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Abstract
Phospholipase C-β (PLC-β) isozymes (EC 3.1.4.11) hydrolyze the membrane phospholipid
phosphatidylinositol-4,5-bisphosphate to generate intracellular second messenger signaling
molecules inositol-1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) in response to receptor
activation and other cellular stimuli. PLCβ1 and PLCβ3 isozymes were previously demonstrated to
bind the calcium-sensitive molecule calmodulin [1]. We have now shown through fluorescence
anisotropy that calmodulin/PLCβ3 affinities increase with increasing calcium in a physiologically
relevant concentration range. The bimolecular affinity constants for calmodulin interaction with
PLCβ1 or PLCβ3 were estimated as 260 nM and 200 nM, respectively, from fluorescence anisotropy
data. There was no effect of calmodulin on basal or Gαq-stimulated catalytic activity for either
isozyme. However, the interaction between calmodulin and PLCβ3 leads to potentiation of activation
by the G protein βγ dimer in an in vitro assay. 1321N1 cells treated with calmodulin inhibitors
concurrent with and post–stimulation of muscarinic receptors significantly reduced [3H]PIP
hydrolysis. Together these data are suggestive of cooperative role for calmodulin in the G protein
βγ dimer-stimulated activity of PLCβ3.
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1. Introduction
Phosphatidylinositol phospholipid-specific phospholipase C (PLC)1 is a key intracellular
signaling molecule that catalyzes the hydrolysis of PIP2 into IP3, a regulator of cytosolic
calcium levels, and diacylglycerol, a well-characterized activator of protein kinase C [2]. The
identified PLC isozymes have been classified by sequence homology into six families, β, γ, δ,
ε, ζ, and η[3-5]. Each family has unique mechanisms of activation and regulation. The activity
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of the PLCβ family of isozymes is stimulated by membrane G-protein coupled receptors
(GPCR) through heterotrimeric guanine nucleotide binding (G) proteins, which are composed
of a GTP/GDP-binding α subunit and a βγ dimer.

There are four identified and characterized isoforms of PLCβ. numbered 1 to 4. PLCβ2 and
PLCβ4 have limited tissue distributions, whereas PLCβ1 and PLCβ3 are nearly ubiquitous in
human tissues; PLCβ1 being dominant in brain and PLCβ3 being dominant in heart and smooth
muscle [2]. PLCβ1 and PLCβ3 are both activated by calcium and Gαq [6-8], but the PLCβ3
isoform is additionally sensitive to activation by Gβγ [9]. The mechanisms of regulation of
PLCβ3 are incompletely understood despite the enzyme's importance in a variety of cellular
processes [10-14]. Aberrancies in expression of PLCβ3 can lead to tumorigenesis [13,15,16],
and PLCβ3 knockout mice show changes in μ-opioid response [12] or early embryonic lethality
[17].

Calmodulin is an established, ubiquitous and abundant calcium-sensitive regulatory protein
associated with a vast diversity of cellular functions including signal transduction [18,19].
Calmodulin binds four molecules of calcium cooperatively, and undergoes a significant
conformational change upon calcium binding that is important for its many calcium-sensitive
regulatory functions. Calmodulin binding sites are nearly as diverse as the number of
calmodulin binding proteins, but generally are amphipathic α-helices, typically 20-35 amino
acids long, with basic and hydrophobic residues sorting to opposite sides on an α-helical
projection. The list of various mechanisms by which calmodulin regulates proteins is growing
nearly as fast as the list of calmodulin binding proteins [18,20].

We previously reported that calmodulin directly interacts with PLCβ1 and PLCβ3, and that
calmodulin inhibitors attenuate inositol phosphate (IP) accumulation in whole cells [1]. To
further understand this interaction, we sought to determine the direct effect of calmodulin on
PLC-β activity in vitro and to determine the binding affinity and calcium dependence of the
PLCβ/calmodulin interaction.

2. Materials and Methods
2.1 Reagents

PLCβ-selective polyclonal rabbit antisera and alkaline phosphatase-conjugated goat anti-rabbit
IgG secondary antibody were obtained from Santa Cruz Biotechnology Inc. (Santa Cruz, CA).
SuperSignal™ chemiluminescent substrate was purchased from Pierce (Rockford, IL). Fatty-
acid free bovine serum albumin (FAF-BSA), W-13 and carbamylcholine chloride (carbachol)
were obtained from Calbiochem (San Diego, California). PIP Strip® phospholipid blots were
obtained from Echelon Biosciences (Salt Lake City, UT). Synthetic and purified bovine brain
PIP, PIP2, PS and PE were purchased from Avanti Polar Lipids (Alabaster, AL). Calmodulin
was purified in the presence of calcium from bovine brain as previously described [21]. PLC-
β1, PLC-β3, Gαq, Gβγ, and [3H]PIP2 were purified as previously described [22-24]. Alexa
Fluor® 488 was acquired from Molecular Probes (Eugene, OR) and was conjugated to
calmodulin according to the manufacturer's recommended procedure.

2.2 Fluorescence anisotropy
Fluorescence anisotropy and fluorescence emission spectra were recorded with a Perkin Elmer
LS-50 Luminescence Spectrophotometer maintaining constant temperature (20°C).
Measurements of fluorescence anisotropy for PLCβ1 and PLCβ3 with Alexa-calmodulin in
buffer containing 0.1 M KCl and 30 mM MOPS, pH 7.2, were performed at an excitation
wavelength of 490 nm (band-pass 5 mm) using a linear polarizer, and the fluorescence emission
intensities at 525 nm (band-pass 20 mm) were monitored through a second linear polarizer.
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Anisotropy, r, was calculated according to the equation, r =
IVV − G × IVH
IVV + 2 × GIVH

, where IVV and

IVH are the intensity of vertically or horizontally polarized emitted light, respectively, obtained
with vertically polarized exciting light. Four readings were taken for each measurement and
averages calculated and recorded. The value of G, 0.982, which corrects for unequal
transmission of vertically and horizontally polarized emitted light, was obtained from tables
prepared by the Anderson laboratory specific for their instrument (personal communication).

2.3 Reconstitution Assay
The catalytic activity of PLCβ1 and PLCβ3 was quantitated using [3H]PIP2 substrate as
described previously [25]. Briefly, 45 ng of purified PLCβ3 or 15 ng of PLCβ1 in 20 μl of 50
mM HEPES pH 7.2, 3 mM EGTA, 80 mM KCl (Buffer 1) and 1mg/ml fatty acid free-BSA
was added to 20 μl of Buffer 1 containing 15 μM PIP2, 135 μM phosphatidylethanolamine and
6-10,000 cpm [3H]PIP2. Ten μl of 50 mM HEPES pH 7.2, 1mM EDTA, 3 mM EGTA, 5 mM
MgCl2, 100 mM NaCl, 1% cholate (Buffer 2) was added to each reaction containing either 30
ng Gαq or 50 ng Gβγ for G-protein stimulated activity of PLC. Basal PLC activity was
quantitated with the same buffer with no added G protein. Buffer 1 with 9 mM CaCl2 (10 μl)
was added to yield a final assay volume of 60 μl. The reaction proceeded at 30°C for 10 minutes
and was terminated by the addition of 375 μL of ice cold mixture of chloroform, methanol and
hydrochloric acid in a ratio of 80:40:1. Followed by addition of 125 μl chloroform and 125
μl 0.1N hydrochloric acid with vigorous mixing. The aqueous and organic phases were
separated by centrifugation for 5 min. at 2000g. [3H]IP3 product release was quantitated by
scintillation counting of 400 μl of the upper phase. Triplicate samples were run in three separate
experiments.

2.4 Protein lipid overlay assays
Protein lipid overlay assays were conducted using either commercial phospholipid membrane
arrays containing synthetic phospholipids (PIP-Strips®) or nitrocellulose membranes spotted
in our laboratory with mammalian derived brain phospholipids. Nitrocellulose membrane
phospholipid blots were prepared by spotting with chloroform containing 0, 50 or 100 pmol
of phosphatidylserine, phosphatidylethanolamine or PIP2 in 1 μl and allowed to dry. Both
purchased and nitrocellulose membranes were blocked with 3% (wt/vol) fatty acid-free BSA
in TBST buffer (150 mM NaCl, 10 mM Tris·HCl, pH 8.0, and 0.1% (vol/vol) Tween-20) for
1 hour at 4°C. Blocked membranes were incubated overnight at 4°C with 0.5 μg/ml purified
PLCβ3 or PLCβ1 in the presence or absence of 0.5 μg/ml calmodulin. The membranes were
then washed three times for 10 minutes in TBST with 3% fatty acid-free BSA, followed by
incubation with PLCβ-selective polyclonal antibodies (0.1 μg/ml in TBST with 1% fatty acid-
free BSA) overnight at room temperature with gentle agitation. Following three washes over
30 minutes in TBST with 1% fatty acid-free BSA, the membranes were incubated for 1 hour
with alkaline phosphatase-conjugated goat anti-rabbit antibodies (0.1 μg/ml) and visualized
with SuperSignal™ alkaline phosphatase chemiluminescent substrate according to
manufacturer's specifications.

2.5 Inositol phosphate assay
Whole cell inositol phosphate (IP) assays were performed with 1321N1 cells as previously
described [26]. Prior to assay, 1321N1 cells were subcultured in 24 well plates until 80%
confluent. Cells were then labeled overnight with [3H]myo-inositol, 1 μCi/0.5 ml/well,
prepared in sterile inositol-free, bicarbonate-buffered DMEM without additives. Following
radiolabeling, cells were pre-treated with 10 mM LiCl for 10 minutes in 20 mM Hepes-buffered
DMEM, pH 7.4 (HDMEM) at 37°C in room air to halt degradation and allow for accumulation
of inositol phosphates. Muscarinic receptors were then stimulated with 1 mM carbachol for 20
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minutes. W-13 (a calmodulin inhibitor) was added concurrently with carbachol or 10 minutes
post-carbachol stimulation. Following 20 minutes stimulation, cells were lysed and total
inositol phosphates (IP, IP2, IP3) purified and quantitated as described [26]. Lipids were
collected to quantitate residual [3H]inositol phospholipids. Percent (%) conversion was
calculated as ([3H]inositol phosphates (dpm))/( [3H]inositol phospholipids (dpm) + [3H]
inositol phosphates (dpm)) × 100. All assays were performed in triplicate and values reported
reflect an average of at least three experiments ± SE. Students t-tests were performed to assess
statistical significance where indicated.

2.6 Inositol trisphosphate accumulation assay
Prior to assay, 1321N1 cells were plated onto 6 well plates at a density of 0.5 × 106 cells/well
and allowed to adhere overnight. Cells were then labeled with [3H]myo-inositol, 10 μCi/2 ml/
well, prepared in inositol-free, bicarbonate-buffered DMEM without additives overnight.
Following radiolabeling, cells were pre-treated with 10 mM LiCl for 10 minutes in 1 ml of 20
mM HDMEM, pH 7.4 at 37°C in room air in the presence or absence of 100 μM W-13. Wells
were treated with vehicle (water) or 1 mM carbachol to stimulate muscarinic receptors for 30,
60 or 90 seconds. Following stimulation, the reaction was stopped and cells lysed by the
addition of an equal volume of 15% trichloroacetic acid solution directly to the wells. The
contents of the wells were transferred to glass tubes and spun at 1500 rpm in a table top
centrifuge to pellet cell debris. The supernatant was then transferred to a clean glass tube and
the TCA extracted 5 times with ether. After extraction the inositol phosphate species were
separated as described previously [27]. Briefly, 2 ml dH20 was added to the extracted cell
lysates and poured over Poly-prep columns containing 0.5 ml bed volume of AG1-X8 anion-
exchange resin (Formate form, 200-400 mesh, Bio-Rad). Tubes were rinsed with 8 ml dH20
and applied to the columns. The columns were washed with 5 ml 25 mM sodium borate, 60
mM sodium formate, and eluted with 5 ml 0.1 M formic acid, 0.2 M ammonium formate (IP
containing fraction) , 5 ml 0.1 M formic acid, 0.4 M ammonium formate (IP2 containing
fraction) , and 5 ml 0.1 M formic acid, 1.0 M ammonium formate (IP3 containing fraction).
The first 2.5 ml of each elution was collected and analyzed for incorporation of [3H]inositol
into IP, IP2 and IP3 by liquid scintillation chromatography. The cell membrane pellets were
solubilized with 1 ml of 1 M NaOH, which was used to wash the corresponding wells of the
plate for residual labeled cell membrane. The membrane prep was neutralized with one ml of
1 N HCl. The membrane lipids were collected to quantitate total [3H]inositol phospholipids.
Percent IP3 accumulation was calculated as ([3H]inositol trisphosphate (dpm))/( [3H]inositol
phospholipids (dpm) + [3H]inositol phosphates (dpm)) × 100. All assays were performed in
triplicate and values reported reflect an average of at least two experiments ± SE. Students t-
tests were performed to assess statistical significance where indicated.

3. Results
3.1 Fluorescence anisotropy analysis of PLCβ3 and PLCβ1 binding to calmodulin

Having established direct binding between PLCβ1 or PLCβ3 and calmodulin in the context of
the full-length proteins [1], we sought to determine the affinity of PLCβ for calmodulin.
Fluorescence anisotropy depends on the rotational freedom of a fluorophore, which is
influenced by its environment. By conjugating a fluorophore to calmodulin, we can estimate
binding affinity by recording changes in the rotation of the fluorescent calmodulin in the
presence of a potential binding partner, in this case PLCβ. Using calmodulin conjugated to
Alexa Fluor® 488 we measured the fluorescence anisotropy of Alexa-calmodulin titrated with
PLCβ1 and PLCβ3 in the presence of 1 mM free calcium. We can determine the degree of
complex formation of CaM with the PLCβ by measuring the fluorescence anisotropy of the
Alexa-calmodulin. PLCβ (isoenzyme 1 or 3) was titrated with Alexa-calmodulin in the
presence and the absence of calcium, and Alexa-calmodulin fluorescence anisotropy was
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measured. These anisotropy titration curves are shown in Figure 1 (Panels A and B). In the
presence of calcium, dissociation constants of 200 nM for Alexa-calmodulin/PLCβ3 and 280
nM for Alexa-calmodulin/PLCβ1 interaction were determined by non-linear curve-fitting of
the experimental titration data shown in Figure 1 (Panel A and B). The fit curveline is corrected
for a known and quantitated glycerol effect from the purified PLCβ storage buffer. In the
presence of EDTA, titration of Alexa-calmodulin with PLCβ3 caused only small increases in
anisotropy that failed to approach saturation over the concentration range covered, indicative
of a non-specific interaction. To further validate the calcium dependence of the interaction
between PLCβ3 and calmodulin, we performed a calcium titration curve for Alexa-calmodulin/
PLCβ3 interaction using 10 nM Alexa-calmodulin and 30 nM PLCβ3. Calcium stimulated
increased Alexa-calmodulin anisotropy in the presence of PLCβ3 (Figure 1, Panel C). The
EC50 value for calcium dependence of the Alexa-calmodulin/PLCβ3 interaction can only be
estimated as < 1 μM, a value that is within a physiologically relevant range. This apparent
EC50 is necessarily greater than the true EC50 of the complex because saturating
concentrations of PLCβ3 were not achievable with limited amounts of purified protein
available to use. The profile of anisotropy versus Ca++ concentration would be concentration
dependent until PLCβ3 concentration was greater than the Kd. However, these limited data
suggest that increasing calcium concentrations following initial activation of the enzyme may
support further interaction by increasing association of CaM with active PLCβ.

3.2 Calmodulin potentiates Gβγ activation of PLCβ3 in vitro
Pre-treatment with the calmodulin inhibitors W-13 and fluphenazine attenuated muscarinic
receptor stimulated phosphoinositide (PI) hydrolysis in 1321N1 cells [1]. To determine
whether the potentiation of PI hydrolysis by calmodulin could occur through direct stimulation
of PLCβ1 or PLCβ3, we performed reconstitution assays with purified PLCβ

.
 proteins and G

protein subunits and purified substrate in vitro. PLCβ3 can be activated in vitro by either the
Gαq or Gβγ dimer of the heterotrimeric G proteins, whereas PLCβ1 is sensitive to Gαq
stimulation but relatively insensitive to Gβγ dimers [28]. Calmodulin did not affect basal or
Gαq-stimulated PLCβ1 or PLCβ3 activities at any concentration tested (Figure 2, Panels A and
B, respectively). However, calmodulin did potentiate Gβγ stimulation of PLCβ3 activity
(Figure 2, Panel A, hatched bars). A titration of increasing Gβγ concentrations in the presence
of 10 μM calmodulin showed an increase in PLCβ3 activity of almost 30% (Figure 2, Panel
C).

3.3 Calmodulin does not affect lipid selectivity of PLCβ isozymes
Calmodulin regulates the activity of other signaling proteins via changes in membrane or lipid
interactions [29,30] and calmodulin binding sites share structural similarity to some
phospholipid binding domains. We assessed the effect of calmodulin on the lipid selectivity
of either PLCβ1 or PLCβ3 isozyme using lipid overlay assay with commercially available PIP
Strips®. Calmodulin did not affect the lipid selectivity of PLCβ1 or PLCβ3 (Figure 3, Panels
B and C). Although no changes in selectivity of lipid were seen in the presence or absence of
calmodulin, we found that PLCβ1 and PLCβ3 bind to PIP3 in addition to PI, PIP, PIP2, PA,
and PS (Figure 3, Panel B and C). To investigate the lipid binding specificity of PLCβs, we
purchased mammalian derived phosphatidylinositol phospholipids for spotting onto
nitrocellulose for additional lipid-protein overlay assays. Surprisingly, we found that PLCβ3
binding to synthetic phospholipids (single phospholipid species with 16:0 side-chains) did not
mimic PLCβ3 binding to mammalian-derived phospholipids with a variety of chain lengths
and saturations (Figure 3, Panel D). Side-chain specificity in PLCβ lipid binding has not, to
our knowledge, been previously reported. The mammalian PIP2 contains the 16:0 side-chain
species in only 7% of the total PIP2 species (manufacturer's analysis).
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3.4 Calmodulin inhibitors attenuate phosphatidylinositol phospholipids hydrolysis
concurrent with muscarinic receptor activation

To further dissect the mechanism by which calmodulin potentiates phosphatidylinositol
phospholipid hydrolysis in whole 1321N1 cells, we attempted to assess whether calmodulin
inhibitors have differential abilities to attenuate phosphatidylinositol phospholipid hydrolysis
under varying cytosolic calcium conditions. Previously, we pre-treated 1321N1 cells with CaM
inhibitors prior to activation by carbachol and showed inhibition of IP3 accumulation [1]. Here
we show the effect in 1321N1 cells of the calmodulin inhibitors when added concurrent with,
and post stimulation of muscarinic receptors by carbachol to investigate the effect of W-13
attenuation of IP accumulation in actively signaling cells. W-13 attenuates carbachol-
stimulated IP accumulation in all cellular activation states tested (Figure 4A) showing that
calmodulin inhibitors effect phosphatidylinositol phospholipid turnover when the GPCR
signaling cascade is active. The addition of W-13 concurrent with carbachol showed an
attenuation of IP accumulation equal to that of pretreatment [1]. Furthermore, addition of W-13
10 min post-stimulation by carbachol inhibited any further IP accumulation resulting in values
significantly lower than cells treated with vehicle alone. The effect of calmodulin inhibitor on
the initial rate of PLCβ activation was investigated by pre-treating 1321N1 cells with LiCl and
vehicle or W-13 for 10 minutes followed by carbachol stimulation for 30, 60 and 90 seconds.
IP3 was separated from total IP. Accumulation of IP3 after carbachol stimulation was inhibited
by W-13 at all time points (Figure 4B), supporting a role for calmodulin in PLCβ mediated
phosphatidylinositol phospholipid hydrolysis.

4. Discussion
Previously, we demonstrated direct interaction of calmodulin with PLCβ1 and PLCβ3 and the
importance of calmodulin in regulating G protein-stimulated inositol phosphate accumulation
by using calmodulin inhibitors in a whole cell assay. Additionally, calmodulin binding
homology domains were identified in both PLCβ1 and PLCβ3 protein sequences. In our current
study, we have characterized the affinity of the direct interaction between calmodulin and
PLCβ3 or PLCβ1, quantitated the effect of calcium on the interaction, defined the effects of
calmodulin on PLCβ3 activity in vitro, and further investigated the effects of calmodulin
inhibitors in whole cells under varying conditions of activation. Cumulatively, these data
support and expand the role for calmodulin in potentiating G protein-stimulated PLCβ activity,
particularly Gβγ-stimulated PLCβ3 activity.

Fluorescence anisotropy data demonstrated 200 nM concentrations of both PLCβ1 and
PLCβ3 bound calmodulin in the presence of 1 μM calcium. Because the number of known
calmodulin binding proteins is vast and calmodulin binds proteins under both resting and
calcium-activated conditions, the total amount of calmodulin in a cell is limited [31]. Therefore,
it is predicted that protein must bind to calmodulin with Kd values in the sub-micromolar range
to be expected to form physiologically relevant complexes [20], as found for calmodulins
interaction with PLCβ isozymes. The Kd values for binding of PLCβ1 and PLCβ3 to calmodulin
are also consistent with other calmodulin-binding signaling proteins such as the G-protein
receptor kinases, GRK1, 2, and 5, which have affinities of 40 nM, and 2 μM, respectively, for
calmodulin [32], and caldesmon which has an affinity for calmodulin of 1 μM [33]. The binding
of calmodulin to PLCβ3 was sensitive to calcium concentrations over a physiological range
with an apparent EC50 value of <1 μM (Figure 1), calculated using a non-saturating PLCβ3
concentration of 30 nM. This apparent EC50 is necessarily greater than the true EC50 of the
complex because saturating concentrations of PLCβ3 were not achievable with limited
amounts of purified protein available. The profile of Alexa-calmodulin anisotropy versus
calcium concentration would be concentration dependent until PLCβ3 concentration was
greater than the Kd. However, these data suggest that increasing cytosolic calcium
concentrations following initial activation of PLCβ enzyme may support further activation by
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increasing association with calmodulin and potentiating Gβγ-stimulated PLCβ activity.
Additionally the calcium dependence of the PLCβ3 isozyme is within the range of other known
calcium/calmodulin dependent proteins with calcium dependent EC50 values of 0.3 μM, and
3 μM for GRK1 and GRK5, respectively [34]. Previous work in this lab with fragments from
PLCβ3 protein suggested that the amino-terminal portion of the protein was a Ca++-
independent calmodulin binding peptide. However, precipitation of full-length PLC-β from
whole cell lysates with calmodulin-sepharose beads at physiologic calcium concentrations
demonstrated that calmodulin and PLCβ can bind in the presence of calcium [1]. Clearly, the
anisotropy data in this paper demonstrate that full length PLCβ1 and PLCβ3 bind calmodulin
in a Ca++ sensitive manner. The EC50 value of 1 μM for calcium dependence of PLCβs
interaction with calmodulin, although known to be a high estimate, is within physiological
ranges. One limitation of our previous study employing protein fragments is that fragments
lack the complete protein context which may confer additional functionalities or structural
subtleties to a domain. While the binding data published previously using fragments of the
PLCβ proteins identified a direct interaction between PLCβ and calmodulin, the anisotropy
data presented herein should more accurately depict the calcium dependence of the full-length
protein interaction. Calcium dependence is a hallmark of calmodulin binding protein
interactions, and thus our current findings of calcium dependence are more expected rather
than exceptional.

We have shown a direct effect of calmodulin in potentiating Gβγ activation of PLCβ3 (Figure
2, Panels A and C). One of the putative calmodulin binding sites of PLCβ3 overlaps with a site
previously identified as important in Gβγ activation of PLCβ [35]. Additionally, the β subunit
of Gβγ is a known calmodulin binding protein [36]. Thus calmodulin potentiation of PLCβ3
activation by Gβγ suggests the existence of a signaling complex that involves all three proteins,
Gβγ, calmodulin and PLCβ3. The ability of calmodulin to potentiate Gβ

.
γ activation of

PLCβ3 is consistent with our data in whole cells whereby pre-treatment with calmodulin
inhibitors attenuated muscarinic GPCR-stimulated inositol phosphate accumulation [1]. While
muscarinic receptor-stimulated phosphatidylinositol hydrolysis in 1321N1 cells is
characterized primarily as a Gαq /PLCβ1-mediated signaling event [37-39], the full response
may involve Gβγ and PLCβ3. The potential for differential activation of PLCβ1 and PLCβ3
in varying spatial and temporal contexts is not at all well understood. Our data suggests that
calmodulin is a co-factor in Gβγ-mediated PLCβ activation that may selectively increase
PLCβ3 activity concurrently with temporal increases in intracellular calcium concentration.
Possible mechanisms for potentiation of Gβγ-stimulated PLCβ activity by calmodulin include
increased recruitment of Gβγ to PLCβ3 by calmodulin, or calmodulin potentiation of Gβγ-
stimulated PLCβ3 hydrolytic activity by supporting the catalytic domain interaction with the
membrane interface.

The role of calmodulin in regulating PLCβ1 remains elusive, despite our demonstration of
direct binding. Calmodulin binding could potentiate PLCβ1 activation, independent of Gβγ,
by serving as a temporal scaffold or recruiter of other signaling regulatory proteins. The
functions of calmodulin are not limited to direct effects on activity. For example, calmodulin
binding of Gβγ sterically interferes with binding to Gαi/o subunits [36]. In addition, the effect
of calmodulin on GAP activities of the enzymes are unknown [40].

We determined that calmodulin does not alter the lipid selectivity profile of PLCβ3 or
PLCβ1 for phospholipids bound to nitrocellulose (PIP strips®) in overlay assays. However,
the PIP strip® overlay assays did reveal a previously unappreciated affinity of PLCβ3 and
PLCβ1 for PIP3. PIP3 is a membrane phospholipid that has a well-deserved reputation as a
regulatory lipid in a variety of cell signaling pathways [41-45], including a reciprocal
association with calmodulin [29,46] in other protein contexts. In addition to demonstrating an

McCullar et al. Page 7

Biochem Pharmacol. Author manuscript; available in PMC 2008 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



affinity of PLCβ3 and PLCβ1 for PIP3, the PIP strip® overlay assay also revealed that PLCβ
isozymes have different affinities for synthetic and wild-type lipids. The single saturated chain
species of synthetic phospholipids that are available on the commercial PIP Strip® membranes
is very different from the wide array of lengths and saturations in side chains of lipids derived
from mammalian sources that more accurately represent the composition of biological cell
membranes [47]. The fatty acyl chain specificity of PLCβ isozymes has not yet been
investigated, but has been reported in other proteins integral to GPCR signaling, such as RGS4
[29]. It is possible that calmodulin does contribute to lipid selectivity of PLCβs, but it is clear
from the above data that chain length is an important factor in determining the role of
calmodulin in lipid selectivity of PLCβ isozymes.

To further investigate the role of calmodulin in PLC activity in an actively signaling
environment, we revisited the whole cell assays. Previously, we determined that pretreatment
of 1321N1 cells with W-13 attenuates inositol phosphate accumulation after stimulation by
carbachol. To determine if calmodulin inhibitors were disrupting a pre-activation function
integral to PLCβ isozymes or eliciting a more direct effect in active signaling, we investigated
the effects of W-13 on phosphatidylinositol phospholipid turnover in an actively signaling
environment. We observed an effect of W-13 when added concurrently with carbachol equal
to that of pre-treatment with W-13. Additionally, W-13 inhibited IP accumulation when added
post-activation of muscarinic receptors. These results support a role for calmodulin in active
signaling of PLCβs, suggesting that calmodulin does not simply act to pre-couple proteins
necessary for activation. Because there are other PLCs in this signaling environment, in
addition to other targets of calmodulin, we wanted to investigate early effects on IP3
accumulation in a time frame relevant to activation of PLCβs. W-13 attenuated IP3
accumulation at all time points, providing additional support for the hypothesis that the
inhibition of calmodulin affects PLCβ signaling and not downstream pathways.

In conclusion, these studies further our understanding of the calmodulin/PLCβ interaction by
showing that calmodulin can potentiate activation by the Gβγ dimer without affecting
activation by Gαq. This work begins to detail the separate regulatory systems involving Gβγ
and Gαq, and suggests cooperativity between Gβγ, calmodulin and PLCβ3; however, temporal
and subcellular aspects of GPCR- and calcium-modulated cell signaling will also need to be
better understood for a full understanding of calmodulin effects on PLCβ3-mediated signaling.
Additionally, further research is required to demonstrate the importance of non-substrate
phospholipids and membrane binding on the regulation of PLCβ3 activity.
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Figure 1.
Binding of fluorescently-tagged calmodulin to PLCβ1 and PLCβ3 monitored by fluorescence
anisotropy. Fluorescence anisotropy monitoring of 10 nM Alexa-calmodulin binding to
increasing concentrations of (A) PLCβ3 (■) in the presence of 1 mM calcium, or presence of
1 mM EDTA (x). Lines were curvefit as described in Materials and Methods. Fluorescence
anisotropy monitoring of 10 nM Alexa-calmodulin binding to increasing concentrations of (B)
PLCβ1 (■) in the presence of 1 mM calcium. Lines were curvefit as described in Materials and
Methods. KD values calculated are 260 nM for PLCβ1 interaction with calmodulin and 200
nM for PLCβ3 interaction with calmodulin. (C) Effect of increasing calcium concentrations
on fluorescence anisotropy with 10 nM Alexa-calmodulin (■) or 10 nM Alexa-calmodulin plus
30 nM PLCβ3 (□). Fluorescence anisotropy (emission intensity) was measured at 525 nm with
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excitation at 490 nm at 20°C. Shown is representative data from two separate experiments. An
apparent EC50 value of < 1 μM was calculated for calcium effects on PLCβ3/calmodulin
interactions.
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Figure 2.
Effect of calmodulin on basal and G-protein-stimulated PLCβ activity in vitro. (A) Basal (solid
bars), 50 ng (90 nM) Gβγ-stimulated- (hatched bars), and 30 ng (70 nM) GTPγSGαq-stimulated
(white bars) PLCβ3 activity was quantitated in the presence of increasing concentrations of
calmodulin. (B) Basal (solid bars) and 30 ng GTPγS-Gαq-stimulated (white bars) PLCβ1
activity was quantitated in the presence of increasing concentrations of calmodulin. Basal
PLCβ activity was measured using PIP2 substrate in detergent/phospholipid vesicles. G-
protein-stimulated PLCβ activity was measured in the presence of purified G protein subunits
using PIP2 substrate in detergent/phospholipid vesicles. PLCβ activity was quantitated as
percent conversion of [3H]PIP2 substrate to [3H]IPn (derivatives of inositol phosphate with
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the individual phosphate positions defined in accordance with the IUPAC convention) as
described in Methods. (C) PLCβ3 activity was measured in the presence of increasing
concentrations of Gβγ subunits with (■) or without (□) 10 μM calmodulin. Data shown are
mean ± SEM of 3 to 5 separate experiments performed in triplicate. Asterisk (*) indicates
treatment results significantly different from vehicle at p < 0.001.
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Figure 3.
Protein lipid overlay. (A) PIP strips with the following membrane lipids; lysophosphatidic acid,
LPA, lysophosphatidylcholine, LPC, phosphaptidylinositol, PI, phosphatidylinositol-3-
phosphate, PI(3)P, phosphatidylinositol-4-phosphate, PI(4)P, phosphatidylinositol-5-
phosphate, PI(5)P, phosphatidylethanolamine, PE, phosphatidylcholine, PC, sphingo-1-
phosphate, S(1)P, phosphatidylinositol-3,4-phosphate, PI(3,4)P, phosphatidylinositol-3,5-
phosphate, PI(3,5)P, phosphatidylinositol-4,5-diphosphate, PI(4,5)P,
phosphatidylinositol-3,4,5-trisphosphate, PI(3,4,5)P, phosphatidic acid, PA,
phosphatidylserine, PS, and no lipid blank. PIP strips incubated with 0.5ug/ml of (B) PLCβ1
or (C) PLCβ3 in the absence or presence of 0.5ug/ml calmodulin. (D) Nitrocellulose
membranes spotted with indicated amounts of the listed phosphospholipids (pmol) and
incubated with 0.5 μg/ml PLCβ3. PE and PS have been isolated from bovine brain.
Nitrocellulose membranes and PIP strips were washed, incubated with anti-PLCβ isoenzymes,
and detected by Western blotting procedures as described in Materials and Methods. Data
shown is representative of three similar experiments.
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Figure 4.
Calmodulin antagonist effects on carbachol-stimulated inositol phosphate accumulation under
varying conditions of cell activation. (A) 1321N1 cells were stimulated for 20 minutes with 1
mM carbachol in the presence of 10 mM LiCl. Additionally, cells were either treated with
dH20 (Vehicle) or treated with 100 μM W-13 for 20 minutes concurrent with carbachol addition
(Concurrent), or treated for 10 minutes with 100 μM W-13 10 minutes after carbachol addition
(Post-Cch). PLCβ activity was measured as percent of [3H]PIPn converted to IPn in whole
cells, collected and quantitated as described in Materials and Methods. Shown is cumulative
data from three experiments performed in triplicate. (B) 1321N1 cells were pre-treated with
dH2O (Vehicle) or with 100 μM W-13 for 15 minutes. Cells were stimulated for 30, 60 and
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90 seconds with 1 mM carbachol in the presence of 10 mM LiCl. PLCβ activity was measured
as percent of [3H]PIPn converted to IP3 in whole cells, collected and quantitated as described
in Materials and Methods. Shown is cumulative data from two experiments performed in
triplicate. Asterisk (*) indicates W-13 pre-treatment results significantly different from vehicle
pre-treatment at p < 0.001.
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