed in the α2 helix and β2-β3 loop, which are a part of the peptide binding 

pocket. This conformational variation is more prominent in the structures of human Dvl2PDZ, 

bound with different peptides (Fig 4.22). This opens up the question of whether the peptide 

binding pocket of Dvl2PDZ is preformed or it exhibits peptide induced conformational fit. 
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Figure 4.22: Conformational variations between apo and ligand bound Dvl2PDZ structures. 

A) Apo structure of human Dvl2PDZ B) Superimposition of apo Dvl2PDZ and peptide ligand 

bound Dvl2PDZ structures colour coded as Dvl2PDZ (PDB ID: 8WWR)-grey, C1pep (PDB ID: 

3CBX)-green, N1pep (PDB ID: 3CBY)-blue, N2pep (PDB ID: 3CBZ)-peach, N3pep (PDB ID: 

3CC0)-pink, major conformational deviations in the α2 helix and β2-β3 loop regions of 

Dvl2PDZ marked with a red circle. C) Residue-wise RMSD plot between the apo and internal 

peptide ligand bound Dvl2PDZ structures.  

To address this question, we analyzed the MD run trajectories to identify which amino 

acids in the Dvl2PDZ are dynamically coupled during the simulation, both in presence and 

absence of peptide ligands. For this analysis, we used our hDvl2PDZ apo structure, as the other 

available apo Dvl2PDZ structure from Xenopus (PDB ID’s: 3FY5 and 2F0A) differs from our 

structure with a substitution of an amino acid (Human M323/Xenopus I310). 

The rationale behind this analysis is to figure out whether there are any dynamical 

changes in the PDZ domain during peptide recognition. Therefore, to identify the amino acids 

that are dynamically coupled, we performed spectral decomposition of the dynamic cross-

coupling matrix (cij) (Fig 4.23A) obtained from all the MD simulations trajectories. This 
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identifies dynamically coupled clusters of residues, referred to as sectors. These sectors can be 

divided into five independent components (ICs), depending on their hierarchy of coupling, 

corresponding to the five highest eigenvalues of the matrix.  The Statistical coupling analysis 

(SCA) provides two main clusters of dynamically coupled amino acids, referred to as Sector 1 

and Sector 2.  

Figure 4.23: Dynamical coupling Analysis. A) Representative plot of the dynamic cross- 

coupling matrix (cij) used to calculate dynamically coupled amino acids belonging to Sector1 

which are shown as blue spheres on the B) apo, C) WGEFpep D) WGEFpepQ8A, and E) N3pep 

bound Dvl2PDZ structures, respectively. 

It is interesting to note that Sector 1, corresponding to all the simulations, which 

primarily comprises residues belonging to the peptide binding pocket, shows significant 

variations in terms of their residue composition and location of residues in the protein structure 

(Fig 4.23B-E). Interestingly, Sector 1 of apo Dvl2PDZ was found to consist of residues residing 

in β2 and α2 regions of the domain (Fig 4.23B), whereas Sector 1 of Dvl2PDZ internal peptide 

(WGEFpep, WGEFpepQ8A and N3pep) complexes had residues from the β2 strand, β1-β2 and β2-

β3 loops (Fig 4.23C-E). These sectors can be divided into five ICs (Fig 4.24). These findings 

further validate the internal allostery of PDZ domains as elucidated by other studies199. 

Additionally, variations in Sector 1 composition highlight peptide-dependent conformational 
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adaptation of the Dvl2PDZ domain. In contrast to the previous study by Munz et al., we observe 

that the α2 helix of the apo Dvl2PDZ structure has limited conformational flexibility rather than 

having the ability to explore all possible conformational space specific to the ligand-bound 

forms. Perhaps, divergent observations of our studies from those published before could be due 

to the absence of a “true” apo structure of Dvl2PDZ. Furthermore, the shorter duration of earlier 

MD simulation (200 ns)182 might have exaggerated the conformational sampling of the PDZ 

domain. Thus, our structural and MD simulation studies suggest that Dvl2PDZ adopts peptide-

dependent conformational change due to its intrinsic flexibility. In short, we can infer that 

Dvl2PDZ may not have a preformed binding pocket, rather it modulates the binding pocket based 

on the substrate available for binding. This adaptation is perhaps responsible for the peptide 

(ligand) promiscuity of Dvl2PDZ.  
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Figure 4.24: Sectors and Independent components (ICs) mapped on Dvl2PDZ. A) Sectors and 

ICs of apo Dvl2PDZ, B) Dvl2PDZ simulated with WGEFpep, C) Dvl2PDZ simulated with 

WGEFpepQ8A and D) Dvl2PDZ simulated with N3pep. Dvl2PDZ structure is shown in cartoon, and 

residues corresponding to sectors and ICs are shown as spheres with different colours. 



Chapter 4 

100 

4.4 Proposed mechanism of WGEF activation based on the AlphaFold 

predicted structure of hWGEF 

To understand how Dvl2PDZ binds to the identified binding motif within the structure of 

hWGEF, we looked at the AlphaFold predicted structure of hWGEF (Fig 4.25A and B). 

Notably, a significant portion of the structure, including the helix that connects PDZ binding 

motif to the NID domain, is predicted with low confidence levels (Fig 4.25A and B). 

Furthermore, the spatial disposition of different domains of the structure appears to be less 

reliable as the loops that connect these domains are predicted with low confidence levels. 

However, to propose a hypothesis using this model and our experimental results, we 

superimposed the part of the hWGEF structure that is predicted with higher confidence on its 

closest structure homolog, Leukemia-associated RhoGEF (PDB ID: 1X86). This comparison 

indicates that in the absence of Dvl2PDZ interaction, GTPase (RhoA) interacting DH domain of 

hWGEF is obstructed by the NID and the SH3 domain (Fig 4.25C and D). Thus, the intra-

protein interaction of the protein could render the GEF into its inactive state (Fig 4.25E). When 

the Dvl2PDZ domain engages with the “binding motif”, it could introduce conformational 

changes in the NID, resulting in the shifting away of this domain from the GTPase binding 

pocket of the GEF. Thus, hWGEF-Dvl2PDZ association could partially release the 

autoinhibitory state of the former (Fig 4.25F). Perhaps, some other unknown mechanism might 

also disengage the SH3 domain from DH domain, which would result in the complete 

activation of GEF (Fig 4.25G). Since the putative mechanism of hWGEF activation proposed 

here is based on the AlphaFold predicted structure, substantive GEF activation mechanism 

warrants further structural studies. 
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Figure 4.25: hWGEF activation mechanism based on its AlphaFold structural model. A) Overall 

AlphaFold predicted structure of hWGEF. Regions of the structure are coloured based on per-residue 

confidence score (pLDDT). The level of increase in prediction confidence is scaled from red (low) to 

blue (high). B) The Dvl2PDZ binding motif of hWGEF (shown in magenta) is zoomed. C) Spatial 

disposition of DH (yellow), PH (pink), SH3 (orange) and NID (brick) domains of hWGEF. The Dvl2PDZ 

binding motif is shown in blue. D) Superimposition of hWGEF and Leukemia-associated RhoGEF (PDB 

ID: 1X86) structures. The latter is complexed with RhoA (shown in grey). E)-G) Putative mechanism 

of Dvl2PDZ induced activation of hWGEF. Binding of Dvl2PDZ to hWGEF could dismantle the intra-

protein interaction, thereby unblocking the GTPase binding pocket of the GEF. 
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4.5 Discussion 

Despite nearly three decades of studies on PDZ domains, their modes of interaction with their 

binding partners have remained elusive. It is quite intriguing to learn that despite having highly 

conserved domain structure, PDZ domains exhibit divergent modes of interaction with their 

binding partners51,182,200. Dishevelled, being a signalling hub, recognizes diverse binding 

partners through its different domains, especially involving its PDZ domain201. Therefore, as 

seen in other PDZ domains, Dvl2PDZ exhibits significant promiscuity by recognizing binding 

partners having both C-terminal as well as internal binding peptide motifs52,163,178. Thus, it is 

expected that Dvl2PDZ displays divergent binding modes with its partners175. In the context of 

Wnt-PCP signalling, Dvl2 assembles at the cytosolic domain of the activated Frizzled receptors 

and triggers RhoA by activating the downstream GEF, WGEF. The function of Dvl2 in this 

signalling event is to activate WGEF by releasing it from its autoinhibited state. This step 

involves binding of the PDZ domain of Dvl2 with the WGEF. However, the region of WGEF 

that facilitates its interaction with Dvl2PDZ was not known. Here, we have successfully 

identified an internal peptide motif of WGEF, lying between the N-terminal inhibitory and the 

DH domains, that facilitates the interaction of the protein with Dvl2 to activate itself.  Indeed, 

this is one of the crucial mechanisms involved in releasing the autoinhibition of WGEF. Our 

biochemical assays show that residues at positions P2, P0 and P-2 of the binding motif are vital 

for the Dvl2PDZ - peptide interaction. Additionally, substitution of the leucine at the P-3 position 

significantly reduced the interaction indicating the role of this residue in the solubility of the 

peptide. Despite extensive efforts, to elucidate a detailed molecular mechanism of WGEF-

Dvl2PDZ interaction, which included co-crystallization and fusion strategies, we could not 

resolve the structure of Dvl2PDZ-WGEFpep complex. The inability to observe electron density 

for WGEFpep in crystal structures suggest dynamic or weak interactions, consistent with the 

low binding affinity observed biochemically. Consequently, we used computational modelling, 

MD simulations and comparative structural analysis, to show that Dvl2PDZ exhibits diverse 

modes of ligand recognition, which is perhaps true of WGEFpep, as well. Thus, this study 

advances our understanding of WGEF regulation through its interaction with Dvl2PDZ. The 

identification of WGEFpep as an internal motif crucial for this interaction provides a new 

perspective on the molecular mechanism underlying Wnt signalling and GEF activation. 

Furthermore, in terms of consensus sequence, the substitution of P11A at the P2 position of 

WGEFpep makes the peptide homologous to the class III PDZ binding peptide. However, in 
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terms of the mode of binding, they differ significantly. Class III peptide, bound to nNOSPDZ 

(PDB ID: 1B8Q)202, appears to be relatively shifted towards the N-terminal of the α2 helix of 

the Dvl2PDZ domain (Fig 4.26). Therefore, just based on the sequence of ligand peptides, mode 

of binding cannot be inferred.  

Figure 4.26: Superimposition of Dvl2PDZ (light brown) - internal peptide (grey) & nNOSPDZ 

(cyan) - Class III peptide (green) (PDB ID: 1B8Q) complex structures. The binding pocket 

of conserved Asp (P0 in internal peptide and P-2 in Class III peptide) is shifted by ~5Å, thus 

indicating that the PDZ-peptide interactions in these two classes are highly divergent. 

Additionally, from MD studies, we observed that WGEFpep and N3pep peptides do not 

seem to adopt the stringent β strand conformation, as seen in case of the crystal structure of 

other PDZ-internal peptide complexes175. In short, the ligand (peptide) and the Dvl2PDZ 

undergo conformational adaptation for mutual recognition. A genome wide screen for internal 

PDZ binding motifs indicates that the tendency of PDZ domains to interact with internal 

peptides is more comm on than earlier understood181.
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Chapter 5 

To determine how the WGEF-Dvl2 molecular interaction 

manifests during Wnt-PCP pathway 

5.1 Background 

From biochemical and MD studies, we have identified that Dvl2PDZ interacts with WGEF 

through an evolutionary conserved internal peptide motif. However, to scale down the 

complexity of the problem, we have probed their binding by studying the in vitro interaction 

between WGEFpep and the PDZ domain of Dvl2. But a physiologically more relevant scenario 

would be to probe the interaction formed by the internal peptide motif when it is actually part 

of the GEF with Dvl2, particularly in the light of Wnt-Frizzled7 (FZD7) signal transduction 

events. In this study, we have developed a cell-based assay to probe Dvl2-WGEF interaction 

operating under the non-canonical Wnt5A-FZD7 pathway.  

Wnt ligands such as Wnt5A and Wnt11 have been studied extensively for their function 

in the Wnt-PCP pathway. These ligands interact with FZD receptors and other co-receptors, 

such as RYK, ROR1/2, etc., to transmit intracellular signals. Wnt11 is responsible for cell 

proliferation, migration and transformation of mouse intestinal epithelial cells203. Furthermore, 

Wnt11/Frizzled7 interaction is also reported to bring about convergent extension movement 

during Xenopus gastrulation through activation of the WGEF-RhoA axis24. Similarly, Wnt5A 

is one of the most highly studied Wnt ligands for its role in the non-canonical Wnt pathway58. 

This protein is reported to regulate epithelial-to-mesenchymal cell transition in mammary 

epithelial cells, thus regulating their migration and invasion204. It is also shown to regulate 

collective vascular cell migration during angiogenesis205. Also, Wnt5A is reported to bring 

about migration of breast cancer cells through the Dvl2/Daam1/RhoA axis58.  

Therefore, we engineered Human embryonic kidney (HEK) 293 cell lines by instilling 

the non-canonical Wnt5A/FZD7 pathway by transfecting the cell lines with plasmids carrying 

all the essential genes that operate under this pathway and required for us to study Dvl2-WGEF 

interaction. This chapter summarizes our efforts to standardize various phenotypic readouts to 
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study Dvl2-WGEF interaction operating under the Wnt-PCP mode of the non-canonical Wnt 

signalling. 

5.2 Methodology 

5.2.1 Plasmids and transfection 

Modified pEF4/myc-His vectors (two vectors corresponding to construct 1 and construct 2) 

containing gene sequences encoding Human Frizzled7, Dvl2, WGEF (Construct 1) and RhoA 

(Construct 2) were procured from M/s Geneart (Fig 5.1). WGEF in construct 1 was tagged with 

Yellow fluorescent protein (YFP) and RhoA in construct 2 had Green fluorescent protein (GFP) 

tag to track the expression of proteins. For fluorescence microscopy experiments, HEK293 

cells were cultured in 6-well plates with poly L-lysine coated coverslips, one day before 

transfection. They were grown in 10% FBS added DMEM medium at 37℃ with 5% CO2 until 

80-90% confluency was achieved. Co-transfection of the cell lines with both construct 1 and 

construct 2, was done by using Lipofectamine 3000 reagent as per the manufacturer's manual 

(Invitrogen). Briefly, the transfection reagent and the constructs were added in OPTI-MEM 

medium without FBS and incubated at RT/30 min. Further, this mixture was added to a PBS-

washed cell monolayer, followed by incubation at 37℃/5 h with 5% CO2 in a humidified 

incubator. After 5 h, the media was replaced with 10% FBS added DMEM and incubated at 

37℃/48 h before fixing and staining the cells for microscopy. For generating conditional cell 

lines expressing genes from construct 1, (MDA-MB-231) human breast adenocarcinoma cells 

were transfected with this construct in a T75 flask (Tarson) using a Polyethylenimine (PEI) 

transfection reagent. For this, PEI and DNA were mixed in a ratio of 3:1 in serum-free OPTI-

MEM medium and incubated at RT/30 min206. This mixture was then added to a PBS-washed 

monolayer, followed by incubation at 37℃/5 h with 5% CO2 in a humidified incubator. After 

5 h, 10% FBS was added and cells were incubated at 37℃/48 h before harvesting.  
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Figure 5.1: Constructs containing genes of Wnt-PCP pathway proteins used for transfection. 

WGEF is tagged with Yellow fluorescent protein and RhoA is tagged with Green fluorescent 

protein. 

5.2.2 Preparation of Wnt5A conditioned medium 

Stably transfected Wnt5A-producing mouse fibroblast-like cell line ATCC# CRL-2814 (L-

Wnt5A) was purchased from ATCC and grown in DMEM containing 0.4 mg/mL geneticin, 4 

mM L-glutamine, 10% FBS and 1 mM sodium pyruvate. After two passages, cells were split 

(1:10) at 90% confluency and grown for 4 days, following which the media containing 

extracellularly secreted Wnt5A was collected (batch 1). These cells were replenished with new 

media and further grown for an additional 3 days before harvesting the media (batch 2). Both 

the conditioned media (CM) batches were pooled and passed through a 0.2 μm filter and stored 

at 4℃. Control CM was also made using the same protocol from HEK293 cells. 

5.2.3 Purification steps for Wnt5A 

Wnt5A purification steps were done according to the Wnt purification protocol207. 1% Triton 

X-100 was added to the filtered conditioned media (CM). This Wnt5A-containing CM was 

loaded on a blue sepharose column pre-equilibrated with 20 mM Tris, pH 7.5, 150 mM KCl 

and 1% CHAPS followed by washing. Gradient elution was done with a buffer containing 1.5 

M KCl. Elute fractions were pooled and concentrated for size exclusion chromatography (SEC) 

using 1% CHAPS containing PBS. After SEC, elute peak was loaded on a Heparin cation-

exchange column equilibrated with 1% CHAPS containing PBS and elution was done using a 

gradient of 1 M NaCl containing buffer. Elute fractions were run on SDS-PAGE to analyze the 

presence of Wnt5A. 
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5.2.4 Wound healing assay 

MDA-MB-231 cells were grown in a 24-well plate in serum-free medium and incubated for 24 

h to form a cell monolayer. A wound was made in the monolayer using a 200 μL pipette tip, 

PBS wash was done to remove the detached cells. Cells were allowed to migrate for 24 h in the 

presence of Wnt5A CM and Control CM. Images were taken at 0, 8, 16 and 24 h using a BioTek 

cytation 5 plate reader, and the wound closure area was quantified with the use of ImageJ 

software. The data was normalized and plotted as the percentage of wound closure using 

GraphPad Prism. The assay was performed in triplicate.   

5.2.5 Fluorescence microscopy sample preparation  

Coverslips, containing cell monolayers, were rinsed twice with PBS, after which cells were 

fixed using 4% paraformaldehyde at RT/20 min. Cells were again washed with PBS and then 

permeabilized with 0.1% Triton X-100 at RT/20 min. Repeated washing of the cells with PBS 

was done to remove the detergent (Triton X-100). CF® 594 phalloidin stain (Biotium) was 

used to stain actin filaments and Fluoromount-GTM mounting medium, with DAPI (Invitrogen) 

was used to mount the coverslip and stain the nucleus, respectively. STELLARIS confocal 

microscope (Leica) was used for the imaging. 

5.2.6 Fluorescence-Activated Cell Sorting (FACS) and antibiotic based selection of 

transfected cells 

FACS was performed to selectively isolate the transfected MDA-MB-231 cells which express 

the YFP-tagged WGEF. After 48 h of transfection, cells were detached using TrypLE express 

reagent (Invitrogen) and centrifuged to eliminate the media. Cells were resuspended in the 

FBS-free medium such that the final count was 1x106 cells in 1 mL. Cells were then passed 

through a cell strainer to remove clumps and transferred to sterile FACS tubes for further use. 

After FACS, to generate cell lines conditionally expressing Wnt-PCP proteins, sorted cells 

were seeded in a 24-well plate such that each well had approximately 100 cells in it. These 

cells were allowed to adhere for 24 h before growing them with various concentrations of 

zeocin antibiotic (0-500 μg/mL). For antibiotics based selection of transfected cells, firstly, 

lowest concentration of zeocin to kill non-transfected cells was determined (250 μg/mL), then 

the transfected cells were grown in presence of 250 μg/mL zeocin to select cells conditionally 

expressing Wnt-PCP proteins.   
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5.3 Results 

5.3.1 Attempts to purification of Wnt5A  

Purification of Wnt proteins in their active form has proven to be challenging due to their 

hydrophobic nature and post-translational modifications. These proteins are post-

translationally modified with covalently attached lipids and glycans, which tend to reduce their 

solubility. Despite these difficulties, Wnts, such as Wnt3A and Wnt5A have been successfully 

purified from larger conditioned medium (CM) volumes (2-6 liters)208. For our experiments, 

we expressed Wnt5A in 300 mL-500 mL of cell culture media using the reported protocols. 

However, in the first round of purification, involving blue sepharose column, Wnt5A bands 

were not seen in the eluted fractions. This lack of visibility of the protein band on SDS-PAGE 

could be likely due to the very low protein concentration in the expression medium (Fig 5.2). 

Therefore, to achieve higher protein yields, one would require larger volumes of cell culture. 

Some studies have used western blotting to track the presence of Wnt proteins throughout the 

purification steps. Therefore, instead of purifying the secreted Wnt5A from the expression 

media, we decided to use the conditioned medium that contains Wnt5A for our subsequent 

studies209,210.  

 

Figure 5.2: Purification of Wnt5A from conditioned medium (CM). A) Blue sepharose 

affinity purification chromatogram. Green line shows gradient elution B)  SDS-PAGE for Blue 

sepharose affinity chromatography C) Size exclusion chromatogram for Wnt5A purification D) 

SDS-PAGE corresponding to size exclusion chromatography E) SDS-PAGE for Heparin 

cation-exchange chromatography. 
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5.3.2 Wnt5A conditioned medium promotes cell migration in MDA-MB-231 cells 

To verify the presence of active Wnt5A in the CM, we performed wound healing assay using 

MDA-MB-231 cell lines. A scratch was made in the cell monolayer using a pipette tip. When 

the cells were treated with Wnt5A CM, showed a markedly faster rate of wound closure 

compared to those treated with the control CM, which is devoid of Wnt5A (Fig 5.3). Thus, our 

observation indicates that Wnt5A present in the CM is functionally active, and it promotes 

enhanced migratory behaviour in the MDA-MB-231 cells.  

Figure 5.3: Wound healing assay of MDA-MB-231 cells in the presence and absence of 

Wnt5A CM. A) The upper panel shows images taken at 0, 8, 16 and 24 h, for cells treated with 

control CM and the lower panel shows images taken at 0, 8, 16 and 24 h, for cells treated with 

Wnt5A CM B) Bar plot showing the percent of wound closure.  

5.3.3 Wnt5A condition medium induces stress fiber formation in HEK293 cells 

After confirming the presence of active Wnt5A in the conditioned medium (CM), we probed 

the role of the Wnt5A-Frizzled7 pathway on the Dvl2-WGEF interaction by monitoring its 

effect on the cytoskeletal arrangement in the transfected HEK293 cells. The expression of 

WGEF in the model cell line system was visualized via the YFP tag (pseudo-colored red), 

while RhoA expression was monitored through GFP fluorescence. For imaging, the actin 

cytoskeleton was stained with CF® 594 phalloidin stain (Biotium) and the nucleus was stained 

with DAPI. Fluorescent microscopy revealed that the transfected cells (marked with red 

arrows) (Fig 5.4) when treated with Wnt5A CM, exhibited increased stress fiber formation, a 

hallmark of RhoA activation. RhoA effectors, such as Rho-associated coiled-coil containing 

kinase (ROCK) and mDia211,212, are shown to be involved in the assembly of actin filaments to 

form stress fibers. On the contrary, the Wnt5A untreated cells showed basal or no stress fiber 

formation. These findings suggest that, indeed, Wnt5A induces RhoA-dependent stress fiber 
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formation by acting through the Dvl2/WGEF/RhoA axis. Furthermore, stress fibers formed by 

these engineered cells could be used as a readout to assess the interactions between various 

proteins operating under this particular pathway.   

Figure 5.4: Stress fiber formation assay in HEK293 cells in the presence and absence of 

Wnt5A conditioned medium. A) Transfected HEK293 cells treated with control conditioned 

medium (CM) B) Transfected HEK293 cells treated with Wnt5A CM. The nucleus is stained 

with DAPI and actin filaments are stained with phalloidin. WGEF is tagged with YFP, shown 

as pseudo colour red and RhoA is tagged with GFP. The red arrows mark cells showing the 

presence of both GFP and YFP fluorescence. 
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5.3.4 Attempts to generate MDA-MB-231 cell lines with conditional expression of Wnt-

PCP proteins 

Although our stress fiber formation experiment showed that Wnt5A activates RhoA through 

the pathway involving Dvl2 and WGEF, we could not capture the specific interactions between 

Dvl2-WGEF using fluorescent imaging. Furthermore, the aforementioned experiment provided 

a qualitative nature of RhoA activation. However, to make the readout more quantitative in 

nature, we need to have cell lines that conditionally express all the proteins of interest. To 

achieve this, instead of HEK293 cell lines, we transfected construct 1 into the MDA-MB-231 

breast cancer cell lines, as Wnt5A mediated activation RhoA, through Dvl2, is shown to 

promote cell migration in these cells58. To generate conditionally expressing cell lines, we used 

two popular selection methods: 1. Fluorescence-Activated Cell Sorting (FACS) and 2. 

Antibiotic based selection213. FACS was performed 48 h post-transfection, which sorted 3088 

cells based on the YFP fluorescent intensity. These cells were diluted and seeded into a 24-

well plate with 100 cells per well (Fig 5.5). Cells were then treated with zeocin (0-500 μg/mL) 

after 24 h of seeding to select for cells conditionally expressing proteins of interest. 

Figure 5.5: Fluorescence-Activated Cell Sorting (FACS) of transfected and non-transfected 

MDA-MB-231 cells. A) FACS done for non-transfected cells (control) B) FACS done for 

transfected cells. 
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In parallel, cells were treated with zeocin without subjecting them to FACS. The idea 

here was to avoid the mechanical stress on the cells introduced by the FACS. During this 

process, transfected cells were treated with a minimal zeocin concentration (250 μg/mL), the 

lowest concentration of zeocin required to kill non-transfected cells in 15 days. We observed 

that the antibiotic-treated transfected cells maintained normal morphology for 20 days, 

compared to the non-transfected cells, which deleted in less than 14 days (Fig 5.6). However, 

transfected cells treated with the antibiotic could not be passaged. This could be perhaps due 

to the cytotoxicity induced by the proteins that were being overexpressed on account of 

transfection. Perhaps transfection at higher cell densities might produce a greater yield of 

transfected cells, which could be propagated for further studies.  

On the other hand, cells sorted from FACS and treated with the antibiotic did not 

survive. This could be due to the stress imparted on the cells as a result of continuous FACS 

sorting and antibiotic selection. Better results could be obtained by introducing sequential 

FACS, as described by Kaufman et al.214.  

 

Figure 5.6: Images showing zeocin based antibiotic selection in transfected and non-

transfected MDA-MB-231 cells after 14 days of treatment. A) Transfected cells B) Non-

transfected cells. 
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5.4 Discussion 

In Chapter 4, we discovered the peptide of WGEF that interacts with Dvl2, to activate the GEF 

and, hence, its downstream effector RhoA. This study provided insights into WGEF-Dvl2 

interaction when the proteins are in isolation from the cellular environment. Physiologically a 

more realistic situation would be to evaluate this particular interaction when these two proteins 

are operating under the non-canonical Wnt-PCP pathway. Here, we established a cellular 

system that mimics the physiological situation and provides an opportunity to probe in vivo 

WGEF-Dvl2 interaction. The challenges associated with the purification of hydrophobic and 

post-translationally modified Wnt5A protein made us to adopt alternative strategies, such as 

utilizing conditioned media (CM) containing Wnt5A, which has facilitated functional analysis 

and downstream experimental designs. From cellular imaging experiments, we showed that, 

indeed, Wnt5A activates FZD7, which further triggers the downstream GTPase, RhoA, and 

leads to the formation of stress fibers. The outcome of this experiment qualitatively proved the 

activation of the WGEF-RhoA pathway. However, quantitative measurement of the strength 

of this interaction, operating under this specific pathway, requires conditionally expressed Wnt 

pathway proteins. This particular requirement is also due to the complex activation mechanism 

of WGEF. For instance, both the N-terminal and C-terminal domains of WGEF interact with 

the catalytic domain or the domains present in the vicinity of the catalytic domain, rendering 

the protein to be inactive. The Dvl2 interacting motif was found to be lying at the N-terminal 

of the protein. This may indicate that Dvl2-WGEF interaction, mediated by the peptide motif, 

might take care of the autoinhibitory aspects introduced by the N-terminal domain. However, 

the release of WGEF autoinhibition due to the interaction of the SH3 domain is not clear. 

Hence, a holistic approach that involves all the proteins of the pathway in play would shed light 

on the strength of Dvl2-WGEF interaction and also its role in the activation of the GEF. Thus, 

some of these aforementioned criteria demand cell lines that conditionally express the non-

canonical Wnt-FZD7-Dvl2-WGEF-RhoA pathway proteins. In our pursuit to generate such a 

cell line, we employed FACS, antibiotic selection and a combination of these two methods. We 

observed that, although FACS could sort the cells expressing proteins of interest, imposing 

antibiotic stress on these did not produce the desired effect. On the other hand, simple antibiotic 

based selection also met with limited success. These outcomes are may be due to the limited 

transfection efficiency and/or toxicity of the recombinantly expressed proteins. Perhaps these 
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problems could be circumvented by using other genome editing techniques, such as CRISPR-

Cas. 

Thus, our study, for the first time, shows the activation of RhoA operating under the 

Wnt5A/Dvl2/WGEF/RhoA pathway in a holistic manner. Further fine-tuning of cellular 

engineering methods shall provide deeper insights into this pathway. This warrants further 

investigations, which is beyond the scope of this work. 
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Conclusion and Outlook 

Wnt-PCP signalling is essential for cellular movement processes, including migration of neural 

crest cells and gastrulation during embryonic development. In higher eukaryotes, it regulates 

the orientation of hair follicles and is essential for proper neural tube closure. Aberrations in 

the Wnt-PCP signalling pathway may result in various pathological conditions, which includes 

cancer and disorders of the kidney and heart, where convergent extension movements are 

affected. 

Cytoskeletal remodelling driven by the activation of RhoA GTPases is a critical step in 

the Wnt-PCP signalling. For instance, activated FZD7 receptor in this pathway recruits the 

adapter protein Dishevelled2 (Dvl2) and Daam1. Dvl2 further interacts and activates WGEF 

by relieving it from its autoinhibited state. WGEF then triggers RhoA, leading to the 

cytoskeletal rearrangement and subsequent cell migration. The signalling mechanisms 

controlled by the canonical Wnt signalling are studied in much more detail compared to the 

non-canonical Wnt signalling. Thus, the molecular mechanism underlying Wnt-Frizzled 

mediated signal propagation, which leads to the activation of RhoA in the non-canonical Wnt-

PCP pathway, remains poorly understood. Given the dysregulation of proteins in the Wnt-PCP 

pathway across various cancers, this pathway is attracting increasing attention as a target for 

cancer therapeutics. This thesis, aims to understand the molecular mechanism underlying the 

signal relaying from the Frizzled 7 receptor, leading to the activation of RhoA.  

Like other GTPases, RhoA relies on GEFs for its activation, which facilitates the 

exchange of GDP for GTP in the GTPases, transitioning them from an inactive to an active 

state. In the Wnt-PCP pathway, WGEF activates RhoA to bring about convergent extension 

movements. However, the molecular mechanism of WGEF-RhoA interaction during cell 

migration is not known. Therefore, to determine the structural basis of RhoA activation by 

WGEF, we designed, cloned, expressed and purified different constructs of xWGEF to form a 

stable complex with RhoA. Our experiments revealed that xWGEF constructs were highly 

unstable when expressed and purified in the bacterial system (E. coli). This could be attributed 

to the disordered regions present in the protein. However, these constructs were found to be 

stable when co-expressed and purified with RhoA. Therefore, we formed the in vitro xWGEF-

RhoA complex by co-expressing them in BL21* strain of E. coli. However, extensive 
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crystallization attempts did not yield any crystals, suggesting poor stability of the complex 

and/or feeble interaction between xWGEF and RhoA. In order to address this issue we tinkered 

with the purification steps and also reduced the purification time. Although these strategies 

yielded one crystal hit, reproducing the crystal proved challenging. From all our in vitro 

xWGEF-RhoA complexation attempts, we can infer that trimming the protein length to 

eliminate the disordered regions could help stabilize the complex for crystallization. Further 

optimization of WGEF constructs and expression systems is beyond the scope of this thesis. 

However, from our observations we can suggest that variants of WGEF, consisting of the DH 

domain of WGEF, such as the hWGEF330-581, could be used for crystallization trials. 

In the absence of structural information on the WGEF-RhoA complex, we resorted to 

biochemical and computational methods to elucidate the mechanisms of GEF activation by 

Dvl2PDZ. Due to the presence of interdomain interactions, WGEF intrinsically exists in an 

autoinhibited state. Previous studies have shown that Dvl2PDZ domain releases WGEF from its 

autoinhibitory state, but the exact region of WGEF, which interacts with Dvl2PDZ, was not 

known. With an aim to map this region and also to study the effect of WGEF-Dvl2PDZ 

interaction on the activation of GEF, we systematically examined the sequences of the WGEF 

subfamily by screening them for putative PDZ binding motifs. This exercise resulted in the 

identification of an evolutionarily conserved motif present in WGEF that shares a significant 

sequence homology with the known internal peptide motifs, which are shown to interact with 

Dvl2PDZ. GEF assay in the presence and absence of Dvl2PDZ revealed that WGEF-Dvl2PDZ 

interaction partially releases the GEF autoinhibition. However, the interaction was feeble as 

the amount of Dvl2PDZ required to significantly activate WGEF was found to be very high (50 

μM). Presence of WGEFpep peptide and its variant WGEFpepD9A in the GEF assay mixture 

containing Dvl2PDZ revealed that both WGEF and WGEFpep competitively bind to Dvl2PDZ and 

the conserved aspartate residue at P0 position of the motif plays a significant role in stabilizing 

this interaction. Furthermore, the requirement of higher WGEFpep quantity to observe the 

competitive inhibition suggests that the binding affinity of WGEF for Dvl2PDZ is quite feeble.  

Further, we made attempts to elucidate the structural basis of WGEF-Dvl2PDZ 

interaction, by crystallizing Dvl2PDZ in presence of hWGEF330 and WGEFpep. Although these 

efforts produced crystals, electron density for the ligand (hWGEF330 or WGEFpep) was not 

observed in the crystal structure. We also tried to get the structure of the WGEFpep-Dvl2PDZ 
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complex by forming their chimera, wherein WGEFpep was fused at C-terminal of Dvl2PDZ 

domain. Even in this instance, the density for the WGEFpep was not observed, as due to the 

crystal packing, the peptide segment was seen to be lying in the solvent region of the crystal. 

In short, our extensive attempts to elucidate the structural basis of WGEF-Dvl2PDZ complex 

met with limited success and provided structures of Dvl2PDZ in its apo form.  Therefore, we 

designed different peptide variants of WGEFpep and through binding studies, we determined 

the mode of interaction between WGEF and Dvl2PDZ. This exercise showed that the residues 

at P-3, P-2, P0 and P2 positions are crucial for Dvl2PDZ-WGEF interaction. This observation was 

further substantiated by employing WGEF mutants, carrying substitutions in their Dvl2PDZ 

binding motif. Notably, some of the mutants were observed to be relatively less stable 

compared to the wild-type protein, indicating the role of this particular motif in protein 

stabilization. 

We augmented the information obtained from biochemical studies with the MD 

simulation studies to determine the structural basis of WGEF-Dvl2PDZ interaction. MD 

simulation studies showed that the internal peptide ligands do not form a consistent secondary 

structure but rather undergo conformational rearrangement to interact with the Dvl2PDZ domain. 

This observation was in contrast with known Dvl2PDZ-internal peptide motif interaction. We 

employed the Dynamical coupling analysis to delineate the cluster of residues from the Dvl2PDZ 

domain that recognize the peptide motif and stabilize its interaction with the bound peptide. 

The ligand-dependent clustering of dynamically coupled residues shows that the Dvl2PDZ 

domain exhibits intrinsic flexibility to accommodate a spectrum of ligands.  

Together, these findings suggest that WGEF contains a unique “internal- PDZ binding 

motif” that interacts with Dvl2PDZ and partially activates the WGEF from its autoinhibitory 

state. Through this information we also propose a putative mechanism of WGEF activation by 

Dvl2PDZ. 

To understand WGEF-Dvl2PDZ interaction in the context of the Wnt-PCP signalling, 

we had set out to establish a cell based assay. Recombinant Wnt5A, essential for the activation 

of the Wnt-PCP pathway, was produced from L-Wnt5A fibroblast-like cells. The formation of 

stress fibers and induced cell migration were used as readouts to assay RhoA activation 

operating under this pathway. For the former, transient expression of the Wnt-PCP components 

in HEK293 cells was achieved by transfecting the cells with the plasmids encoding genes for 
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FZD7, Dvl2, WGEF and RhoA. Expression of a few proteins was confirmed through 

fluorescence microscopy, utilizing the YFP and GFP tags attached to WGEF and RhoA, 

respectively. Stress fibers were observed when these cells were treated with the Wnt5A 

conditioned medium. Similarly, MDA-MB-231 cells were prepared for conditional expression 

of Wnt-PCP proteins by means of plasmid enabled antibiotic selection. Since the transfection 

efficiency for MDA-MB-231 cells was observed to be low, we sorted the successfully 

transfected cells using FACS and further subjected these cells to antibiotic selection. Although 

the outcome of this exercise was not very encouraging, the method developed here could 

essentially serve as a starting point for future optimization of these cell lines. Thus, we have 

successfully installed the Wnt-PCP pathway, particularly the branch that activates RhoA, in 

HEK293 cell lines and developed protocols for the stable expression of Wnt-PCP proteins in 

MDA-MB-231 cells. This work would serve as a stepping stone in further characterization of 

Dvl2-WGEF interaction and the consequent RhoA activation controlled by the Wnt-PCP 

pathway.   

To sum up, this thesis reports an extensive amount of work carried out to investigate 

the structural and molecular aspects of RhoA activation under the Wnt-PCP pathway. The 

important step in this particular pathway involves activation of the RhoA effector WGEF by 

the Wnt adapter protein Dvl2. We show that an evolutionarily conserved peptide motif of 

WGEF facilitates its interaction with Dvl2, resulting in the activation of the GEF. Furthermore, 

we showed how the dynamical nature of the Dvl2PDZ domain recognizes diverse ligands, 

including WGEF that vary with respect to sequence and structure. We delineated the impact of 

WGEF-Dvl2PDZ interaction on the catalytic activity of the GEF and its consequent role in RhoA 

activation. Furthermore, we established cell based assays to further characterize Wnt-PCP 

mediated RhoA activation. The current work has provided invaluable insights into the lesser 

studied Wnt-PCP pathway and its signalling cascade leading to the activation of RhoA. The 

findings of this study could have a considerable impact on designing therapeutic agents 

targeting the Wnt-PCP pathway.  

 The work reported here can be extended by optimizing WGEF constructs and elucidate 

the structural basis of RhoA activation by this GEF. The more desired structure would be that 

of Dvl2-WGEF-RhoA ternary complex. As reported in the thesis, the mutual interaction 

between these proteins is highly transient, which poses serious challenges in forming a stable 
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in vitro complex for structural studies. However, the efforts reported here would serve as a 

beacon for optimizing constructs to produce stable complexes. The cell based assays reported 

here could be used to understand Wnt-PCP signalling events by introducing structure based 

mutations and characterize the crosstalk between all the protein players operating under this 

pathway. 

The next milestone in the RhoA-Wnt-PCP pathway would be the elucidation of the 

FZD7-Dvl2-WGEF ternary complex structure. This structure shall help us to understand the 

assembling of signalosomes at the cytosolic end of the FZD receptor by Dvl. This structure 

would also provide insights into how the same set of Wnt-FZD pairs exert different modes of 

Wnt pathways. Given the extreme complexities of the Wnt signalling, rigorous efforts 

employing structural, biochemical, computational and cell based techniques shall unravel this 

most perplexing cellular signalling pathway. 
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Appendix A 

Structural studies on Frizzled 7 receptor 

A.1 Background 

Frizzled (FZD) receptors are categorized within the class F of the GPCRs. They are also 

referred to as atypical GPCRs, as their primary signalling does not involve canonical G-

proteins1,2. There are ten paralogs of FZD receptors found in mammals which can interact with 

the 19 secreted glycoproteins, called Wnt ligands, to activate either canonical (β-catenine 

dependent) or non-canonical (β-catenine independent) Wnt signalling. These receptors are 

shown to play an important role in cell proliferation, cell and tissue polarity, neural synapse 

formation, etc. However, their exact role in the physiology of adult organisms is not clear. 

These receptors have conserved structural features such as N-terminal cysteine-rich domain 

(CRD), which interacts with the Wnt ligands, a hydrophilic linker region, a hepta helical 

transmembrane domain and a cytosolic C-terminal domain that binds the downstream effectors 

such as Dvl proteins during signalling3 (Fig A.1) In pathological conditions, FZD receptors 

have been linked to cancer progression4. 

Figure A.1: Domain arrangement of Frizzled receptors: SS, signal sequence region., CRD, 

Cysteine-rich domain for Wnt and binding of other ligands., TM, transmembrane domains. The 

cytosolic C-terminal region interacts with downstream effectors during signalling.  

Among these receptors FZD7 is the most extensively studied receptor due to its ability 

to activate both canonical and non-canonical Wnt signalling5. Perhaps because of this 

promiscuous nature of FZD7, it is implicated in several processes like cell proliferation, cell 

differentiation and tissue homeostasis. It is also majorly involved in mesendodermal cell 

migration and stem cell differentiation6,7. In Xenopus laevis, the homolog of FZD7 has been 

shown to be involved in convergent extension movements during gastrulation8 and is vital for 

intestinal stem cell maintenance9. Apart from these roles, upregulation and mutations of this 
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receptor have been implicated in various cancers, where it has been shown to promote tumour 

cell metastasis, proliferation, chemoresistance and cancer stem cell maintenance10,11. Therefore 

this receptor has been recognized as a potential target for cancer therapeutics.   

Therefore, understanding the structural basis of FZD7 activation is crucial to decipher 

how it selectively engages different signalling pathways, and also this knowledge could pave 

the way for designing drugs that specifically target FZD7 signalling, specifically for treating 

cancer. With the objective of determining the crystal structure of FZD7, primarily to unravel 

the signalling mechanism at the molecular level, we set out to produce recombinant protein and 

crystallize the same. However, during the course of our work, Lu Xu et al. reported the crystal 

structure of FZD7 from humans (Hs_FZD7)12. This chapter reports our work on establishing 

recombinant mouse FZD7 production, which involves optimization of the gene construct and 

expression system. 

A.2 Methodology 

A.2.1 Cloning and transformation of DH10 cells 

To achieve stable mouse Frizzled 7 (FZD7) protein, the gene encoding this protein was PCR 

amplified and cloned into the BacMam vector with GFP tag (Fig A.2A). This is a baculovirus 

based protein expression vector system primarily used for gene expression in insect cells. 

However, they are engineered to allow transduction and gene expression in mammalian cells 

without replicating them. It combines the advantages of baculovirus vectors for gene delivery 

with the ability to express proteins in mammalian cells. BacMam vector has the p10 and 

polyhedrin promoters from the Autographa californica multiple nuclear polyhedrosis virus 

(AcMNPV) for expression in insect cells and cytomegalovirus (CMV) promoter for expression 

in mammalian cells (HEK293F). The polyhedrin promoter is in frame with the CMV promoter 

and the target gene is inserted in the BacMam vector under the CMV promoter (Fig A.2B). The 

cloned BacMam vector is transfected into Spodoptera frugiperda (Sf9) insect cells, where it 

replicates and produces high-titre recombinant baculoviruses. These baculovirus particles are 

then harvested to infect mammalian cells for protein expression. Additionally, FZD7 constructs 

were also commercially synthesized using pFastBac vector with a GFP tag, another baculovirus 

expression vector system to express recombinant proteins in Spodoptera frugiperda (Sf9) insect 
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cells (Fig A.2C). In the pFastBac vector, the gene expression is under the control of p10 or 

polyhedrin promoters, which enables high level expression in insect cells.  

Figure A.2: FZD7 constructs and vector maps. A) Agarose gel for positive clones of FZD7 in 

BacMam vector B) BacMam vector map C) pFastBac vector map. 

The FZD7-pFastBac or FZD7-BacMam plasmids, referred to as donor plasmids (carry 

gentamicin and ampicillin resistance), were transformed into DH10Bac E. coli cells. These 

cells contain a bacmid (with kanamycin resistance) and a helper (with tetracycline resistance) 

plasmid. Following the transformation of cells with the donor plasmid, a transposition event 

occurs between the donor plasmid and the bacmid, which contains a mini-attTn7 site that 

facilitates transposition, producing a recombinant bacmid. The bacmid also contains a lacZ 

gene that encodes β-galactosidase, which complements the absence of the lacZ gene on the 

bacterial chromosome. In the presence of Bluo-gal substrate and IPTG, it gives blue colonies. 

IPTG binds to and inhibits the lac repressor protein (prevents the transcription of lacZ gene). 

This enables the expression of β-galactosidase to hydrolyze Bluo-gal into blue colour 

precipitate. The lacZ gene also includes a sequence for mini-attTn7, a bacterial transposition 

site. Once the donor plasmid gets inserted at this transposition site, the lacZ gene is disrupted, 

preventing the breakdown of Bluo-gal giving white colonies, which are considered as positive 

clones and further given for sequence confirmation13. The antibiotics are added to the plates at 

final concentrations of 50 μg/mL Ampicillin, 40 μg/mL IPTG, 7 μg/mL Gentamicin, 50 μg/mL 

Kanamycin, 100 μg/mL Bluo-gal and 10 μg/mL Tetracycline to selective isolate the 

transformed colonies. 
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Other FZD7 constructs that were commercially synthesized for stable expression in Sf9 insect 

cells are given in Figure A.3. 

Figure A.3: FZD7 constructs in pFastBac vector. A) Full-length FZD7 construct B) N-

terminal cysteine-rich domain (CRD) of FZD7 is truncated C) Lysozyme gene sequence is 

inserted between the CRD and the transmembrane domains of FZD7 D) CRD domain is 

replaced with the lysozyme encoding gene sequence. All these constructs have a GFP tag for 

visualization and a His tag for affinity purification. 

A.2.2 Bacmid isolation 

The positive clones obtained after blue-white screening and sequence confirmation were grown 

with antibiotics containing media. Bacmid DNA was purified by the alkaline lysis method. The 

bacterial cell pellet was first reconstituted in a resuspension buffer (Tris buffer pH 8.5 or TE 

buffer pH 8) followed by alkaline lysis with NaOH and SDS for 5 min in the presence of 100 

μg/mL RNase. Following cell lysis, the chromosomal DNA, proteins and other insoluble 

components were precipitated during the neutralization step. This mixture was then centrifuged 

at high speed to separate the supernatant containing bacmid DNA from the precipitate. The 

supernatant was removed in a fresh tube, and approximately 800 μL of isopropanol was added 

to precipitate the bacmid DNA. The mixture was gently mixed and incubated at RT/20 min. 

After incubation, the mixture was centrifuged at 14,000 RPM/30 min. The supernatant was 

carefully removed under sterile conditions and the bacmid pellet was left to air dry in the 

laminar for 30 min. After drying, the pellet was resuspended in sterile MilliQ water (60 μL). 
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A.2.3 Transfection and baculovirus amplification 

After purifying the bacmids, transfection of Sf9 insect cells with the bacmids was carried out 

using the GeneJuice (Sigma-Aldrich), as per the manufacturer's protocol. Briefly, a day prior 

to transfection, Sf9 cells were split to ensure they were in the log phase at the time of 

transfection. On the day of transfection, the bacmid and Genejuice were mixed at different 

concentrations (optimal recommended ratio is 3 μL Genejuice: 1μg DNA) in Sf-900™ III SFM 

medium, followed by incubation at RT/15-20 min. Sf9 cells were diluted to 1 x106 cells/ mL 

and one mL of this diluted culture was added to the wells of a 6-well plate. Cells were allowed 

to adhere at 27℃/30 min. Media was then replaced with 800 μL of fresh media, and the 

transfection reagent-bacmid mixture was added to the cells dropwise and incubated 27℃/5 h. 

After this, the media was again replaced with fresh media and incubated for 72 h. After 72 h, 

cells were scraped into the media using a cell scraper. The media containing the cells was then 

collected and stored with 2% FBS at 4℃. This was referred to as the P1 virus, which is the first 

generation of recombinant baculovirus produced after transfection. This P1 viral stock was 

subsequently used for virus amplification to generate P2 virus, which was further amplified to 

produce P3. Finally, P3 was used for protein expression.  

For viral amplification and protein expression, the multiplicity of infection (MOI) is a 

crucial factor. This is known as the number of virus particles per cell. In order to amplify the 

viral stock, an MOI in the range of 0.05 to 0.1 is recommended, whereas for protein expression, 

an MOI of 1 to 5 is recommended14. This optimal MOI may vary depending on the specific 

cell lines. Following formula can be used to determine the inoculum volume of the viral stock 

to be added for a specific MOI: 

𝐼𝑛𝑜𝑐𝑢𝑙𝑢𝑚 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝐿) =
𝐷𝑒𝑠𝑖𝑟𝑒𝑑 𝑀𝑂𝐼 𝑋 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠

𝑉𝑖𝑟𝑎𝑙 𝑠𝑡𝑜𝑐𝑘 𝑡𝑖𝑡𝑒𝑟 (𝑝𝑓𝑢/ 𝑚𝐿) 
 

For viral amplification, the Sf9 cells were infected during the mid-log phase of growth, at a cell 

density of approximately 2 x106 cells/ mL and cell viability of over 95%. Cells were incubated 

at 27℃/72 h, with viability monitored at 48 and 72 h. As viral production progresses, it leads 

to cell death, resulting in a decrease in the cell viability after 72 h, which is an indicator of viral 

production. After incubation, cells were centrifuged and the supernatant that contains the 

baculovirus was supplemented with 2% FBS and stored at 4℃ for subsequent use. 
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A.2.4 Protein expression and affinity purification 

For expression of protein, Sf9 cells were cultured to a cell density of approximately 2 x106 

cells/ mL with a cell viability of >95%. Cells were infected according to the MOI for protein 

expression and incubated at 27℃/72 h. Compared to the viral production, the cell viability 

during the protein expression does not decrease much. At 48 h, cells were monitored for GFP 

fluorescence, indicating protein production. After 72 h, the cells were centrifuged and the 

media was removed. The cell pellet containing the protein was washed twice with 1X PBS and 

stored at -80℃ for further use. For His tag based affinity purification, cells were resuspended 

in a 10X volume of lysis buffer (50 mM Tris pH 8.5, 300 mM NaCl, 2 mM β-met, 5% glycerol, 

3 mM imidazole and PI tablet). Cells were subjected to sonication of a 1.30 min cycle with a 2 

sec ON/8 sec OFF pulse at a 35% amplitude. After sonication the lysate was ultracentrifuged 

to pellet the membrane fraction containing the protein. The supernatant was removed and the 

membrane fraction was resuspended using a hand homogenizer in solubilization buffer (50 mM 

Tris pH 8.5, 300 mM NaCl, 3 mM imidazole, 2 mM β-met, 5% glycerol and PI tablet) 

containing 1% of detergent. This was incubated at 4oC/2 h followed by ultracentrifugation. 

Now, the solubilized protein is present in the supernatant which is further used for the Ni2+-

NTA affinity purification using a buffer containing one critical micelle concentration (CMC) 

of respective detergent. 

A.3 Results 

A.3.1 Expression of FZD7 constructs in HEK293F and Sf9 cell lines 

Initially, we planned to express FZD7 in HEK293F cells using the viral transfection method. 

To achieve this, we cloned the full-length FZD7 receptor into the BacMam vector, as this vector 

contains both p10 and CMV promoters required for protein expression in insect and 

mammalian cell lines, respectively. Furthermore, this vector also carries the polyhedrin 

promoter required for the generation of viral bacmid in the DH10 bacterial strain. The 

baculovirus was produced by transfecting Sf9 cells with the bacmid. The viral titer was 

enhanced by successive amplification of the virus using Sf9 cells. For protein expression in 

mammalian cells, the virus containing media was added to HEK293F cells. However, 

production of FZD7 was not detected, after 72 h of post-infection growth of HEK293F cells.  
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Next, we tried expression of FZD7 in Sf9 cells for which we designed the constructs 

with the gene cloned in pFastBac vector. Although, BacMam vector carries all essential parts 

required for the production of recombinant protein in Sf9 (insect) cell lines, due to the 

positioning of polyhedrin promoter upstream of CMV promoter, genes cloned in this vector 

are known to express poorly in insect cell lines. We observed very feeble expression of FZD7 

in Sf9 cell lines. We tried to improve the expression levels by designing the full-length 

(FZD7_1) and a CRD truncated version of FZD7 in pFastBac (FZD7_2) (Fig A.3). 

Furthermore, it has been shown that membrane proteins, when expressed as fusion 

proteins with bulkier tags like GFP, MBP and lysozyme, exhibit enhanced expression levels 

and improved solubility15. Also, there is an added advantage of enhancing or increasing 

crystallization likelihood of membrane proteins if lysozyme is inserted in their loops or if they 

are expressed as lysozyme fusion proteins16,17. Therefore, we adopted this strategy and 

designed constructs with lysozyme inserted in the loop connecting the CRD and 

transmembrane domains (FZD7_3). We also designed another construct that has its CRD 

replaced with the lysozyme (FZD7_4) (Fig A.3), which connects with the N-terminal segment 

of the helical membrane domain through a 10 amino acid linker. To track the expression levels, 

we had introduced a C-terminal GFP tag to all these constructs. From cell imaging it was clear 

that FZD7_1-3 constructs were producing decent levels of protein in Sf9 cells (Fig A.4). 
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Figure A.4: Protein expression of different FZD7 constructs in Sf9 cells detected by GFP 

tag expression. 

A.3.2 Screening and optimization of FZD7 protein stability with different detergents  

The next logical step in recombinant membrane protein purification will be to extract the 

protein from the membrane using detergents. Since there is no well-defined rule for selecting 

detergents for particular proteins, the extraction process involves screening and optimizing 

detergents. To check the stability of FZD7 proteins in different detergents and to further 

optimize their purification for crystallization studies, we used some common detergents used 

for the purification of membrane proteins18. It has been observed that, for the FZD7_1 

construct, Lauryldimethylamine oxide (LDAO) and Decyl β-D-maltopyranoside (DM) 

detergents were found to be optimal for the extraction.  We tested the solubility of FZD7 in the 

presence of these detergents by subjecting the extract to the Ni2+-NTA affinity purification 
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step. The solubility levels were assessed by exposing the SDS-PAGE gels carrying the affinity 

column elution fractions to the UV light. Since the constructs were expressed as GFP-tagged 

protein bands, their size, expression level and solubility could be gauged from the 

aforementioned step. For FZD7_1, the protein band was found in the pellet fraction, indicating 

poor protein solubility (Fig A.5). For the shorter construct of FZD7, that had CRD deletion 

(FZD7_2), the protein band was seen in the supernatant, suggesting decent protein solubility. 

However, the observed protein band appeared to be of much lower molecular weight (below 

37 kDa) compared to the expected size (69.7 kDa), indicating possible protein degradation (Fig 

A.6). The lysozyme fused FZD7 was found to be detected with a lower size of approx. 75 kDa, 

instead of the expected 112 kDa size of the fused protein (Fig A.7). Thus, even this construct 

was also found to be unstable and degrading. In many instances, the extracellular loops of 

GPCR proteins are not stable with large insertions or deletions, therefore, N-terminal 

extracellular CRD domain of FZD7 was replaced with the lysozyme (FZD7_4)17. This 

construct, however, showed poor expression in Sf9 cells, as indicated by the limited GFP 

fluorescence observed in the cells during expression (Fig A.4). From these different constructs 

of FZD7, we tried to analyze the stability of protein in different detergents and further wanted 

to optimize their purification. Meanwhile, the Cryo-EM structure (3.2 Å resolution) of 

constitutively active FZD7 in complex with heterotrimeric Gs was published by Lu Xu et al12 

(Fig A.8A). Therefore, we stopped our pursuit with the mouse FZD7 construct. Additionally, 

a recent study has also reported Cryo-EM structure of inactive FZD7 at a resolution of 1.9 Å19 

(Fig A.8B). 
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Figure A.5: Affinity purification of FZD7_1 protein. A) Purification done using DM 

detergent. B) Purification done using LDAO detergent. Pictures represent UV image and 

stained image of the SDS-PAGE gel. 

Figure A.6: Affinity purification of FZD7_2 protein using LDAO detergent. Gel images 

represent UV image and stained image of the SDS-PAGE gel. 
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Figure A.7: Detergent screening for FZD7_3 protein using A) LDAO and Cymal5 detergents. 

B) FC12 and DM detergents. Gel images represent UV image and stained image of the SDS-

PAGE gel. 

Figure A.8: Cryo-EM structures of FZD7 in constitutively active and inactive states. A) 

Constitutively active FZD7 (cyan) in complex with heterotrimeric mini GαS (pink),Gβ (green), 

Gγ (orange) subunits and Nanobody35 (Nb35) (blue) which stabilizes these subunits in 

nucleotide-free form. B) Structure of inactive FZD7 dimer (peach and green) formed by lipid 

interface consisting of palmitic acid (cyan) and cholesterol hemisuccinate (pink). 
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A.4 Discussion  

As a part of our pursuit to elucidate the structural basis of non-canonical Wnt-PCP signalling, 

we aimed to determine the crystal structure of the FZD7. In this direction, various constructs 

of FZD7 were designed and tested for their expression, stability and solubility in presence of 

various detergents. During our expression trials, we encountered many challenges such as 

instability of the protein and protein being prone to aggregation or degradation. Before we 

could further optimize the recombinant protein production of FZD7, a cryo-EM structure of 

constitutively active FZD7 (PDB ID: 8YY8), in complex with heterotrimeric Gs, was published 

by another group12. This structure reveals the mechanism of signal relay from FZD7 to the GS 

subunit of the heterotrimeric G proteins. Additionally, this study also reveals that FZD7 has 

developed a distinct mechanism to preserve homologous movements characteristics of class A 

and class B GPCR activation, while also adapting its unique structural features to facilitate G 

protein activation. Although not completely, but partially, this report had essentially made our 

efforts redundant. Hence, we stopped pursuing the structure determination of apo FZD7. 

However, we could advance our understanding if we determine the structure of FZD7 in 

complex with its cytosolic ligand Dvl. Given the feeble and unstable expression of our 

constructs, production of recombinant FZD7-Dvl complex was too far fetching for this thesis 

work. But the work reported here shall provide invaluable insights on the expression of mouse 

FZD7 constructs in heterologous systems. The knowledge thus generated here could be used 

in optimizing the constructs for further structural studies on Frizzleds and their complexes with 

other signalling molecules. 
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Appendix B 

List of primers 

Primer name  5’-3’ sequence 

xWGEF404_P3E_FP GGT CAT ATG ACC TTC TCC CTG TGG CAG GAT ATC  

xWGEF404_P3E_RP GGT GGA TCC CTC TCC AGT TTG CTT GTT GCA TGT TTT ATG 

xWGEF386_P3E_FP GGT CAT ATG ACG GGC AGT CCC AAG AGT AAC CTG 

xWGEF386_P3E_RP GGT GGA TCC TTA TGA TTG GGC GCA GGA GAG GCT CAT 

hWGEF330_P3E_FP GGT CAT ATG CCG CGG GCC AAC CTC TC 

hWGEF330_P3E_RP CGT GGA TCC TTA GCC CTC AAA GTG GAT CTT CTT G 

xWGEF_L407A_FP CAC CTT CTC CGC GTG GCA GGA TAT  

xWGEF_L407A_RP ATA TCC TGC CAC GCG GAG AAG GTG 

xWGEF_W408A_FP CCT TCT CCC TGG CGC AGG ATA TC 

xWGEF_W408A_RP GAT ATC CTG CGC CAG GGA GAA GG 

xWGEF_Q409A_FP CTC CCT GTG GGC GGA TAT CCC AGA T     

xWGEF_Q409A_RP ATC TGG GAT ATC CGC CCA CAG GGA G 

xWGEF_D410A_FP CCT GTG GCA GGC TAT CCC AGA TG 

xWGEF_D410A_FP CAT CTG GGA TAG CCT GCC ACA GG 

xWGEF_I411A_FP GTG GCA GGA TGC CCC AGA TGT GC 

xWGEF_I411A_RP GCA CAT CTG GGG CAT CCT GCC AC 

xWGEF_P412A_FP GGC AGG ATA TCG CAG ATG TGC GG 

xWGEF_P412A_RP CCG CAC ATC TGC GAT ATC CTG CC 

xWGEF_Y353E_FP TTG AAC TCC ATT CTC GAG CAG GAA TAC AGT GA      

xWGEF_Y353E_RP TCA CTG TAT TCC TGC TCG AGA ATG GAG TTC AA 

DvlPDZ_stop_FP CTG TGG CCA AGT GCT GAG AAA CTT CTG TT 

DvlPDZ_stop_RP AAC AGA AGT TTC TCA GCA CTT GGC CAC AG 
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Title of the thesis: Structural basis of Weak-similarity Guanine nucleotide Exchange Factor (WGEF) 

activation in Wnt-planar cell polarity pathway 

The Wnt-planar cell polarity (Wnt-PCP) pathway regulates cell polarity & migration during 

embryo development and adult tissue homeostasis. This pathway is dysregulated in many 

pathological conditions, including cancer and autoimmune disorders. The signalling events in this 

pathway gets triggered upon binding of secreted glycoproteins, Wnts, to their membrane receptors 

Frizzleds, which leads to the recruitment of a scaffold protein, Dishevelled2 (Dvl2). This signal 

cascade further propagates to activate Rho GTPase, RhoA, through its effector Weak-similarity 

Guanine nucleotide Exchange Factor (WGEF). Despite extensive studies, the molecular basis of 

WGEF mediated RhoA activation, triggered by the interaction of the former with Dvl2, is not clear. 

To elucidate the mechanism of Wnt-PCP mediated RhoA activation, an in vitro complex of xWGEF 

and RhoA was formed and it was subjected to extensive crystallization trials. Due to the intrinsic 

instability of the complex, the structural studies on this met with limited success. Furthermore, 

WGEF is known to exist in an autoinhibitory state. The PDZ domain of Dishevelled2 (Dvl2PDZ) 

binds and activates WGEF by releasing it from its autoinhibitory state. However, the actual Dvl2PDZ 

binding site of WGEF and the consequent activation mechanism of the GEF have remained elusive. 

Using biochemical and MD studies, we show that a unique “internal-PDZ binding motif” (IPM) of 

WGEF mediates the WGEF-Dvl2PDZ interaction to activate the GEF. The residues at P2, P0, P-2 and 

P-3 positions of IPM play an important role in stabilizing the WGEFpep-Dvl2PDZ interaction. 

Furthermore, MD simulations of modelled Dvl2PDZ-WGEFIPM peptide complexes suggest that 

WGEF-Dvl2PDZ interaction may differ from the reported Dvl2PDZ-IPM interactions. Additionally, the 

apo structure of human Dvl2PDZ shows conformational dynamics different from its IPM peptide 

bound state, suggesting an induced fit mechanism for the Dvl2PDZ-peptide interaction. The current 

study provides a model for Dvl2 induced activation of WGEF. To study the WGEF-Dvl2PDZ 

interaction in the context of Wnt signalling, we established a cellular system. The Wnt-PCP 

pathway was established in HEK293 cells by transfecting these cells with plasmids carrying genes 

encoding the proteins that operate in this pathway. The installation of the pathway was confirmed 

by observing the formation of stress fibers on activation of the pathway using Wnt5A conditioned 

medium. Thus, the work reported here provides novel insights into the molecular basis of WGEF-

RhoA activation and also provides a system to explore the intricacies of the pathway using cell 

based assay. The outcome of the study has significant implications for designing the therapeutic 

agents that target the Wnt-PCP pathway. 
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Propagation of Wnt- Frizzled signalling leading to the activation of RhoA by Weak 

similarity guanine nucleotide exchange factor (WGEF) 

Aishwarya Omble and Kiran Kulkarni* 

50th National Seminar on Crystallography, 2023 

CSIR-IMTECH, Chandigarh 

Wnt-Frizzled signalling controls diverse cellular processes including embryogenesis, 

morphogenesis and homeostasis. This signalling operates in two modes: the β-catenin 

dependent Wnt canonical pathway and the β-catenin independent Wnt non-canonical pathway. 

The latter pathway is involved in regulating the planar cell polarity based cell migration. 

Abrasions in this pathway are implicated in many pathological conditions like cancer and 

autoimmune disorders. Cellular dynamics, including cell polarity and migration require 

activation of Rho family GTPases; the master regulator of many cellular processes, including 

cell migration. In case of Wnt11 controlled planar cell polarity pathway, the frizzled7 receptor 

(Fz7) activates a Rho GTPase RhoA, through Weak similarity guanine nucleotide exchange 

factor (WGEF). The Wnt-Fz7 specific adaptor protein dishevelled2 (Dvl2) transduces the 

signal from the Fz7 receptor to WGEF. Due to the lack of structural knowledge, the mechanism 

of these signalling events is not clear. Here, using biochemical, crystallographic and 

computational studies we probe how Dvl2 interacts with WGEF to release it from its 

autoinhibitory state. This action further propagates the migratory signal to activate RhoA to 

bring about cell motility. 
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Pull down assay to study interaction between Dishevelled (Dvl) protein and Weak- 

similarity guanine nucleotide exchange factor (WGEF) 

Aishwarya Omble and Kiran Kulkarni* 

International Symposium on Cell Surface Macromolecules 2020 

IISER, Pune 

Dishevelled (Dvl) protein plays an important role in wnt signalling pathway. This protein acts 

as a signalosome which relays signals from the Frizzled receptor in the plasma membrane to 

different downstream cytoplasmic effectors. The activation of Dvl protein is mainly regulated 

by phosphorylation, ubiquitination and degradation. This protein consists of 3 main domains 

namely; DIX (Dishevelled, Axin) domain containing 80 amino acids, the middle domain is 

PDZ (Postsynaptic density 95, Discs large, Zona occludens-1 domain) containing 90 amino 

acids and a DEP (DvL, Egl-10, Pleckstrin) domain of 80 amino acids. 

       Dvl protein interacts with multiple proteins to carry out different functions. In the 

canonical wnt signalling pathway when Dvl is activated and recruited by Frizzled receptor, it 

prevents the destruction of cytosolic beta catenin. In non-canonical Wnt Planar cell polarity 

(PCP) signalling it relays signals to various effector proteins leading to the activation of 

GTPases like Rac, RhoA which leads to actin cytoskeleton rearrangement finally leading to 

cell migration. It has been reported that Weak similarity Guanine nucleotide exchange factor 

(WGEF) protein, which activates RhoA interacts with Dvl through the PDZ domain of Dvl. 

But, no evidence is reported showing the molecular level interaction of WGEF with DIX, PDZ 

or DEP domains of Dvl. 

        Our aim is to study whether Dvl directly interacts with WGEF and if so, to map the WGEF 

interacting domain of Dvl at molecular level. We prepared different constructs of DIX, PDZ 

and DEP domains. Standardization for purification of the DEP domain is done and is under 

study for DIX and PDZ domains. Attempts are being done to pull down studies of these 

domains with heterologously expressed WGEF in order to find its direct interaction with Dvl 

protein. Using X- ray crystallography we aim to delineate the mechanism by which Dvl protein 

contributes in activation of WGEF. This finding will help to gain knowledge regarding how 

dishevelled relays signal via the Daam1-RhoA axis and bring about cell migration. 
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The Wnt-planar cell polarity (Wnt-PCP) pathway is crucial in establishing cell polarity during
development and tissue homoeostasis. This pathway is found tobedysregulated inmanypathological
conditions, including cancer and autoimmune disorders. The central event inWnt-PCP pathway is the
activation of Weak-similarity guanine nucleotide exchange factor (WGEF) by the adapter protein
Dishevelled (Dvl). The PDZ domain of Dishevelled2 (Dvl2PDZ) binds and activatesWGEF by releasing it
from its autoinhibitory state. However, the actual Dvl2PDZ binding site of WGEF and the consequent
activation mechanism of the GEF have remained elusive. Using biochemical and molecular dynamics
studies, we show that a unique “internal-PDZ binding motif” (IPM) of WGEF mediates the WGEF-
Dvl2PDZ interaction to activate the GEF. The residues at P2, P0, P-2 and P-3 positions of IPM play an
important role in stabilizing theWGEFpep-Dvl2PDZ interaction. Furthermore,MDsimulationsofmodelled
Dvl2PDZ-WGEFIPMpeptide complexes suggest thatWGEF-Dvl2PDZ interactionmay differ from the reported
Dvl2PDZ-IPM interactions. Additionally, the apo structure of human Dvl2PDZ shows conformational
dynamics different from its IPM peptide bound state, suggesting an induced fit mechanism for the
Dvl2PDZ-peptide interaction. The current study provides a model for Dvl2 induced activation of WGEF.

Wnt signalling pathways regulate diverse cellular functions during
embryonic development and tissue homoeostasis1. The central event in
Wnt pathways involves activation of hepta helical membrane receptors,
Frizzleds, by the secreted glycoproteins, Wnts. The signalling further
propagates on the subsequent recruitment of a scaffold protein, Dishev-
elled (Dvl), by the C-terminal target binding domain of the Frizzled
receptors. This signal further diverges into two modes; canonical β-
catenin-dependent signalling and non-canonical β-catenin-independent
signalling. The canonical β-catenin-dependent signalling promotes the
expression of target genes by facilitating the nuclear translocation of β-
catenin and subsequent activation of TCF/LEF transcription factors
associated with those target genes. Thismode ofWnt signalling ismajorly
involved in cellular processes like cell proliferation2. On the other hand,
the non-canonical β-catenin-independent signalling is further subdivided
into Wnt/Calcium and Wnt-planar cell polarity (Wnt-PCP) pathways3,4.
These non-canonical pathways are shown to control cell polarity and
migration2. Aberrations in theWnt signalling pathways are implicated in
many pathological conditions, including cancer, developmental and
autoimmune disorders5,6.

One of the key features ofWnt-PCP pathway is the regulation of actin
cytoskeleton reorganization through the activation of RhoGTPases, namely
RhoA, Rac and Cdc427. Rho GTPases function as molecular switches that
cycle between GTP bound ON (active) and the GDP bound OFF (inactive)
states8. This switching between ON and OFF states is brought about by the
regulatory proteins known as Guanine nucleotide exchange factors (GEFs)
and GTPase activating proteins (GAPs), respectively9. Appropriate signal-
ling cues, transducing from the membrane receptors such as G-protein
coupled receptors (GPCRs)10, receptor tyrosine kinase11 and integrin
receptors12, activate their downstream GEFs, which in turn trigger Rho
GTPases by exchanging their boundGDPwithGTP.However, themajority
ofGEFs exist in an autoinhibitory state and require other signalling proteins
for their activation10. In the context of Wnt-PCP pathway WGEF (Weakly
similar to RhoGEF 5/TIM), also known as Arhgef19/ Ephexin2), activates
RhoA13,14. In Xenopus, WGEF-RhoA exerts convergent extension during
gastrulation. Thus, marking the Wnt-PCP/RhoA pathway as one of the
critical pathways involved in developmental and tissue regeneration pro-
cesses in the higher eukaryotes15–18. Similar to canonical DH-PHGEFs, like
TIM and Ephexin,WGEF consists of the conserved catalytic Dbl homology
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(DH) domain responsible for its GEF activity and the Pleckstrin homology
(PH) domain, which is involved in themembrane localization of the GEF13.
Furthermore, WGEF consists of a C-terminal Src homology 3 (SH3)13 and
an N-terminal inhibitory (NID) domain. It has been shown that the
phosphorylation of a conserved tyrosine in the NID region is critical in the
activation of the GEF19–21. Besides NID, the SH3 domain also contributes to
the autoinhibition of the GEF through its intra- and intermolecular
interactions21–23.

In the context of the Wnt-PCP pathway, the adapter protein Dishev-
elled is shown tobe involved in releasing the autoinhibitory state ofWGEF17.
Dishevelled (Dvl), which has three paralogs in humans, viz., Dvl1, Dvl2 and
Dvl3, operate as a signalling hub in exerting both canonical and non-
canonical Wnt signalling pathways24,25. This protein consists of three con-
served domains, namely, an N-terminal DIX (Dishevelled-Axin) domain, a
central PDZ (PSD-95, DLG, ZO1) domain and a C-terminal DEP
(Dishevelled, EGL-10, Pleckstrin) domain26. These domains play diverse
roles during the Wnt signalling pathways27–30. Regarding the activation of
WGEF, the PDZ domain of Dishevelled2 (Dvl2) is shown to be the key
player. Dvl2 binds to WGEF through its PDZ domain to release the GEF
from its autoinhibitory state17. However, the exact region of WGEF that
interacts with Dvl2PDZ and its mode of interaction with Dvl2 have remained
elusive. In the present study, we have identified an evolutionary conserved
Dvl2PDZ binding motif in WGEF (hereafter referred to as WGEFpep), which
facilitates the activation of the GEF by disrupting its autoinhibitory state.
Using biochemical assays and molecular dynamics simulation studies, we
have elucidated the mode of Dvl2PDZ–WGEF interaction and its con-
sequence on the activation of the GEF.

Results
A novel N-terminal conserved ‘internal peptide’motif of WGEF
mediates its interaction with Dvl2PDZ

Previously, Igor et al. have shown that thePDZdomainofDvl2binds to the
N-terminal domain of WGEF, resulting in activation of the GEF. Further,
deletion of the first 213 residues from the N-terminal of human WGEF
(hWGEFΔ213) has been shown to reduce its affinity for Dvl2 considerably
but at the same time to significantly enhance its GEF activity. Thus, it was
suggested that the N213 region of the GEF could be involved in
WGEF–Dvl2PDZ interaction17. In another study, hWGEFΔ302N-term mutant is
shown to be free from autoinhibition, suggesting that its PDZ binding
motif precedes the autoinhibitory domain of the GEF (spanning residues
291-NSVLYQEY-298)17,21. However, the exact motif of WGEF that binds
to Dvl2PDZ is unclear from these studies. Like other PDZ domains, the
Dvl2PDZ also exhibits promiscuity in terms of the peptide motifs that it
binds to. The peptide motifs that PDZ domains recognize are primarily
C-terminal peptidemotifs, which are composedof a stretch of 7–10 residues
situated at the C-terminus of the binding partners. Apart from these, some
PDZ domains can also recognize the internal motifs that possess a similar
number of residues but can lie anywhere in their binding partners31–33.
Binding of PDZ with internal motifs mimic that of the C-terminal peptide
binding with slight variations in the residues of the peptide involved in the
binding33,34.

Although not very stringent, there is some consensus in the sequences
ofC-terminal peptidemotifs that bind toPDZdomains31,32.However, there is
no statistically significant data to arrive at a consensus sequence for the PDZ
domain binding internal peptide motifs. Therefore, to identify the Dvl2PDZ

interacting internalmotifofWGEF,we searched the sequences of this family
of GEFs with the putative Dvl2PDZ binding motifs identified from peptide-
phage display studies35.We employed three prominent peptidemotifs, X-Y-
G-W-Φa-D/G, X-W-Φa-D-G-P andW-Φs-D-X-P (where X,Φa andΦs are
any, aliphatic and short side chain hydrophilic amino acids [S/T], respec-
tively), as templates for the search. The only hit, 349-GSTFSLWQDIP-359
(hereafter referred to as WGEFpep), obtained from the sequence search, lies
between the DH and the inhibitory domain of hWGEF (Fig. 1a). This
particularmotif is highly conserved amongstWGEFs family, indicating it to
be the most putative Dvl2PDZ binding site present in WGEFs (Fig. 1a and

Supplementary Fig. 1). This observation is contrary to the previous study in
which theDvl2PDZ bindingwasmapped towards theN-terminus of hWGEF
(between amino acid residues 1–213)17, whereas themotif identified by us is
present betweenaminoacid residues349–359of hWGEF.Hence, tovalidate
our observations, we designed constructs of the GEF comprising both the
autoinhibitory and the Dvl2PDZ binding motif and yet excluding the major
portion of its N-terminus. Since some of these hWGEF constructs were
found to be insoluble and/or poorly expressed in E. coli, we used WGEF
from Xenopus laevis (xWGEF) as a surrogate system for further studies. To
test the influence of Dvl2PDZ binding on the catalytic activity of WGEFs, we
performed nucleotide exchange assays on these constructs, both in the
presence and absence of the PDZ domain. Clearly, the xWGEF330
(equivalent to hWGEF272) construct, which is composed of both the
inhibitory and the PDZ binding domains, showed insignificant GEF
activity.However, in thepresenceof 10-fold excess (50 µM)ofDvl2PDZ, there
is a fourfold increase in itsGEFactivity (Fig. 1b, c). It isworthnoting that the
lower concentration of Dvl2PDZ (25 µM) did not show any observable
change in the GEF activity. These observations suggest that the binding of
Dvl2PDZ indeed promotes the activity of GEF; however, the affinity of the
xWGEF330 for Dvl2PDZ is considerably low (Fig. 1b, c). Next, to show that
the identified internal peptide motif of WGEF, 402(349)-GSTFSLWQDIP-
412(359)/ WGEFpep [residue numbers shown in the parentheses corre-
sponds to hWGEF], binds to Dvl2PDZ, we performed the GEF assays in the
presence of both Dvl2PDZ and WGEFpep. Since the internal peptides are
shown to have relatively low affinity for PDZ domains, we used a fourfold
molar excess of WGEFpep (200 µM) to disrupt the WGEF–Dvl2PDZ inter-
action (Fig. 1b, c). From this exercise, it is clear thatWGEFpep competitively
binds to the PDZ domain and replaces the WGEF in Dvl2PDZ–WGEF
interaction, causing a decrease in the catalytic activity of WGEF. Thus, our
observations unambiguously suggest that the 402–412 region of xWGEF is
the ‘internal peptide motif’ that mediates its interactions with Dvl2PDZ.

WGEFpepmotif–Dvl2PDZ interaction is sufficient topartially release
the autoinhibition of WGEF
Canonically, PDZ domains bind to C-terminal peptides, and therefore, the
residue at the extremeC-terminal of thepeptide is referred to as the 0thorP0
residue. The remaining residues towards the N-terminus of the peptide are
numbered in reverse order as ‘−1’, ‘−2’, ‘−3’ orP−1,P−2,P−3, and so on

36–38.
Dvl2PDZ binds to both C-terminal as well as the non-canonical internal
peptides35,39. Therefore, we will refer to the residue that interacts with the X-
Φ-G-Φmotif of the carboxylate binding loop (X represents any amino acid
and Φ represents hydrophobic residues)31 as P0, followed by P−1, P−2, P−3

for residues preceding P0 and P1, P2, P3 for the residues that lie towards the
C-terminus.

Zhang et al. have reported earlier that the side chain of aspartate
residue present in the internal peptide mimics the free C-terminal
carboxylate group and binds to the carboxylate binding loop of Dvl2PDZ.
Thus, this particular interaction is asserted to stabilize the Dvl2PDZ-
effector binding35. Therefore, to test whether the WGEFpep follows this
“usual” internal peptide–Dvl2PDZ interaction, we substituted the
aspartate present at theP0

th (Fig. 1d) position of the peptide with alanine
(WGEFpepD9A). Interestingly, with an excess amount of WGEFpepD9A

peptide, there was a decrease in the exchange activity of WGEF, but not
to an extent brought out by the wild-type WGEFpep (Fig. 1b, c). We
performed a comparable exercise on GEF by replacing this particular
aspartate (xWGEF330D410A) in xWGEF construct. Since this xWGEF
mutant was found to be insoluble, no further studies could be con-
ducted. Other studies also suggest that proline, tryptophan and leucine
at P2, P−2 and P−3, positions, respectively, also play a key role in sta-
bilizing Dvl2PDZ–effectors interactions35. To test the role of these resi-
dues when they are part of the GEF, we produced xWGEF330P412A,
xWGEF330W408A and xWGEF330L407A mutants; however, only the
xWGEF330L407A was found to be soluble. Surprisingly, the enhanced
GEF activity of xWGEF330L407A is independent of its interaction with
Dvl2PDZ (50 µM) (Fig. 1b, c), as the addition of Dvl2PDZ (50 μM) does not
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seem to affect its GEF activity. The higher GEF activity observed for
xWGEF330L407A could be due to the structural rearrangement caused by
themutation. However, from our experiments it is not clear how L407A
substitution influences the autoinhibition of the GEF. Thus, this aspect
requires further investigations.

Next, to investigate whether theWGEF–Dvl2PDZ interaction promotes
the GEF activity by releasing its autoinhibition or it follows some unknown
activation mechanism, we generated a Y353E mutant of xWGEF330. This
particular tyrosine (Y353xWGEF/295hWGEF) of hWGEF is present in NID and
locks the GEF by interacting with its DH domain. Furthermore,
hWGEFY295E is shown to exist in autoinhibition-free form21. Interestingly,
the xWGEF330Y353Emutant exhibited a nearly threefold increase in theGEF
activity compared to its wild-type form. Further, the presence of Dvl2PDZ

(50 µM) did not alter the GEF activity of themutant (Fig. 1b, c). Thus, these
results suggest that the Dvl2PDZ binds to the WGEFpep region of the GEF,
lying between its inhibitory (NID) and the DH domains. Furthermore, this
particular interaction between WGEF and Dvl2PDZ activates the GEF by
partially releasing it from its autoinhibitory state regulated by the NID. The

mechanism throughwhich the autoinhibition governed by the SH3 domain
is released remains unknown.

BindingofWGEFpepwithDvl2PDZ ismediatedby the residuesat the
P−2, P0 and P2 positions of the binding motif
Although the WGEFpep region is highly conserved in the WGEF family
(SupplementaryFig. 1), the interactionbetweenWGEFandDvl2PDZ appears
to be feeble. This aligns with the observations made for other PDZ–internal
peptide interactions33,35. Perhaps differential affinity of the Dvl with its
effectors is one of the strategies adopted byWnt-Frizzled pathways to exert
diverse signalling modes25,30. Although our GEF assay-based studies have
shown that, indeed, the residue at the P0 position ofWGEFpep plays a crucial
role in mediating WGEF–Dvl2PDZ binding, it is not clear how variations in
other residue positions influence the interaction. Therefore, to obtain the
structural basis of Dvl2PDZ–WGEF interaction, initially, we tried to crys-
tallize this protein complex. Despite extensive efforts, crystallization trials
met with no success. Hence, we resorted to crystallizing the WGEFpep

(peptide) in complexwithDvl2PDZ.However, even this attempt did not yield

Fig. 1 | Activity studies of xWGEF330 and
xWGEF330mutants. a Schematic representation of
WGEF domains (N-terminal Inhibitory: NID, Dbl
homology: DH, pleckstrin-homology: PH and src
Homology-3: SH3) and sequence alignment of the
conserved PDZ binding motif of Zebrafish (Uniprot
ID: E7EY470), Xenopus (Uniprot ID: A5X5J0),
Mouse (Uniprot ID: Q8BWA8), Human (Uniprot
ID: Q8IW93-1) and Bovine (Uniprot ID: E1BQ24)
ahead of DH domain in WGEF. The amino acid
residue numbers in the upper and lower parts of the
diagram correspond to hWGEF and xWGEF,
respectively. b GEF assay plots of xWGEF330,
xWGEF330L407A and xWGEF330Y353E, in the pre-
sence and absence of Dvl2PDZ and peptide variants
c Bar graph showing relative GEF activities of
xWGEF variants normalized against that of wild-
type (autoinhibited xWGEF330) protein. The error
bar and * represent standard deviation (±SD) and
significance as ****P < 0.0001, ***P < 0.001,
**P < 0.01 and *P ≤ 0.01, respectively. d Sequence
alignment of Dvl2PDZ binding internal peptides and
WGEF internal peptide sequence. Residue positions
are labelled in red.
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the desired result, as there was no electron density for the bound peptide in
the crystal structure of the WGEFpep–Dvl2PDZ complex (PDB ID: 8WWR)
(Table 1). Furthermore, we tried to obtain the WGEFpep–Dvl2PDZ complex
structure by fusing the peptide with the C-terminus of the PDZ domain.
Even this approach failed to produce the WGEFpep–Dvl2PDZ complex
structure (PDB ID: 8YR7) (Supplementary Fig. 2 and Table 1). Therefore,
we systematically designed divergent peptides of WGEFpep and biochemi-
cally probed their interaction with Dvl2PDZ. The closest homologue of
WGEFpep is an engineered peptide, N3pep, whose structure in complex with
Dvl2PDZ is available (PDB ID: 3CC0). Hence, by using this structure as
template, we designed WGEFpep variants by successively substituting its
residues fromP−3 toP2 positionswith alanine (Fig. 1d), as these residues are

seen to be lying within 5 Å from Dvl2PDZ residues and they are conserved
between WGEFpep and N3pep. To assess the differential contributions from
these residues of the peptide, we determined the dissociation constants of
the WGEFpep variants for Dvl2PDZ, employing Microscale Thermophoresis
(MST). In addition to the WGEFpep variant peptides the minimal hWGEF
(330–581) construct, obtained from our solubility screening, was used for
the MST study (Fig. 2a, b, d and Supplementary Fig. 3). It is interesting to
note that the affinities ofWGEFpep andN3pep are nearly identical forDvl2PDZ,
with dissociation constants (Kd) of 45 ± 5 and 54 ± 7 µM, respectively
(Fig. 2a, d and Table 2). This further validates the choice of our model for
delineating WGEF–Dvl2PDZ interaction. Substitution of Gln at the P−1

(Fig. 1d) with Ala (WGEFpepQ8A) enhances the affinity of the peptide by
almost 6-fold, whereas Ile at P1 to Ala (WGEFpepI10A) does not seem to affect
theWGEFpep–Dvl2PDZ interaction (Fig. 2b, d andTable 2). It is interesting to
note that amongst these two residues, only the side chainof Ser atP−1makes
direct interaction with Dvl2PDZ in the Dvl2PDZ–N3pep complex crystal
structure. On the contrary, the substitution of Leu at the P−3 position
(WGEFpepL6A) significantly reduces the affinity of the peptide for Dvl2PDZ

(Fig. 2c, d and Table 2). Furthermore, the substitution of tryptophan
(WGEFpepW7A), aspartate (WGEFpepD9A) and proline (WGEFpepP11A) residues
at the P−2, P0 and P2 positions, respectively, with alanine completely abol-
ishes theWGEF–Dvl2PDZ interactions (Table 2 and SupplementaryTable 1).
Thus, MST studies suggest that the residues at P−2, P0 and P2 positions (W,
D & P) are crucial for the WGEF-Dvl2PDZ binding, whereas leucine at the
P−3 position may influence the peptide–Dvl2PDZ interaction either by sta-
bilizing the complex or by enhancing the solubility of the peptide.

Internal peptide ligands of Dvl2PDZ exhibit divergent modes of
interaction
From GEF activity and MST studies, we have identified the residues of the
internal peptide motif that drive the WGEF–Dvl2PDZ interaction. Further-
more, in both canonical and non-canonical (internal) peptides, the ligand
adopts antiparallelβ strand conformation and forms aβ sheet by associating
with the β2 strand of the PDZ domain40. Additionally, in the canonical
bindingmode, the C-terminus of the P0 residue engages with the X-Φ-G-Φ
motif of the carboxylate binding loop to stabilize the complex (Fig. 1a, d).
However, in the non-canonical PDZ domain binding, the carboxylate
binding loopmaynot adopt a closed conformation and instead engageswith
the internal peptide through a network of hydrogen bonds involving either
themain chain or the side chain atomsof the peptide35,37,41.Due to the lack of
structural information on the WGEFpep–Dvl2PDZ complex, their binding
mode has remained unclear. Hence, to address this aspect, we performed a
total of 9 μs molecular dynamics simulations of the Dvl2PDZ structure,
complexed withWGEFpep, WGEFpepQ8A and N3pep peptides. Since for two of
the former peptides, there was no crystal structure available, we modelled
the respective Dvl2PDZ–peptide complexes using the coordinates of the apo
(PDB ID: 8WWR) (Table 1) and Dvl2PDZ-N3pep structures.

Tounderstand the role of every residue in stabilizing the interaction,we
plotted residue-wise peptide–PDZ domain interaction propensity (prob-
ability of the residue side-chain lying within 4 Å from the PDZ residue)
(Fig. 3a–d). Propensity and the residue RMSF (Supplementary Fig. 4) plots
obtained fromMD simulations show that residues at positions P−2, P−1, P0,
P1 and P2 play significant roles in stabilizing the peptide–Dvl2PDZ interac-
tion. Amongst these, the aspartate residue of the P0 position of both
WGEFpep andN3pep formsmaximumnumberof interactionswithX-Φ-G-Φ
motif of the carboxylate binding loop (Fig. 3a, b, e, f). Apart fromAsp at the
P0 position, it was observed that residues at the positions P−1, P−2 and P−3

also make interactions with the residues belonging to the β2-α2 region of
Dvl2PDZ (Fig. 3a, b, e, f). Interestingly, most interactions betweenWGEFpep-
Dvl2PDZ are similar to those observed in the Dvl2PDZ-N3pep (Fig. 3a, b).
However, subtle differences in the WGEFpep residues at P-4 and P-5 exhibit
divergence in their interaction with the PDZ domain, when compared with
those of N3pep interactions. In Dvl2PDZ–N3pep complex residues at P−4 and
P−5 positions interact with β2 strand of Dvl2

PDZ domain, which is absent in
WGEFpep-Dvl2PDZ simulated model (Fig. 3a, b, e, f). Perhaps that is why in

Table 1 | Data collection and refinement statistics for the
structures of human Dishevelled2 PDZ domain, co-
crystallized and fused with WGEFpep, respectively

hDvl2PDZ crystallizedwith
WGEFpep

hDvl2PDZ fused with
WGEFpep

Data collection

Source ID23-2 beamline of ESRF BL21-PX beamline of
Indus-2 synchrotron

Space group P43212 I 41

a (Å) 45.98 59.49

b (Å) 45.98 59.49

c (Å) 78.42 58.25

α (°) 90 90

β (°) 90 90

γ (°) 90 90

Resolution limits (Å) 32.51–1.75 42.07–3.00

Rmerge 0.067(0.731) 0.058(1.091)

I/s (I) 23.3(3.8) 27.8(2.7)

Number of reflections 157,526(7686) 30,769(5090)

Unique reflections 9023(482) 2071(336)

Completeness (%) 100(100) 99.9(100)

Multiplicity 17.5(15.9) 14.9(15.1)

CC(1/2) 0.999(0.915) 1(0.731)

Refinement

Resolution limits (Å) 32.51–1.75 29.75–3.00

Number of reflections 8984 2067

Working set 8594 1951

Test set 390 116

Rwork/Rfree 0.227/0.252 0.299/0.335

Number of atoms

Protein 1245 512

Water 20

B factors

Protein atoms (Å2) 39.26 114.32

Water 37.25

RMSD from ideal values

Bond length (Å) 0.007 0.009

Bond angles (°) 1.089 1.361

Ramachandran plot

Preferred (%) 97.53 87.32

Allowed (%) 2.47 12.68

PDB code 8WWR 8YR7

Single crystal was used for data collection. Values in parenthesis are for the highest-resolution shell.
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WGEFpep-Dvl2PDZ simulations, residues from P−4 onwards (towards N-
terminus) exhibit higher RMSF values (Supplementary Fig. 4). Further-
more, the tryptophan at the P−2 position of N3pep provides additional
stacking interactions to stabilize the PDZ–peptide complex.

Our MST studies show that the substitution of Gln at P−1 with Ala
(WGEFpepQ8A) in WGEFpep considerably increases the affinity of the
mutant peptide towards Dvl2PDZ by 6-folds (Fig. 2b, d). Interestingly, the
MD simulations on the WGEFpepQ8A–Dvl2PDZ complex indicate a higher
propensity for the Trp at the P−2 position to stay in the hydrophobic
groove formedby Ile 280, Leu 278, Leu 337, andVal 341 residues at theβ2-
α2 region of the PDZ domain (Fig. 3c, d, g). However, the backbone
conformation of this residue that favours the hydrophobic interaction
with the PDZ domain is governed by the residue at the P−1 position. The
presence of a residue with a longer side chain at P−1 could restrict the
conformational space of Trp at P−2 and hence, may hinder the additional
hydrophobic interactions between this residue and the PDZ domain
(Fig. 3h). Thus, substitution of Gln with a shorter-side chain amino acid,
like Ala, at P−1 position promotes WGEFpep–Dvl2PDZ interaction, as seen
from MST studies. Thus, our MD studies provide insights into the
Dvl2PDZ–WGEF interaction and corroborate our biochemical studies on
the Dvl2PDZ–peptide complexes.

Furthermore, our MD studies and previously reported crystal struc-
tures of Dvl2-internal peptide complexes show no conserved mode of
interaction between the internal peptides and Dvl2PDZ. In the Dvl2PDZ-N3pep

crystal structure, it is observed that N3pep forms antiparallel β strand
interaction with the β2 strand of the Dvl2PDZ domain (Supplementary
Fig. 5a). Thus, to assesswhether there is conservation ofβ sheet formationof
the internal peptideswith theβ2 strandof theDvl2PDZ domain,we calculated
the secondary structural propensity of the peptide residues using their
respective MD trajectories. In case of Dvl2PDZ domain and internal peptide
complexes (WGEFpep,WGEFpepQ8A andN3pep peptides), it was observed that
these ligands did not show consistency in forming β sheet with the β2 strand
of the Dvl2PDZ domain, as the ligand may not essentially adopt β strand
conformation. Perhaps this loss of secondary structural conformationmight
aid the flexibility of the peptide and hence, enhance its interaction with
Dvl2PDZ (Supplementary Fig. 5b–d).

Dvl2PDZ exhibits ligand-dependent conformational changes
Earlier studies have shown that certain PDZ domains like ErbinPDZ and
SyntrophinPDZ exhibit limited flexibility during peptide interaction. Perhaps
that is why ErbinPDZ specifically accommodates C-terminal peptides with
higher sequence specificity. However, SynrophinPDZ can interact with both

Fig. 2 | Binding studies of Dvl2PDZ with different
internal peptides and human WGEF. a Binding
curve corresponding to the interaction of Dvl2PDZ

with WGEFpep and N3pep. b and c Binding curve
corresponding to WGEFpepQ8A, WGEFpepI10A pep-
tides, hWGEF330-581, and WGEFpepL6A peptide,
respectively. d Bar plots showing dissociation con-
stants between Dvl2PDZ and different peptides. The
error bars represent Kd confidence obtained from
triplicates.
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the C-terminal as well as the internal peptides, provided the peptide
undergoes a conformational change to form a β finger, in order to be
incorporated within the peptide binding loop, as seen in the structure
of nNOS–SyntrophinPDZ complex42,43. Another PDZ domain-containing
protein, Par-6, displays allostery-mediated binding for C-terminal peptides,
which exhibits an increase in affinity for the ligandby10-folds uponbinding
of Cdc42 to its adjacent Cdc42/Rac interactive binding (CRIB) domain44.
Par-6PDZ domain binds to the internal peptide of Pals1, as well, through a
conformational change in the PDZ domain, which is independent of
allosteric alterations37. Thus, it is clear from previous studies that PDZ
domains exhibit huge conformational dynamics to accommodate their
binding motifs. Earlier efforts have tried to characterize these dynamics
usingMD simulations42. It is worthmentioning that the dynamical features
of PDZ domains presented from different MD studies extensively vary45.
This could be due to variations in the type of PDZ structures (apo, or bound
with C-terminal and/or internal peptide) employed in the MD simulations
and the simulation time45,46. Since we have elucidated the apo structure of
human Dvl2PDZ (PDB ID: 8WWR), we looked into the dynamics in its apo
and different peptide-bound forms. It is important to mention that our
hDvl2PDZ apo structure differs from the reported Xenopus Dvl2PDZ apo
structures (PDB IDs: 3FY5 and 2F0A), with a substitution of just one amino
acid (Human M323/Xenopus I310).

A comparison of available Dvl2PDZ structures shows deviations with
RMSD values in the range of 1.7–2 Å. Importantly, significant conforma-
tional variations are observed in the α2 helix and β2–β3 loop, which are part
of the peptide binding pocket. This conformational variation is more pro-
minent in the structures of human Dvl2PDZ, bound with different peptides
(Fig. 4a–c and Supplementary Fig. 5a). This opens up the question of
whether the peptide binding pocket of Dvl2PDZ is preformed or it exhibits
peptide-induced conformational fit. To identify the amino acids that are
dynamically coupled, we performed spectral decomposition of the dynamic
cross-coupling matrix (cij) (Fig. 4d) obtained from all the MD simulations.
As explained in the “Methods” section, the statistical coupling analysis
(SCA) provides two main clusters of dynamically coupled amino acids,
referred to as Sector 1 andSector2.These sectors canbe further resolved into
five independent components (ICs) (Supplementary Fig. 6). It is interesting
to note that Sector 1 corresponding to all the simulations, which primarily
consists of residues belonging to the peptide-binding pocket, show sig-
nificant variations in terms of their residue composition and location of
residues in the protein structure (Fig. 4e–h). Interestingly, Sector 1 of apo
Dvl2PDZ is composedof residues residing inβ2andα2 regions of thedomain,
whereas Sector 1 of Dvl2PDZ internal peptide (WGEFpep, WGEFpepQ8A and
N3pep) complexes had residues from the β2 strand, β1–β2 and β2–β3 loops
(Fig. 4e–h). These findings further validate the internal allostery of PDZ
domains as elucidated by other studies47. Additionally, variations in Sector 1
composition highlight peptide-dependent conformational adaptation of
Dvl2PDZ domain. In contrast to the earlier study by Munz et al., we observe

that the α2 helix of the apo Dvl2PDZ structure has limited conformational
flexibility rather than having the ability to explore all possible conforma-
tional space, specific to the ligand-bound forms. Perhaps, divergent obser-
vations of our studies from those published before could be due to the
absence of a “true” apo structure of Dvl2PDZ. Furthermore, the shorter
duration of earlier MD simulation (200 ns)42 might have exaggerated the
conformational sampling of the PDZdomain. Thus, our structural andMD
simulation studies suggest that Dvl2PDZ adopts peptide-dependent con-
formational change due to its intrinsic flexibility. In short, we can infer that
Dvl2PDZ may not have a preformed binding pocket, rather it modulates the
binding pocket based on the substrate available for binding. This adaptation
is perhaps responsible for the peptide promiscuity of Dvl2PDZ.

Discussion
Despite nearly three decades of studies on PDZ domains, their modes of
interaction with their binding partners have remained elusive. It is quite
intriguing to learn that despite having highly conserved domain structure,
PDZ domains exhibit divergent modes of interaction with their binding
partners31,42,48. Dishevelled, being a signalling hub, recognizes diverse
binding partners through its different domains, especially involving its PDZ
domain49. Therefore, as seen in other PDZ domains, Dvl2PDZ exhibits sig-
nificant promiscuity by recognizing binding partners having both
C-terminal as well as internal binding peptide motifs27,39,50. Thus, it is
expected that Dvl2PDZ displays divergent binding modes with its partners35.
In the context of Wnt-PCP signalling, Dvl2 assembles with the activated
Frizzled receptors and triggers RhoA by activating its GEF, i.e., WGEF. The
role of Dvl2 in this signal transduction event is to activate WGEF by
releasing it from its autoinhibited state. This step involves interaction
between the PDZ domain of Dvl2 and WGEF. However, the particular
region ofWGEF that mediates its interaction with Dvl2PDZ was not known.
Here, we have successfully identified an internal peptide motif of WGEF,
lying between the N-terminal inhibitory and the DH domains, that facil-
itates the interaction of the protein with Dvl2 to activate the GEF. Indeed,
this is oneof the crucialmechanisms involved in releasing the autoinhibition
of WGEF. Using MD simulations and comparative structural analysis, we
show that Dvl2PDZ exhibits diverse modes of ligand recognition, which is
perhaps true of the WGEFpep, as well. Compared to the other known
Dvl2PDZ–internal peptide interactions, in theWGEF-Dvl2PDZ complex, only
five residues at the P2, P0, P−1, P−2 and P−3 positions appear to contribute
significantly in stabilizing their interactions (Fig. 1d). Furthermore, in terms
of consensus sequence, the substitution of P11A at the P2 position of
WGEFpep makes the peptide homologues to the class III PDZ binding
peptide. However, in terms of themode of binding, they differ significantly.
Class III peptide bound to nNOSPDZ (PDB ID: 1B8Q)51 happens to be
relatively shifted towards the N-terminal of the α2 helix of the Dvl2PDZ

domain (Supplementary Fig. 7). Therefore, just based on the sequence of
bindingpeptidemodeofbinding cannotbe inferred.Additionally, fromMD
studies we observed thatWGEFpep and N3pep peptides do not seem to adopt
the stringent β strand conformation, as seen in case of the crystal structures
of other PDZ-internal peptide complexes35. In short, the ligand (peptide)
and theDvl2PDZundergo conformational adaptation formutual recognition.
A genome-wide screen for internal PDZ binding motifs suggests that the
ability of PDZ domains to bind internal peptides is much more prevalent
than previously recognized41. To comprehend how Dvl2PDZ binds to the
identified binding motif within the structure of hWGEF, we looked at the
AlphaFold predicted structure of hWGEF (Supplementary Fig. 8a). Clearly,
major portion of the structure, including the helix that connects PDZ
binding motif to the NID domain, is predicted with low confidence level
(Supplementary Fig. 8b). Furthermore, the spatial disposition of different
domains of the structure appears to be less reliable as the loops that connect
these domains are predictedwith low confidence level. However, to propose
a hypothesis using this model, we superimposed the part of the hWGEF
structure that is predicted with higher confidence on its closest structure
homologue, Leukaemia-associated RhoGEF (PDB ID: 1X86). This com-
parison shows that in the absence of Dvl2PDZ interaction, the GTPase

Table 2 | Consolidated table showing dissociation constant
(Kd) values for binding studies between different peptides,
hWGEF protein and Dvl2PDZ

Peptides Sequence Kd (µM)

WGEFpep GSTFSLWQDIP 45 ± 5

N3pep EIVLWSDIP 54 ± 7

WGEFpepL6A GSTFSAWQDIP 2400 ± 900

WGEFpepW7A GSTFSLAQDIP ND

WGEFpepQ8A GSTFSLWADIP 8.5 ± 0.8

WGEFpepD9A GSTFSLWQAIP ND

WGEFpepI10A GSTFSLWQDAP 56 ± 4.3

WGEFpepP11A GSTFSLWQDIA ND

hWGEF Residues from 330 to 581 7.9 ± 0.3
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Fig. 3 | Interaction propensity of Dvl2PDZ with peptide ligands. a Interaction
propensity with WGEFpep. b Interaction propensity with N3pep and c interaction
propensity with WGEFpepQ8A. d Shows difference in the interaction propensity of
WGEFpepQ8A and WGEFpep. e–g show the structure of Dvl2PDZ (represented as

surface) bound with peptide variants, WGEFpep, N3pep andWGEFpepQ8A (represented
in ball-and–sticks), belonging to one of the stable trajectories, respectively.
h Superimposition of WGEFpep (yellow peptide) and WGEFpepQ8A (green peptide)
structures.
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Fig. 4 | Conformational variations between the apo and ligand-bound Dvl2PDZ

structures. aApo structure of humanDvl2PDZ. b Superimposition of apoDvl2PDZ and
peptide ligand boundDvl2PDZ structures colour coded asDvl2PDZ (PDB ID: 8WWR)-
grey, C1pep (PDB ID: 3CBX)-green, N1pep (PDB ID: 3CBY)-blue, N2pep (PDB ID:
3CBZ)-peach, N3pep (PDB ID: 3CC0)-pink, major conformational deviations in the
α2 helix and β2-β3 loop regions of Dvl2PDZ are marked with a red circle. c Residue-

wise RMSD plot between the apo and internal peptide ligand bound Dvl2PDZ

structures. d Representative plot of the dynamic cross-coupling matrix (cij) used for
calculating the cluster of dynamically coupled amino acids in peptide bound and apo
Dvl2PDZ structures. e–hDynamically coupled amino acids belonging to Sector 1 were
shown as blue spheres on the apo and WGEFpep, WGEFpepQ8A and N3pep bound
Dvl2PDZ structures, respectively.
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(RhoA) binding pocket of hWGEF is blocked by the N-terminal inhibitory
and C-terminal SH3 domains (Supplementary Fig. 8c, d). Thus, the intra-
protein interactions could render the GEF into its inactive state (Supple-
mentary Fig. 8e). When the Dvl2PDZ domain engages with the “binding
motif”, it could introduce conformational changes in theNID, resulting in it
moving away from the GTPase binding pocket of the GEF. Thus, the
hWGEF–Dvl2PDZ association could partially release the autoinhibitory state
of the former (Supplementary Fig. 8f). Perhaps, some other unknown
mechanisms might also disengage the SH3 domain from the DH domain,
which would result in the complete activation of GEF (Supplementary
Fig. 8g). Since the putativemechanism of hWGEF activation proposed here
is based on the AlphaFold predicted structure, substantive GEF activation
mechanism warrants further structural studies.

In light of this, studies reported here have thus provided invaluable
insights on WGEF–Dvl2PDZ interaction and augmented the existing repo-
sitory of PDZ-internal peptide interaction modes. Our study may also pave
the way for designing inhibitors to selectively blockWnt-frizzled signalling,
which is dysregulated in many pathological conditions52.

Methods
Peptides and constructs
Synthetic peptides such as WGEFpep, WGEFpep mutants and N3pep were
procured from Sai Biotech. Fused constructs of hDvl2PDZ-WGEFpep were
commercially synthesized from Twist Biosciences (https://www.
twistbioscience.com).

Constructs, cloning and mutagenesis
Human Arhgef19 (encoding hWGEF 330–581) and Xenopus Arhgef19
(encoding xWGEF 330–856) genes were PCR amplified and cloned into a
modified p3E vector (with N-terminal cleavable GST tag). Human RhoA
(encoding hRhoA 2–180) was cloned in a modified pET33b vector (with
N-terminal double Strep-tag). HumanDishevelled2 PDZ (hDvl2 PDZ) was
a gift from Nicola Burgess-Brown (Addgene plasmid # 38876; RRID:
Addgene_38876); this vector was modified by introducing a stop codon
after C354 residue of Dvl2PDZ to eliminate the fused peptide, cloned at the
C-termini of PDZ. This construct has an N-terminal cleavable 6xHis tag.
Mutations were introduced into xWGEF (330–856) through site-directed
mutagenesis method and confirmed by DNA sequencing.

Protein expression and purification
Recombinant hWGEF (330–581) and RhoA (2–180) were expressed into
Escherichia coli (E. coli) strainBL21*(DE3),whereas xWGEF (330–856)was
expressed into C41 (DE3) strain. Cells were grown at 37 °C in Luria Broth
(LB) containing Ampicillin (100 µg/mL) followed by induction with
0.5mM isopropyl β-D-thiogalactopyranoside (IPTG) for 16 h at 18 °C once
the OD (optical density at 600 nm) of 0.6 is reached. After incubation, cells
were pelleted at 4000 rpm for 20min and stored at −80 °C. GST-tagged
proteins were purified using glutathione (GSH) Sepharose-4B affinity
purification followed by dialysis and GST tag cleavage using PreScission
protease at 4 °C overnight. The GST tag and PreScission protease were
removed by desalting, followed by a second GST affinity purification. To
obtain stable and pure protein, gel filtration chromatography was per-
formed using Hiprep 26/60 Sephacryl S-300 HR SEC column in a buffer
containing 10mM Tris–HCl pH 8, 150mM NaCl, 2mM DTT and 5%
glycerol for xWGEF. Hiprep 16/60 Sephacryl S-200 HR SEC column with
10mMMOPS pH 6.5, 150mMNaCl, 2mMDTT and 10%Glycerol buffer
was used for gel filtration chromatography of hWGEF. RhoA was purified
using streptactin affinity purification, after which the protein was subjected
to gel filtration chromatography using Hiprep 16/60 Sephacryl S-200 HR
SECcolumn in thebuffer containing10mMTris–HClpH8, 150mMNaCl,
2mMEDTA, 2mMDTTand5%glycerol. 6xHis tagged hDvl2PDZ and fused
hDvl2PDZ-WGEFpep constructs were expressed in Rosetta (DE3) cells and
purified using Ni2+-nitrilotriacetate (Ni2+-NTA). 6xHis tag is further
cleaved by using TEV protease during overnight dialysis. TEVprotease and
His tag are eliminated through desalting and 2nd Ni2+-NTA purification.

Finally, pure protein is obtained after gel filtration using Hiprep 16/60
Sephacryl S-200HR SEC column in buffer containing 10mMTris–HCl pH
8, 150mM NaCl, 2mM DTT and 5% glycerol for hDvl2PDZ and 10mM
Tris–HCl pH 8, 350mMNaCl, 2 mM DTT and 5% glycerol for hDvl2PDZ-
WGEFpep.Mutationswere introduced into xWGEF (330–856) through site-
directed mutagenesis; expression and purification were carried out as
described above for the GST-tagged proteins. All proteins were con-
centrated and stored at −80 °C for further studies.

Protein crystallization, data collection and structure
determination
Crystals ofHumanDvl2PDZ (hDvl2PDZ) were grownwith sitting drop vapour
diffusionmethod at 293 K bymixing 1:1 ratio of hDvl2PDZ (10mg/mL)with
6M excess of WGEFpep and reservoir buffer containing 0.1M tri-sodium
citrate (pH 5.6), 20% (v/v) Isopropanol, 20% (w/v) PEG4000. Crystals of
HumanDvl2PDZ fusedwithWGEFpep (hDvl2PDZ-WGEFpep)were grownwith
sitting drop vapour diffusionmethod at 293 K bymixing 1:1 ratio of protein
(10mg/mL) and reservoir buffer containing 0.1M Sodium acetate (pH 4.5)
and 3M Sodium chloride. The crystallization plate was set up using a
Mosquito® crystallization robot (TTP Labtech, Royston UK). Crystals were
frozen in cryoprotectants containing crystallization conditions supple-
mented with 28% glycerol. X-ray diffraction data was collected at 100 K on
microfocus beamline ID23-2 of the European Synchrotron Radiation
Facility (ESRF),Grenoble, France53.Crystals of the fusedhDvl2PDZ-WGEFpep

protein were diffracted at Indus-2 synchrotron on BL-21 PX beamline at
RRCAT, Indore. All the data sets were integrated with XDS54 and scaled
using AIMLESS55,56, implemented on CCP4 software57. The structure was
solved by molecular replacement with PHASER58. Human Dvl2-PDZ
structure (PDB entry: 2REY) served as a search model. The structure was
further iteratively built using COOT59 and refined using PHENIX60,61. The
structure validation was performed using Molprobidity62. Coordinates and
structure factors for hDvl2PDZ andWGEFpep fused hDvl2PDZ are deposited in
the Protein Data Bank under accession code: PDB IDs 8WWR and 8YR7,
respectively.

In vitro guanine nucleotide exchange assay
Guanine nucleotide exchange assays were carried out using RhoA loaded
with fluorescently labelled Mant-GDP63,64. Briefly, 150 μM of RhoA was
incubated with 5 Molar excess of fluorescent label, i.e., Mant-GDP in a
buffer containing 10mM Tris pH 8, 150mM NaCl, 2mM DTT, 5mM
EDTA, 0.5mMMgCl2 and 5%Glycerol. The reaction was incubated on ice
for 30min, followed by the addition of 10mMMgCl2 to stop the reaction.
Excess Mant-GDP was removed through buffer exchange and Mant-GDP
loaded RhoA was concentrated and stored at −80 °C. For assays, 2 μM of
Mant-GDP loaded RhoA was incubated with 5 μM of xWGEF in the pre-
sence or absence of hDvl2PDZ (0 μM, 25 μMand 50 μM) for 30min at 25 °C.
To observe effect of the synthetic peptidesWGEFpep (GSTFSLWQDIP) and
WGEFpepD9A (GSTFSLWQAIP) on Dvl2PDZ–WGEF interaction, these pep-
tides were added to a final concentration of 200 μM in the respective
reactions. Once the fluorescence was stable, excess GTP (10x of labelled
GTPase) was added to start the exchange reaction. All the GEF assays were
performed in a buffer containing 10mM Tris, pH 8, 150mMNaCl, 2mM
DTT, 10mM MgCl2 and 5% Glycerol. A decrease in fluorescence was
recorded using a BioTek Cytation5 plate reader with excitation and emis-
sion of 360 and 440 nm, respectively. Fluorescence was normalized and
decrease was fitted using a single exponential decay mode in GraphPad
Prism. All the assays were performed in triplicates.

Microscale thermophoresis (MST)
MST experiments were performed using Monolith NT.115 instrument
from Nanotemper technologies. Dvl2PDZ domain was fluorescently labelled
as per the instructions, using Monolith Redmaleimide 2nd generation-
cysteine reactive label. The experimental condition consists of 10mM
Tris–HCl pH8, 150mM NaCl, 2mM DTT, 5% Glycerol and 0.05%
Tween20. For Dvl2PDZ-peptide affinity determination, synthetic WGEF
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peptides were serially diluted (1:2) 16 times, starting from an approximate
concentration of 3.4mM. 50 nM of fluorescently labelled Dvl2PDZ domain
was added to the serially diluted peptides, followed by incubation at 25 °C
for 30minutes. Thermophoresis signals were recorded at 20% of excitation
power and 40%MST at 25 °C. Data was fitted using the Kd fit model in the
MO. Affinity Analysis v2.3 software65. Like peptides, hWGEF (330–581)
protein was serially diluted to obtain a protein concentration range of
138–0.0042 µM. Experimental conditions were the same as mentioned
above for peptides. All MST experiments were done in triplicates.

Molecular dynamics (MD) simulations of hDvl2PDZ and interacting
peptides
MD simulations were performed by using the Desmond module from the
Schrödinger suite66. The crystal structure of apo humanDvl2PDZ (PDB code:
8WWR) was used as a template for MODELLER-based homology mod-
elling in order to build the missing loops67. WGEFpep, WGEFpepQ8A mutant
peptide and N3pep peptides were modelled and docked on Dvl2PDZ by using
the previously available internal (N3pep) peptide structure (PDB code:
3CC0). These peptides, along with the modelled Dvl2PDZ structure, were
further used for 1 µs MD simulation. Apo form of Dvl2PDZ was also simu-
lated by adopting a similar methodology. All the structures were placed in a
simulation box of 10 Å and further solvated using TIP3P water molecules
along with Na+ ions to neutralize the system68. Next, temperature equili-
bration was done at a constant temperature of 300 K using the
Nosé–Hoover thermostat, and the pressure was equilibrated at 1.01 bar
under NPT ensemble using Martyna-Tobias-Klein barostat69–72. Followed
by temperature and pressure equilibration, MD runs were performed using
OPLS_2005 force73,74. MD runs were performed in triplicates. Other para-
meters used for simulations are mentioned in Supplementary Table 2.
RMSD plots for Dvl2PDZ and peptides are given in Supplementary Fig. 9.

Dynamical coupling analysis
The dynamical cross-correlation matrix (DCCM), dCij

75, was calculated as

dCij ¼ rirj
D E

� ri
� �

rj
D E

where ri and rj are the position vectors of the ith and jth Cα atoms, respec-
tively of Dvl2PDZ, at time t. The R implementation of the Bio3D programme
(version 2.4-1)76 was used for the DCCM calculations. The dynamical sec-
tors were obtained from the spectral decomposition algorithm77 using the
methodology (statistical coupling analysis) reported earlier64,78. Trajectories
from all the triplicate MD runs were merged for dynamical coupling
analysis.

Statistics and reproducibility
Guanine nucleotide exchange assays were performed in triplicates. Fluor-
escence decrease was fitted using a single exponential decay mode in
GraphPad Prism. All results are reported with standard deviation (±SD).
Statistical significance was calculated using ordinary One-way ANOVA
with multiple comparisons. * Represents adjust P value with statistical
significance of ****P < 0.0001, ***P < 0.001, **P < 0.01 and *P ≤ 0.01.
MST assays were performed in triplicates. Data was fitted using the Kd fit
model in the MO. Affinity Analysis v2.3 software. All results are reported
with standard deviation (±SD). MD simulation runs for apo and peptide
docked Dvl2PDZ were performed in triplicates. Plots reported from MD
simulation studies are represented with standard deviation (±SD).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The atomic model of apo human Dvl2 PDZ is available in the Protein Data
Bank (PDB) under the accession code 8WWR.The atomicmodel of human

Dvl2 PDZ fused with WGEFpep (no electron density for the peptide) is
available in the Protein Data Bank (PDB) under the accession code 8YR7.
Initial coordinates, simulation input files and final coordinates of the MD
simulation runs are available at https://zenodo.org/records/1068373179. The
source data for graphs in the manuscript can be found in Supplemen-
tary Data 1.
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ABSTRACT
Cell migration, a crucial step in numerous biological processes, is tightly regulated in space and 
time. Cells employ Rho GTPases, primarily Rho, Rac, and Cdc42, to regulate their motility. Like 
other small G proteins, Rho GTPases function as biomolecular switches in regulating cell migration 
by operating between GDP bound ‘OFF’ and GTP bound ‘ON’ states. Guanine nucleotide exchange 
factors (GEFs) catalyse the shuttling of GTPases from OFF to ON state. G protein-coupled receptors 
(GPCRs) are the largest family of cell surface receptors that are involved in many signalling 
phenomena including cell survival and cell migration events. In this review, we summarize 
signalling mechanisms, involving GPCRs, leading to the activation of RhoGEFs. GPCRs exhibit 
diverse GEF activation modes that include the interaction of heterotrimeric G protein subunits 
with different domains of GEFs, phosphorylation, protein–protein interaction, protein–lipid inter
action, and/or a combination of these processes.
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Introduction

Cell migration is a fundamental event in various biolo
gical processes such as embryogenesis, immune surveil
lance, homoeostasis, wound repair, and tissue 
formation[1]. Cells can migrate as individuals or as 
a collective group of cells. Collective cell migration 
contributes to angiogenesis, lumen formation, and 
tumour cell invasion[2]. On the other hand, individual 
cell migration is exhibited by cells like fibroblasts (dur
ing wound healing) and leukocytes (during immune 
response)[1]. To initiate migration, cells receive 
a variety of migratory and invasive cues from their 
surroundings, which could be in the form of chemicals 
such as chemokines[3], growth factors (EGF, IGF-1) [4] 
or sometimes physical signals such as temperature and 
pressure [5,6]. The migration cycle of an individual cell 
includes polarization of the front and rear end of the 
cell, protrusive structure formation at the front end, 
adherence of the protrusions with the extracellular 
matrix (ECM), and retraction of the rear end due to 
contractile force generated by the cytoskeleton[7]. As 
compared to individual cell migration, collective cell 
migration is much more complex in terms of its execu
tion and signalling[2]. Similar to individual cell migra
tion, cells moving in a collective fashion also establish 
front and rear polarity. However, in the collective cell 
migration, cells at the front end polarize and produce 
protrusions, whereas, the ones present at the lateral and 

rear end maintain cell-cell adhesion to generate the 
required traction force[2]. Thus, the initial steps in all 
types of cell migration include polarization and forma
tion of protrusions like lamellipodia and filopodia, 
which require coordinated cytoskeletal dynamics. As 
cell migration is a vital biological step, it is tightly 
regulated in space and time by employing a complex 
signalling network involving the Rho family of small 
G proteins[8]. These G proteins control cytoskeletal 
dynamics by regulating actin polymerization. 
Amongst the known 22 Rho GTPases family members, 
RhoA, Rac and Cdc42 are the members, most exten
sively studied for their role in cell migration[8]. RhoA 
is mostly involved in stress fibre formation and cell 
contraction [9,10] whereas, Rac controls the formation 
of lamellipodia, cell spreading, and membrane ruffling 
[10–13]. Similarly, Cdc42 has been shown to have 
important roles in filopodia formation and cell reshap
ing [11,13]. Thus, this Rho GTPase trio lies at the 
central stage of signal transduction events that control 
cell migration. Like all canonical G proteins, Rho 
GTPases exert signalling events by being biomolecular 
switches. They are active (ON) when bound to GTP 
and inactive (OFF) when bound to GDP. Two different 
classes of proteins, Guanine nucleotide exchange fac
tors (GEFs) and GTPase activating proteins (GAPs) 
help to shuttle the GTPases between ON and OFF 
states. GEFs activate GTPases by exchanging their 
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Figure 1. Schematic representation of some of the GEFs discussed in this review showing intra-domain interaction rendering them in 
autoinhibitory states. (a) GTPase switching mechanism between ON and OFF state. Canonical GEFs such as (b) p115-RhoGEF and (c) 
PDZ-RhoGEF are proposed to exhibit autoinhibition due to intra-domain interaction involving their RH domain. Similarly, auto
inhibition of (d) AKAP-Lbc and (e) p114-RhoGEF is due to intra-domain interaction involving its non-RH, C terminal region. (f) In 
p63RhoGEF and (g) Vav GEF, the PH domain is suggested to be responsible for its autoinhibition. (h) In P-Rex GEF, the C terminal 
domains like IPI4, PDZ1, and PDZ2 are responsible for intra-domain interactions. (i) In TIAM1, the initial 50 amino acid domain (N50), 
N terminal PH domain (PHn) and the coiled coil extension (CC-Ex) domain of TIAM1 interact with each other to render the GEF to its 
autoinhibitory state. (j) In non-canonical GEFs like DOCK proteins interaction between N terminal SH3 domain and C terminal 
domains and/or DHR2 domain is responsible for their autoinhibition.
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bound GDP with GTP, whereas, GAPs bring them to 
OFF state by promoting their intrinsic GTP hydrolysis 
[14] (Figure 1a). For Rho GTPases, there exist another 
level of regulation in terms of Guanine nucleotide dis
sociation factors (GDIs), which sequester GDP bound 
GTPases in the cytosol and replenish them back when 
required by the cell [15] (Figure 1a). Many reviews 
excellently summarize the regulation of Rho GTPases 
[8,14,16–18] by GEFs, GAPs, and GDIs. However, how 
exactly the migratory cues propagate from various 
sources to the respective GEFs, GAPs, and GDIs is 
not well understood. In many instances, the migratory 
information propagates from the plasma membrane 
which is communicated largely through membrane- 
bound proteins such as G protein-coupled receptors 
(GPCR), Receptor tyrosine kinase (RTK), integrin, 
and cytokine receptors [16,19,20]. Amongst these, 
GPCRs are known to be the largest class of membrane 
receptors that play a key role in the regulation of GEFs. 
These seven transmembrane receptors are associated 
with heterotrimeric G proteins, comprising Gαβγ sub
units and upon receiving the appropriate extracellular 
cues, they exert the signalling process by releasing the 
Gα and Gβγ subunits into the cytosol which in turn 
regulate their downstream effectors[21]. Aberration in 
these signalling events is implicated in various patho
logical conditions such as metabolic disorders, immu
nological disorders, neurodegenerative diseases, 
infectious diseases, and cancer [22–24]. A broad variety 
of signalling cascades initiated by GPCRs during cell 
migration is discussed earlier by Cotton et al. [25]. 
However, in this review, we will try to summarize 
how migratory signals from GPCRs specifically activate 
RhoGEFs, in the context of cell migration. The mode of 
propagation of these signals includes, binding of GPCR 
activated heterotrimeric G protein subunits with differ
ent domains of GEFs, phosphorylation of GEFs by 
various kinases downstream of GPCRs, protein–protein 
interactions, and protein–lipid interactions.

GPCR mediated heterotrimeric G protein 
subunit interaction with RH domains of GEFs

Cell polarization, protrusions, and focal adhesions at 
the site of leading edge formation in both, the indivi
dual cell migration as well as collective cell migration 
(in leader cells) are regulated by RhoA, Rac as well as 
Cdc42 GTPases [2,7]. Membrane proteins such as che
mokine, cytokine, GPCRs, and adhesion receptors acti
vate these GTPases through their GEFs[19]. RhoGEFs 
can be classified into two categories as canonical and 
non-canonical (Docker GEFs). Almost all canonical 
GEFs comprise catalytic Dbl homology domain (DH) 

and at least one pleckstrin homology (PH) domain[26]. 
PH domain is primarily involved in the regulation of 
catalytic activity and also promotes membrane localiza
tion of GEF by interacting with membrane lipids like 
Phosphotidylinositides (PIPs) [27–29]. In a few GEFs, 
other domains like Ras binding domain (RBD), addi
tional PH domains, regulatory G protein signalling 
homology (RH) domain, and PDZ domain, are also 
known to regulate their catalytic activity [30–32]. 
Most of the canonical GEFs are known to exist in an 
autoinhibited state due to the interaction between 
domains at their N and C terminus (Figure 1b-J), 
making the catalytical domain inaccessible for the 
GTPase binding. Unlike canonical GEFs, in non- 
canonical GEFs the PH and DH domains are replaced 
by DHR-1 and DHR-2 domains (also known as Docker 
domains), which perform functions similar to their 
canonical counterparts. Some of the Dedicator of cyto
kinesis (DOCK) family members are also known to 
possess additional domains like SH3 or PH domains 
[33–35]. Similar to the canonical GEFs, DOCK family 
GEFs are known to exist in an autoinhibitory state[36]. 
For example, N terminal SH3 domain of DOCK180/ 
DOCK1 is known to interact with its DHR2 domain, to 
render it inactive[37].

In both types of GEFs, activation happens upon 
release of their autoinhibitory state either through pro
tein–protein interactions or structural changes on 
account of post-translation modifications like phos
phorylation, which disrupt the intra-domain interac
tions in them [29,38,39]. However, for many GEFs, 
the activation mechanism is still not clear. In few 
instances, GPCRs are known to activate GEFs either 
by promoting interaction between the heterotrimeric 
G protein subunits with them or indirectly through 
pathways regulated by these subunits [40–42]. In 
some examples, GEFs are known to be activated due 
to their direct interactions with different domains of 
GPCRs[43]. In this section, we will discuss ligand- 
mediated signalling through GPCRs that activate cano
nical GEFs like leukaemia-associated Rho GEF (LARG), 
p115-RhoGEF, and PDZ-RhoGEF through heterotri
meric G protein subunit interaction with the regulator 
of G protein signalling homology (RH) domain of these 
GEFs.

Leukaemia-associated Rho GEF (LARG) is 
a canonical GEF, shown to be expressed in most of 
the cells including peripheral blood leukocytes, 
spleen, prostate, testis, ovary, small intestine, colon 
with a minimal expression in thymus [44] and spe
cifically, activates RhoA (Table 1). In mouse embryo
nic fibroblasts (NIH-3T3), GPCRs, M1 muscarinic 
cholinergic receptor (M1-mAChR) and Mas related 
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receptor activate RhoA specific GEF LARG, through 
direct binding of Gαq subunit (Figure 2a). Similarly, 
G protein-coupled receptor 132 (G2AR), when trig
gered with its lipid ligand, activates LARG through 
Gα13[40]. From co-immunoprecipitation studies, it 
has been shown that the RH domain of LARG inter
acts with Gαq and Gα13 subunits of GPCRs complex 
to quell its autoinhibitory state[40]. Similarly, in 
mouse smooth muscle cells, activation of 
Sphingosine 1 phosphate receptor 2 (S1P2R) is 
shown to promote their motility, which is induced 
by the interaction between LARG and Gα12/13 sub
unit [45] (Figure 2b). Analogous LARG activation 
mechanism is seen in human prostate cancer cells 
(PC-3) and Human embryo kidney (HEK293T) cells 
where the Thrombin receptor (PAR) operates 
through PAR/Gα13/LARG pathway. In mouse 
embryonic fibroblasts LARG is activated through 
Lysophosphatidic acid receptor (LPAR)/Gα12/13 

/LARG/RhoA pathway involving GPCR, LPAR 
[46,47] (Figure 2b). LARG is also found to localize 
with Microtubule organizing centres (MTOC), indi
cating that the extracellular signals through GPCRs 
might be involved in maintaining microtubule 
dynamics and cell polarity through the same Gα12/13 

/LARG/RhoA pathway[47].
PDZ-RhoGEF and p115-RhoGEF provide examples 

for Gα13 subunit induced activation of GEF, where the 
heterotrimeric G subunit interacts with their RH domain 
to release their autoinhibitory state [38,48]. However, 
GPCRs that provide the heterotrimeric G subunit 
(Gα13) for GEF activation differ from cell to cell. 
C-X-C chemokine receptor type 4 (CXCR4), LPAR and 
Gastrin-releasing peptide receptor (GRPR) activate 
RhoA in breast cancer cell lines (MCF7, MDA-MB 
-231), PC-3 cells and colon cancer cells (Caco-2), respec
tively, through Gα13/PDZ-RhoGEF/RhoA pathway 
[38,46,49] (Figure 2c). As seen in PDZ-RhoGEF, p115- 

Table 1. Overview of canonical and non-canonical GEFs discussed in this review, their downstream Rho GTPases, tissue-specific 
expression and activating GPCRs.

Guanine 
nucleotide 
exchange factors 
(GEFs)

GTPase 
specificity

Tissue Specificity Activating GPCR References

High expression Moderate/low expression

GPCR mediated heterotrimeric G protein subunit interaction with RH domains of GEFs
LARG RhoA Peripheral blood leukocytes, spleen, 

prostate, testis, ovary, small 
intestine and colon

Thymus mAChR, Mas related 
receptor, G2A, S1P2, 

PAR and LPA

40,44,45,46,47

PDZ-RhoGEF RhoA and 
Cdc42 
(through 
non-RH 
domain)

Brain, testis, heart, ovary, central 
nervous system (CNS) and placenta

Kidney, pancreas, spleen, 
prostate, colon, skeletal 
muscle, lung and liver

GRPR, LPA1R, LPA2 

R and CXCR4
46,48,49,52,53,56,53,54

p115-RhoGEF RhoA Haematopoietic cells LPAR, CXCR4, S1PR and  
β2AR

50,55,56,56

Activation of GEFs involving interaction between heterotrimeric G protein subunits and non-RH domains of GEFs
AKAP-Lbc RhoA Cardiac tissues AT1R and LPAR 54,55,57
p63RhoGEF RhoA, RhoB, 

and RhoC
Heart and brain M3R and H1R 64,65,67

p114-RhoGEF RhoA and 
Rac1

Kidney and pancreas Liver, skeletal muscle and 
testis

M3R and LPAR 59–61,58

P-Rex1 Rac1/2/3, 
Cdc42 and 
RhoG

Neutrophils, macrophages, 
platelets, endothelial cells, neurons 
and brain tissues

Bone marrow, thymus, spleen, 
lymph nodes and lungs

LPA1R, CXCR4 and 
fMLPR

74,87,59,60,61

Activation of GEFs through phosphorylation, protein-lipid and protein-protein interactions mediated by GPCRs
αPIX Rac1 and 

Cdc42
Heart, skeletal muscle and immune 
cells

fMLPR 13,82,62,63

βPIX Cdc42 and 
Rac1

Ubiquitous LPAR 13,76,82,64

Vav1 Rac1/2, RhoG, 
and Cdc42

Haematopoietic cells Pancreas, the tooth enamel, 
and the trophoblast layer

CXCR4 and fMLPR 42,87,89,65,66

Vav2 RhoA, RhoG, 
Rac1, and 
Cdc42

Broadly expressed CXCR4 42,88,89

Vav3 RhoA, RhoG, 
and Rac1

Broadly expressed, highest in brain 
and haematopoietic cells

fMLPR 87,89,67

TIAM1 Rac1 Brain, testis and epidermis LPA1R and S1P1R 12,99
TIAM2 Rac1 Only restricted to neuronal cells ? 99,100,68
Activation of non-canonical GEFs through GPCR by phosphorylation, protein-lipid and protein-protein interactions
DOCK180/ 

DOCK1
Rac1 Broadly expressed CXCR4 and LPA 76,69,106,134

DOCK2 Rac1/2 Haematopoietic cells fMLPR 110,70,71
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RhoGEF also activates RhoA signalling in lymphocytes 
through Gα13/p115-RhoGEF/RhoA upon CXCR4, 
LPAR, and S1PR activation [50] (Figure 2d). These are 
the examples where G protein subunits, Gα12/13, bind 
directly to the RH domain containing GEFs to activate 
them. An exception is seen for p115-RhoGEF in renal 
cell carcinoma 7 (RCC7) where activated GPCR, 
β2-adrenergic receptor (β2AR), triggers the GEF indir
ectly through βArrestin255 (Figure 2e). Furthermore, 
there are examples where PAR and LPA receptors in 
PC-3 cells are known to specifically activate LARG and 
PDZ-RhoGEF, respectively. However, the mechanism 
underlining their specificity is yet to be determined[46]. 
Recently it has been shown that prostaglandin receptor 

activated Gαs binds to the PH and DH domains as well as 
their linker region of PDZ-RhoGEF. This interaction of 
Gαs with PDZ-RhoGEF renders the GEF active towards 
Cdc42 [51,52] (Figure 3a).

Activation of GEFs involving interaction between 
heterotrimeric G protein subunits and non-RH 
domains of GEFs

G proteins of certain GPCRs are also known to 
activate GEFs in RH domain independent manner. 
Examples of these GEFs include A-kinase anchoring 
protein (AKAP)-Lbc, p114-RhoGEF, p63RhoGEF, 
Trio, and P-Rex. Details of activation mechanisms of 
these GEFs by GPCRs will be discussed further. Tissue- 
specific expression of aforementioned GEFs is given in 
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Figure 2. Schematic representation of signalling pathways which leads to activation of GEFs through interaction between hetero
trimeric G protein subunits and RH domains of GEFs. (a) GPCRs, Mas receptor and M1-mAChR activate the GEF, LARG, through Gαq 

binding to its RH domain. (b) Activation of LARG through GPCRs, LPAR & S1P2R occur through direct interaction with Gα12/13 

whereas, GPCRs, G2A & PAR activate LARG through Gα13 subunit. (c) PDZ-RhoGEF mediated RhoA activation is established by GRPR, 
LPAR, and CXCR4 triggered Gα13 heterotrimeric subunit binding to the RH domain of PDZ-RhoGEF. (d) GPCRs, LPAR, CXCR4, and S1P2 

R activate p115-RhoGEF through interaction with Gα13 heterotrimeric subunit. (e) Upon activation of β2AR, p115-RhoGEF is triggered 
by β-arrestin activation through Gαiβγ signalling.
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Table 1. Activation of LPA receptor and Angiotensin 1 
receptor (AT1R) promotes RhoA mediated signalling in 
HEK293 cells and adult ventricular fibroblasts (AVFs) 
through Gα12/AKAP-Lbc/RhoA pathway [72,73] 
(Figure 3b). Here, the interaction of AKAP-Lbc with 
Gα12 is independent of the RH domain, as this protein 
lacks this domain[74]. However, the binding of Gα12 to 
the GEF depends on a 106 amino acid residue region, 
stretching from residues 2567–2672 towards the 
C terminus of AKAP-Lbc[41]. Studies in breast cancer 
cell lines (MDA-MB-435) show that, through 
a feedback loop signalling, α6β4 integrin regulates 
LPA induced AKAP-Lbc/Gα12/RhoA pathway to 

promote activation of Rac GTPase[75]. AKAP-Lbc is 
predominantly localized in the cytoplasm where it is 
known to regulate spatial distribution of Protein kinase 
A (PKA) activity during cell migration [72,76].

The next example involving non-RH domain GEF 
interacting with heterotrimeric G protein includes 
p114-RhoGEF, activated by GPCRs, M3-muscarinic 
receptor (M3R), and LPA receptor operating in 
HEK293 and NIH3T3 cells, respectively. In these path
ways, the Gβγ subunit of G protein interacts with the 
DH-PH domain of p114-RhoGEF to bring about its 
activation, eventually leading to RhoA and Rac signal
ling [77,78] (Figure 3c). Apart from Gβγ, the Gα12 
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Figure 3. Schematic representation of signalling pathways which leads to activation of GEFs through interaction between hetero
trimeric G protein subunits and non-RH domains of GEFs. (a) Stimulation of prostaglandin receptor activates Gαs, which in turn binds 
to PDZ-RhoGEF through DH, PH domains, and their linker region of GEF, thus making it active towards Cdc42. (b) AKAP-Lbc 
dependent activation of RhoA, by LPAR and AT1R, happens through the interaction of Gα12 with the C terminus of AKAP-Lbc. (c) and 
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domain of p114-RhoGEF. (e) p63RhoGEF mediated triggering of RhoA upon activation of M3R and H1R receptors. This involves the 
interaction of Gαq/11 towards the PH domain of p63RhoGEF. (f) Stimulated GPCRs, LPAR, and CXCR4 activate P-Rex1 through the 
interaction of the Gβγ subunit with the IP4P domain and the tandem PDZ domains of P-Rex1. This may further lead to the activation 
of ELMO/DOCK2 through P-Rex activated RhoG. (g) Activation of ET1R triggers βPIX mediated Cdc42 through the interaction of Gαq 

with βPIX.
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subunit is also found to interact with p114-RhoGEF 
(Figure 3d), however, it binds to a region spanning 
residues from 686 to 791, towards the C terminus of 
the DH-PH domain [41,77,79]. Furthermore, some evi
dence suggest that p114-RhoGEF gets triggered both in 
GPCR dependent and independent manner. For exam
ple, it has been shown that tissue-specific apical cell 
constriction in invertebrates is brought about by non- 
conserved GPCRs such as Mist (mesoderm- 
invagination signal transducer) and Smog through the 
activation of p114-RhoGEF[80]. However, in verte
brates the apical cell constriction process, involving 
the same p114-RhoGEF, takes place in a GPCR inde
pendent manner. In this instance, another GEF 
DAPLE, which possess Gα-binding-and-activating 
(GBA) motif could directly activate Gαiβγ resulting in 
stimulation of p114-RhoGEF through the Gβγ subu
nit[81].

Another non-RH domain containing GEF, 
p63RhoGEF, preferentially expressed in heart and 
brain tissues, is known to interact with the Gαq/11 

subunit. Here the agonist-stimulated GPCRs like M3- 
cholinoceptor (M3R) and the histamine H1 receptor 
(H1R), triggers the GEF to activate Gαq/11 

/p63RhoGEF/RhoA pathway [82,83] (Figure 3e). 
Crystal structure of Gαi/q -p63RhoGEF-RhoA shows 
an amphipathic helical extension of PH domain (resi
dues 471–485) of the GEF interacting with Gαi/q 

[83,84]. Thus, it can be proposed that the autoinhibi
tory state of the GEF due to the inter-domain interac
tion invloving PH domain [85,86] is released upon its 
engagement with Gαi/q. Furthermore, in fibroblast and 
COS-7 cells, it is shown that M3R activated p63RhoGEF 
competes with phospholipase C (PLCβ) for binding 
Gαq[83]. Similar to p63RhoGEF, the Triple function 
domain protein (Trio) also contains an inhibitory 
C terminal extension beyond its PH domain[85]. Trio 
exhibits dual Rac/RhoA GEF activity[87]. Gαq subunit 
renders Trio active towards RhoA by binding the inhi
bitory PH domains and hence relieving its autoinhibi
tion[85]. However, the GPCR which is involved in this 
pathway has not yet been identified.

In MCF-7 breast cancer cells, chemotactic GPCRs, 
CXCR4 and LPAR, activate Rac through the Gβγ/PIP3- 
dependent Rac exchanger1 (P-Rex1)/Rac pathway 
(Figure 3f). Here the Gαq or Gα13 but not Gαs or Gαi 

form stable complex with Gβγ. Therefore, the activa
tion of P-Rex1 could be through CXCR4 and LPAR, 
preferably via Gαiβγ dependent fashion [88–90]. From 
cryo-electron microscopy structure it has been sug
gested that Gβγ interaction with P-Rex1 is 
a multidomain assembly involving IP4P and tandem 
PDZ domains of the GEF[91]. Operating under the 

same pathway, P-Rex1 is also known to activate RhoG 
leading to the RhoG/ELMO/DOCK2 dependent activa
tion of Rac [92] (Figure 3f).

Activation of GEFs through Phosphorylation, pro
tein–lipid, and protein–protein interactions 
mediated by GPCRs

Phosphorylation is another means through which 
GPCRs activate GEFs, wherein these receptors activate 
downstream kinases that in turn trigger GEFs. One 
such example is p21-activated kinases interacting 
exchange proteins (PIX) which, exist in two isoforms 
αPIX and βPIX and are known to activate Cdc42 and 
Rac1 GTPases[13]. αPIX is predominantly expressed in 
haematopoietic and muscle cells whereas, βPIX is 
expressed ubiquitously. Splice variants of these proteins 
are majorly found in the brain [13,93]. It has been 
shown that activation of βPIX involves Gαi of LPA 
receptor in HeyA8 ovarian cancer cell lines, where 
Gαi recruits Src kinase, which phosphorylates Tyr-442 
residue of βPIX to activate the GEF [94–96] (Figure 4a). 
Apart from Src, other kinases like p21-activated kinases 
(PAK) are also known to phosphorylate numerous ser
ine and tyrosine residues of βPIX, especially the resi
dues at its PH, GITI-binding, N-terminal spacer region 
(amino acid 61–99), and C terminal coiled-coil 
domains. Other than GEF activation, phosphorylation 
at many of these sites could have important roles in 
regulating βPIX interaction with other signal transduc
tion proteins[97]. Another kinase, PKA, is shown to 
phosphorylate βPIX primarily at Ser-516 and Thr-526, 
when triggered through Endothelin 1 receptor (ET1R) 
induced Gαs subunit[98]. Furthermore, βPIX is also 
known to interact with Endothelin 1 receptor (ET1R) 
activated Gαq subunits to trigger Cdc4299 (Figure 3g). 
Though these studies suggest that the direct binding of 
the Gαq subunit is required for βPIX activation[99]. 
But, the role of phosphorylation in this case is not clear.

Although relatively little is known about phosphor
ylation induced activation of αPIX by PAK, it has been 
suggested that PAK triggers this GEF by releasing it 
from its inactive dimer state [13,100]. This pathway 
involves activation of Gβγ through formyl-methionyl- 
leucyl-phenylalanine receptor (fMLPR), which further 
triggers a cascade of signalling events, propagating 
through p21-activated kinase 1 (PAK1). Further, 
PAK1 interacts with the SH3 domain of the GEF to 
release αPIX from its dimeric state to its active mono
meric state which further triggers Cdc42 [13,100]. 
Activated Cdc42 is also known to enhance the affinity 
of this GEF towards Rac1 (Figure 4b). Thus, it appears 
that there is a mutual feedforward mechanism between 
these two GTPases. On one hand, binding of Cdc42 to 
one of the DH domains of the dimeric αPIX introduces 
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conformational changes in the GEF to enhance its 
activity towards Rac1100[101], whereas, on the other 
hand, in a feedforward mechanism, αPIX enhances 
kinase activity of PAK1 to further activate Cdc42 
[102]. Furthermore, αPIX is also known to trigger 
Rac1 in fMLPR controlled pathway. Here, fMLPR trig
gers to form a quaternary complex Gβγ-PAK1-αPIX- 
GIT2 in a sequential manner to recast its specificity for 
Rac1 (Figure 4b). During this pathway, the role of 
phosphorylation in the activation of αPIX is not clear, 
but it has been shown that activation of αPIX could 
take place through binding to phosphatidylinositol 3, 4, 
5-trisphosphate (PIP3), a lipid product of PI3-kinase 
[103]. Similar to Cdc42, Rac1 is also suggested to oper
ate in the feedforward cycle to further enhance the 
activity of PAK1 towards the GEF[104].

Vav family of GEFs provide another example for 
activation of GEFs, through phosphorylation relay trig
gered by GPCRs like CXCR4 and fMLPR [42,105]. This 
family of GEF consists of 3 members, namely, Vav1 
(specific to Rac1/2, RhoG, and Cdc42), Vav2 (specific 
to Rac1, RhoA, RhoG, and Cdc42), and Vav3 (specific 
to Rac1, RhoG, and RhoA) [106,107] and their tissue- 
specific expression is shown in Table 1. Out of these 
GEFs, Vav1 and Vav2 are activated by pathways invol
ving Janus kinase2 (JAK2), Janus kinase3 (JAK3) and 
the receptor involved in this particular signalling is 
CXCR4[42]. It is interesting to know that activation 
of this GEF through JAK is independent of GPCR-Gαi 

pathway [42,108] (Figure 4c). In P1V1 neutrophils, 
through an unknown mechanism, fMLPR leads to acti
vation of P-Rex1 and Vav1/Vav3105 GEFs (Figure 4d). 
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However, the role of GPCRs, CXCR4 and fMLPR, in 
the activation of Vav proteins is not clear. For Vav1 it 
has been surmised that fMLPR could activate Src or Syk 
kinases through downstream signalling to trigger this 
RacGEF [109,110].

The T-cell lymphoma invasion and metastasis indu
cing factor 1 (TIAM1) provides a good example of 
phosphorylation mediated activation of GEF. Through 
Small-angle X-ray scattering (SAXS) based model it was 
suggested that the initial 50 amino acid domain (N50), 
N terminal PH domain (PHn), and the coiled-coil 
extension (CC-Ex) domain of TIAM1 interact with 
each other to render the GEF inactive[32]. Release of 
this autoinhibition involves multiple steps including 
phosphorylation of TIAM1 by protein kinase 
C (PKCα) and Ca2+/calmodulin-dependent protein 
kinase II (CamKII) (Figure 4e). In Swiss 3T3 fibroblast 
cells, this phosphorylation pathway is triggered by the 
LPA receptor[111]. Based on various experimental stu
dies it has been proposed that sequential phosphoryla
tion of Ser29 and Ser33 of TIAM1 by atypical C kinase 
(aPKCγ)[32], followed by phosphorylation of Tyr829 
by TrkB kinase[112], disrupt the intra-domain interac
tions of the GEF to make it active [32,113]. Apart from 
phosphorylation, there exist other modes of TIAM1 
activation including protein–protein interactions invol
ving PHn-CC-Ex domain of TIAM1 with Par3 in the 
Par polarity complex (Par3, Par6 and aPKC) 
[32,114,115].

It has also been proposed that lipid-mediated inter
actions too can activate TIAM1. For example GPCRs, 
LPA1R and S1P1R, induced Gαiβγ/PI3K/TIAM1/Rac1 
pathway promote binding of PI3K lipid product, phos
phatidylinositol 3, 4, 5-trisphosphate (PIP3)[116], to 
the PH domain of the GEF to make it active [12,117] 
(Figure 4f). However, complete activation of TIAM1 
requires additional signals from Gαiβγ[12]. Although 
TIAM2/STEF is relatively less characterized compared 
to TIAM1, it has been suggested that the activation of 
this GEF is also a complex multistep process. Forster 
resonance energy transfer based biosensor studies on 
dibutyryl cAMP (dbcAMP) treated PC12D cells has 
revealed that the phosphorylation of Thr-749 by 
dbcAMP activated PKA at the plasma membrane 
enhances the GEF activity of TIAM2 towards 
Rac1[118].

Activation of GEFs through direct interaction of 
GPCR domains

Few reports suggest that GPCRs could activate GEFs by 
directly interacting with them, instead of utilizing the 
heterotrimeric G proteins. For example, PDZ-RhoGEF 

and LARG interact with the C terminus of LPA1R and 
LPA2R receptors through their PDZ domains (Figure 
5a) to get activated[43]. Similarly, activation of Vav2 
involves interaction of the C terminus of the 
Parathyroid hormone receptor (PTHR) with its DH 
and PH domains. It is interesting to note that Vav2 
competes with PTHR to bind Gαq subunit and also 
interferes with the PTHR signalling[119] (Figure 5b). 
Other than these examples, there is not much informa
tion on how GPCRs could directly activate GEFs.

Non-canonical GPCRs activate GEFs through the 
scaffold protein Dishevelled (Dvl)

There are about 11 non-canonical GPCRs identified as 
Frizzled (FZD) class receptors. Other than smoothened 
(SMO), all other members of this family are activated 
by secreted glycoproteins, Wingless/Int1 (Wnt). There 
are 19 Wnts identified in humans. A combination of 
interactions between FZDs and Wnts is known to trig
ger diverse signalling pathways classified as canonical 
and non-canonical Wnt signalling pathways[120]. 
However, the exact mapping between specific Wnt- 
FZD interactions to a particular pathway is not clear. 
The common feature in the non-canonical FZD GPCR 
pathway is the recruitment of a scaffold protein dishev
elled (Dvl) at the cytosolic end of the receptor upon 
binding of Wnts at their extracellular domain. It has 
been shown that Dvl forms higher oligomers to act as 
a signalling node, known as signalosome to further 
propagate the signal[121]. With reference to GEF acti
vation, Frizzled 7 (FZD7) is known to activate RhoA 
through WGEF (Weakly similar to Rho GEF 5). In 
Xenopus embryos, it has been shown that activation of 
FZD7 leads to recruitment of Dvl-2, which subse
quently interacts with Dishevelled-associated activator 
of morphogenesis 1 (Daam-1) protein. This signal 
further propagates to activate WGEF. However, the 
exact mechanism of activation is not clear122 (Figure 
4g). It is interesting to note that WGEF is found to 
interact directly with the PDZ domain of Dvl-2 and 
with the N terminal domain of Daam-1 leading to its 
activation. Thus, it has been suggested that FZD7 could 
operate through multiple modes to activate 
WGEF[122].

Activation of non-canonical GEFs through 
GPCRs

As mentioned previously, the non-canonical Dedicator 
of cytokinesis (DOCK) family GEFs, also known as 
Docker GEFs, contain DHR-1 and DHR-2 domains, 
in place of PH and DH domains of canonical GEFs. 
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Similar to canonical GEFs, Docker GEFs are known to 
be activated through phosphorylation, protein–protein 
interactions, and/or lipid-mediated interactions. In 
HL60 and HeLa cell lines, activation of the chemokine 
receptor, CXCR4, triggers activation of Rac through 
Gβγ/ELMO1/DOCK180/Rac1 pathway. Similarly, in 
MDA-MB-231 cell lines, CXCR4 activates Rac through 
Gαi/ELMO1/DOCK180/Rac1 pathway69[123], (Figure 
6a). In both of these pathways Gβγ and Gαi subunits 
were found to interact with ELMO1, wherein Gαi inter
acts with N terminus of ELMO1,69[123], leading to 
conformational changes in the ELMO-DOCK complex, 
resulting in the release of DOCK from its autoinhibi
tory state. Another mechanism for DOCK180 activa
tion by LPA is through a sequential complexation of 
Gαi2-src-p130Cas/ELMO/DOCK18094 [124,125] 
(Figure 6b), in which Src kinase is shown to phosphor
ylate DOCK180 at Tyr1811, enhancing the interaction 
of DOCK180 with CrkII and p130Cas proteins, which 
activates Rac[126].

DOCK2, another member of the DOCK family is 
shown to be activated through lipid-mediated interac
tion. This process involves fMLPR induced association 
of DHR-1 domain of DOCK2 with phosphatidylinositol 
3, 4, 5-trisphosphate (PIP3) in a PI3K dependent man
ner [127,128], wherein interaction with PIP3 triggers 

GEF activity of DOCK2 towards Rac (Figure 6c). It has 
been also suggested that activation of chemokine recep
tors triggers DOCK2 through Gαi subunit, but the exact 
mechanism is unclear[129]. In apoptotic cells, Brain- 
specific angiogenesis inhibitor 1 receptor (BAI1) is 
shown to trigger ELMO/DOCK/Rac signalling (Figure 
6d). These signalling events depend on the interaction 
of cytosolic fragment of BAI1 (aa 1431–1582) with 
N terminal fragments of ELMO1 (aa 1–558) and 
ELMO2 (aa 1–520), which subsequently binds to 
DOCK1/DOCK2 [130,131]. Although the activation of 
non-canonical GEFs is similar to canonical GEFs, the 
pathways that operate are markedly different.

Summary

Activation of GTPases like RhoA, Cdc42, and Rac is 
a crucial step in cell migration, as they are the key 
players controlling the cytoskeletal rearrangement. 
This process is highly regulated in space and time by 
employing GEFs and GAPs. GEFs provide one of the 
important steps of regulation, wherein they switch the 
GTPases ‘ON’ by exchanging GDP with GTP. Based on 
sequence and structure GEFs can be classified as cano
nical and non-canonical. The common feature of both 
canonical and non-canonical GEFs is that they exist in 

a b

Figure 5. Schematic representation of activation of GEFs upon direct interaction with GPCR domains. (a) GEFs, LARG, and PDZ- 
RhoGEF activate RhoA signalling upon interacting with the C terminus of LPAR through their PDZ domains. (b) Similarly, Vav2 
interacts with the C terminus of PTHR through its DH and PH domains.
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an autoinhibitory inactive state (Figure 1b-J) and 
release of this autoinhibitory state is essential for 
them to activate their cognate GTPases. The GEF acti
vation process is done through multiple modes like 
phosphorylation of GEFs or interaction of GEFs with 
a different scaffold or activating proteins or through 
lipid interactions. In this review, we have consolidated 
how GPCRs play a crucial role in activating GEFs by 
exerting these activation mechanism. These events 
include the interaction of GEFs (through their RH 
and non-RH domains) with heterotrimeric G protein 
subunits activated by GPCRs, activation of kinases that 
phosphorylate GEFs, and protein/lipid interactions that 
release GEFs from their autoinhibited state. Complete 
understanding of these signalling events at the atomic 

level is crucial to decipher signalling processes, as this 
would be highly rewarding in addressing pathological 
conditions like cancer metastasis, immunological dis
orders, and neurodegenerative diseases.

Although the field of cell signalling is rapidly evol
ving, there are significant gaps in our understanding of 
signalling events that control cell migration, especially 
with reference to the role of GPCRs. Majority of the 
efforts, to date, are on mapping the key players 
involved in the signal transduction, which is largely 
driven by gene knockout/silencing and protein pull- 
down studies. However, the key questions like how in 
real-time the signals transverse from GPCRs to the 
downstream proteins? how concomitantly operating 
diverse pathways synchronize to exert cell migration? 
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and how few GPCRs autonomously operate to control 
divergent pathways? remain unaddressed. Perhaps, 
innovative real-time imaging techniques, involving bio
luminescence resonance energy transfer and fluores
cence resonance energy transfer would help to dissect 
the system. Although some efforts have been made in 
this direction [132–135], given the emerging complex
ity of the system, unravelling the signalling events that 
control cell migration remains challenging.
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