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RhoA allosterically activates
phospholipase Cε via its EF hands

Check for updates

Vaani Ohri 1,4, Kadidia Samassekou 2,5, Kaushik Muralidharan 3, Elisabeth E. Garland-Kuntz2,
Isaac J. Fisher2, William C. Hogan1, Bailey M. Davis1 & Angeline M. Lyon 1,2

Phospholipase Cε (PLCε) cleaves phosphatidylinositol lipids to increase intracellular Ca2+ and activate
protein kinase C (PKC) in response to stimulation of cell surface receptors. PLCε is activated via direct
binding of small GTPases at the cytoplasmic leaflets of cellularmembranes. In the cardiovascular system,
theRhoAGTPase regulatesPLCε to initiate a pathway that protects against ischemia/reperfusion injuries,
but the underlying molecular mechanism is not known. We present here the cryo-electron microscopy
(cryo-EM) reconstruction of RhoA bound to PLCε, showing that the G protein binds a unique insertion
within the PLCε EF hands. Deletion of or mutations to this PLCε insertion decrease RhoA-dependent
activationwithout impacting its regulationbyotherGproteins.Together, ourdatasupport amodelwherein
RhoA binding to PLCε allosterically activates the lipase and increases its interactionswith themembrane,
resulting in maximum activity and cardiomyocyte survival.

MammalianphospholipaseC (PLC) enzymes are translocated and activated
at the cytoplasmic leaflet of membranes in response to diverse stimuli. All
PLCs cleave phosphatidylinositol-4,5-bisphosphate (PIP2) at the plasma
membrane, producing inositol-1,4,5-triphosphate (IP3) and diacylglycerol
(DAG). IP3 stimulates intracellular Ca2+ release, which, together withDAG,
activates protein kinaseCs (PKCs)1. PLCε also cleavesphosphatidylinositol-
4-phosphate (PI4P) at the perinuclear membrane, where local increases in
DAG activate PKCs and protein kinase D2,3.

PLCε is activated downstream of G protein-coupled receptors and
receptor tyrosine kinases (RTKs) through binding of the Rap1A, RhoA, and
Ras GTPases, as well as the Gβγ heterodimer. Activation likely proceeds
through simultaneous membrane localization and activation, with the G
protein dictating the location of activation2–4. In the cardiovascular system,
PLCε activation has been best studied in response to stimulation of Gs- and
G12/13-coupled receptors. Stimulation of the β-adrenergic receptors leads to
activation of the Rap1A GTPase, which in turn activates PLCε at the peri-
nuclear membrane. Increased PI4P hydrolysis activates PKC- and PKD-
dependent pathways that maximize Ca2+-induced Ca2+ release and
contractility5,6. However, sustained activation leads to upregulation of genes
that promote cardiac hypertrophy7–11. Gβγ-dependent activation of PLCε,
downstream of the endothelin-1 receptor, results in a similar pathological
response10–12. Intriguingly, PLCε has been reported to have a cardiopro-
tective role in response to ischemia/reperfusion injuries. Stimulation of G12/

13-coupled receptors, such as the sphingosine-1-phosphate receptor (S1PR),
activates RhoA2,3. In this pathway, RhoA activates PLCε at the plasma
membrane, where PIP2 hydrolysis increases intracellular Ca2+ and PKC
activity. The latter activates a PKD-dependent pathway that protects the
mitochondria from oxidative stress, a major cause of acute cardiomyocyte
cell death under ischemic conditions13–17.

The ability of PLCε to hydrolyze substrates at different intracellular
sites is due to its subfamily-specific regulatory domains and insertions. Like
other PLCs, PLCε contains a pleckstrin homology (PH) domain, four EF
hand repeats (EF1-4), the catalytic TIMbarrel, and aC2domain (Fig. 1a)3,18.
The core is flanked by an N-terminal region and a CDC25 domain that is a
guanine nucleotide exchange factor (GEF) for the Rap1A GTPase. At its
C-terminus are two Ras association (RA) domains, RA1 and RA2. RA1
stabilizes the catalytic core, while RA2 binds Rap1A and Ras GTPases3,19,20.
Finally, the TIM barrel contains two insertions: the X–Y linker and the
Y-box. As in PLCβ and PLCδ, the PLCε X–Y linker occludes the active site
and must be displaced via an interfacial activation mechanism to allow
substrate binding3,21,22. The Y-box is a ~70 amino acid insertion unique to
the PLCε subfamily23, but whether it has a role in basal activity is less clear.

RhoA is the most robust activator of PLCε, increasing its activity ~5-
10-fold over basal in cell-based assays3,24,25. Initial studies demonstrated that
only the active form the GTPase directly interacted with the lipase to
increase activity. Efforts to map its binding site relied on a series of N- and
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C-terminally truncated PLCε variants that narrowed its binding site to a
region between the EF hands and C2 domains (Fig. 1a). Given that only
PLCε contains the Y-box, it emerged as a possible binding site for the
GTPase, especially because its deletion eliminated RhoA-dependent acti-
vation. However, N-terminally truncated PLCε variants, with or without a
Y-box, were shown to pull down the active GTPase to similar extents23,26.
Although the Y-box may be required for RhoA-mediated activation, it is
clearly not the binding site.

In this work, we define theminimal structural requirements for RhoA-
dependent activation of PLCε. Prenylated RhoA·GTP is required for max-
imum activation, but a soluble mutant also stimulates the lipase, demon-
strating the mechanism likely involves both membrane localization and
allosteric components. Informed by newly annotated PLCε domain
boundaries, we show PLCε variants retaining the PH domain and EF hands
1/2 (EF1/2) are robustly activated by the GTPase, whereas variants that lack
the Y-box, the N-terminus, CDC25, PH domain, and/or EF1/2 hands have
decreased basal and RhoA-stimulated activities. Our cryo-electron micro-
scopy (cryo-EM) reconstruction of a RhoA·GTP–PLCε complex reveals an
integral role of theEFhands in themechanism,withRhoA·GTPbinding to a

PLCε subfamily-specific insertion in this domain, ~60 Å away from the
active site andY-box in theTIMbarrel.Mutation or deletion of the PLCεEF
hand insertion compromises RhoA-dependent activation in cells. Com-
parison of the RhoA·GTP–PLCε reconstruction to other PLCε structures
shows that RhoA binding induces conformational changes within the EF
hands that likely contribute to allosteric activation.

Results
RhoA-dependent activation of PLCε requires EF hands ½
Previous studies investigating RhoA-dependent activation of PLCε used
variants truncated at the N-terminus, removing all or parts of the CDC25
domain, PH domain, and EF1/2, based on sequence conservation, or the
C-terminal RA domains14,27,28. Because we recently established domain
boundaries for the PHandEFhanddomains18, we used this approach to test
the contributions of the N-terminal regions and Y-box in basal and RhoA-
dependent activation in cells. In this assay, cells are metabolically labeled
with [3H]-myoinositol, which is incorporated into their lipid head groups.
Transfected PLCε species cleave the [3H]-labeled phosphatidylinositol
phospholipids, producing DAG and [3H]-inositol species ([3H]-IPx), the

Fig. 1 | The PLCε EF1/2 hands and Y-box are required for maximum RhoA-
dependent activity. a Domain architecture of R. norvegicus PLCε, with domain
boundaries shown above. Variants used in this study are shown below, open boxes
indicate internal deletions. b (Left) Basal and RhoAG14V-stimulated activities of PLCε
and variants retaining EF1/2 and/or the Y-box. At least three independent experi-
ments from independent transfectionswere carried out for each variant, and data are
shown as the average of triplicate measurements ± SD. Data was analyzed using an
unpaired, one-tailed t-test with Welch’s correction comparing the basal and RhoA-
stimulated activities of each variant. ****p < 0.0001, for PH-C **p < 0.0053, EF-C
**p < 0.0034, PLCεΔY **p < 0.0075, EF-CΔY *p < 0.012. (Right) The change in

maximal activity ± SD was calculated by subtracting RhoAG14V-stimulated activity
from the basal activity of each variant. Data were analyzed using a one-way ANOVA
and Kruskal–Wallis test comparing each variant to PLCε, followed by a Dunn’s
multiple comparisons test. For EF3-C **p < 0.0053, PLCεΔY **p < 0.0030, and EF-
C-ΔY *p > 0.0159. Representative Western blots are shown below, with empty
pCMV vector (EV) and β-actin used as loading controls. Differences in expression
were not found to be statistically significant but may still contribute to variation in
activities. PLCε variants express a C-terminal FLAG tag and are detected with an
anti-FLAG antibody, while RhoA contains an N-terminal HA tag and is detected
with an anti-HA antibody.
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latter of which are quantified by scintillation counting29,30. RhoAG14V

increases WT PLCε activity ~5-fold over basal, consistent with previous
reports (Fig. 1a, b)23,31. PLCεPH-C,which lacks theN-terminal 836 residues,
is similarly activated by RhoAG14V. PLCε EF-C, which lacks the N-terminus
and PH domain, is also significantly activated by RhoAG14V, but its max-
imum activity is ~4-fold lower than that of RhoA-activated PLCε. PLCε
EF3-C, which is further truncated to remove EF1/2, is unresponsive to the
GTPase (Fig. 1a, b).We also reassessed the role of the Y-box in activation in
the context of PLCε and the EF-C variant. Deletion of this element sig-
nificantly decreased basal and eliminated RhoA stimulation (Fig. 1b),
indicating the Y-box is required for lipase activity in general, and not spe-
cifically for activation by RhoA.

Maximum RhoA-dependent activity of PLCε variants decreased
progressively as its N-terminus was truncated. To confirm the role of the
EF hands, particularly EF1/2, in RhoA activation of the holoenzyme, we
generated a series of chimeras between PLCε and PLCβ3, which is not
regulated by RhoA (Fig. 2a). In these chimeras, either the entire EF1-4
module of PLCε was replaced with that of PLCβ3 (PLCε/β3 EF), or only
the EF1/2 (PLCε/β3 EF1/2) or EF3/4 (PLCε/β3 EF3/4) module was
replaced (Fig. 2a). The chimeras expressed similarly and were properly
folded and functional (Supplementary Fig. 1). However, only PLCε/β3
EF1/2 showed significantly activation by RhoAG14V, with a ~3-fold
increase over basal activity (Fig. 2b).

Maximum activity requires prenylated RhoA
For PLC enzymes regulated by G proteins, maximum lipase activation
requires the G protein activators to be prenylated and/or acylated3,32. We
compared the ability of wild-type, prenylated RhoA·GTPγS and soluble
formsofRhoA·GTPγS andRhoAG14V·GTP todirectly activate purifiedPLCε
PH-C using amodified version of the commercially available IP-One assay.
Briefly, phosphatidylinositol (PI) is incorporated into liposomes, and the
activityof the lipase producesDAG,which remains in the liposome, and free
inositol phosphate (IP1)33,34. Wild-type (prenylated) RhoA·GTPγS and
soluble RhoAG14V·GTP significantly increased lipase activity ~7 and ~5-fold
over basal, respectively. Soluble RhoA·GTPγS increased lipase activity ~3-
fold over basal (Supplementary Fig. 2). The fact that soluble RhoA variants
partially activate PLCε PH-C confirms that membrane localization medi-
ated by RhoA alone is insufficient to achieve full activation of the lipase
by RhoA.

RhoA·GTP binds to the PLCε E2α′ helix of the EF hands
Cryo-EM single particle analysis (SPA) was used to determine the structure
of RhoA·GTP bound to PLCε PH-C. This variant is activated by RhoA
(Fig. 1a, b) and is the largest variant that has been purified in sufficient
quantities for biophysical studies18,30,35. PLCε PH-C and prenylated
RhoA·GTPwere incubated in a 3:1molar ratio before being applied to grids.
From an initial data set of 1,329,298 particles, two distinct populations

Fig. 2 | PLCε/β3 chimeras confirm the EF hands are essential for RhoA-
dependent activation. a Schematic of the PLCε/β3 EF hand chimeras. b Basal and
RhoAG14V-stimulated activities of PLCε, PLCβ3, and PLCε/β3 chimeras. (Left) Only
PLCε variants that retain the EF1/2 hands are responsive to RhoA-dependent
activation. At least three independent experiments from independent transfections
were performed for each variant, and data are shown as the average of triplicate
measurements ± SD. Data were analyzed using an unpaired, one-tailed t-test with
Welch’s correction comparing the basal and RhoA-stimulated activities of each

variant. ****p < 0.0001, **p < 0.0067, *p < 0.0167. (Right) Changes in maximal
activity of each variant were analyzed using a one-way ANOVA and Kruskal–Wallis
test comparing each variant to PLCε, followed by a Dunn’s multiple comparisons
test. ***p < 0.0485, *p < 0.0198. RepresentativeWestern blots are shown below, with
empty pCMV vector (EV) and β-actin used as loading controls. PLCε variants
express a C-terminal FLAG tag and are detected with an anti-FLAG antibody, and
RhoA contains an N-terminal HA tag for detection using an anti-HA antibody.
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containing 184,875 and 106,370 particles were identified. Because the first
population was larger and the resulting volume showed more structural
features, it was selected for further processing and used to generate an initial
3.5 Å map. A structure of PLCε PH-C (PDB ID 9B13, in review18) was fit
into themap, revealing unmodeled density around the EF hands. Given the
importance of the EF hands in RhoA-dependent activation (Figs. 1 and 2),
the crystal structure of RhoA·GMPPNP (PDB ID 1S1C)36 was placed in the
density such that its switch regions, which had the strongest density, were
adjacent to the EF hands. The resulting RhoA–PLCε PH-Cmodel was then

used as a template for additional rounds of particle picking and refinement,
resulting in a final map at 3.3 Å resolution (209,463 particles, Supplemen-
tary Figs. 3–5, Table 1).

In the RhoA·GTP–PLCε PH-C reconstruction, clear density is
observed for the PH-RA1 domains (Fig. 3). No density is observed for the
RA2 domain, despite its presence in the protein, because it is flexibly con-
nected to the rest of the lipase19,30. The architecture of PLCε is similar to that
of the lipase bound to an Fab fragment, with an r.m.s.d. of 0.87 Å for 786Cα
atoms (out of 841 resolved residues, PDB ID 9B13)18. The PH domain and
EF1/2 pack adjacent to the PLCε catalytic core, which includes the EF3/4-
RA1 domains35. The active site remains blocked by the C-terminus of the
X–Y linker. However, the rest of the X–Y linker (residues 1525–1631) and
the Y-box (residues 1662–1730) were not resolved, consistent with these
regions being highly dynamic in solution.

RhoA·GTPbinds exclusively to the EF hands via its switch I and switch
II, consistent with other RhoA–effector enzyme complexes (Fig. 3, Sup-
plementary Fig. 6)36–38. Switch I and II of RhoA·GTPcould be resolved in the
density (Supplementary Fig. 7) and bind to the PLCε E2α′ helix (residues
1273–1287), located in a subfamily-specific insertion within EF3/418,39. The
E2α′ helix is followed by an extended loop (residues 1288–1302) that
reenters the EF3/4 module. Residues 1288–1296 are ordered and poised to
interact with residues on the β3 strand of the GTPase (Figs. 3d and 4;
Supplementary Fig. 7). Overall, the interaction is largely hydrophobic,
burying ~1800 Å2 surface area. Within the PLCε E2α′ helix, residues
Asn1275, Ile1279, Ala1282, Ile1283, and Ala1286 interact with Phe39 in
switch I and Leu69 and Leu72 in switch II of RhoA·GTP (Figs. 3d and 4).
PLCε Ile1295, on the loop following E2α′, also interacts with RhoA Phe39.
Finally, PLCε Arg1049 and Trp1051, located on the loop connecting EF1
andEF2, interactwith Leu72 andPro75 at theC-terminus of theRhoA·GTP
switch II helix (Figs. 3d and 4). The orientation of RhoA·GTP and PLCε
places the prenylatedC-tail of theGTPase in the same plane as the PLCεPH
domain and the active site in the TIM barrel, which would allow these
elements to simultaneously engage the membrane as expected during
activation18,35.

There are differences in the intramolecular interactions between the
RhoA complex and the PLCε EF3-RA1 and Fab–PLCε PH-C structures18,30.
Residue-residue (RR) distance analysis40 was used to identify conforma-
tional changes across the three structures in an unbiased manner (Supple-
mentary Figs. 8 and 9). Within each individual structure, the PH and TIM
barrel domains move as a single unit, as do EF3/4 and the C2 domain. In
contrast, the RA1 domain is conformationally distinct in each structure,
potentially due to the influence of crystal packing interactions in the EF3-
RA1 structure or Fab binding in the Fab–PLCε PH-C structure (Supple-
mentary Figs. 8 and 9)18,30. Binding of RhoA·GTP to the EF hands induces a
shift in the position of EF3/4, moving it ~2 Å closer to the TIM barrel
domain relative to its position in the other structures. This conformational
change may reflect an allosteric component of RhoA-mediated activation
(Supplementary Fig. 10).

The PLCε E2α′ helix is required for RhoA·GTP-dependent
activation
Wefirst testedwhether thePLCεE2α′helix andflanking loop are needed for
RhoA-dependent activation (Fig. 4a, b, Supplementary Fig. 7). Deletion of
the disordered region preceding the E2α′ helix (PLCε Δ1226–1270) did not
eliminate RhoA-dependent activation but decreased maximum activity
(Fig. 4a, b). Deletions of the E2α′ helix (Δ1275–1289), the flanking loop
(Δ1287–1298), or both (Δ1275–1298) eliminated RhoA-dependent acti-
vation. The E2α′ helix is only required for activation by RhoA, as PLCε and
PLCε Δ1275–1289 had the same fold activation when co-transfected with
two other well-established G protein activators, Rap1AQ63E and the Gβγ
heterodimer (Supplementary Fig. 11)20,41. The E2α′ helix is also sufficient to
confer sensitivity to RhoA-mediated activation. Replacement of the PLCβ3
E2α-F2α helices in the EFhands (residues 183–221)with the corresponding
region of PLCε (F2α-E2α′, PLCε residues 1196–1284), or insertion of E2α′
between PLCβ3 EF1/2 and EF3/4 subdomains (PLCβ3 residues 221–222),

Table 1 | Cryo-EM data collection, refinement, and validation
statistics

EMDB: EMD-43927, EMD-43928
PDB: 9AX5
EMPIAR: EMPIAR-12069

Data collection

Grids Copper Quantifoil

Vitrification method FEI Vitrobot

Microscope FEI Titan Krios

Magnification 81000

Voltage (kV) 300

Detector GATAN K3 (6k × 4k)

Electron exposure (e−/Å2) 57.8

Number of frames 40

Defocus range (mM) 0.6–2.0

Pixel Size (Å) 0.527

Data processing

Number of micrographs 6378

Initial particle images (no.) 1,329,298

Final particle images (no.) 209,463

Symmetry C1

Map resolution (Å) 3.3

FSC threshold 0.143

Refinement

Map sharpening B factor (Å2) 133.2

Map CC 0.80

Model composition

Non-hydrogen atoms 8544

Protein residues 1065

Ligands 3

B factor (Å2; min/max/mean)

Protein 20.13/162.65/57.21

Ligand 27.98/138.95/134.91

R.m.s. deviations

Bond lengths (Å) 0.004

Bond angles (°) 0.924

Validation

MolProbity score 1.60

Clashscore 6.17

Rotamer outliers (%) 1.05

CaBLAM outliers (%) 1.45

Ramachandran plot

Favored (%) 96

Allowed (%) 4

Outliers (%) 0
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increased activity upon cotransfection with RhoAG14V (Supplemen-
tary Fig. 12).

Residues in PLCε that interact with RhoA·GTP in the structure were
also mutated to test their role in activation (Fig. 4c, Supplementary Fig. 7).
PLCε Arg1049, Trp1051, Phe1187 and Val1189 are positioned to interact
with the C-terminus of the switch II helix in RhoA (Fig. 4c). PLCε R1049A,
in the EF1 module, and F1187E and V1189E, in the loop immediately
preceding the E2α′ helix, had ~2-fold lower maximum activity. PLCε
W1051E resulted in a significant ~5-fold reduction in itsmaximumactivity,
confirming the importance of this residue in packing against switch II
(Fig. 4c). PLCε Ile1279, Ala1282, Ile1283, and Ala1286 are located on the
surface of the E2α′ helix and interact with Phe39, Leu69, and Leu72 in the
switch regions of RhoA·GTP (Fig. 4c). PLCε I1279E had a ~2-fold decrease
in its maximum activity, whereas A1282K, I1283E, and A1286K sig-
nificantly decreased maximum activity, with the I1283E mutation elim-
inating the response to theGprotein (Fig. 4d). PLCε Ile1295E, locatedon the
loop connecting E2α′ back to EF3, also caused a significant ~4-fold decrease
in maximum activity relative to wild-type (Fig. 4d). Together, PLCε
Trp1051, theE2α′helix, and Ile1295make the required interactionswith the
RhoA in order for activation to occur.

Discussion
In this study, we provide the first molecular insights into themechanism by
which RhoA activates PLCε. Using cell-based assays, we show that the EF
hands are critical for RhoA-dependent activation, whereas the Y-box,

previously thought to be involved in the process, is needed for general lipase
function. The role of the Y-box is not yet known, but because these variants
are detected by Western blot at the correct molecular weight, the lack of
activity seems unlikely to reflect a folding defect. To define the regions of the
EF hands necessary for activation, we generated chimeraswherein the PLCε
EF hands were replaced, in whole or in part, with those of PLCβ3. However,
only a chimera containing the PLCβ3 EF1/2 subdomain could be activated
by RhoA in cells (Figs. 1 and 2). We then used cryo-EM to determine a
reconstruction of the RhoA·GTP–PLCε PH-C complex (Fig. 3). Although
the quality of the overall RhoA·GTP density was weak, the overall shape of
the density was consistent, and the switch regions could be resolved,
allowing us tofit RhoA in themap. Site-directedmutagenesis and cell-based
assays support themodel for the complex.RhoA·GTPbinds to theE2α′helix
in the PLCε EF hands, making additional contacts with residues in EF1 and
the loop connecting E2α′ to the EF3/4 module. Deletion or mutation of the
E2α′ helix, EF1/2, or the loop connecting E2α′ and EF3/4 all but eliminate
RhoA-dependent activation (Fig. 4) while having little impact on regula-
tion by other G proteins (Supplementary Fig. 11). These findings strongly
indicate that E2α′ is the binding site for RhoA.

PLCεmust interact with the inner leaflet of the plasma membrane to
hydrolyze its PIP2 substrate. In addition to thePIP2 binding site in the active
site of the TIM barrel, the CDC25 and PH domains may also contribute to
membrane association, and together could define a common membrane
engagement surface18. In the reconstruction of the RhoA·GTP–PLCε PH-C
complex, the C-terminal thirteen residues of the GTPase, which are

Fig. 3 | RhoA·GTP binds to the PLCε EF hands.
a The 3.3 Å cryo-EM map of the RhoA·GTP–PLCε
PH-C complex and b fitted with the ribbon diagram
of the RhoA·GTP–PLCε PH-C complex. The
domains in PLCε are colored as in Fig. 1a, and
RhoA·GTP is shown in light blue. c Ribbon diagram
of the RhoA·GTP–PLCε PH-C colored as in (a). The
PLCε active site Ca2+ is shown as a black sphere, the
E2α′ helix and adjacent loop that bind RhoA are
shown in firebrick. Disordered regions, including
the X–Y linker (hot pink) and Y-box (orange), are
shown as dashed lines. RhoA·GTP is shown in light
blue, Mg2+ as a black sphere, and GTP in light blue
sticks. The N- and C-termini of each protein are
labeled. d Density (gray mesh) for the E2α′ helix
(shown in red) and e loop connecting the helix to the
EF3/4 subdomain.
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disordered inprior atomic structures, allow theprenylatedC-tail of RhoA to
reach the same plane of this potential membrane surface. Thus, the
architecture captured in our reconstruction is compatible with a functional
complex at a membrane. Although membrane localization is an important
component of the RhoA activation mechanism, we showed this alone is
insufficient for maximum activation, as soluble, active RhoA proteins sti-
mulate PLCε PH-C to a submaximal threshold in liposome-based assays
(SupplementaryFig. 2). RRdistance plots comparing the structures of PLCε
PH-C18 and PLCε EF3-RA130 show that the EF3/4 module is closer to the
TIMbarrel domainwhenRhoA·GTP is bound (Supplementary Fig. 8). This
may promote rearrangements within the catalytic domain that, when the
complex is at the membrane, facilitate displacement of the autoinhibitory
X–Y linker and allow substrate binding (Fig. 5). This is supported by

mutations in EF3/4 and the TIM barrel that decrease maximum RhoA-
dependent activation ~3-fold (Supplementary Fig. 10). The role of the
Y-box however remains undeterminedbut is clearly functionally important
given that its deletion impairs both basal andGprotein-stimulated activities
(Fig. 1a, b).

Whether other G protein activators of PLCε regulate lipase activity
through similar mechanisms has yet to be determined. It seems that mem-
brane localizationwill always be a key component because the autoinhibitory
X–Y linker would need to be displaced via interfacial activation at the
membrane3,21, and all known activators of PLCε are prenylated G proteins3.
At a minimum, regulation by Gβγ and Rap1A occurs independently of the
PLCεE2α′helix because its deletiondidnot alter the fold change in activity by
these G proteins. The Gβγ binding site has not been determined, but the

Fig. 4 | The PLCε E2α′ helix is needed for RhoA-dependent activation.
a Schematic showing the boundaries for internal deletions in the PLCε EF3/4
module. b (Left) Basal and RhoAG14V-stimulated activities of PLCε variants lacking
the E2α′ helix (Δ1275–1289), the loop connecting it to the F3α helix (Δ1287–1298)
in the EF3/4 module, or both (Δ1275–1298). Deletion of any of these regions largely
eliminates RhoA-dependent activation. At least three independent experiments
from independent transfections were performed for each variant. Data shown
represents the average of triplicate measurements ± SD, and analyzed using
unpaired, one-tailed t-test withWelch’s correction to compare the basal and RhoA-
stimulated activities of each variant. ****p < 0.0001, ***p < 0.0003, **p < 0.0080,
*p < 0.0112. (Left) The change in maximal activity ± SD was calculated by sub-
tracting the RhoA-stimulated activity from the basal activity of each variant. Data
were analyzed using a one-way ANOVA and Kruskal–Wallis test comparing each
variant to PLCε, followed by a Dunn’s multiple comparisons test. For Δ1275–1289,
**p < 0.0041, for Δ1287–1298, *p < 0.0134, and for Δ1275–1298, **p < 0.0097.
c The PLCε E2α′ helix (red) binds to the switch regions of RhoA (light blue).
Additional contacts with RhoA are made by residues in the EF1/2 module and the
loop linking E2α′ to the F3α helix. Labeled residues were subjected to site-directed

mutagenesis, and their impact on RhoA-dependent activation was quantified.
d (Left) Mutations in the G protein–PLCε interface decrease RhoA-dependent
activation. At least three independent experiments from independent transfections
were carried out for each variant. Data shown represents the average of triplicate
measurements ± SD, and was analyzed using unpaired, one-tailed t-test with
Welch’s correction to compare the basal and RhoA-stimulated activities of each
variant. ****p < 0.0001, ***p < 0.0003, **p < 0.0080, *p < 0.0112. (Right)Mutation
of PLCε Trp1051 in EF1/2, residues Ala1282, Ile1283, and Ala1286 in E2α′, and
Ile1295 in the E2α′-F3α loop significantly decreases maximum RhoA-dependent
activation. Data was analyzed using a one-way ANOVA and Kruskal–Wallis test
comparing each variant to PLCε, followed by a Dunn’s multiple comparisons test.
RepresentativeWestern blots are shown below, with empty pCMV vector (EV) and
β-actin used as loading controls. Differences in expression were not found to be
statistically significant but may still contribute to variation in activities. PLCε var-
iants express a C-terminal FLAG tag and are detected with an anti-FLAG antibody,
while RhoA contains an N-terminal HA tag and is detected using an anti-HA
antibody.
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CDC25 and RA2 domains are both required formaximumactivation by this
G protein41. It is possible that two Gβγ molecules bind to the lipase, pro-
moting translocation to the membrane, a scenario that has been observed in
other Gβγ–effector enzyme complexes, such as the Gβγ–PI3K42 and
Gβγ–PLCβ343 complexes. In the case of Rap1A, the GTPase binds the
C-terminal RA2 domain of PLCε, but activation requires the PH and EF1/2
domains, indicating that there are allosteric components. Indeed, small-angle
X-ray scattering showed that binding of constitutively active Rap1A to PLCε
PH-C induced long-rangeconformational changes, stabilizing the lipase inan
extendedstate20.This couldpotentiallybe explainedeitherby theRap1A-RA2
module interacting with the PH and/or EF1/2 domains, or by the latter two
domains constituting a second Rap1A binding site3.

In the future, studies that integrate the role of the membrane in PLCε
function are needed for a complete understanding of regulation. PLCε
translocates to the cytoplasmic leaflets of the plasma and perinuclear
membranes, hydrolyzing PIP2 or PI4P, respectively

2,3. These membranes
differ in their compositionandbiophysical properties, andwhether andhow
these factors impact interfacial activation,membrane engagement, and/orG
protein activation remain to be explored.

Methods
Cloning of PLCε and variants
A pCMV vector encoding R. norvegicus PLCεwith a C-terminal FLAG tag
(gift from A.V. Smrcka, U. Michigan) was used as a template to generate

PLCε PH-C (residues 837–2282), EF-C (residues 1038–2282), and EF3-C
(residues 1284–2282). TheY-box (residues 1667–1728)was deleted inPLCε
andEF-CbyQ5-site-directedmutagenesis (NewEnglandBioLabs, Inc.). In-
Fusion cloning (Takara Bio USA, Inc.) was used to generate PLCε and
PLCβ3 (in a pCI-neo vector, Promega) chimeras. For PLCε/β3 EF, PLCε
residues 1038–1355 were replaced with PLCβ3 152–304, PLCε/β3 EF1/2
replacedPLCε residues 1038–1284with residues 152–216 fromPLCβ3, and
PLCε/β3 EF3/4 replaced PLCε residues 1035–1355 with PLCβ3 residues
217–304. Internal deletions in the PLCε EF hands (Δ1275–1289,
Δ1287–1298, andΔ1275–1298) and pointmutants were generated with In-
Fusion cloning (Takara Bio USA, Inc.). PLCε PH-C was subcloned into
pFastBac HTA (ThermoFisher) for protein expression and purification41.
All constructs were sequenced over the coding region. Primer sequences are
shown in Table 2.

Expression and purification of PLCε variants
R. norvegicus PLCε PH-C was expressed in baculovirus-infected Spodoptera
frugiperda (Sf9) (RRID: CVCL_0549) cells at an MOI of ~1 for 48 h and
harvested by centrifugation. The pellets were resuspended in lysis buffer
(20mM HEPES, pH 8.0, 50mM NaCl, 10mM β-mercaptoethanol (β-Me),
0.1mM EDTA, 0.1mM EGTA, and EDTA-free protease inhibitor tablets
(Roche) at one-third strength), homogenized and lysed by dounce, and
centrifuged at 100,000 × g for 1 h. The supernatantwas filtered and diluted to
a final volume of 320mLwith 20mM imidazole, 300mMNaCl, and 10mM

Fig. 5 | Schematic for RhoA-mediated PLCε activation. Under basal conditions,
PLCε is autoinhibited by the X–Y linker in the cytoplasm. RhoA is activated
downstream of G12/13-coupled receptors by a RhoA guanine nucleotide exchange
factor (RhoGEF). The activated G protein binds the lipase via the E2α′ helix, which,
together with the PLCεCDC25, PH, andTIMbarrel domains,may define a common
membrane interaction surface. RhoA binding induces conformational changes
within the lipase, moving the EF hands closer to the TIM barrel domain, stabilizing

the EF1/2-EF3/4 interface and the CDC25-PH domain module closer to the TIM
barrel. These long-range conformational changes may facilitate displacement of the
X–Y linker from the active site, exposing the active site once at the membrane.
The RhoA·GTP–PLCε PH-C reconstruction is shown in the boxed inset. The pre-
nylated C-tail of RhoA is shown as a dashed line, and together with the TIM barrel
and PH domain, may form a shared membrane interaction surface. The ends of the
PLCε X–Y linker are indicated by hot pink asterisks.
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Table 2 | Primers for generating PLCε and RhoA mutants

Primer name Sequence 5′ to 3′

RhoAG14V Forward TGTTGGTGATGTAGCCTGTGGAA

RhoAG14V Reverse ATCACCAGTTTCTTCCGG

EF-C Forward GAAGGCCCAACCTTGGCA

EF-C Reverse CATCTTGACCAGGATCCG

EF3-C Forward GCTGCTGCAAGCATTGTG

EF3-C Reverse CATCTTGACCAGGATCCGCCC

PLCΔY Forward AGAACTCCTAAATGCTATC

PLCΔY Reverse TGAATTTAGAGTTGACAGG

W1051E Reverse GTGCTCTCTCTCCTACCACCAAACAACTCC

F1187E Forward CCAGAGCGAAATGGTCTCAGACAGTAACATGAG

F1187E Reverse ACCATTTCGCTCTGGAAGCCTTTCATTCCTC

V1189K Forward TTCATGGAATCAGACAGTAACATGAGTTTCATTG

V1189K Forward GTCTGATTCCATGAAGCTCTGGAAGCC

I1279E Forward GAGGCAGGAATCTGACGCCATTGCTGCTG

I1279E Reverse TCAGATTCCTGCCTCTGGTTGTCAGAAAGC

A1282K Forward ATCTGACAAAATTGCTGCTGCAAGCATTGTGA

A1282K Reverse GCAATTTTGTCAGATATCTGCCTCTGGTTGTCA

I1283E Forward TGACGCCGAAGCTGCTGCAAGCATTGTGAC

I1283E Reverse GCAGCTTCGGCGTCAGATATCTGCCTCTGG

A1286K Forward TGCTGCTAAAAGCATTGTGACTAATGGCACTGG

A1286K Reverse ATGCTTTTAGCAGCAATGGCGTCAGATATCTGC

I1295E Forward CACTGGGGAAGAAAGCACGTCCCTGGGC

I1295E Reverse CTTTCTTCCCCAGTGCCATTAGTCACAATGC

Δ1275–1289 Forward TTTCTGACACTAATGGCACTGGGATTGAAAGCA

Δ1275–1289 Reverse CATTAGTGTCAGAAAGCTGCTGCTTACTCTTC

Δ1287–1298 Forward CTGCTGCATCCCTGGGCATATTTGGGGTC

Δ1287–1298 Reverse CCAGGGATGCAGCAGCAATGGCGTC

Δ1275–1298 Forward TTTCTGACTCCCTGGGCATATTTGGGGT

Δ1275–1298 Reverse CCAGGGAGTCAGAAAGCTGCTGCTTACTCTTC

T977E Forward GCTTCAGGAAACCGACAATAGATTACTGCACTTCG

T977E Reverse TCGGTTTCCTGAAGCCCATAGAGCAGCG

F1012E Forward ACGGAAGGAACCTGACCAAAGACAACAGTGG

F1012E Reverse TCAGGTTCCTTCCGTATCTTTCTCACAGC

F1203E Forward CGAGCTGGAAAAATCATTCAGCATAAGGAGCCGC

F1203E Reverse GATTTTTCCAGCTCGACGAATTCAATGAAAC

F1206E Forward CAAATCAGAAAGCATAAGGAGCCGCAAG

F1206E Reverse ATGCTTTCTGATTTGAACAGCTCGACG

R1209E Forward CAGCATAGAGAGCCGCAAGGACTTGAAGG

R1209E Reverse CGGCTCTCTATGCTGAATGATTTGAACAGCTCG

Q1408E Forward TCTACAGCGAGGTCCTCTTGCAAGGATG

Q1408E Reverse GGACCTCGCTGTAGAGCTCCACAGAGG

L1460E Forward CTCCGACGAGCCAATCATCATATCCATTGAGAAC

L1460E Reverse ATTGGCTCGTCGGAGGTGATGAAGGCAC

PLCε ΔEF Forward AAGGCCCAATGGATAAAGACAATTTCGCCTC

PLCε ΔEF Reverse TATCCATTGGGCCTTCATACCGACC

PLCε/β3 EF Forward linearize: ATGGATAAAGACAATTTCGCCTC
PLCβ3 insert: CGGTATGAAGGCCCATTCCTGCGCAAAGCATACACG

PLCε/β3 EF Reverse linearize: TGGGCCTTCATACCGACC
PLCβ3 insert: ATTGTCTTTATCCATCTCCTCGCCTCCCAGGTAGC

PLCε/β3 EF1/2 Forward linearize: ATGGATAAAGACAATTTCGCCTC
PLCε insert: ATCTTTGAGCGGTTCGCTGCAAGCATTGTGACTAATGG
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β-Me prior to loading on a 5mL HisTrap column (Cytiva) pre-equilibrated
with binding buffer (20mM HEPES, pH 8.0, 300mM NaCl, 10mM β-Me,
0.1mM EDTA, 0.1mM EGTA, and 20mM imidazole). The column was
washed with 8 column volumes (CVs) of binding buffer and eluted with a
0–500mM imidazole gradient. Fractions containing the protein were con-
centrated to ~1mL and exchanged into low salt buffer (20mMHEPES, pH
8.0, 50mM NaCl, 0.1mM EDTA, 0.1mM EGTA, and 2mM DTT) before
loadingona 1mLMonoQcolumn (Cytiva) pre-equilibratedwith the low salt
buffer. The protein was eluted with a 0–500mM NaCl gradient. Fractions
containing the proteinwere pooled, concentrated to~1mL, and then applied
to tandem Superdex 200 Increase 10/300 GL columns (Cytiva) equilibrated
with 20mMHEPES pH 8.0, 200mMNaCl, 0.1mMEDTA, 0.1mMEGTA,
and 2mM DTT. Fractions containing the final, purified protein were iden-
tified by SDS-PAGE, concentrated to 4–5mg/mL, flash frozen in liquid
nitrogen, and stored at−80 °C.

Cloning of RhoA variants
The cDNA encoding wild-type human RhoA (residues 1–194, gift from
J.J.G. Tesmer, Purdue U.) was subcloned into pcDNA 3.1 and an HA-tag
installed at the N-terminus. Soluble RhoA was generated by subcloning the
human cDNA into a pMALc2H10T vector (gift from J. J. G. Tesmer, Pur-
due). The G14V mutation was introduced using Q5-site-directed muta-
genesis (New England BioLabs, Inc.). RhoA and RhoAG14V were also
subcloned into pFastBac HTA for expression and purification. All con-
structs were sequenced over the coding region. Primer sequences are shown
in Table 2.

Expression and purification of RhoA variants
RhoA and RhoAG14V were expressed in baculovirus-infected High5 cells,
cultured in Lonza Insect-XPRESSmedia (Fisher Scientific) at anMOI of ~1
and harvested after 48 h. Pellets were resuspended in lysis buffer (20mM
HEPES, pH8.0, 150mMNaCl, 0.1 mMEDTA, 10mM β-Me, 10%glycerol,
20mM GDP, 1mM leupeptin and lima bean (LL) protease, 1 mM phe-
nylmethanesulfonylfluoride (PMSF), and 5mMMgCl2). Cellswere lysedby
four freeze-thaw cycles and centrifuged at 100,000 × g for 1 h. The mem-
brane pellet containing RhoA or RhoAG14V was resuspended in solubiliza-
tion buffer (20mM HEPES, pH 8.0, 150mM NaCl, 10mM β-Me, 10%
glycerol, 20mM GDP, 1mM LL, 1mM PMSF, and 5mM MgCl2) and
sodium cholate added to a final concentration of 1% (w/v). The slurry was
stirred for 1 h at 4 °C to solubilize the membrane fraction, then centrifuged
at 100,000 × g for 45min. The supernatant was diluted 5-fold with load
dilution buffer (solubilization buffer supplemented with 1% (w/v) sodium
cholate) and loaded on an Ni-NTA affinity column (Roche cOmplete Ni-
NTA resin) equilibrated with 10 CVs load dilution buffer. The column was
washedwith 10CVofwash 1 buffer (20mMHEPESpH8.0, 150mMNaCl,
10mM β-Me, 10% glycerol, 20mM GDP, 1mM MgCl2, and 1% (w/v)

sodium cholate) and 20 CVs of wash 2 buffer (20mM HEPES pH 8.0,
300mM NaCl, 10mM β-Me, 10% glycerol, 20mM GDP, 1mM MgCl2,
10mMCHAPS, and20mMimidazole). RhoAorRhoAG14Vwas eluted in 10
CVs of elution buffer (20mMHEPES pH8.0, 150mMNaCl, 10mM β-Me,
10% glycerol, 20mM GDP, 1mM MgCl2, 10mM CHAPS, and 250mM
imidazole), and concentrated to ~1mL. The protein was loaded on a
Superdex 75 Increase 10/300 GL (Cytiva) column equilibrated with 20mM
HEPESpH8.0, 150mMNaCl, 1 mMDTT,40mMGDP, 1mMMgCl2, and
6mMCHAPS. Fractions containing the purified protein were identified by
SDS-PAGE, flash frozen in liquid nitrogen, and stored at −80 °C.

For soluble RhoA and RhoAG14V, E. coli BL21(DE3) was transformed
and grown to an OD600 of 0.4–0.6. Expression was induced by the addition
of 1mM isopropyl β-D-1-thiogalactopyranoside (IPTG) for 16–18 h at
18 °C. Cells were harvested by centrifugation and flash frozen in liquid
nitrogen. Proteins were purified as described above, with some modifica-
tions. Sodium cholate and CHAPS were omitted from all buffers. After the
pellets were resuspended in lysis buffer, 1 mg/mL lysozyme (Fisher BioR-
eagents) was added and incubated on ice for 30min. To ensure complete
lysis, samples were then sonicated on ice for 20 cycles (15 s pulse, 45 s
recovery), then centrifuged at 100,000 × g for 1 h. After Ni-NTA affinity
chromatography, the protein concentrationwasmeasured using a Bradford
assay and incubated with 8% (w/w) TEV protease overnight at 4 °C in
dialysis buffer (20mM HEPES, pH 8.0, 150mM NaCl, 10mM β-Me, 10%
glycerol, 40mM GDP, and 5mMMgCl2). The next day, the Ni-NTA col-
umnwas washed with 20 CV of dialysis buffer, and the dialysate was passed
five times over the resin. The TEV-cleaved, soluble RhoA or RhoAG14V was
concentrated to ~1mL, and purified on tandem Superdex 75 Increase 10/
300 GL (Cytiva) columns.

Purified RhoA proteins were activated using nucleotide exchange.
Briefly, the proteins were incubated with a 10-fold molar excess of GTP or
GTPγS and a 4-foldmolar excess of EDTA for 1.5 h on ice. The reactionwas
quenched by the addition of a 10-foldmolar excess ofMgCl2 and incubated
for 30min on ice23. The proteins were flash frozen in liquid nitrogen and
stored at −80 °C.

Rap1AQ63E and Avi-Gβγ cloning
The cDNA encoding human Rap1A (residues 1–184) was subcloned into
pcDNA3.1with anN-terminalHA tag.TheQ63Emutationwas introduced
using the Q5-Site-Directed Mutagenesis Kit (New England BioLabs Inc).
HumanAvi-taggedGβ1 andGγ2were subcloned into a pCI-neovector (gift
from A.V. Smrcka, U. Michigan). Constructs were sequenced using whole-
plasmid sequencing (Plasmidsaurus).

[3H]-IPx accumulation assay
COS-7 cells (gift from A.V. Smrcka, U. Michigan, (RRID: CVCL_0224))
were seeded at a density of 100,000 cells/well in 12-well plates in Dulbecco’s

Table 2 (continued) | Primers for generating PLCε and RhoA mutants

Primer name Sequence 5′ to 3′

PLCε/β3 EF1/2 Reverse linearize: GAACCGCTCAAAGATTTCCAAGG
PLCε insert: ATTGTCTTTATCCATCAGAAACCTTGCAAACCCT

PLCε/β3 EF3/4 Forward linearize: CTGAACAAGCTGTGTCTGCGG
PLCε insert: CGGTATGAAGGCCCAACCTTGGCACATGCTGTGG

PLCε/β3 EF3/4 Reverse linearize: TGGGCCTTCATACCGACC
PLCε insert: ACACAGCTTGTTCAGAGCAATGGCGTCAGATATCTGCC

PLCβ3/ε EF2
Forward

linearize: CTGCGGCCGGACATTGAC
PLCε insert: ATGTTCTCAGCAGACTTCATTGAATTCGTCGAGCTGT

PLCβ3/ε EF2
Reverse

linearize: GTCTGCTGAGAACATCTTCAGG
PLCε insert: AATGTCCGGCCGCAGCACAATGCTTGCAGCAGCA

PLCβ3/ε E2α’
Forward

linearize: CTGCGGCCGGACATTGAC
PLCε insert: CTGAACAAGCTGTGTCTTTCTGACAACCAGAGGCAGA

PLCβ3/ε E2α’
Reverse

linearize: ACACAGCTTGTTCAGGAACCG
PLCε insert: AATGTCCGGCCGCAGTTCAATCCCAGTGCCATTAGTCACA
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Modified Eagle’s Medium (Corning) supplemented with 10% fetal bovine
serum (FBS, BioTechne), 1% Glutamax (Gibco), and 1% penicillin-
streptomycin (Corning) and incubated for 24 h. The cells were co-
transfected with 750 ng empty pCMV, 750 ng PLCε variant DNA alone or
with 375 ng of RhoAG14V, 375 ng of Rap1AQ63E, or 375 ng Avi-Gβ1 and
375 ng Gγ2 DNA. After 24 h, the cells were washed with serum- and
inositol-free Ham’s F-10 media (Invitrogen) and incubated for 16–18 h in
Ham’s F-10media supplemented with 1.5mCi/well myo[2-3H(N)] inositol
(Revvity). Ten millimoles of LiCl was added to each well and incubated for
1 h to inhibit inositol phosphatases. Themedia was aspirated, and cells were
washed once with ice-cold PBS. Cells were lysed on ice by the addition of
1mL ice-cold 50mM formic acid. Lysates containing [3H]-labeled inositol
phosphates were loaded onto pre-equilibrated Dowex AGX8 anion
exchange columns (BioRad), washed twice with 50mM formic acid, once
with 100mM formic acid, elutedwith 1.2Mammonium formate and 0.1M
formic acid into scintillation vials. Total [3H]-IPx was quantified by scin-
tillation counting (Uniscint BD scintillation cocktail, NationalDiagnostics)2
9,30. All experiments were performed at least three times in triplicate from
independent transfections.

Immunoblotting
Cells were plated, transfected, and incubated in Ham’s F-10 media 24 h
post-transfection, replicating the conditions used for the [3H]-IPx accu-
mulation assays. After 48 h, cells were washed once with cold PBS and
scraped into 100 μL of 1X SDS loading dye (100mM Tris-HCl, pH 6.8, 6%
w/v sucrose, 2%w/v SDS, 5% v/v β-Me, and 0.02% bromophenol blue) and
incubated at 90 °C for 10min prior to loading on a 10% SDS-PAGE gel.
Samples were transferred to a PVDFmembrane overnight in Towbin buffer
(25mMTris, 192mMglycine, 20% (v/v)methanol) at 4 °C. Themembrane
was blocked with 5% bovine serum albumin (BSA) in 1X Tris-buffered
saline supplemented with 0.1% Tween-20 (TBST) for 1 h, washed three
times with 1X TBST, and incubated overnight at 4 °C with an anti-FLAG
rabbit antibody (Cell Signaling Technology Cat# 14793, RRI-
D:AB_2572291), anti-HA rabbit or mouse antibody (Cell Signaling Tech-
nology Cat# 2367, RRID:AB_10691311), and anti-actin mouse antibody
(Cell Signaling Technology Cat# 3700, RRID:AB_2242334) at 1:1000
dilutions. Endogenous and transfected Avi-Gβγ were detected using an
anti-GNB1 rabbit antibody (Invitrogen). The next day, the blot was washed
three times in 1XTBSTand incubatedwith goat anti-mouse (Sigma-Aldrich
Cat# 12-349, RRID:AB_390192) or anti-rabbit (Cell Signaling Technology
Cat# 7074, RRID:AB_2099233) secondary antibody conjugated with HRP
(Sigma-Aldrich) at a 1:10,000 dilution at 27 °C for 1 h. The blot was washed
three times in 1X PBS, and the West Pico ECL substrate was added
(ThermoFisher Scientific)30. Blots were imaged using a GeneGnome, and
densitometry analysis was performed in ImageJ24.

Liposome-based activity assays
100 μM of hen egg white phosphatidylethanolamine (PE) and 250 μM of
soybean phosphatidylinositol (PI, Avanti) were mixed, dried under nitro-
gen, and stored at −20 °C. Lipids were resuspended by bath sonication in
buffer containing 50mM HEPES, pH 7.4, 80mM KCl, 2mM EGTA, and
1mMDTT. Purified PLCε PH-Cwas diluted to a final amount of 2–5 ng in
assay buffer (100mM HEPES pH 7.4, 160mM KCl, 6 mM EGTA, and
1mMDTT), 3mg/mLBSA, and 3mMDTT. RhoA buffer (20mMHEPES
pH 8, 150mM NaCl, 1mM DTT, 40mM GTP, 1mM MgCl2, and 6mM
CHAPS) alone or containing a final concentration of 3mM RhoA variant
was then added.All sampleswere transferred to 30 °Cand incubatedwith 10
μL liposomes for 2min before the reaction was initiated by the addition of
5 μL free Ca2+ solution (1X assay buffer, 1 mM DTT, and 18mM CaCl2).
Reactionswere incubated for 15min at 30 °C, thenquenchedwith5 μLCa2+

chelating solution (1X assay buffer, 1mM DTT, and 210mM EGTA).
Negative controls lacked free Ca2+18. All assayswere performed at least three
times in triplicate using proteins purified from at least two independent
preparations.

Statistics and reproducibility
All cell-based assays were performed in technical triplicates at least three
times from independent transfections. Assays using purified proteins were
carried out in technical duplicates or triplicates at least three times using
protein from independent preparations. Assay data is shown as the average
of technical triplicates ± SD. Data were analyzed using an unpaired, one-
tailed t-test with Welch’s correction comparing the basal and RhoA-
stimulated activities of each variant. The change in maximal activity ± SD
was calculated by subtracting Rthe hoAG14V-stimulated activity from the
basal activity of each variant. Data was analyzed using a one-way ANOVA
and Kruskal–Wallis test comparing each variant to PLCε, followed by a
Dunn’s multiple comparisons test.

Cryo-EM sample preparation
PLCεPH-C at 0.6mg/mLwas incubatedwithwild-typeRhoA•GTP in a 1:3
molar ratio in 20mMHEPES pH 8.0, 150mMNaCl, 2mMDTT, 0.1mM
EDTA, 0.1mM EGTA, 1mM MgCl2, 40mM GTP, 0.5 mM CaCl2, and
incubated on ice for 1 h. The reaction was supplemented with CHAPS
(Millipore Sigma) to a final concentration of 2.5mM, and 3.5 μL of the
reactionwas applied to a glow-dischargedQuantifoil 1.2/1.3 300meshholey
copper grid. Grids were blotted at blot force 2 for 3 s, at 4.2 °C with 100%
humidity, and plunge frozen in liquid ethane using a Vitrobot Mark IV
(ThermoFisher Scientific).

Cryo-EM data acquisition
Grids containingRhoA•GTP–PLCεPH-Cwere imagedonaTitanKriosG4
(ThermoFisher Scientific) electron microscope equipped with a post-GIF
K3 Summit Direct ElectronDetector (Gatan, Inc.) andGatan quantumGIF
energy filter. 6378movies were collected using 300 kV at amagnification of
81,000× (pixel size of 0.527 Å) anddefocus rangeof 0.6–2.0 μmusingEPU44.
Each movie stack recorded 40 frames, for a total dose of 57.8 electrons/Å2,
and a total exposure time of 3.21 s per stack.

Cryo-EM data processing
The cryo-EM workflow and validation for the RhoA•GTP–PLCε PH-C
complex are shown in Supplementary Figs. 4 and 5 and Table 1. Patch
motion correction and contrast transfer function (CTF) were calculated
using cryoSPARC45. Froma total of 6378 exposures, 1,329,298particleswere
accepted. As a first step, ~400 particles were manually selected, generating
twenty 2D classes for template picking, and fifty 2D class averages were
generated. Nine classes (291,245 particles) were selected for an ab initio
reconstruction that generated two initial models, Volumes A1 and B2.
VolumeA1was larger and containedmore particles, and so was used as the
input for a non-uniform refinement to generate Volume A2 (3.52 Å,
184,875particles). AnAlphaFold2model of PLCεPH-C, aswell as the PLCε
PH-Creconstruction fromaFab-boundcomplex (PDBID9B1318), could be
fit in the density of Volume A2. Additionally, unmodeled density was
observed adjacent to the EF hands, and heterogeneous refinement was
carried out using the particles in Volumes A2 and B1, as well as 291,245
particles identified in the ab initio reconstruction, to improve the resolution
of this region. The resultingVolumeA3 (194,157 particles) was subjected to
non-uniform refinement against the same volume class, yielding a 3.44 Å
map. Rigid-body fitting the PLCε PH-C structure into Volume 4A revealed
stronger density adjacent to the EF hands. The crystal structure of RhoA
(PDB ID 1S1C36) was fit into this density with its switch regions poised to
interactwith theE2α′helix. Thismodelwas thenused to generate twenty2D
volume classes in EMAN, which were used as templates for particle picking
from the initial micrographs. 5,828,020 particles were extracted, with
1,047,728 particles accepted after inspection and used to generate fifty 2D
classes. The best ten 2D classes (209,103 particles) were selected and used to
generate two volumes, C1 andD1. Volume C1was unique compared to the
initial volumes (Volumes A1 and B1), while VolumeD1was very similar to
Volume A1. To maximize the particle number for the final reconstruction,
the 114,829 particles inVolumeC1were used in a non-uniform refinement,
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generating Volume C2 at 6.67 Å. These 209,103 particles were combined
with the original 291,245 particles, and after removal of duplicates, the
remaining 419,418 particles were used in heterogeneous refinement against
volumes A2, B1, and C2. The resulting Volume A5 (209,463 particles) was
subjected to non-uniform refinement, resulting in the final 3.32Å map.

Model building, refinement, and validation
An AlphaFold2 model of PLCε PH-C and the crystal structure of
RhoA·GMPPNP (PDB ID: 1S1C28) were rigid-body fit into the cryo-EM
density using COOT46,47. Alternating rounds of manual model building in
COOT and refinement in PHENIX46 were carried out, guided by the DAQ
collaboratory48. Stereochemistry of the final model was evaluated using
MolProbity and CaBLAM in PHENIX46,49. Coordinates for the
RhoA•GTP–PLCε PH-C reconstruction, volume map, half maps A and B,
refinementmask, andFSCcurve forVolumeAweredeposited in theEMDB
and PDB as accession numbers EMD-43927 and 9AX5, respectively. Raw
micrograph data were also deposited in EMPIAR-12069.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Annotated, uncropped, and unedited Western blots for the main text and
supplementary figures are shown in Supplementary Figs. 13 and 14. Cryo-
EM maps and coordinates were deposited in the EMDB and PDB as
accession numbers EMD-43927 and 9AX5, respectively. Raw micrograph
data were also deposited in EMPIAR-12069.Vectors encoding PLCεPH-C,
EF-C, andEF3-C are available fromAddgene (IDs: 244967, 244968, 244969,
respectively). All source data shown in the main text and supplementary
information are annotated and available in the Purdue University Research
Repository (purr.purdue.edu) under doi:10.4231/ZMJZ-PM07.
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