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Abstract

Vav1/2/3 comprise a protein family with guanyl nucleotide exchange activity for Rho and Rac as 

well as with motifs conferring adapter activity. Biologically, Vav1 plays a critical role in 

hematologic cell signaling, whereas Vav2/3 have a wider tissue distribution, but all 3 Vav proteins 

are implicated in cancer development. A structural feature of Vav1/2/3 is the presence of an 

atypical C1 domain, which possesses close structural homology to the typical C1 domains of 

protein kinase C but which fails to bind the second messenger diacylglycerol or the potent analogs, 

the phorbol esters. Previously, we have shown that five residues in the Vav1 C1 domain are 

responsible for its lack of phorbol ester binding. Here, we show that the lack of phorbol ester 

binding of Vav3 has a similar basis. We then explore the consequences of phorbol ester binding to 

a modified Vav3 in which the C1 domain has been altered to allow phorbol ester binding. We find 

both disruption of the guanyl nucleotide exchange activity of the modified Vav 3 as well as a shift 

in localization to the membrane upon phorbol ester treatment. This change in localization is 

associated with altered interactions with other signaling proteins. The studies provide a first step in 

assessing the potential for the design of custom C1 domain targeted molecules selective for the 

atypical C1 domains of Vav family proteins.

Keywords

phorbol ester; Rho GEF; signaling; membrane translocation

1. Introduction

C1 domains have emerged as a critical node in cellular signaling, conferring recognition of 

the lipophilic second messenger sn-1,2-diacylglycerol [1–4]. Diacylglycerol (DAG)1 is 

generated downstream of numerous G-protein coupled receptors and receptor tyrosine 

kinases through the activation of phospholipase C in response to receptor triggering. While 
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protein kinase C family members are the best studied class of signaling proteins with DAG-

responsive C1 domains [5,6] these domains are also present in the RasGRPs, which are 

guanyl exchange factors for Ras, in the chimaerins, which are GTPase activating proteins for 

Rac, in several members of the DAG kinase family, which provide negative feedback on 

DAG generation, and in the MRCK (myotonic dystrophy kinase-related Cdc42 -binding 

kinase), protein kinase D, and Munc-13 families [7,8].

In consequence of their central role in cellular signaling, PKC and the related classes of 

DAG-responsive proteins have been found to be prominently involved in cancer [7], diabetes 

[9], Alzheimer’s disease [10], cardiovascular disease [11] and numerous other conditions 

[12–14]. Complementary therapeutic strategies have targeted both the catalytic activity and 

the C1 regulatory domain. Among C1 domain targeted compounds, ingenol mebutate 

(PEP005 or Picato™) has been approved by the FDA for actinic keratosis. Bryostatin 1 has 

been the subject of numerous clinical trials for cancer and is currently in clinical trial for 

Alzheimer’s disease. Prostratin, bryostatin 1, and a range of other derivatives have proven of 

potential interest for sensitizing latent cells to drug therapy in HIV/AIDS [15].

Complementing the DAG-responsive C1 domains, which are referred to as “typical” C1 

domains, are the “atypical” C1 domains, which possess sequence homology to the “typical” 

domains but fail to bind DAG or phorbol ester. We have shown that this latter classification 

can be further subdivided. The atypical C1 domains of PKCζ and PKCι [16] or of Vav1 

[17] retain the binding cleft conformation of the typical domains but possess residues lining 

the rim of the binding cleft which interfere with ligand binding and membrane interaction. 

This contrasts with some other atypical C1 domains, such as that of Raf, which no longer 

maintain the binding cleft geometry [18].

A potential strategy for targeting those atypical C1 domains which retain the binding cleft 

geometry would be to use templates which fit in the binding cleft and which have 

substituents that can exploit interactions with the specific residues on the binding cleft rim 

that interfere with high affinity binding by DAG or related ligands. In the case of PKCζ/ι 
[16], the interfering residues are a series of 4 arginines. In Vav1 the interfering residues 

include a pair of glutamates. As an initial approach, we evaluated ligands for binding to the 

typical C1b domain of PKCδ into which we had introduced one or more of the interfering 

residues of the atypical domains. With such hybrid C1 domains, both in the case of PKCζ/ι 
[19] and Vav1 [17] we described DAG-lactones [20] with markedly improved selectivity 

compared to PDBu relative to that for the wild-type typical C1 domain. Although such 

compounds were not useful selective ligands for PKCζ/ι or Vav1, they provide initial 

support for the design strategy. Complementing our on-going efforts to develop the next 

generation of such compounds, in the present paper we explore the possible consequences of 

ligand interaction at the Vav3 atypical C1 domain. Our approach was to mutate the atypical 

C1 domain to permit phorbol ester binding and to then evaluate its functional consequences.

The three members of the Vav family, Vav1, Vav2, and Vav3 (Figure 1A), show marked 

structural and functional similarity. They possess two functional activities. First, they act as 

guanyl exchange factors for the Rac1 and Rho small GTPases. This function is mediated by 

the DH, PH, and C1 domains, under the negative regulation of the CH-AD region. Secondly, 
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they display adapter function through their SH3-SH2-SH3 domain [21]. Biologically, Vav1 

is predominantly expressed in hematopoietic cells, although with frequent ectopic 

expression in neuroblastoma and pancreatic ductal adenocarcinoma [22], as well as in lung 

cancer and breast cancer [23]. In immune cells, it plays a central role in formation of the 

immunological synapse and, more generally, in remodeling of the actin cytoskeleton. Vav2/3 

show more widespread tissue distribution than Vav1 [23] and have elevated expression in 

multiple tumor types, including oral squamous cell carcinoma, prostate cancer, colon cancer, 

and breast cancer. While structurally homologous to Vav1, Vav2/3 differ somewhat in their 

selectivity for Rho family isoforms, their ability to mobilize calcium, and their interaction 

partners [24,25].

Ligand interaction at the C1 domain of the Vav proteins might be expected to have two 

consequences. First, it would be predicted to inhibit the GEF activity of Vav. The C1 domain 

has been shown to be in contact with the DH domain, where it provides stabilization of the 

guanyl exchange activity [26], and disruption of the C1 domain has been shown to abrogate 

exchange and transforming activity [27,28]. Second, binding of a phorbol ester at the C1 

domain would be expected to promote its membrane localization/stabilization. Indeed, we 

showed for Vav1 with a C1 domain mutated to bind phorbol ester that the addition of 

phorbol ester caused its translocation to the plasma membrane [17]. Necessarily, such 

membrane translocation would influence the interaction of Vav with those proteins binding 

to its adapter domain.

In the present study, we examined how similar Vav2 and Vav3 were to Vav1 in terms of the 

impact of the five critical residues identified as being responsible for the lack of DAG/

phorbol ester binding of Vav1. We showed that they only partially accounted for the lack of 

binding activity of Vav2 but, for Vav3, their replacement could establish almost the same 

high binding affinity that we had previously described for Vav1. We then proceeded to 

characterize the effect of these mutations and phorbol ester on the GEF activity of Vav3, on 

its localization, and on select interacting partners. We confirm that phorbol ester binding 

disrupts Vav3 function and provides support for the possible impact of novel ligands 

designed to target the Vav3 atypical C1 domain.

2. Material and Methods

[20−3H]Phorbol 12,13-dibutyrate ([3H]PDBu) (17.2 Ci/mmol) was prepared as a custom 

synthesis by PerkinElmer Life Sciences (Boston, MA). PDBu and phorbol 12-myristate 13-

acetate (PMA) were from LC Laboratories (Woburn, MA). LNCaP and PC3 human prostate 

cancer cells, fetal bovine serum (FBS), RPMI 1640 medium, and L-glutamine were obtained 

from the American Type Culture Collection (Manassas, VA). LB broth and LB agar plates 

used in bacterial culturing were purchased from K-D Medical, Inc. (Columbia, MD). 

Primers and oligos were from IDT (Integrated DNA Technologies, Coralville, IA).

2.1. Expression of GST-tagged Vav3 full length, C1 domains, and RhoA

The proteins were cloned into pGEX-5x-1 plasmids and expressed in DH5α competent cells 

(Invitrogen). The plasmids were then transformed into BL21 chemically competent cells 

(Invitrogen) for expression. The transformants were grown in LB broth at 37°C until an OD 
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of 0.5 was reached. Expression was induced with 0.5 mM IPTG. The cells expressing the C1 

domains and RhoA were then incubated for 4 h at 37°C after which they were pelleted, 

while the cells expressing the full length Vav3 proteins were expressed by incubation 

overnight at room temperature before pelleting. Bacteria were lysed using pBER (Pierce) 

and the GST-tagged proteins were purified and eluted using a GST-spin column kit (Thermo 

Fisher Scientific). For GST-tagged bead preparations of RhoA proteins, the proteins were 

not eluted from the columns and the glutathione Sepharose with the GST-tagged proteins 

attached was collected from the columns. Full length Vav3 protein purification required the 

use of sarkosyl and was adapted from the protocols in Kae et al. [29] and Frangioni and Neel 

[30]. After induction of the cells, the pellet from a 500 ml culture of bacteria was 

resuspended in 10 ml STE buffer (10 mM Tris-HCl (pH 8.0), 1 mM EDTA, 150 mM NaCl). 

The cell suspension was treated with lysozyme (20 μg/ml, 30 min on ice), and 100 μl 1 M 

DTT and 1.4 ml 10% sarkosyl were then added. Cells were vortexed for 5 sec, then lysed by 

sonication (on ice, level 3, 2 × 10 sec). Lysates were cleared at 10,000 × g for 5 min. To the 

supernatant was added 4 ml 10% Triton X-100, followed by STE buffer to make a final 

volume of 20 ml. Glutathione Sepharose beads (GE Healthcare) were washed in the STE 

buffer and incubated with the lysate for 2 h at 4°C on a tumbler (500 μl beads to 10 ml 

lysate). The beads were washed three times in 1 × HK-LB (10 mM sodium phosphate (pH 

7.2), 1% Triton X-100, 0.05% SDS, 10% glycerol, 150 mM NaCl, 10 mM MgCl2, 1 mM 

EDTA and protease and phosphatase inhibitors). After washing the beads were resuspended 

to make a 50% slurry in 1 × HK-LB.

2.2. [3H]PDBu binding assays

The dissociation constants (Kd values) of the Vav3 C1 domains were determined using the 

polyethylene glycol precipitation assay as described by Lewin and Blumberg [31].

2.3. F-actin staining

F-actin was stained with Acti-stain 555 (Cytoskeleton). Cells were fixed on cover slips at 

room temperature with 4% paraformaldehyde, washed in PBS, and permeabilized with 0.5% 

Triton X-100 for 5 min, then washed in PBS. The cells were stained with the Acti-stain 

(3.5μl/500 μl PBS) for 30 min, washed with PBS, and mounting media (Vector shield) was 

added.

2.4. Localization of GFP-tagged proteins

LNCaP cells and PC3 cells (between passage 3 and passage 20) were plated on Ibidi dishes 

(Ibidi, LLC) in RPMI 1640 medium containing 10% FBS and 2 mM L-glutamine and grown 

to 75% confluency at 37°C. Cells were transfected with GFP-tagged constructs using 

Xtreme gene reagent (Roche) per manufacturer’s instructions. Experiments measuring 

translocation of the GFP-tagged constructs in response to addition of compounds to the cells 

were conducted 24 h after transfection, with images visualized using a 63×1.4 NA oil 

objective on Zeiss LSM 510 NLO, LSM 710 NLO or LSM 780 confocal microscopes (Carl 

Zeiss, Inc.). For excitation of GFP, the argon laser at 488 nm was used and the emission at 

535–553 nm was determined. Processing of the images for translocation or localization was 

performed with the Zeiss software. Nuclear staining was with Hoechst 33342 (Life 

Technologies) at a concentration of 10 ng/ml in PBS for 15 min. For mCherry and F-actin 
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staining the 561 nm diode laser was used for excitation and filters of 490–534 nm were used 

for detecting emission. Imaging was carried out in the Confocal Microscopy Core Facility of 

the Center for Cancer Research.

2.5. Quantitation of Confocal Images

The Zeiss AIM software was used to obtain data. For GFP translocation to the membrane, in 

each experiment 6 regions of about 5 μm2 were selected, with 3 overlying the cytoplasm and 

3 overlying the plasma membrane, at 0, 5, 10, 30, and 45 min time points for each cell. 

Where indicated, cell images at 120 min were also analyzed. The average ratio of the mean 

intensity of the membrane/cytoplasm was determined for each time point. Values presented 

represent the mean ± SE of three independent experiments.

2.6. Statistical Analysis

Significance was determined with Graph Pad Prism 6 software, using the Student’s t-test. A 

p-value < 0.05 was deemed significant.

2.7. Immunoprecipitation

Immunoprecipitation of GFP tagged proteins followed the standard immunoprecipitation 

protocol for SureBeads Magnetic Beads (Bio-Rad) with minor changes. Briefly, SureBeads 

were washed with PBS-T (PBS + 0.1% Tween 20) and then 4 μg anti-GFP antibody (Roche) 

was added and the beads were resuspended in binding buffer (0.05% NP-40, 20 mM Tris-

HCl, pH 7.5, 300 mM KCl, 0.2 mM EDTA, 20% glycerol, 1 mM DTT, and protease 

inhibitors (cOmplete ULTRA tablets, Mini, EDTA, Roche, Indianapolis, IN) and 

phosphatase inhibitors (PhosSTOP, Roche, Indianapolis, IN)). The beads plus GFP antibody 

were incubated for 1 h at 4°C. The beads were then magnetized, the supernatant was 

discarded, and the beads washed 3 times in PBS-T. 200–500 μl of cell lysate in binding 

buffer at a concentration of about 3 mg/ml was added to the beads and incubated overnight 

at 4°C with rocking. The beads were magnetized and washed twice in wash buffer (0.01% 

NP-40, 20 mM Tris-HCl, pH 7.5, 300 mM NaCl, 0.2 mM EDTA, 20% glycerol, 0.5 mM 

DTT). Finally, the beads were resuspended on 60 μl protein loading buffer for Western 

blotting analysis.

2.8. Rho binding assays

GST-tagged full length RhoA protein was purified from bacterial cells and bound to 

glutathione Sepharose beads as previously described. LNCaP cells were transfected with 

GFP-tagged Vav3 proteins for 24–48 h and then lysed in binding buffer (0.05% NP-40, 20 

mM Tris-HCl pH 7.5, 300 mM KCl, 0.2 mM EDTA, 20% glycerol, 1 mM DTT, and 

protease inhibitor (cOmplete ULTRA tablets, Mini, EDTA, Roche, Indianapolis, IN), cleared 

by centrifugation, and the lysate was incubated with purified RhoA-GST beads overnight at 

4°C with rotation. Beads were washed 4 times with Wash buffer (0.01% NP-40, 20 mM 

Tris-HCl pH 7.5, 300 mM NaCl, 0.2 mM EDTA, 20% glycerol, 0.5 mM DTT) and 

resuspended in protein loading buffer. The amount of GFP, determined by immunoblotting, 

indicated the amount of GFP-tagged Vav3 bound to Rho.
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2.9. GTPase activation assays

GTPase activation was assayed following the GTPase activation assay protocol from Cell 

BioLabs. Protease inhibitors (cOmplete ULTRA tablets, Mini, EDTA, Roche, Indianapolis, 

IN) and phosphatase inhibitors (PhosSTOP, Roche, Indianapolis, IN) were included in the 

lysis buffer. After the final binding step of the protocol, the beads were resuspended in 

protein loading buffer and the entire volume was subjected to immunoblotting to determine 

the amount of activated Rho.

2.10. Immunoblotting

Cell lysates were prepared and 15–22.5 μg of protein lysates (concentration determined 

using the Bio-Rad DC protein assay) (Bio-Rad, Hercules, CA) in SDS sample application 

buffer containing beta-mercaptoethanol were separated on Novex 10% Tris–glycine gels 

(Life Technologies, Grand Island, NY) and transferred to Whatman nitrocellulose 

membranes (Life Technologies, Grand Island, NY). The membranes were blocked with 5% 

nonfat dry milk (Bio-Rad, Hercules, CA) and incubated overnight with the primary antibody, 

washed with phosphate buffered saline containing 0.05% Tween 20, incubated for 1 h in the 

secondary antibody, and washed in phosphate buffered saline containing 0.05% Tween 20. 

The blots were developed by ECL (Bio-Rad), the signal detected on a Chemidoc touch 

imaging system (Bio-Rad), and the results analyzed with ImageLab 5.2.1 (Bio-Rad). The 

primary antibodies used were: monoclonal mouse β-actin, (Sigma, St. Louis, MO); pAKT 

(S473), Cell Signaling 4060S; AKT (pan), Cell Signaling (C67E7); EGFR(pan), Epitomics 

1902-1; EGFR (pY1173), Epitomics (1124-1); Src, Cell Signaling (36D10); SALL2, Abcam 

(ab55723); PKCδ, Abcam (ab108972); Histone H3, Abcam (ab1791); Caveolin-1 (N-20), 

Santa Cruz (sc894); GFP, Roche. The secondary antibody was a horseradish peroxidase 

conjugated anti-rabbit (Bio-Rad, Hercules, CA) antibody. Immunoblot quantification was 

done using ImageJ, Gel analysis [32].

2.11. Measurement of interacting proteins

To identify interacting proteins, GFP-tagged Vav proteins were expressed in PC3 cells, 

lysates were prepared, and the lysates were subjected to immunoprecipitation as previously 

described. Proteins bound to the GFP-tagged Vav protein were measured by Western blotting 

for protein identification by antibody. The amount of protein on the Western blot was 

determined by ImageJ Gel analysis. The amount of total GFP in the sample was used for 

normalization between gels.

2.12 Molecular Modeling

To model the Vav3 C1 domain structure Pdb modeling files were generated using ITASSER 

and viewed with Swiss-Pdb viewer v4.1.0 [33–35]. The SwissDock program was utilized to 

illustrate docking of phorbol 13-acetate into the Vav3 5X C1 domain binding pocket by 

uploading the Vav3 5X C1 domain Pdb modeling file generated by ITASSER as the target 

selection and uploading the MOL2 file of phorbol 13-acetate as the ligand selection [36,37]. 

The MOL2 file for phorbol 13-acetate was generated by ChemDraw Prime 15.0 by 

uploading the SMILES for the compound.
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3. Results

3.1. Phorbol ester binding by the Vav1/2/3 wild-type C1 domains and those substituted with 
residues from the corresponding positions of the PKCδ C1b domain

Geczy et al. [17] identified 5 key amino acid differences between the typical PKCδ C1b and 

Vav1 C1 domains that were responsible for the lack of sensitivity of the Vav1 C1 domain for 

phorbol ester (Figure 1B, highlighted residues). When the corresponding 5 amino acids of 

the PKCδ C1b domain were introduced into the Vav1 C1 domain, PDBu bound with a Kd 

value of 1.05 ± 0.14 nM, in contrast to no detectable binding by the WT Vav1 C1 domain 

[17]. Conversely, replacing these five amino acids in the C1 domain of PKCδ with the 

corresponding residues in the Vav1 C1 domain abolished detectable PDBu binding affinity. 

The five residues lined the rim of the phorbol ester binding pocket of the C1 domain, with 

three residues on the N-terminal loop (β1,2 loop) and two residues on the C-terminal loop 

(β3,4 loop). Mutating only the two amino acids on the C-terminal loop did not restore 

phorbol ester binding to the Vav1 domain. Mutating the three amino acids on the opposite 

side of the binding pocket, on the N-terminal loop, improved sensitivity to phorbol esters, 

but binding remained weak compared to the five amino acid mutations with a Kd value of 

7330 ± 490 [17].

Vav2 and Vav3 share with Vav1 the two residues in the C-terminal loop that negatively affect 

phorbol ester binding by Vav1 (Figure 1B). In the N-terminal loop, Vav2 and Vav3 diverge 

from Vav1 in the triplet of residues found to interfere with phorbol ester binding by Vav1, 

with Vav3 showing a greater shift in the character of the substitutions. To explore how the 

residues in these five critical positions affected the phorbol ester sensitivity of Vav2 and 

Vav3, we prepared mutated versions of the Vav2 and Vav3 C1 domains incorporating 

combinations of the corresponding residues from the C1b domain of PKCδ (Figure 1C). 

Mutating all five key amino acids of the Vav2 C1 domain to the corresponding residues in 

the PKCδ C1b domain failed to confer potent phorbol ester binding activity such as had 

been found for Vav1 (Table 1). While measurable, the Kd of 650.7 ± 2.6 nM for the mutated 

Vav2 C1 domain remained three orders of magnitude weaker than that of the PKCδ C1b 

domain, indicating the presence of other important amino acids residues in the Vav2 C1 

domain that interfere with phorbol ester binding. In contrast, when the five critical amino 

acids were mutated to the corresponding amino acids of the PKCδ C1b domain, the Vav3 C1 

domain bound PDBu with a Kd of 4.7 ± 0.8 nM (Table 1). Mutating only the two key amino 

acids on the C-terminal loop in the C1 domain of Vav3 (designated the Vav3 2X mutant) 

resulted in a Kd for PDBu of 188 ± 35 nM, while mutating the three amino acids on the N-

terminal loop (designated the Vav3 3X mutant) resulted in a Kd of 840 ± 120 nM. The 

recovery of at least moderate phorbol ester binding activity in the 2X mutant of Vav3, but 

not of Vav1 or Vav2, may reflect the greater adverse impact of the acidic residues in the 3X 

positions located at the tip of the N-terminal loop of the binding cleft in the C1 domains of 

Vav1 and Vav2. Given the greater phorbol ester binding activity of the mutated versions of 

Vav3 than of Vav2, we focused on Vav3 in our further experiments.
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3.2. Analysis of membrane translocation of the mutant versions of full length Vav3 in 
response to phorbol ester treatment

To look at the response of the full length Vav3 and its 2X, 3X, and 5X mutants under 

physiological conditions, the constructs were tagged with GFP, expressed in LNCaP human 

prostate cancer cells, and membrane translocation in response to phorbol ester (10 μM 

PMA) was examined (Figure 2). Also examined were the constructs in which the CH and 

AD domains had been deleted from either wild-type Vav3 (designated Vav3 CaWT) or the 

5X mutant (designated Vav3 Ca5X). Deletion of these domains generates constitutive guanyl 

nucleotide exchange activity [27]. As expected, neither the wild-type Vav3 nor the Vav3 

CaWT translocated in response to the addition of PMA. Translocation of the Vav3 5X 

became visible after 10 min but became more evident after 2 h incubation with phorbol ester. 

The slow rate of translocation of the Vav3 5X was in marked contrast to the more rapid 

translocation observed previously for the Vav1 5X [17] and as observed here (Figure 2). For 

β2-chimaerin [38], RasGRP1 [39], and PKCβII [40] but not for Munc13 [41], the binding 

cleft of the C1 domain in the unliganded state is not solvent exposed. Rather, it is involved in 

intramolecular interactions which are necessarily lost when the C1 domain binds ligand and 

inserts into the lipid bilayer of the membrane. For Vav1 the C1 domain was shown to 

interact with the DH domain [26]. Presumably, for Vav3 this closed conformation is more 

stable than is the case for Vav1, leading to a slower response to the phorbol ester. In support 

of this interpretation, the Vav3 Ca5X, in which the first 176 amino acids constituting the 

inhibitory arm were removed from the Vav3 5X full length protein to yield a constitutively 

active protein, showed similar rapid kinetics of translocation as did the Vav1 5X and a 

similar or even greater extent of translocation. For these and other experiments, we chose a 

concentration of 10 μM PMA to get a maximal effect. Although such concentrations of 

PMA are often used, because of solubility issues the actual free concentration of PMA might 

be lower.

We also examined the translocation of the various constructs in a second cell type, the PC3 

prostate cancer cell line, to determine whether the pattern of responses seen was unique to 

the LNCaP cells. In fact, the pattern of translocation in the PC3 prostate cancer cell line was 

largely similar to that seen in the LNCaP cells, except that the extent of translocation of the 

Vav3 5X reached the same extent as that of the Vav3 Ca5x by 2 h (Supplemental Figure 1).

3.3. Impact on GEF activity of the replacement of residues in the C1 domain of Vav3 to 
permit phorbol ester binding

3.3.1. Modeling predicts interference in GEF function—The crystallographic 

structure of the DH, PH, and C1 domains of Vav1, as well as modeling of the homologous 

Vav3, indicate that the 5 residues responsible for the lack of phorbol ester binding activity 

are close to the Vav1/3 GEF domains (DH and PH) (Figure 3A). In particular, the 2 residues 

of the C-terminal loop, when replaced with the corresponding residues of the PCKδ C1b 

domain, have the potential to cause interference [17], resulting from steric conflict for Leu24 

and electrostatic interactions in the case of Lys26. A prediction therefore is that the mutated 

Vav3 may show reduced GEF activity. Additionally, modeling suggests that docking of 

phorbol ester into the C1 domain binding pocket of Vav3 5X will cause further interference 

(Figure 3B), since the side chains of the ligand extend upward into the alpha helices of the 
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DH domain. We therefore assessed both the effect of the altered residues in the mutated 

Vav3 on GEF activity as well as the further impact of phorbol ester addition.

3.3.2. Mutations in the C1 domain of Vav3 reduce interaction with Rho with 
further reduction in the presence of phorbol ester—We used a Rho-GST fusion 

protein bound to glutathione beads to assay the binding to Rho of Vav3 with either a wild-

type or mutated C1 domain. The constitutively active (Ca) forms of Vav3 and its mutants 

were utilized since the inactive full length Vav3 showed little detectable Rho binding. GFP-

tagged CaVav3 with the C1 domain WT and mutants 2X, 3X and 5X were transiently 

transfected in the LNCaP prostate cancer cell line. Cell lysates were incubated with Rho-

GST beads in the absence of phorbol esters (DMSO) or with varying concentrations of 

phorbol esters. The CaVav3 with a WT C1 domain revealed full binding ability to Rho 

which was not altered by phorbol ester (Figure 4). All CaVav3 variants mutated in the C1 

domain (2X, 3X and 5X) showed reduced Rho binding. The addition of phorbol ester led to 

a further reduction in Rho binding in the CaVav3 5X mutant. This result is consistent with 

the hypothesis that an appropriate ligand targeting the unmutated C1 domain of Vav3 might 

likewise disrupt the ability of Vav3 to interact with Rho.

3.3.3. Rho activation in response to CaVav3 is decreased for the CaVav3 
variants mutated in the C1 domain—The above experiments explored the ability of the 

CaVav3 with wild-type and mutant C1 domains to bind to Rho. A complementary approach 

was to examine the ability of the CaVav3 with wild-type and mutant C1 domains to enhance 

Rho GTPase activity. Lysates were prepared from LNCaP cells expressing the full length 

and constitutively active CaVav3 with a wild-type C1 domain or the 5X mutant. Activated 

Rho could be separated from total Rho in the cell lysates by pull down with a bead-attached 

Rho binding domain that only recognizes the activated GTP-bound form of Rho. The 

CaVav3 wild-type protein was most efficient at activating Rho, which was expected since the 

CaVav3 has the inhibitory domain of Vav3 removed, liberating its guanyl exchange activity 

for Rho. As was described above for Rho binding activity, the CaVav3 with the five 

mutations in the C1 domain likewise showed diminished ability to activate Rho as compared 

to the CaWT version (Figure 5). Although the absolute levels of activation of Rho were 

substantially lower, the full length Vav3 (not constitutively active) with the five mutations in 

the C1 domain similarly showed reduced ability to activate Rho compared to the 

corresponding full length Vav3 (not constitutively active) with a wild-type C1 domain. 

Phorbol esters have been shown to cause a strong activation of Rho/Rac GTPases [42]. Any 

diminished Rho activation as a result of PMA binding to the Vav3 mutant could not be 

determined due to the strong activation of RhoA in the presence of phorbol ester.

A prominent effect of Rho activation is reorganization of the actin cytoskeleton. We 

therefore examined whether the mutations in the C1 domain of Vav3 led to a change in actin 

organization (Figure 6). LNCaP cells were transfected with either the GFP-tagged CaVav3 

WT or the CaVav3 5x mutant. F-actin was stained with Acti-stain 555, yielding a red signal, 

and the CaVav3 transfected cells could be distinguished from the surrounding untransfected 

cells by the green signal from the GFP tag (Figure 6, an asterisk marks the GFP expressing 

cells). Both the CaVav3 WT and the CaVav3 5x mutant showed enhanced levels of actin 
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polymerization, but differences in the pattern of actin organization were evident, with the 

polymerized actin being more confined to the cell margins in the case of the CaVav3 5x and 

the cells being more rounded. We did not examine the additional effect of phorbol ester, 

since phorbol ester induced Rho/Rac GTPase activation has been implicated in the 

rearrangement of the actin cytoskeleton [42]. Thus, interpretation of a change in actin 

polymerization due to phorbol ester binding to the CaVav3 5x mutant would be obscured 

through the enhanced actin polymerization response caused by phorbol ester.

3.4. Phorbol ester modifies Vav3 5X adapter function in a fashion similar to that of Vav3 
with a membrane targeting signal

The adapter region of Vav contributes to a rich pattern of protein interactions [25]. We 

wished to explore the possible impact of the mutations into the C1 domain of Vav3 at two 

levels. First, did the mutations affect protein-protein interactions? Second, did the 

translocation to membranes initiated by phorbol ester binding affect protein-protein 

interactions? PC3 cells were transfected with GFP-tagged Vav3 WT or 5X, treated in the 

absence or presence of phorbol ester, lysed, and proteins co-immunoprecipitated with the 

GFP-tagged Vav3 were detected. As controls for changes in localization, we included in 

parallel GPF-tagged Vav3 constructs into which either a myristylation signal to drive plasma 

membrane localization or a nuclear localization signal was incorporated (Supplementary 

Figure 2). Among possible interaction candidates, we focused on membrane associated 

proteins, since these seemed most likely to be affected by translocation of Vav3 5X in 

response to phorbol ester. In the absence of phorbol esters, Vav3 WT and Vav3 5X showed 

only a small and not significant difference in their ability to bind EGFR, PKCδ, and Src, 

implying that the mutations in the Vav3 C1 domain did not substantially interfere with these 

protein interactions (Figure 7). Addition of phorbol ester to the lysates caused significant 

increases in EGFR and PKCδ co-immunoprecipitated with the Vav3 5X as compared to the 

Vav3 WT. Similarly, enhanced co-immunoprecipitation was observed with the Vav3 

construct tagged with the myristylation sequence to drive its plasma membrane association. 

While a similar trend was observed in the LNCaP cells, the results did not reach the level of 

statistical significance.

4. Discussion

Our understanding of C1 domains is surging, benefiting from the insights provided by 

multiple complementary approaches. We now appreciate that phorbol ester interaction in the 

binding cleft of the C1 domain represents a continuum from high affinity, through low 

affinity to no measurable affinity, and it finally extends to no affinity at all because of no 

binding cleft. Although classified as a “typical” C1 domain, the C1a domain of PKCθ was 

described as having an affinity for PDBu of >200 nM [43] and an affinity for DAG of 2000 

nM, compared to 26 nM for the PKCθ C1b domain [44], and it did not contribute to PKCθ 
translocation (unpublished observations). Although classified as “atypical”, the C1 domain 

of RasGRP2 in fact bound PDBu with an affinity of 2,900 nM [45].

What can be the role of such C1 domains with low DAG/phorbol ester affinity? We now 

understand that even typical C1 domains are not simply hydrophobic switches, toggled by 
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DAG, but rather they typically toggle between two states, one engaged in intramolecular 

interactions to favor a closed protein conformation and the other interacting intermolecularly 

with DAG/phorbol ester and the lipid bilayer. While high affinity, typical C1 domains 

require an appropriate surface lining and surrounding the binding cleft for this latter, 

membrane bilayer associated state, C1 domains whose primary function is for 

intramolecular interactions may favor a different surface, such as the highly positively 

charged rim of the C1 domains of PKCζ/ι or the negatively charged rim of Vav1. Ligands 

appropriately functionalized to complement this surface have the potential for both 

specificity and selectivity.

DAG-lactones have proven to provide a powerful template for synthetically accessible, 

readily manipulated, high affinity ligands for the typical C1 domains [20]. Like the phorbol 

esters, they insert into the binding cleft of the C1 domain, both completing what in the 

typical C1 domains is a hydrophobic surface and providing side chains which can influence 

C1 domain interactions. For typical C1 domains such as those in PKC, the combination of 

the completed hydrophobic surface and the additional hydrophobicity contributed by the 

side chains drives insertion of the C1 domain into the lipid bilayer. Twin consequences are 

the translocation of PKC to the membrane and conformational change of the PKC, resulting 

both from loss of intramolecular interactions of the C1 domain as well as the new 

interactions with the membrane. Depending on the specific patterns of substitution, the DAG 

lactones can show quite diverse biological effects, which we have suggested reflect their 

localization of PKC to diverse membrane microdomains [46].

Our increasing understanding of C1 domains and their interaction with ligands has also 

begun to inform the design of ligands directed at atypical C1 domains. We have described a 

first generation of DAG lactones that have improved selectivity for the critical substitutions 

in the C1 domains of PKCζ/ι and of Vav1 which render these C1 domains atypical, 

although, as discussed, the binding of these DAG lactones was shown for C1 domains that 

did not have the full set of the critical residues distinguishing the C1 domains of PKCζ/ι 
and of Vav1 from those of typical C1 domains [17,19]. One obstacle in design is that, for 

typical C1 domains, one element of the pharmacophore is believed to be contributed by the 

phospholipid head groups in the membrane. Thus, modeling indicates that only one of the 

two carbonyls of the DAG-lactone (or DAG) is engaged in hydrogen bonding with the C1 

domain [47], but both are required for high affinity binding [48]. To overcome this problem, 

an approach would be to recover this lost energy through additional interactions with the rim 

of the C1 domain. Depending on hydrophobicity, such a derivative could either simply 

occupy the Vav C1 domain binding cleft to disrupt the intramolecular interactions of the C1 

domain or, as illustrated here with PMA, change the localization of Vav, altering its 

interactions with partners. Current collaborative efforts are underway to explore these 

possibilities.

Potentially, such DAG-lactones could be either stimulators, inhibitors, or simply modifiers 

of the pattern of activity. We have discussed elsewhere what such effects might be for 

PKCζ/ι [19]. For Vav family members, the evidence that their atypical C1 domains stabilize 

GEF activity would predict that an appropriately bulky ligand would inhibit GEF activity. 

This indeed was what we found with the Vav3 5X mutant upon addition of phorbol ester. 
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Such agents could have therapeutic utility for immune suppression and those cancers in 

which Vav isoforms are involved. We also showed that phorbol ester changed the pattern of 

interaction of Vav3 5X with interacting partners. Since we have shown that different C1 

domain directed ligands can cause different patterns of localization of PKC isoforms, an 

expectation is that ligands could be designed with different modulatory effects.

“Atypical” C1 domains outnumber the typical C1 domains [1,17,49]. The biological 

importance of these proteins, such as is the case for PKCζ/ι and for the Vav family, our 

increasing ability to manipulate structures that interact with C1 domains, and our growing 

recognition of C1 domains as modules for protein-protein interactions rather than just for 

protein – lipid interactions, all make these interesting targets for drug development. The 

present paper represents one element of this effort, validating that the interposition of a 

ligand at the C1 binding cleft of Vav3 impacts its functional activity.

5. Conclusions

This study assesses a novel strategy for regulating the tumor promoting Vav proteins. 

Utilizing molecules that target the C1 domain of the Vav proteins would provide a way of 

regulating small GTPase activation and altering protein interactions, both of which could 

have implications in tumor development.
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Highlights

- 5 key amino acid mutations result in phorbol ester sensitivity in the atypical 

Vav3 C1 domain.

- Phorbol ester binding to the Vav3 C1 domain disrupts guanyl nucleotide 

exchange activity.

- A change in Vav3 localization is induced by phorbol ester binding.

- The change in localization alters protein interactions.
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Figure 1. Vav protein structure
A) The domain structure of Vav1/2/3. The GEF activity of Vav is subject to autoinhibition 

by the AD and CH domains, which can be relieved either by tyrosine phosphorylation of the 

AD domain or experimentally in constructs by deletion of these domains. CH, calponin 

homology; AD, Acidic domain; DH, Dbl homology; PH, Pleckstrin homology; C1, C1 

domain; SH3, Src homology 3; SH2, Src homology 2. B) Amino acid sequence alignment of 

the Vav isoform C1 domains and comparison with the PKCδ C1b domain. Amino acid 

residues subjected to mutational analysis are highlighted in color. Residues forming the 

defining C1 consensus are highlighted in grey. C) Amino acid sequences of the mutated 
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Vav1/2/3 C1 domains. D) 3D Structure of the Vav3 C1 domain, showing the location of the 

mutated residues. Pdb files were constructed using ITASSER [33,34] and proteins modeled 

utilizing the SwissDock Pdb-viewer [35].
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Figure 2. Translocation of full length Vav1/3 with a wild-type or mutant C1 domain in response 
to phorbol ester treatment of LNCaP cells
A) LNCaP cells expressing the GFP-tagged full length Vav1 and Vav3 wild-type and the 

indicated Vav3 mutant constructs were treated with 10 μM PMA and then imaged by 

confocal microscopy at the indicated time points (min). At least 3 independent experiments 

were performed under each condition and representative series of images are displayed. B) 

The translocation of the GFP-tagged protein from cytoplasm to membrane was quantitated 

and expressed as the ratio of the GFP-tagged protein in the membrane to that in the 

cytoplasm at the indicated time points. Values represent the mean ± SEM derived from at 

least 3 cells in each of at least 3 independent experiments. ‘*’ indicates significant difference 

(p < 0.05) from Vav3 WT.
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Figure 3. Modeling the 5X mutations in the Vav3 C1 domain binding pocket
A) Modeling the Vav3 5X C1 domain with the mutated 2x and 3x residues color coded to 

indicate their localization relative to the DH and PH domains. Their proximity to the GEF 

domain is evident. The Swiss Pdb viewer software was used [35]. B) Docking of phorbol 13-

acetate into the binding pocket. The phorbol ester is located in the Vav3 5X C1 domain 

binding pocket and the potential interference between the side chains of the phorbol ester 

and the Vav DH domain is illustrated. The SwissDock program was utilized [36,37].
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Figure 4. Binding of Rho by Vav3 wild-type and its C1 domain mutants in the absence and 
presence of phorbol ester
The ability of the constitutively active (Ca) Vav3 and its C1 domain mutants to bind Rho 

was determined. GFP-tagged CaVav3 with wild-type or mutant C1 domains was expressed 

in LNCaP cells. Cell lysates were prepared and incubated in the absence or presence of 

phorbol ester at the indicated concentrations and binding to Rho-GST beads was then 

measured. A) Representative immunoblots showing expression of GFP-tagged CaVav3 wild-

type and C1 domain mutants in total lysate (left) and their binding to Rho-GST beads 

(right). D, DMSO; P, PMA 10 μM. B) Quantification of the binding of the GFP-tagged 

CaVav3 wild-type and C1 domain mutants to the Rho-GST beads (note more extensive 

range of ligand conditions). D, DMSO; P0.1, 0.1 μM PMA; P1, 1 μM PMA; P10, 10 μM 

PMA; PDBu30, 30 μM PDBu. Values represent the mean ± SEM from 3 independent 

experiments (P1 value, from 2 experiments) and are normalized to that of the DMSO control 

for CaWT. ‘*’ indicates significant difference (p < 0.05) from the DMSO control.

Kelsey et al. Page 21

Cell Signal. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Activation of Rho by Vav3 wild-type and its C1 domain mutants
The level of active Rho was assayed by its binding to the Rho binding domain (RBD) 

immobilized on beads. The Rho binding domain will only recognize and allow pull down of 

the activated GTP-bound form of Rho. LNCaP cells were transfected with GFP as a control 

and with the full-length and constitutively active (Ca) forms of GFP-tagged Vav3 with either 

a WT or 5X mutant C1 domain. Cell lysates were prepared and incubated with the RBD 

beads. A) Representative immunoblots showing the level of GFP-tagged protein expression 

(top) and the amount of Rho protein being pulled down by the RBD beads (bottom). B) 

Blots were scanned and quantitated. Values represent the mean ± SEM from 3 independent 

experiments. ‘*’ indicates significant difference (p < 0.05) for comparisons of Vav3 WT 

versus WT5X, WT versus CaWT, and CaWT versus Ca5X.
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Figure 6. Differences in F-actin cytoskeletal organization between CaWT and Ca5X expressing 
cells
LNCaP cells transiently transfected with GFP-tagged CaWT and Ca5X constructs (green) 

were stained for F-actin (Red) and imaged by confocal microscopy. The GFP signal appears 

faint in some cells when overlaid with the actin staining, so cells expressing the GFP-tagged 

proteins CaWT (top) and Ca5X (bottom) are indicated by asterisks in the actin only images. 

Note the more intense F-actin staining in the transfected cells and the lesser F-actin staining 

in the interior of the Ca5X expressing cells.
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Figure 7. Co-immunoprecipitation of interacting partners with the GFP-tagged Vav3 WT, 5X 
mutant, and Vav3 localization mutants in the presence and absence of PMA
PC3 cells were incubated for 1 h in the presence of 10 μM PMA (top) or without PMA 

(bottom). Lysates were prepared and subjected to immunoprecipitation with anti-GFP 

antibody. The GFP-tagged Vav3 protein and the indicated co-precipitated interacting 

proteins were detected by immunoblotting. For each interaction a representative immunoblot 

is displayed showing the GFP signal of the Vav3 protein in the upper panel and the specific 

protein of interest (as indicated above the graphs) in the lower panel. The graphs show the 

mean ± SEM from at least 3 replicate immunoprecipitations and western blots. An (*) 

signifies significant difference (p < 0.05) relative to WT Vav3. WT, wild-type Vav3; 5X, 

Vav3 5X; NLS, nuclear localization signal tagged Vav3; Myr, myristylation site tagged 

Vav3.
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Table 1

Binding affinities of [3H]PDBu to Vav1/2/3 wild-type and mutant C1 domains.

Vav1 C1 Kd(nM) Relative to PKCδ C1b

WT NA NA

2X (T24L/Y26K) NA NA

3X (E9M/E10S/T11P) 7330 ±490 38,000 ×

5X (E9M/E10S/T11P/T24L/Y26K) 1.05 ± 0.14 5.4×

Vav2 C1 Kd(nM) Relative to PKCδ C1b

WT NA NA

2X (T24L/Y26K) NA NA

5X (D9M/K10S/T11P/T24L/Y26K) 650.7 ± 2.6 3370 ×

Vav3 C1 Kd(nM) Relative to PKCδ C1b

WT NA NA

2X (T24L/Y26K) 188 ± 35 938 ×

3X (T9M/R10S/V11P) 840 ± 120 4380 ×

5X (T9M/R10S/V11P/T24L/Y26K) 4.7± 0.8 23.5×

GST-tagged C1 domains were expressed in bacteria, purified, and their binding affinities for [3H]PDBu determined. Values, mean ± SEM of 
triplicate experiments except for Vav3 3X, for which only 2 replicates were performed. NA, no activity. Values for Vav1 are from Geczy et al. [17].
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