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Background: It remains unclear how GB+y regulates diverse effectors in cells.
Results: WDR26 exists in oligomers. It simultaneously binds both GByand PLCPB2 to enhance PLC32 membrane translocation

and activation by GB+y in leukocytes.

Conclusion: WDR26 functions as a scaffolding protein to promote Gy-mediated PLC32 activation.
Significance: These findings uncover a novel mechanism of regulating GBv signaling through a scaffolding protein.

We have recently identified WDR26 as a novel WD40 repeat
protein that binds GBy and promotes G+ signaling during leu-
kocyte migration. Here, we have determined the mechanism by
which WDR26 enhances GBy-mediated phospholipase C 32
(PLCp2) activation in leukocytes. We show that WDR26 not
only directly bound GBvy but also PLCf2. The binding sites of
WDR26 and PLCS2 on G, 7y, were overlapping but not identi-
cal. WDR26 used the same domains for binding GBy and PLCf3
but still formed a signaling complex with Gy and PLC[32 prob-
ably due to the fact that WDR26 formed a higher order oligomer
through its Lis homology and C-terminal to LisH (LisH-CTLH)
and WD40 domains. Additional studies indicated that the for-
mation of higher order oligomers was required for WDR26 to
promote PLCf2 interaction with and activation by GBy. More-
over, WDR26 was required for PLCf2 translocation from the
cytosol to the membrane in polarized leukocytes, and the trans-
location of PLCB2 was sufficient to cause partial activation of
PLCp2. Collectively, our data indicate that WDR26 functions as
a scaffolding protein to promote PLCf32 membrane transloca-
tion and interaction with G, thereby enhancing PLC2 acti-
vation in leukocytes. These findings have identified a novel
mechanism of regulating GB+y signaling through a scaffolding
protein.

Heterotrimeric G proteins are composed of Ga and GBvy
subunits. They transduce diverse extracellular signals from G
protein-coupled receptors to mediate many important cellular
functions (1). The GB+y subunits play a central role in G protein
signaling. They tether Ga subunits to the membrane and regu-
late the duration of their activation (2). In addition, they directly
interact with and modulate the activity of a long list of proteins
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including receptors, ion channels, and enzymes such as PLC,”
phosphoinositide 3-kinases (PI3Ks), and G protein-coupled
receptor kinase 2. Through these downstream targets, GByreg-
ulates diverse functions including immune and tumor cell
migration (3-5), yeast cell mating (6), and heart rate (7).

G is a WD40-containing protein that possesses no enzy-
matic activities. Dimerization with prenylated G-y subunits ren-
ders its predominant localization in the plasma membranes (2).
Depending on the cellular localization of its downstream effec-
tors, Gy may regulate their activities by recruiting them to the
plasma membrane, direct interaction-induced conformational
change, or both (2). For example, GBy-mediated activation or
inhibition of membrane-embedded potassium and calcium
channels occurs by inducing an alteration in their conforma-
tion (8, 9). In the case of cytosolic proteins such as PLC[2,
PI3Kvy, or G protein-coupled receptor kinase 2 whose sub-
strates are localized to the plasma membrane, activation of
these proteins is mediated at least in part by recruitment to the
plasma membrane by GBy (10-13). However, GBy may
directly stimulate the catalytic activity of these proteins. For
example, it has been shown that translocation is not necessary
for GBy-mediated PLCP2 activation in vitro (14, 15).

We have recently shown that G3y-mediated signal transduc-
tion in leukocytes depends on a novel GBy-interacting protein,
WDR26 (16). WDR26 has been implicated in the regulation of
the MAPK signaling pathway, neuronal and cardiomyoblast
cell proliferation, and apoptosis (17-20). Down-regulation of
WDR26 alleviated GBy-mediated PI3K and PLCP activation
and leukocyte chemotaxis, indicating that WDR26 is required
for efficacious Gy signaling in leukocytes (16). Like GBYy,
WDR26 is a WD40 repeat-containing protein. Its C terminus is
predicted to contain seven WD40 repeats, whereas its N termi-
nus contains Lis homology (LisH) and C-terminal to LisH
(CTLH) domains that are predicted to be involved in protein-

2The abbreviations used are: PLC, phospholipase C; dHL60, differentiated
HL60; IP, inositol phosphate; LisH, Lis homology; CTLH, C-terminal to LisH;
fMLP, N-formylmethionine-leucine-phenylalanine; Ni-NTA, nickel-nitrilo-
triacetic acid; myr, myristoylated; MBP, maltose-binding protein.
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protein interactions and protein dimerization. The binding of
WDR26 to GB7 involves the Ga contact surface of GB+y that
interacts with many known Gy effectors (16). Itis not yet clear
how WDR26 binding to G-y leads to enhanced Gy signaling.

Here, we provide evidence that WDR26 exists in a higher
order oligomer and simultaneously binds both GGy and
PLCp2. It promotes PLCB2 membrane translocation and func-
tions as a scaffolding protein to bring PLCB2 in close proximity
to GBvy for activation. Thus, our findings have uncovered a
novel mechanism of regulating GBy signaling through a scaf-
folding protein.

EXPERIMENTAL PROCEDURES

Reagents—SDFla was from PreproTech. N-formylmethio-
nine-leucine-phenylalanine (fMLP), pertussis toxin, and
fibronectin were from Sigma-Aldrich. Alexa Fluor 488- and
568-conjugated secondary antibodies, Alexa Fluor 568-conju-
gated phalloidin, CM-Dil, and Dynabeads protein G were from
Invitrogen. Ni-NTA resin was from Thermo Scientific. Mouse
anti-FLAG (M2) antibody was from Sigma-Aldrich. Rabbit
anti-WDR26 antibody was from Bethyl Laboratories. Rab-
bit anti-Gp (T20), rabbit anti-Ge;, and rabbit anti-PLCB2 anti-
bodies were from Santa Cruz Biotechnology.

Cell Culture—Jurkat T cells stably expressing FLAG-WDR26
and the HL60 cell line (ATCC) were grown in RPMI 1640
medium (Invitrogen) containing 10% fetal bovine serum (FBS)
as described previously (3, 16). HEK293 cells (ATCC) were
maintained in DMEM (Invitrogen) supplemented with 10%
FBS. Differentiation of HL60 cells into human neutrophil-like
cells was induced by adding 1.3% DMSO to the growth medium
and incubating for 7 days.

Transfection—Transient transfection of HEK293 cells was
performed using Polyjet DNA in vitro transfection reagent (Sig-
nagen) as described (16). Transfection of differentiated HL60
(dHL60) cells (1 X 10°) with siRNAs (0.2 nmol) was performed
5 days postdifferentiation using the Neon transfection system
(Invitrogen) with 10-ul electroporation tips and electropora-
tion parameters 1500 V/25 ms/one pulse (16).

DNA Constructs—The cDNAs for WDR26 and WDR26 dele-
tion mutants WDR1-122, WDR1-231, WDR123-231,
WDR232-661, and WDR123-661 were generated by PCR;
some of them have been described previously (16). They were
first cloned into the entry vector pENTR/SD/D-TOPO (Invit-
rogen) and then the destination vectors containing different
tags including FLAG, myristoylated (myr)-FLAG, and maltose-
binding protein (MBP) for expression in mammalian cells, Sf9
cells, and Escherichia coli, respectively, by using the Gateway
cloning system (Invitrogen) as described. The myristoylation
sequence was derived from the N-terminal amino acid
sequence (amino acids 2—15) of the Src protein. The plasmids
encoding rat PLCB2 (pMT2-PLCB2), HA-tagged human Gf3;
(pcDNA3.1-HA-Gf3,), and human Gy, have been described
previously (16, 21). pcDNA3.1-FLAG-PLCB2 and pcDNA3.
1-myr-FLAG-PLCB2 were constructed using the Gateway
cloning system after PLC32 was cloned into the donor vector
pDONR221 (Invitrogen).

Purification of WDR26 from E. coli—MBP, MBP-WDR26,
and its mutants were expressed in E. coli BL21 cells and purified
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using amylose resin (New England Biolabs) (16, 21). MBP was
removed from WDR26 by digestion with 3C protease at 4 °C
overnight followed by gel filtration chromatography.

Purification of Proteins from Sf9 Cells—His,-PLCB2, Gf3,/
His-vy,, FLAG-Gf,/His-vy,, and GB3,W99A/His-vy, were puri-
fied from Sf9 cells infected with baculoviruses encoding the
genes as described previously (22). FLAG-WDR26 was
expressed in Sf9 cells and prepared as cell lysates as described
(16).

Immunoprecipitation and Western Blotting Analysis—To co-
immunoprecipitate FLAG-WDR26 with endogenous GBvy and
PLCP2, Jurkat T cells were first serum-starved for 4—6 h and
then stimulated with SDF1« (50 nm) for the indicated times. In
some cases, cells were pretreated with pertussis toxin (0.2
pg/ml) overnight prior to stimulation by SDF1a. After SDFla
stimulation, 1 mm dithiobis(succinimidyl propionate) (Pierce)
was added to cross-link the proteins for 40 min at room tem-
perature followed by the addition of 50 mm Tris-HCI (pH 7.4) to
quench the unreacted dithiobis(succinimidyl propionate).
After washing twice with PBS (pH 7.4), cells were lysed in radio-
immune precipitation assay buffer (50 mm Tris-HCl (pH 7.4),
150 mMm NaCl, 1% Nonidet P-40, 0.1% SDS, 1% deoxycholate, 1
mMm EDTA) containing protease inhibitors. Immunoprecipita-
tion was performed as described previously (16). Protein com-
plexes were resolved by SDS-PAGE and analyzed by Western
blotting analysis using the Odyssey imaging system (LI-COR
Biosciences).

To co-immunoprecipitate FLAG-WDR26 and its mutants
with PLCB2 following their expression in HEK293 cells, cell
lysates were prepared from the transfected cells without dithio-
bis(succinimidyl propionate)-mediated protein cross-linking.
FLAG-tagged proteins were immunoprecipitated as described
above except that modified radioimmune precipitation assay
buffer containing 1% Nonidet P-40 but no SDS and deoxy-
cholate was used. Similar co-immunoprecipitation experi-
ments were carried out to determine the interaction of WDR26
with its mutants.

Protein Binding Assays—To determine its binding to PLC(32,
0.2 uM FLAG-WDR26 was first immunoprecipitated from the
Sf9 cell lysates in radioimmune precipitation assay buffer using
the anti-FLAG M2 antibody (Sigma) conjugated to Dynabeads
protein G. The beads containing FLAG-WDR26 were washed
extensively (five times) with radioimmune precipitation assay
buffer to remove lipids and other proteins associated with
WDR26 and beads and then incubated with increasing concen-
trations of PLCP2 in buffer (50 mm Tris-HCI (pH 8.0), 150 mm
NaCl, 1 mm EDTA, 0.2% Nonidet P-40) for 4 h at 4 °C. Protein
complexes were precipitated using a magnetic stand and sub-
jected to SDS-PAGE and immunoblot analysis.

To confirm the direct protein-protein interaction between
WDR26 and PLCPB2, 0.2 um purified His,-PLCB2 was incu-
bated with increasing concentrations of purified WDR26 in
buffer (20 mm HEPES (pH 8.0), 200 mm NaCl, 1 mm DTT, 5 mm
imidazole, 0.2% Nonidet P-40) at 4 °C for 2 h. Protein com-
plexes were precipitated by incubation with Ni-NTA resin at
4°C for 2 h followed by washing three times with high salt
buffer (20 mm HEPES (pH 8.0), 500 mm NaCl, 1 mm DTT, 0.2%
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Nonidet P-40) and twice with binding buffer and then subjected
to SDS-PAGE and immunoblot analysis.

To determine the effects of WDR26 and its mutants on the
Gp,v, and PLCB2 interaction, 0.2 um purified FLAG-Gf; vy,
was incubated with 0.5 uM PLCf2 and increasing concentra-
tions of purified WDR26 (0 -2 uM) or its mutant (0 -1 um). The
protein complexes were then immunoprecipitated with the
anti-FLAG M2 antibody conjugated to Dynabeads protein G as
described above.

The binding of Gf;v, and G3;W99A<y, to FLAG-WDR26
was determined as described previously (16). To determine the
effects of M119, gallein, and M119B on Gp;7y, binding to
FLAG-WDR26, M119, gallein, and M119B were first incubated
with Gf3;7, for 1 h prior to the addition of FLAG-WDR26. To
determine the effects of M119 and M119B on PLCf32 binding to
FLAG-WDR26, M119 and M119B were first incubated with
precipitated FLAG-WDR26 for 1 h prior to the addition of
PLCS2.

Polarization of dHL60 Cells—Polarization of dHL60 cells to a
uniform concentration of fMLP was performed in a Lab-Tek™
11 8-well chamber slide precoated with fibronectin (100 ng/ml).
5 X 10* dHL60 cells in 0.15 ml of Hanks’ balanced salt solution
(Invitrogen) supplemented with 1% glucose and 1% human
serum albumin were seeded onto each well and incubated at
37 °C for 10 min. After washing twice with Hanks’ balanced salt
solution to remove unattached cells, cells were stimulated with
buffer or 100 nm fMLP for 3 min at room temperature and then
fixed with 4% paraformaldehyde and 0.05% glutaraldehyde
(Sigma) for 10 min.

Immunofluorescence Staining—To stain for PLCB2 and
WDR26 in polarized dHL60 cells or HEK293 cells transiently
transfected with PLCB2, myr-PLCB2, FLAG-WDR26, myr-
FLAG-WDR26, or myr-FLAG-WDR26 plus PLCRB2, cells fixed
with 4% paraformaldehyde were permeabilized by 0.5% Triton
X-100 and then incubated with rabbit anti-PLCB2 antibody
(1:50 dilution), anti-WDR26 (1:250 dilution), or mouse anti-
FLAG antibody (1:500 dilution) for 2 h at room temperature
followed by incubation with an Alexa Fluor 488- or 568-conju-
gated anti-rabbit secondary antibody (1:500 dilution) or Alexa
Fluor 568-conjugated anti-mouse secondary antibody (1:500
dilution) for 1 h at room temperature. F-actin in dHL60 cells
was stained by using Alexa Fluor 568-conjugated phalloidin
(1:100 dilution). Lipid membrane was stained with CM-Dil
(1:200 dilution). Cells were visualized with an LSM510 Meta
inverted confocal microscope (Carl Zeiss, Jena, Germany) with
an argon/krypton laser and a Plan Apo 40X or 63X 1.3 numer-
ical aperture oil immersion lens. Images were acquired and pro-
cessed with ZEN2011 Image software (Carl Zeiss) and Adobe
Photoshop (San Jose, CA).

Gel Filtration Chromatography—0.1 mg of WDR26 or
WDR123- 661 in 0.2 ml of gel filtration buffer (10 mm Tris-HCl
(pH 7.4),150 mm NaCl, 1 mm EDTA, 1 mMm DTT) was applied to
a pre-equilibrated Superdex 200 GL10/300 column (GE
Healthcare) and resolved at a flow rate of 0.35 ml/min at 4 °C.
0.15-ml fractions were collected, and a 10-ul aliquot of each
fraction was subjected to Western blotting analysis with anti-
WDR26 antibody. The column was calibrated using the follow-
ing gel filtration standards (Bio-Rad): thyroglobulin (670 kDa),
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v-globulin (158 kDa), ovalbumin (44 kDa), myoglobin (17 kDa),
and vitamin B,, (1.35 kDa).

PLCB2 Assay—PLCP2 assays were performed as described
previously (23) except that 5 ng of PLCB2 was used. To deter-
mine the effect of WDR26 and its mutants on Gf3;7y,-mediated
PLCf2 activation, they were preincubated with Gf3; 7y, (0.1 um)
for 30 min at room temperature followed by the addition of
lipid vesicles containing 50 um phosphatidylinositol 4,5-bis-
phosphate, 5000—-8000 cpm/assay [*H]phosphatidylinositol
4,5-bisphosphate, 200 um phosphatidylethanolamine, and 5
ng/assay PLCB2. The reaction was initiated by the addition of
100 nMm free CaCl, and incubated at 30°C for 10 min as
described previously (23).

Measurement of Total Inositol Phosphate (IP) Turnover—
GBy-mediated PLCB2 activation was determined in HEK293
cells as described previously (21). Briefly, 1 day post-transfec-
tion, cells were labeled for 48 h with myo-[*H]inositol (2 uCi/
ml) in inositol-free DMEM containing 1% dialyzed FBS. After
serum starvation for 4 h, 10 mm LiCl was added to the cells to
initiate IP accumulation for 40 min. Total IPs were separated by
AG 1-X8 columns and expressed as percentage of total
[*Hlinositol incorporated into the intact cells.

Statistical Analysis—Data were expressed as mean * S.E.
Statistical comparisons between two groups were analyzed by
two-tailed Student’s ¢ test (p < 0.05 was considered significant).

RESULTS

WDR26 Forms a Complex with GBy and PLCB2—We
showed previously that WDR26 interacts with endogenous
Gpvyin Jurkat T cells stimulated with SDF1¢, which activates
the chemokine receptor CXCR4 (16). Given that WDR26 is
required for GBy-mediated PLC activation in these cells, we
asked whether PLC[32 was co-precipitated with WDR26 and
Gpy in a complex. Immunoprecipitation analyses of FLAG-
WDR26 from Jurkat T cells stably expressing this protein indi-
cated that WDR26 associated with endogenous PLCB2 in both
stimulated and unstimulated cells (Fig. 14, left panel). In con-
trast, as we showed previously, WDR26 only formed a complex
with Gy, but not Ge, in stimulated cells, and the interaction
of WDR26 with GB7y decreased over time with prolonged
SDFla stimulation (16). Pretreatment of cells with pertussis
toxin to uncouple receptors from G, proteins abolished the
interaction of WDR26 with GBvy but had no effect on the inter-
action of WDR26 with PLCPB2 (Fig. 14, left panel). These find-
ings suggest that WDR26 is constitutively associated with
PLCp2.

To determine whether WDR26 directly binds PLCB2, we
performed binding assays in vitro using purified proteins. As
shown in Fig. 1B, upper panel, FLAG-WDR26 bound PLCf32 in
a dose-dependent manner with a binding affinity of 0.906 =
0.002 uM. Reciprocal pulldown of His-PLCf32 also showed that
PLCB2 bound WDR26 in a dose-dependent manner with a
binding affinity of 0.44 * 0.13 um (Fig. 1B, lower panel). The
binding affinity of WDR26 with PLC[32 is comparable with that
with GBy (~0.5 um) (16). Because GBy also binds PLCB2 with
a similar affinity (~1 um) (22), this raises a question of whether
WDR26, Gy, and PLCB2 can form a trimeric complex. To test
this, we examined the binding of Gf3;7y, (0.2 uM) to a constant
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FIGURE 1. WDR26 binds PLC32 and enhances its interaction with Gy. A, co-immunoprecipitation of WDR26 with endogenous G-y and PLCB2 from Jurkat
T cells. FLAG-WDR26 was immunoprecipitated (IP) from Jurkat T cells pretreated with (+PTx) or without (Control) pertussis toxin overnight and stimulated with
SDF1a (50 nm) for the indicated time using mouse IgG or an anti-FLAG antibody. The presence of GB, Gey, PLCB2, and WDR26 in the immunoprecipitates
(pellets) and lysates (2.5% of total) was detected with specific antibodies. B, direct interaction of WDR26 with PLCB2 in vitro. Upper panel, FLAG-WDR26 (0.2 M)
was immunoprecipitated from Sf9 cell lysate by anti-FLAG antibody-conjugated beads and then incubated with increasing concentrations of purified PLCB2.
Lower panel, purified His-PLCB2 (0.2 um) was incubated with increasing concentrations of purified WDR26 and then precipitated with Ni-NTA beads as
described under “Experimental Procedures.” In the control (CT) samples, purified PLCB2 or WDR26 alone was incubated with the beads. C and D, WDR26
enhanced Gy interaction with PLCB2. Purified FLAG-G,y, (0.2 um) was incubated with PLCB2 (0.5 um) and increasing concentrations of WDR26 and then
immunoprecipitated with control beads (CT) or anti-FLAG antibody-conjugated beads. Representative immunoblots are shown in C, and quantitative data
from three independent experiments are shown in D. *, p < 0.05 indicates significance versus PLCB2 binding to GBy in the absence of WDR26. E, WDR26
enhanced GBvyinteraction with PLCB2 in intact cells. HEK293 cells were transfected with the indicated concentrations of FLAG-G, y,, PLC82, and WDR26. Cell
lysates were immunoprecipitated with an anti-FLAG antibody. The presence of proteins in the immunoprecipitates (pellets) and lysates was determined by
blotting for FLAG, WDR26, and PLCB2. Unless indicated, representative blots from at least three independent experiments with similar results are shown for all
figures. Error bars represent S.E.

amount of PLCB2 (0.5 um) in the presence of increasing con-
centrations of WDR26 (0-2 um). As shown in Fig. 1C, WDR26
was co-precipitated with GB;y, and PLCB2 in a complex.
Moreover, the presence of WDR26 enhanced the binding of
PLCPB2 to GfB,7, in a dose-dependent manner. The enhanced
binding peaked at 0.5 um WDR26 and became less obvious at
higher concentrations of WDR26. Similarly, co-expression
with WDR26 also promoted Gy interaction with PLCS2 in
HEK293 cells (Fig. 1E). These findings indicate that at optimal
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concentrations WDR26 is able to form a complex containing
both PLCB2 and Gf; y,, thereby enhancing PLCB2 interaction
with Gf3;7,. In contrast, excess WDR26 may bind to PLC2 and
Gp3;7, individually and is therefore unable to increase the bind-
ing of PLCB2 to Gf3,7s.

WDR26 and PLC[B2 Bind to an Overlapping, but Not Identi-
cal, Site on G3,;7v,—WDR26 binds to the Ga contact surface on
G, v,, which is known to interact with diverse effectors includ-
ing PLCB2 (16). To understand the molecular basis for the abil-
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FIGURE 2. The binding sites of WDR26 on Gf3,,. A and B, purified FLAG-WDR26 (0.2 um) was incubated with Gf3,7, (0.5 um) (upper panel) or PLCB2 (1 um)
(lower panel) in the presence or absence of the indicated concentrations of M119 and M119B and then immunoprecipitated (/P) with an anti-FLAG antibody.
Representative immunoblots are shown in A, and quantitative data from at least three independent experiments are shown in B. *, p < 0.05 indicates
significance versus binding in the absence of inhibitors. C and D, binding of FLAG-WDR26 to G3, 7y, and G3,;W99A,. Representative immunoblots are shown
in C, and quantitative data from three independent experiments are shown in D. Error bars represent S.E. CT, control.

ity of WDR26 to form a complex with PLCB2 and GS;y,, we
further characterized the binding sites of WDR26 on Gpf3;Y,.
Initially, we used small molecules, M119 and gallein, for com-
petition binding assays because they bind to a “hot spot” on
Gp, 7, that interacts with multiple effectors including PLC32
(24, 25). M119, but not its inactive analog, M119B, inhibited
WDR26 binding to Gf3,7v, at a concentration range that is
known to inhibit PLCB2 binding to Gp,vy, (Fig. 2A, upper
panel, and B). Similar results were obtained with gallein (data
not shown). In contrast, M119 had no effect on WDR26 inter-
action with PLCB2 (Fig. 24, lower panel), suggesting that M119
does not bind to WDR26. These data indicate that WDR26 and
PLCP2 share a common binding site on Gf3;y,.

To further characterize specific residues on GBvyrequired for
binding WDR26 and PLCB2, we evaluated WDR26 binding to a
GpB7y mutant defective in binding to and activating PLCP2,
GB,W99AY, (23, 26). The binding of WDR26 to G3,; W99Ay,
was comparable with that of the wild-type Gf3,, (Fig. 2B), sug-
gesting that Gy likely uses distinct residues within the hot spot
for binding WDR26 and PLCf2.

WDR26 Uses the Same Domains for Binding GB,y, and
PLCB2—We showed previously that the C-terminal fragment
of WDR26 consisting of the LisH-CTLH and WD40 domains is
involved in binding G+ (16). To identify the binding sites of
PLCB2 on WDR26, the interaction of PLCB2 with a series of
WDR26 deletion mutants was tested (Fig. 3). Most of the
mutants can be readily detected in the immunoprecipitates, but
only a small amount of WDR123-231 was detected in the pre-
cipitates (Fig. 3). This is probably due to its lower level of

JUNE 7,2013+VOLUME 288-NUMBER 23

LisH CTLH WD40
WDR1-661 T T—T M3 WelsHeli7]
WDR1-122 1
WDR123-231 O
WDR232-661 =l ABABRRH
WDR123-661 =i AHAHL R

IP: FLAG P 66'» 'tb's s
H '\ ’\‘ A\ A 5
&,@ @0@ &,@ «&OG \s()q‘ &
IB: PLCR2 == e J- PLCPB2
FLAG
=
T e 2
_ | w—
Pellets St

% -
Lysates |=-.-~——-|<—PLC[32

FIGURE 3. The binding sites of PLC32 on WDR26. HEK293 cells were trans-
fected with PLCB2 and FLAG-tagged GFP, full-length WDR26 (WDR1-661), or
the indicated WDR26 deletion mutants. Cell lysates were immunoprecipi-
tated (IP) with an anti-FLAG antibody as described in Fig. 1. The bands corre-
sponding to GFP, WDR26, and its mutants in the immunoprecipitates (pellets)
are indicated by stars. A schematic representation of the WDR26 structure
and its mutants is shown in the top panel. IB,immunoblot.

expression or low efficiency of retention to the blotting mem-
brane because of its small size (molecular mass, ~10 kDa). As
compared with the full-length WDR26, mutants WDR123—
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immunoblot.

231, WDR123-661, and WDR232-661 retained the capacity
to bind PLCB2, whereas WDR1-122 failed to bind PLCB2 (Fig.
3). These data indicate that the LisH-CTLH and WD40
domains of WDR26 are involved in binding PLC[32. Interest-
ingly, the WDR26 mutants that bound PLC2 also interact with
Gpy (16), suggesting that PLC2 and GBy may share overlap-
ping binding sites on WDR26.

WDR26 Exists in Oligomers—Given that WDR26 and PLC32
share overlapping binding sites on Gy and that the same
domains of WDR26 are involved in binding PLCS2 and G,
we were surprised to find they still formed a complex. Based on
this observation, we questioned whether WDR26 forms a
homodimer or a larger oligomer. Gel filtration analysis of puri-
fied WDR26 with a Superdex 200 column showed that WDR26
eluted in several fractions with peaks corresponding to ~160,
370, and larger than 600 kDa, the separation limit of the column
(Fig. 4A). The fractions with peaks larger than 370 kDa
appeared to be predominant (Fig. 44). Given that the monomer
of WDR26 is about 75 kDa, these results indicate that WDR26
exist in a mixture of multimers with higher order oligomers
larger than a pentamer (~375 kDa) being predominant (>90%)
(Fig. 4A). The formation of WDR26 oligomers was unlikely
simply due to protein aggregation because they were still
detected when gel filtration was performed with WDR26
tagged with the MBP, which enhances the solubility of fusion
proteins (data not shown). To verify these findings in mamma-
lian cells, we co-transfected FLAG- and myc-tagged WDR26 in
HEK293 cells and then performed co-immunoprecipitation
assays with anti-FLAG antibody. Myc-WDR26 was co-immu-
noprecipitated with FLAG-WDR26 (Fig. 4B), indicating that
they formed oligomers.
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Toidentifythestructural elementsrequired for WDR26 oligo-
merization, we evaluated the interaction of WDR26 deletion
mutants with the full-length WDR26. The N-terminal frag-
ment WDR1-122 did not bind WDR26, but the C-terminal
fragment WDR123- 661 retained the same binding to WDR26
as the full-length WDR26. Deletion of either the LisH-CTLH
domain (WDR232-661) or WD40 domain (WDR123-231 and
WDR1-231) from WDR123-661 impaired its binding to
WDR26, indicating that both domains are involved in WDR26
oligomerization (Fig. 4C). Interestingly, gel filtration analysis of
purified WDR123-661 showed that unlike the full-length
WDR26, which formed predominantly larger oligomers, it
existed primarily in a dimer (~135 kDa) or trimer (~189 kDa)
(Fig. 4D). These findings suggest that the N-terminal fragment
WDR1-122 is required for stabilization of WDR26 in the form
of higher order oligomers.

WDR26 Enhances GPy-mediated PLCB2 Activation—To
determine whether the ternary complex formed by WDR26,
Gy, and PLCP2 is signaling-competent, we tested GBy-stim-
ulated PLCP2 activity in the presence of increasing concentra-
tions of WDR26. WDR26 did not alter the basal activity of
PLCP2 but increased GBy-stimulated PLCB2 activity with a
bell-shaped curve (Fig. 5A4). The concentrations of WDR26
required for enhancing PLCB2 activity were consistent with
those required for increasing PLC2 binding to GBv (Fig. 1, C
and D), indicating that WDR26 enhanced PLC[32 activation
primarily through promoting PLC2 interaction with GBy. In
support of this notion, we found that WDR26 was unable to
rescue PLCf2 activation by GB, W99Ay,, which is deficient in
binding PLCB2 (Fig. 5B). Additionally, the WDR123-661
mutant inhibited the interaction between Gf3;vy, and PLCS32
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and consequently blocked G, y,-mediated PLCB2 activation the expression of PLCB2 and Gf;7, (Fig. 5D). In contrast, co-

in a dose-dependent manner (Fig. 5, A and C).

To verify the findings in intact cells, we co-transfected
WDR26 with PLCB2 and different concentrations of Gf3;y, in
HEK293 cells and then analyzed IP accumulation. GBvy alone
was able to activate PLCB2 in a dose-dependent manner (Fig.
5D). Co-transfection with WDR26 significantly enhanced the
potency of Gf3,7, in activating PLCB2, particularly with lower
concentrations of Gf3,7y, (0.4 and 0.8 ug) (Fig. 5D). WDR26
alone did not affect the basal activity of PLC32, nor did it affect

JUNE 7,2013+VOLUME 288-NUMBER 23

transfection with WDR123-661 inhibited Gf3;y,-mediated
PLCP2 activation (Fig. 5E). Together, these findings indicate
that WDR26 enhanced PLCB2 activation by Gf;7y, both in
vitro and in intact cells.

WDR26 Promotes PLCPB2 Membrane Translocation—We
showed previously that stimulation of Jurkat T and dHL60 cells
with chemoattractants leads to WDR26 translocation from the
cytosol to the plasma membrane (16). Immunostaining analysis
showed that in unstimulated dHL60 cells the cellular localiza-
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tion of both WDR26 (16) and PLC2 was difficult to be deter-
mined by first glance as these cells have a large nucleus and a
small fraction of cytosol. However, colocalization analysis of
WDR26 and PLCB2 with the cortical actin showed that they
were located within the cortical actin, indicating that they were
predominantly localized in the cytosol (Fig. 6A4) (16). The cyto-
solic localization of WDR26 and PLCB2 was confirmed by cell
fractionation analysis (data not shown). Upon stimulation with
fMLP, dHL60 cells became polarized, generating an F-actin-
enriched lamellipodial membrane protrusion (Fig. 64). As with
WDR26 (16), PLCB2 accumulated within the membrane pro-
trusion (Fig. 6A4). This accumulation was not an artifact of the
increase in plasma membrane surface at the cell’s protrusion
because polarized cells labeled with the lipid membrane probe
CM-Dil exhibited uniform CM-Dil fluorescence across the cell
(Fig. 6A). Given that WDR26 bound PLCP2, we asked whether
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WDR26 is required for PLC2 translocation to the membrane
protrusion. Transient transfection of dHL60 cells with an
siRNA against WDR26 led to about 50 —60% reduction in the
level of WDR26 expression (Fig. 6C). The down-regulation of
WDR26 did not affect the response of dHL60 to fMLP-stimu-
lated F-actin polarization, nor did it affect the cytosolic local-
ization of PLCP2 in unstimulated cells (Fig. 6, B and C). How-
ever, PLC[B2 translocation to the membrane protrusion was
significantly inhibited in fMLP-stimulated dHL60 cells (Fig. 6,
B and C). These findings indicate that WDR26 regulates the
membrane translocation of PLC32.

We showed previously that down-regulation of WDR26 in
dHL60 cells abolished fMLP-stimulated Ca®* signaling, which
is known to be mediated by PLCB2/3 (16). To determine
whether WDR26-regulated PLCB2 translocation contributed
to PLCB2 activity, we first tested whether membrane translo-
cation alone is sufficient for PLCB2 activation. To render
PLCB2 membrane localization, we attached a myristoylation
sequence to its N terminus. We then transfected different con-
centration of the wild-type PLCB2 and myr-PLCB2 in HEK293
cells and compared their basal activities in generating total IP.
As expected, confocal microcopy analysis indicated that PLC32
was expressed in the cytosol, whereas myr-PLCB2 was located
primarily in the plasma membranes (Fig. 7A). Overexpression
of either the wild-type or myr-PLCB2 caused an expression
level-dependent increase in IP accumulation (> = 0.84and 0.71
for the wild-type and myr-PLC2, respectively, p < 0.01) (Fig.
7E). At a similar expression level, myr-PLCB2 displayed a
higher activity in mediating IP production than its wild-type
counterpart (Fig. 7E). Based on the slope of their dose-response
curves, the basal activity of myr-PLCB2 is estimated to be
~2-fold higher than that of the wild-type PLC2 (0.212 * 0.077
versus 0.083 = 0.025, p < 0.05, n = 3). Notably, co-transfection
of myr-PLCB2 with Gy, caused a further increase in IP pro-
duction (Fig. 7F), suggesting that membrane translocation
alone is insufficient for maximum activation of PLC[32.

To provide evidence that WDR26-mediated PLC[32 translo-
cation contributes to its activation, we generated myr-WDR26
and co-expressed it with PLCB2. As expected, the wild-type
WDR26 alone was expressed primarily in the cytosol, whereas
myr-WDR26 was expressed in the plasma membrane (Fig. 7B).
Co-expression of myr-WDR26 but not the wild-type WDR26
with PLCB2 resulted in a significant amount of PLC32 localized
in the plasma membrane (Fig. 7C). Corresponding to their
membrane localization, co-expression with the wild-type
WDR26 had no effects on the basal activity of PLCB2, whereas
co-expression with myr-WDR26 led to PLCB2 activity (Fig.
7G).

DISCUSSION

In this study, we have demonstrated that the Gf+y-binding
protein WDR26 serves as a scaffolding protein to promote
Gp7y-mediated PLCB2 activation by regulating PLC32 mem-
brane translocation and interaction with GBy. PLCB2 is a cyto-
solic protein (12, 27). To hydrolyze its membrane-localized
substrate, phosphatidylinositol 4,5-bisphosphate, PLC32 must
first be translocated to the membrane. Indeed, agonist-stimu-
lated PLC2 translocation has been demonstrated in both neu-
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trophils and macrophages (12, 28). However, the underlying
mechanisms for PLCB2 translocation have not yet been
defined. Although PLCPB2 directly binds GBYy, which is local-
ized in the membrane, it is not clear whether interaction with
Gpyitself is sufficient for translocation. Our data indicate that
PLCB2 membrane translocation critically depends on its inter-
action with WDR26. As with GBvy, PLCB2 directly binds
WDR26. However, unlike GBvy, PLCB2 binding to WDR26 does
not require the activation of G protein-coupled receptors, sug-
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gesting that WDR26 and PLCP2 likely exist in a preformed
complex in the cytosol of unstimulated cells. In support of this
notion, both endogenous WDR26 and PLCB2 are predomi-
nantly located in the cytosol of unstimulated dHL60 cells.
Moreover, they are both translocated to the membrane protru-
sion by stimulation with the chemoattractant fMLP. The role of
WDR26 in facilitating PLCB2 membrane translocation is fur-
ther demonstrated by the findings that partially suppressing
WDR26 in dHL60 cells inhibited PLCB2 translocation but had
no significant effects on actin polymerization and cell polariza-
tion, suggesting that PLCB2 translocation is not simply the
result of cell polarization but rather its interaction with
WDR26. In line with these findings, co-expressing PLCB2 with
the membrane-localized WDR26 in HEK293 cells results in a
significant enhancement of PLC(32 membrane localization. It is
not clear from our studies how WDR26 translocation is regu-
lated. Our previous work suggests that WDR26 is not simply
anchored to the membrane protrusion by its interaction with
Gy because the concentration gradient of WDR26 from the
leading to trailing edge in a polarized leukocyte is significantly
steeper than that of GB+y (16). However, WDR26 translocation
is sensitive to pertussis toxin treatment, suggesting that acti-
vated Ge,,, or GBv signaling is required for the translocation
(16).

Membrane translocation has been shown to be sufficient to
cause activation of a number of enzymes including the GBvy
effector PI3Ky (11). It is not yet clear whether membrane trans-
location is sufficient for PLCB2 activation. Recent studies of
Rac-dependent activation of PLCB2 have suggested that Racl
may activate PLCB2 by inducing membrane translocation
because there is no significant conformational difference
between the structures of free and Racl-bound PLCB2 (29).
Our findings that targeting PLCB2 to the membrane either by
attaching a myristoylation sequence to its N terminus or by
co-expression with myristoylated WDR26 enhances its basal
activity to hydrolyze phosphatidylinositol 4,5-bisphosphate
have provided direct evidence to support the role of membrane
translocation in PLCB2 activation. However, it remains unclear
how membrane localization causes PLC[32 activation. Previous
work by Sondek and co-workers (30) has identified a linker
region between the X and Y domains of the PLCS2 catalytic
domain that is folded back to occlude its catalytic site. This
inhibitory linker consists of a high density of negatively charged
residues and was proposed to autoinhibit PLC[32. Upon PLCS32
recruitment to negatively charged substrate membranes, the
inhibitory linker is displaced from the active site by electrostatic
repellence, leading to PLC2 activation. This hypothesis was
supported by the findings that deletion of the linker region is
sufficient to cause PLCB2 activation in the absence of any stim-
uli (30). However, the PLCB2 mutant with the linker deletion
exhibited up to a 20-fold increase in basal activity, which is
significantly larger than what we observed with the membrane-
targeted PLCB2 (~2-fold). Although the observed different
activities of the PLCB2 deletion mutant and membrane-tar-
geted PLCB2 could be due to different assay conditions used by
the two laboratories, these findings may also suggest that the
increased PLCB2 activity by translocation cannot be simply
attributed to the displacement of the inhibitory linker.
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Although membrane translocation is likely the first step of
PLCp2 activation in vivo, it has been shown previously that
Gy can activate PLCB2 independently of its translocation in
vitro (14, 15). These findings indicate that once arriving at the
membrane PLC(B2 is further activated by direct interaction
with GB. Interestingly, under such a condition, GBy-mediated
PLCP2 activation can be further enhanced by WDR26. The
effect of WDR26 on PLCf32 activation is concentration-depen-
dent and correlated to its ability to enhance G+ interaction
with PLCB2. Given that WDR26 interacts with both GBy and
PLCp2, these findings indicate that at optimal concentrations
WDR26 forms a complex with GBy and PLCB2 that promotes
GpBy-mediated PLCB2 activation. Intriguingly, the binding
sites of WDR26 on Gf3y appear to involve a contact surface on
Gy that is required for binding and activation of many effec-
tors including PLCB2. Moreover, the binding of Gy and
PLCPB2 to WDR26 involves similar domains of WDR26. These
findings raise the question of how WDR26, GB7y, and PLC32
can be assembled into a complex. Previous work has found that
Gy contains multiple binding sites for PLCB2. In addition to
the Ga contact surface, the N-terminal coiled coil domain and
the outer surface of the G are also involved in binding PLC32
(22, 31). In the absence of other constraints, GB+y activates
PLCp2 primarily through the Ge, contact region (26). How-
ever, in the presence of one GBvy-interacting protein, AGSS,
Gp7ybinds to PLCB2 through an alternative site located at the N
terminus of GB (23). Consequently, AGS8, GBy, and PLC[32
can co-exist in a complex. Moreover, AGS8 rescues PLCS32
binding and activation by an inactive G that contains a muta-
tion (GB;W99A) in the effector contact surface. Our data indi-
cate that WDR26 may not use the same mechanism to form a
complex with GBy and PLCB2 because unlike AGSS8, which
only binds Gy, WDR26 interacts with both Gy and PLCS2.
Moreover, WDR26 was unable to restore the ability of
GB,W99AY, to activate PLC[2, suggesting that unlike AGS8
WDR26 does not direct Gy to use the alternative site for bind-
ing and activation of PLCB2. Rather, our findings that WDR26
exists in oligomers suggest that WDR26 may use different
monomers to bind GByand PLCB2, thereby bringing Gy and
PLCP2 in close proximity for enhanced interaction and activa-
tion. In this sense, WDR26 serves as a scaffolding protein to
assemble GBy and PLCB2 in a complex.

The interactions of WDR26 with GBvy and PLCPB2 are likely
to be transient in cells because we cannot isolate WDR26, G,
and PLCP2 as a stable complex by gel filtration chromatogra-
phy, nor can we accurately determine the stoichiometric rela-
tionship of their bindings by binding assays involving extensive
washing steps (data not shown). Interestingly, the ability of
WDR26 to enhance Gy and PLCf32 interaction and activation
appears to depend on its formation of oligomers larger than a
pentamer because the N-terminal truncation mutant of
WDR26, WDR123- 661, which predominantly exists in dimers
and trimers, fails to promote PLC2 binding and activation by
Gp7y. Rather, WDR123-661 exhibits a dominant negative
activity of inhibiting GByand PLCB2 interaction and activation
both in vitro and in vivo.

In summary, our studies have uncovered a novel mechanism
of regulating Gy signaling by a WD40 repeat protein that
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serves as a scaffolding protein to promote the interaction and
activation of PLCB2 by GB%. Our data suggest that in unstimu-
lated cells WDR26 forms a complex with PLCf32 in the cytosol.
Upon G protein-coupled receptor-mediated G protein activa-
tion, WDR26 facilitates the recruitment of PLCB2 to the
plasma membrane. Once on the membrane, WDR26 binds to
G, thereby bringing PLCB2 in close proximity to G+ for
interaction and activation. Given that WDR26 is ubiquitously
expressed and is required for the efficient activation of other
GPyy effectors such as PI3Ky (16), such a mechanism of regula-
tion by WDR26 may extend beyond PLCR2 (32). In addition to
PLCPB2, GBy can also stimulate PLCB3. Although the expres-
sion of PLCP2 is limited to leukocytes, PLCB3 is ubiquitously
expressed. It will be interesting to determine whether WDR26
can also bind PLCB3 and regulate GBy-mediated PLCf3 acti-
vation in other cell types. Moreover, our previous work has
already demonstrated that the regulation of Gy signaling by
WDR26 is critical for leukocyte migration (16). Recent work
has shown that GBvy signaling is also involved in numerous
pathological conditions such as heart failure and tumor growth
and metastasis (5, 33). It would be interesting to determine
whether aberrant regulation of Gy signaling by WDR26 con-
tributes to these pathological conditions.
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