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Phospholipase C (PLC) enzymes are an important family of
regulatory proteins involved in numerous cellular functions,
primarily through hydrolysis of the polar head group from inos-
itol-containing membrane phospholipids. U73122 (1-(6-((17�-
3-methoxyestra-1,3,5(10)-trien-17-yl)amino)hexyl)-1H-pyr-
role-2,5-dione), one of only a few small molecules reported to
inhibit the activity of these enzymes, has been broadly applied as
a pharmacological tool to implicate PLCs in diverse experimen-
tal phenotypes. The purpose of this studywas to develop a better
understanding of molecular interactions between U73122 and
PLCs. Hence, the effects of U73122 on humanPLC�3 (hPLC�3)
were evaluated in a cell-free micellar system. Surprisingly,
U73122 increased the activity of hPLC�3 in a concentration-
and time-dependentmanner; up to an 8-fold increase in enzyme
activity was observed with an EC50 � 13.6 � 5 �M. Activation of
hPLC�3 by U73122 required covalent modification of cysteines
as evidenced by the observation that enzyme activation was
attenuated by thiol-containing nucleophiles, L-cysteine and glu-
tathione. Mass spectrometric analysis confirmed covalent reac-
tion with U73122 at eight cysteines, although maximum activa-
tion was achieved without complete alkylation; the modified
residues were identified by LC/MS/MS peptide sequencing.
Interestingly, U73122 (10 �M) also activated hPLC�1 (>10-
fold) and hPLC�2 (�2-fold); PLC�1 was neither activated nor
inhibited. Therefore, in contrast to its reported inhibitory
potential, U73122 failed to inhibit several purified PLCs. Most
of these PLCs were directly activated by U73122, and a simple
mechanism for the activation is proposed.These results strongly
suggest a need to re-evaluate the use of U73122 as a general
inhibitor of PLC isozymes.

Phospholipase C (PLC)3 enzymes compose a family of pro-
teins involved in the cellular turnover of inositol-containing

phospholipids. These enzymes cleave the polar headgroup
from membrane lipids such as phosphatidylinositol 4,5-bis-
phosphate (PIP2) to generate inositol 1,4,5-triphosphate and
diacylglycerol, intracellular second messengers that mobilize
intracellular calcium and activate protein kinase C enzymes,
respectively. To date, 13 human PLC isozymes have been iden-
tified comprising six distinct and differentially regulated fami-
lies (�1–4, �1–2, �1,3–4, �, �1–2, and �) (1–3). They vary in
molecular size from the �70-kDa PLC� to the much larger
�250-kDa PLC�, but they share a common core domain struc-
ture including the EF domain, the C2 domain, and the highly
conserved catalytic core made up of two regions, commonly
referred to as X and Y domains (4, 5). Given the highly con-
served active site residues within all PLCs, it is not surprising
that they all act predominantly on just two substrates, PIP and
PIP2, with some catalytic activity toward PI (6). Therefore, PLC
isozymes likely achieve selectivity in their physiological func-
tions through either isozyme-specific receptor activation or
through unique downstream signaling mechanisms. PLC-me-
diated signaling has been implicated in a number of critical
cellular functions such asmotility (7),migration (8), growth and
differentiation (9, 10), as well as in the assembly and regulation
of cell-cell junctions (11–13).
U73122 (1-(6-((17�-3-methoxyestra-1,3,5(10)-trien-17-yl)-

amino)hexyl)-1H-pyrrole-2,5-dione) (Fig. 1) is an aminosteroid
first reported as an inhibitor of PLC-dependent processes in
1989 (14). Many studies have since reported that several
isozymes of PLC are inhibited by U73122, but not by U73343, a
close structural analog of U73122 containingN-alkylsuccinim-
idemoiety in place ofN-alkylmaleimide (15–19). These reports
have established U73122 as the prototypical inhibitor of PLC
enzymes. We have previously substantiated these reports and
observed that in both Madin-Darby canine kidney and Caco-2
cells U73122, but not U73343, inhibits ATP-stimulated PLC�
activity in a concentration-dependent manner (19). However,
several recent reports suggest that U73122may not be selective
for PLCs, as effects on numerous cellular proteins have been
reported, including telomerase (20), 5-lipoxygenase (21), hista-
mine H1 receptor (22), calcium channels (23), potassium chan-
nels (24), sarco/endoplasmic reticulum Ca2�-ATPase (25),
phospholipase D (26), and PI-dependent as well as PI-indepen-
dent exocytic processes (27), implying complex effects of this
compound in whole cell systems.
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Consistent with the studies identifying alternative cellular
targets forU73122, recent publications have questioned the use
of this compound as a truly selective modulator of PLCs, impli-
cating the electrophilic maleimide moiety for the lack of selec-
tivity (Fig. 1) (28, 29). Maleimides are inherently reactive and
readily interact with cellular thiols and amines; therefore, cova-
lent modification of nucleophiles on other proteins provides a
likely mechanism for the observed off-target effects. However,
the fact remains that there are numerous reports of U73122 as
an inhibitor of PLCs (14–17), and U73122 is widely used as a
probemolecule to implicate the involvement of PLCs in signal-
ing pathways and phenotypic cellular response (30–35). It is
disconcerting that little work has been done to understand the
interaction of this molecule with PLCs at the molecular level,
considering that modulation of cellular functions by U73122 is
often considered unequivocal evidence for involvement of
PLCs in those cellular functions. In this study, interaction
between U73122 and specific PLC isozymes was evaluated in a
simple, cell-free, mixed micellar system. Surprisingly, these
studies revealed that U73122 activates, not inhibits, the activity
of several PLC isozymes, uncovering a novel and potentially
general activation mechanism for lipases such as PLCs.

EXPERIMENTAL PROCEDURES

Materials—Dodecyl maltoside (DDM) was purchased from
Fluka. [3H]PIP2 ([2-3H]myoinositol) (20 Ci/mmol) was pur-
chased from American Radiolabeled Chemicals. PIP2 was pur-
chased from Avanti Polar Lipids. U73122, U73343,N-ethylma-
leimide, fatty acid-free bovine serum albumin (BSA), and all
other reagents were purchased from Sigma unless otherwise
indicated. Purified hPLC�3was generously provided by the lab-
oratory of Dr. T. K. Harden (Department of Pharmacology,
School ofMedicine, University of North Carolina, Chapel Hill).
hPLC�2, hPLC�1, and hPLC�1 isozymes have been previously
characterized (36, 37). Trypsin, thermolysin, and endoprotei-
nase GluC for digestion of hPLC�3 were from Promega, Fluka,
and Roche Applied Science, respectively.
Mixed Micellar PLC Assay—The activity of hPLCs in cell-

free systems was evaluated by an adaptation of previously pub-
lishedmethods (38, 39). Briefly, for DDMmixedmicellar assay,
3H-labeled (�30,000 dpm) and unlabeled PIP2 (50 �M) were
reconstituted in a 1 mM DDM solution (final assay concentra-
tion 0.5 mM) and mixed with assay buffer containing 40 mM

HEPES (pH 7.4), 480 mM KCl, 40 mMNaCl, 8 mM EGTA, 4 mM

MgCl2, and 7.6 mM CaCl2 in a final volume of 100 �l. Com-
pounds at desired concentrations, and purified hPLC�3 in 1%
fatty acid-free BSA and 10 mM HEPES (pH 7.0), were subse-
quently added to the mixture. To initiate assays, samples were
moved to a 37 °C water bath and incubated for 2–10 min such
that less than 15% of total substrate was hydrolyzed. At desig-
nated times, reactions were stopped by addition of 750 �l of
CHCl3/MeOH/HCl (40:80:1), followed by the addition of 100
�l of water, 250 �l of CHCl3, and 250 �l of 0.1 M HCl. Samples
were vortexed and centrifuged at 3000 rpm for 10 min at 4 °C.
The amount of [3H]inositol phosphates formed was measured
by liquid scintillation counting of the upper phase (500 �l) in a
Packard Tri Carb 4000 Series spectrophotometer.
For experiments in a cholate-mixed micellar assay, purified

PLC isozymes were incubated with 10 �M U73122 in the pres-
ence of 3 �M cholate for 10 min at 32 °C. Subsequently, this
mixture was added to [3H]PIP2 (�30,000 dpm) and unlabeled
PIP2 (50 �M) that were dried and resuspended in 0.5% cholate
for a final volume of 60 �l. After incubation at 32 °C at time
intervals between 0 and 10 min, reactions were stopped by the
addition of 200�l of 10% (v/v) trichloroacetic acid and 100�l of
10mg/ml BSA to precipitate uncleaved lipids and protein. After
centrifugation of the reaction mixture, soluble [3H]inositol
phosphates in the supernatant were quantified using liquid
scintillation counting.
Time-dependent Activation of Human PLC�3—To further

investigate the hypothesis that activation of hPLC�3 byU73122
involves covalent alkylation of the enzyme, the effect of prein-
cubation time on the observed activation was evaluated.
hPLC�3 was preincubated with U73122 in the absence of sub-
strate and detergent. ExcessU73122was then removedwith the
addition of 1mM glutathione, and the substrate, resuspended in
detergent, was added to initiate the assay. Separate studies
established that addition of 1 mM glutathione to 40 �MU73122
results in the immediate disappearance of U73122 as measured
via LC/MS. It was further confirmed that the preformed
U73122-glutathione conjugate had no direct effect on the activ-
ity of hPLC�3.
To assess if the enzyme activation by U73122 is reversible or

irreversible, hPLC�3 was diluted in 1% fatty acid-free BSA and
10 mM HEPES, and mixed with equal volumes of assay buffer.
U73122 or DMSOwas added to the mixture, and samples were
transferred to Microcon centrifugal filter devices (Ultracel
YM-30 membrane, 30,000 NMWL, Millipore) and centrifuged
at 4 °C, 14,000 rpm for 24 min. Retained concentrate was
washed with 450 �l of cold HEPES/assay buffer mix without
fatty acid-free BSA. Samples were centrifuged again, and the
resuspended sample was used in mixed micellar PLC assays.
Control measurements were performed in the absence of
U73122.
Data Analysis—Data are expressed as the mean � S.D. from

three measurements unless indicated otherwise. Where indi-
cated, statistical significance was assessed using a two-sample
Student’s t tests. Samples were assumed to have an unequal
variance; significant differences were assigned at p � 0.05.
EC50 PLC�3 Estimation—To accurately quantify the potency

ofU73122 for activating hPLC�3 inDDM-mixedmicelles, con-

FIGURE 1. Structures of U73122 and U73343. The box highlights the only
structural difference between the two compounds (i.e. maleimide in U73122
versus succinimide in U73343).
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centration-effect profiles were generated for each experiment
(n � 4). The relationship between fold increase in rate for
hPLC�3 activity and U73122 concentration was fit to a stand-
ard Hill equation by nonlinear least squares regression
(WinNonlin, version 4.1) to recover estimates for EC50(PLC�3).
Emax and E0 were fixed based on raw data within each experi-
ment; an estimatewas also generated for the sigmoidicity factor
(�).
Mass Spectrometry—Mass spectrometry of intact hPLC�3

was performed using reversed-phase chromatography (40)
coupled to a 6210 LC-MSD-TOF mass spectrometer (Agilent
Technologies, Santa Clara, CA). Ionization was achieved using
electrospray ionization with a spray voltage of �4.0 kV with
heated nitrogen (350 °C) serving as both a nebulizing (25 p.s.i.)
and drying (12 liters/min) gas. The fragmentor was set at 280 V,
and the instrument was set to detect ions frommass-to-charge
500 to mass-to-charge 2500. The mass-to-charge data were
transformed to the mass domain using BioConfirm software
from Agilent. For peptide sequencing, solutions of unmodified
andmodified hPLC�3 were reduced using DTT, alkylated with
iodoacetamide, and incubated in an ammonium bicarbonate
buffer with trypsin, thermolysin, or endoproteinase GluC
(enzyme:substrate � 1:20) overnight at 37 °C. The tryptic pep-
tides were subsequently analyzed by nano-LC/MS/MS on a
Dionex UltiMate nano-LC (Sunnyvale, CA) coupled to an ABI-
Sciex (Toronto, Ontario, Canada) Q-Star Pulsar i mass spec-
trometer using both a trapping cartridge column (0.3 � 5 mm)
and a PepMap (0.075 � 150 mm, 3 �M particle size) C18 col-
umn (Dionex). Mobile phase A contained 2% acetonitrile, and
mobile phase B contained 95% acetonitrile, both with 0.2% for-
mic acid. Following a 6-min load of sample onto the trapping
cartridge at a flow rate of 25 �l/min with a mobile phase A and
B ratio of 95:5, flow was then switched to back flush off the
trapping cartridge and onto the nano-LC column at 0.2�l/min.
The percentage of mobile phase B was changed over 1 h from 5
to 40% with a linear gradient to adequately separate peptides,
followed by a second linear gradient from 40 to 99% over the
next 7 min. The results were processed using MASCOT
(Matrix Sciences, London, UK) protein data base with themass
of U73122 addition created as a variable modification.
Model Generation to Elucidate the Activation Mechanism—

A set of coordinates for hPLC�2 (Protein Data Bank code
2ZKM) was used to generate a model for illustrating the pro-
posedmechanism of activation by U73122. Amodel X/Y linker
was inserted into the 2ZKM structure to reflect the linker
region that is present in hPLC�3 but not in hPLC�2. hPLC�2
was used in lieu of hPLC�3, because a crystal structure of
hPLC�3 was not available. Only five of the eight possible alky-
lation sites are shown, because other sites reside within the
C-terminal domain that was not included in the protein used to
obtain this crystal structure. The model is presented as Fig. 10.

RESULTS

Activity of Human PLC�3 in Phospholipid Detergent-Mixed
Micelles—hPLC�3 activity with respect to time in DDM/PIP2-
mixedmicelles at a substratemole fraction of 0.1 is presented in
Fig. 2A. Consistent with previous studies (38, 39), two distinct
phases of activity were observed as follows: a short lag time and

an initial burst of activity that was linear when �15% of PIP2
was utilized, followed by a second, slower phase of hydrolysis.
Additional studies were performed at fixed calcium and PIP2
concentrations, andwere designed such that�15%of total sub-
strate was utilized in all cases or when substrate consumption
was linear with respect to time.
U73122, but Not U73343, Increases Human PLC�3 Activity

in a Concentration-dependent Manner—In DDM mixed
micelles, U73122 unexpectedly increased the activity of
hPLC�3. The activation was rapid and eliminated the observed
lag time in control experiments (Fig. 2A). The effect of U73122
was concentration-dependent with a maximum increase in
hPLC�3 activity of�8-fold over control. Application of amod-
ified Hill equation yielded an estimated EC50 value of 13.6 � 5
�M (n � 4) for the observed activation (Fig. 2B). The estimated

FIGURE 2. A, time course of PIP2 hydrolysis by hPLC�3 in DDM-mixed micelles
in the presence and absence of U73122 (40 �M). PIP2, reconstituted in DDM,
was combined with the assay buffer and hPLC�3 in a final volume of 100 �l.
Assays were initiated by moving samples to a 37 °C water bath and incubat-
ing for the indicated times. Incubation times were adjusted to ensure that less
than 15% PIP2 was hydrolyzed in all cases. Enzyme hydrolysis rates were
determined based on initial time points within the linear phase of activity.
Data represent mean � S.D. from triplicate determinations from one repre-
sentative experiment. B, concentration-dependent activation of hPLC�3 by
U73122 in DDM-mixed micelles. PIP2, reconstituted in DDM, was combined
with assay buffer and hPLC�3 in a final volume of 100 �l. U73122, at indicated
concentrations, was added to the assay mixture prior to the addition of the
enzyme. Assays were initiated by moving samples to a 37 °C water bath. Incu-
bation times were adjusted to ensure that less than 15% PIP2 was hydrolyzed
in all cases. Data represent mean � S.D. from triplicate determinations from
one representative experiment. EC50(PLC�3) was determined as described
under “Experimental Procedures” and was found to be 19.1 �M in this exper-
iment. The estimated EC50 from these data should be interpreted within the
context of the current set of results, as solubility limitations of U73122 in
DMSO stock solutions prevented assessment of activation at concentrations
greater than 100 �M.
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EC50 from these data should be interpreted within the context
of the current set of results, as solubility limitations of U73122
in DMSO stock solutions prevented assessment of activation at
concentrations greater than 100 �M. U73343, a close structural
analog of U73122 containing N-alkylsuccinimide instead of
N-alkylmaleimidemoiety (Fig. 1), had no effect on activity at 40
�M (Fig. 2B). Because U73343 is incapable of covalently modi-
fying the enzyme due to the absence of amaleimidemoiety, this
result provides evidence that the observed activation of
hPLC�3 by U73122 occurs via covalent modification of the
enzyme.
U73122 Increases the Activity of Other Human PLC Iso-

zymes—Incubation of other PLC isozymes with 10 �MU73122
for 10 min in cholate-mixed micelles increased the activity of
hPLC�1 and hPLC�2 but not hPLC�1 (Fig. 3, A–C). The fold
increase in rate was much greater for hPLC�1 (10–15-fold)
than for hPLC�2 (2-fold) (Fig. 3D). These data demonstrate
that the enzyme activation by U73122 is not unique to hPLC�3
and that it is applicable to other hPLCs. Importantly, U73122
neither activates nor inhibits the activity of hPLC�1.
U73122-mediated Activation of Human PLC�3 Is via Time-

dependent and Irreversible Modification of Protein Sulfhydryl
Groups—Preincubation of hPLC�3 with U73122 increased
activity compared with control in a time-dependent manner,
andmaximal activationwas achievedwithin 30 s (Fig. 4). Thiol-
containing compounds, glutathione and cysteine, which react
readily with electrophiles such as a maleimide, attenuated the
U73122-mediated activation of hPLC�3 in a concentration-de-
pendent manner (Fig. 5). The ability of sulfhydryl reagents to
prevent the U73122-mediated activation suggests that U73122
alkylates hPLC�3 by reacting with nucleophiles, likely protein
sulfhydryl groups (i.e. cysteine residues) leading to the activa-
tion. To confirm that the activation was irreversible, U73122-

modified enzyme was subjected to ultrafiltration to remove
excess and reversibly bound U73122, and following centrifuga-
tion, the enzyme activity was measured again. Reconstituted
hPLC�3 that had been subject to ultrafiltration maintained
increased activity as compared with untreated enzyme. Taken
together, these results suggest that activation of hPLC�3 was
caused by direct and irreversible covalent modification of one
or more sulfhydryl groups on the enzyme.
Mass Spectral Evidence for Alkylation of Human PLC�3 by

U73122—Tounequivocally establish that alkylation of hPLC�3
by U73122 is a requisite step for its activation, mass spectra
were obtained of intact hPLC�3 alone and after incubationwith
either 40 �M U73122 or 40 �M U73343 for various time inter-

FIGURE 3. Time course of PIP2 hydrolysis by hPLC�1 (A), hPLC�2 (B), and hPLC�1 (C) in cholate-mixed micelles in the presence and absence of U73122 (10 �M).
Purified PLC isozymes were incubated with U73122 in the presence of 0.03 mM cholate for 10 min at 32 °C prior to the addition of cholate-solubilized micelles
containing 50 �M PIP2. Data represent mean � S.E. and are representative of two or more separate experiments. D, relative fold increase in rate caused by
incubation with 10 �M U73122 for the four PLC isozymes evaluated in mixed micellar systems.

FIGURE 4. Effect of preincubation time (hPLC�3 with U73122) on the
U73122-mediated activation of hPLC�3 in DDM-mixed micelles. U73122
was preincubated with hPLC�3 at 40 �M in assay buffer (50 �l total volume)
for the indicated times in the absence of PIP2 and DDM. Preincubation was
quenched with the addition of 1 mM glutathione. Assays were initiated by the
addition of preincubated enzyme to mixed micelles in a final volume of 100
�l, and incubation times were adjusted to ensure that less than 15% PIP2 was
hydrolyzed in all cases. Data represent mean � S.D. from triplicate determi-
nations from one representative experiment.
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vals. Mass spectra of hPLC�3 revealed a complex spectral pat-
tern for a protein of �138 kDa (Fig. 6A). When incubated with
40 �MU73122, spectra revealed the presence of protein species
with discrete increases in mass, consistent with the covalent
addition of up to eight molecules of U73122 per molecule of
hPLC�3 (Fig. 6, B and C). Extended incubation times did not
lead to more than eight U73122 additions, although shorter
incubation times yielded hPLC�3 species modified with two to
seven molecules of U73122. Even at the shortest incubation
time (5 s), protein species with only a single addition of U73122
were not detected. As expected, mass spectra of hPLC�3 in-
cubated with U73343 for extended time periods remained
unchanged (Fig. 6D).
Interestingly, the reaction of U73122 with hPLC�3 led to a

shift in chromatographic retention time of the intact protein
(data not shown). With increasing incubation times, the
observed peak (4.2 min) began to split, and as time progressed,
the latter half of the observed split peak (4.3 min) became the
dominant peak. This shift to longer chromatographic retention
is likely due to increased lipophilicity of intact hPLC�3 as a
result of the addition of the highly lipophilic U73122.
Mass spectral data indicated that up to four molecules of

U73122 were added to each molecule of hPLC�3 in 1 min (Fig.
6B), by which time maximal activation had been achieved (Fig.
4). This observation implies that not all eight additions of
U73122 were required to achieve maximal activation of the
enzyme.
U73122 Alkylates Specific Cysteine Residues of Human

PLC�3—hPLC�3 contains 14 cysteine residues (Fig. 7). LC/
MS/MS-based peptide mapping of protease-digested hPLC�3
identified peptides containing 12 of the 14 cysteines. Peptide
mapping revealed that incubation of hPLC�3 with U73122 for
30 min leads to the modification of 8 of the 12 detectable cys-
teines; this result is consistent with the observed mass changes
of hPLC�3 when incubated with U73122 for extended time
periods (Fig. 6,B andC). The following cysteines were alkylated

by U73122: Cys-193, Cys-221, Cys-360, Cys-516, Cys-614, Cys-
892, Cys-1176, and Cys-1207.
Effect of NEM on Human PLC�3 Activity and on U73122-

mediated Activation and Alkylation of Human PLC�3—NEM
is a small water-soluble compound containing the maleimide
functional group but lacking the long alkyl chain and steroid
skeleton present in U73122 (Fig. 8A). At concentrations up to
400�M, NEMhad no effect on the activity of hPLC�3 in DDM-
mixedmicelles (Fig. 8B). Despite this lack of activation byNEM,
mass spectra of intact hPLC�3 that had been incubated with
NEM revealed protein species of increasing mass, consistent
with the addition of eight NEM molecules (Fig. 9A). Together,
these data demonstrate that although NEM alkylates hPLC�3,
it has no effect on enzyme activity.
On the other hand, NEM was able to attenuate the ability of

U73122 to activate hPLC�3 in a concentration-dependent
manner (Fig. 8C). Therefore, it follows that NEM and U73122
react with the same cysteine residues on hPLC�3 but that NEM
is unable to activate the protein. Interestingly, NEM, at concen-
trations as high as 1 mM, was unable to completely inhibit the
U73122-mediated activation, unless hPLC�3 was incubated
with NEM prior to the addition of U73122 (Fig. 8C). When
NEM-modified hPLC�3 was subsequently incubated with
U73122, mass spectra revealed no further additions of U73122
to hPLC�3 (Fig. 9B). Together, these data provide unequivocal
evidence that NEM modifies the same cysteine residues as
U73122 but that the NEM modification does not cause activa-
tion of the enzyme.

DISCUSSION

U73122 has long been regarded as a prototypical inhibitor of
PLCs and almost exclusively reported as a potent and selective
inhibitor of PLC activity in cellular systems. In fact, modulation
of a cellular event by U73122 is often purported as evidence of
the involvement of PLCs in that event. Recent studies have
questioned the use of U73122 as a specific inhibitor of PLCs by
uncovering a number of “off-target” interactions, likely due to
covalent modification of nucleophiles by themaleimidemoiety
in U73122 (27–29). These findings point to the complication of
using U73122 as a tool to study PLC function in complex cellu-
lar systems and suggest the need for a clearer understanding of
how U73122 interacts with PLCs at the molecular level.
In this study, interaction of U73122 with hPLC�3 was inves-

tigated in a cell-free system to elucidate the mechanism by
which U73122 inhibits PLC enzymes in cellular systems. To
limit the presence of confounding components that may act as
nucleophilic targets for U73122, the simplest system available,
i.e. mixed micelles, was employed. The expectation was that
U73122would irreversibly inhibit the lipase activity via amech-
anism involving covalent modification of nucleophilic residues
on hPLC�3 (i.e. cysteines). Surprisingly, U73122 caused an
increase, rather than a decrease, of the lipase activity in a con-
centration-dependent manner (Fig. 2B). Interestingly, U73122
also caused activation of hPLC�2 and hPLC�1 enzymes in
mixed micelles, indicating that the enzyme activation mecha-
nism is applicable to other members of the PLC enzyme family
(Fig. 3,A–C). This is the first study demonstrating activation of

FIGURE 5. Effect of glutathione and cysteine on the U73122-mediated
activation of hPLC�3 in DDM-mixed micelles. PIP2, reconstituted in DDM,
was combined with assay buffer, the thiol compound at the indicated con-
centration, and hPLC�3 in a final volume of 100 �l. U73122 (40 �M) was added
to the assay mixture prior to the addition of the enzyme. Assays were initiated
by moving samples to a 37 °C water bath. Incubation times were adjusted to
ensure that less than 15% PIP2 was hydrolyzed in all cases. Zero concen-
tration of the thiol compound represents fully activated hPLC�3. Data
represent mean � S.D. for triplicate determinations from one represen-
tative experiment.
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PLC enzymes by U73122 in a well defined cell-free system.
Interestingly, a recent study in whole cells observed weak and
transient activation effects in addition to potent inhibition (28),
providing both a precedent and potential relevance to cellular
systems for the current observation.

The activation observed in mixed micelles reached maximal
effect rapidly andwas sustained upon longer incubation (Fig. 4).
Furthermore, the activation was attenuated with competing
nucleophiles, glutathione and cysteine, in solution (Fig. 5).
These results strongly suggested that the activation of hPLC�3

FIGURE 6. Mass spectra of intact hPLC�3 following incubation with either U73122 or U73343. Both compounds were incubated with hPLC�3 at 40 �M for
various time intervals in assay buffer at 37 °C in the absence of the substrate and detergent. Incubations were terminated with the addition of 1 mM glutathione,
and an aliquot was analyzed via LC/MS. A, hPLC�3 alone; B, hPLC�3 following incubation with U73122 for 1 min; C, hPLC�3 following incubation with U73122
for 15 min; D, hPLC�3 following incubation with U73343 for 15 min. The complexity of each spectra reflects the heterogeneity of the protein likely including
phosphorylated and acetylated forms. See “Experimental Procedures” for details.
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occurs via covalent modification of one or more nucleophiles,
presumably sulfhydryl groups, by the reactive maleimide moi-
ety of U73122. A simple replacement of the maleimide moiety
in U73122 with a succinimide moiety rendered the resulting
compound (U73343) completely ineffective as a PLC activator.
This result provided strong support to the hypothesis that cova-
lentmodification of hPLC�3 by U73122 was a requisite step for
enzyme activation.
Mass spectral analysis of the hPLC�3 protein that was

allowed to react with U73122 as a function of time provided
direct evidence for covalent modification of the protein by
U73122. With increasing incubation times, reaction of up to
eight U73122 molecules per molecule of the hPLC�3 protein
could easily be detected based on increases in mass-to-charge
of intact hPLC�3 by multiples of the molecular weight of
U73122 (�0.5 kDa) (Fig. 6). These data unequivocally demon-
strate that U73122 reacts covalently with as many as eight dis-
tinct sites on hPLC�3 and suggest an underlying molecular
mechanism for modulation of PLC activity in cell-free experi-
mental systems.
There are 14 cysteine residues in hPLC�3 (Fig. 7). To unam-

biguously confirmcysteines as the sites of alkylation byU73122,
as well as to identify specific residues modified by U73122,
LC/MS/MSwas used for peptidemapping of U73122-modified
hPLC�3. Peptides containing 12 of the 14 cysteines were iden-
tified from protease-digested hPLC�3, excluding Cys-669 and
Cys-834. When hPLC�3 was incubated with U73122 under
conditions similar to those that led to its activation, 8 of the 12
identified cysteine residues were found to be alkylated, includ-
ing Cys-360 and Cys-614 located in the so-called “X” and “Y”
boxes that make up the highly conserved catalytic domain of all
PLCs. Other modified residues include Cys-516 in the less con-
served linker region between the X and Y boxes, as well as Cys-
193, Cys-221, Cys-892, Cys-1176, and Cys-1207 outside of the
catalytic domain. Interestingly, Cys-193 and Cys-221 are
located within the pleckstrin homology domain, a region
thought to be critical for the membrane recruitment of PLC�

isozymes, and recently implicated in the interaction of PLC�2
with Rac1 during substrate catalysis (41). Time-dependent acti-
vation studies (Fig. 4) demonstrated that maximal activation
was observed within 30 s of preincubation of U73122 with
hPLC�3; however, after 1 min of incubation, mass spectra of
intact hPLC�3 revealed only four additions of U73122 (Fig. 6).
These results suggest that alkylation of four or fewer residues
are primarily responsible for the activation. Site-directed
mutagenesis of each alkylated cysteine residue would be useful
to explore the role of individual cysteines in the observed acti-
vation by U73122.
Maleimides are inherently reactive and readily interact with

thiols, such as cysteine residues, on cellular proteins; therefore,
it was important to determine whether protein alkylation at
cysteine residues on hPLC�3 was the sole mechanism for the
U73122-mediated activation. NEM (Fig. 8) is a small water-
soluble maleimide, which contains an ethyl group in place of
the lipophilic alkylamino steroid functionality of U73122; and it
is capable of modifying sulfhydryl groups on proteins. Interest-
ingly, NEM had no effect on the activity of hPLC�3 in DDM-
mixedmicelles at concentrations as high as 400 �M, despite the
fact that mass spectra of hPLC�3 incubated with NEM identi-
fied protein species consistentwith reaction of up to eightNEM
molecules (Fig. 9A). This result indicates that simply alkylating
the sulfhydryl groups on PLCs does not cause activation of the
enzyme. In addition, U73343, which is nearly identical to
U73122 with respect to chemical structure except that it does
not contain the reactive maleimide moiety (but contains suc-
cinimide moiety instead), does not cause activation of the
enzyme. Together, these results suggest that the activation
mechanism involves covalentmodification of several sulfhydryl
groups on hPLC�3 by a hydrophobic steroid moiety. As
expected based on the above observations, the combined treat-
ment of NEM and the succinimide derivative, U73343, had no
effect on activity (data not shown). Importantly, the lack of any
effect of NEM on the activity of hPLC�3, activation or inhibi-
tion, also suggests that the eight cysteine residues alkylated by

FIGURE 7. Primary sequence of hPLC�3 (NP000923). Cysteine residues are in boldface type. The following cysteines were found alkylated by U73122 and are
underlined: Cys-193, Cys-221, Cys-360, Cys-516, Cys-614, Cys-892, Cys-1176, and Cys-1207.
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NEMdonot play a direct role in the catalytic activity of hPLC�3
in this system. Although NEM was unable to activate hPLC�3,
excess NEM attenuated the U73122-mediated activation in a
concentration-dependent manner. In addition, mass spectral
data demonstrated that NEMpretreatment prevented covalent
modification of hPLC�3 by U73122 (Fig. 9B). Together, these
studies imply that alkylation of several sulfhydryl groups on
hPLC�3, none of which is playing a direct role in the catalytic
function, by a lipophilic steroid causes activation of the enzy-
matic activity.
The following hypothesis for activation of hPLC�3 is consis-

tent with the results presented herein. U73122 irreversibly
binds to multiple cysteine residues on hPLC�3 and serves as
either a lipid anchor or interfacial recognition site for the

enzyme, facilitating adsorption of the enzyme to the substrate
interface (i.e. the micelle surface). The protein-linked U73122
increases the rate of lipase activity by keeping the enzyme in
close proximity to the membrane where the substrate resides
(Fig. 10). Because the proposed mechanism of enzyme activa-
tion involves U73122 chaperoning the enzymemolecules to the
lipid micelles where the substrate is located, it is not surprising
that PLC isozymes other than hPLC�3 were also activated by
this agent. The proposed mechanism for activation is consist-
ent with the recent observation that U73122 enhances in vitro
yeast vacuole membrane fusion mediated by the soluble NSF
attachment protein receptor domain of Vam7p through
enhanced membrane binding (31).
Implications for PLC Biochemistry—Because all PLC iso-

zymes work on primarily two substrates, PIP or PIP2, their
selectivity in cellular functions must derive from their differen-

FIGURE 8. Effects of NEM on hPLC�3 activity and U73122-mediated acti-
vation of the enzyme in DDM-mixed micelles. A, structure of NEM. B, effect
of NEM on hPLC�3 activity in DDM-mixed micelles. PIP2, reconstituted in
DDM, was combined with assay buffer and hPLC�3 in a final volume of 100 �l.
NEM or U73122, at indicated concentrations, was added to the assay mixture
prior to the addition of enzyme. Assays were initiated by moving samples to a
37 °C water bath. Incubation times were adjusted to ensure that less than 15%
PIP2 was hydrolyzed in all cases. Data represent mean � S.D. from triplicate
determinations. C, effect of NEM on the U73122-mediated activation of
hPLC�3 in DDM-mixed micelles. PIP2, reconstituted in DDM, was combined
with assay buffer and hPLC�3 in a final volume of 100 �l. NEM, at indicated
concentrations, and U73122 (40 �M) were added to the assay mixture prior
to the addition of enzyme. * indicates that NEM was preincubated with
enzyme prior to adding the enzyme to the assay mixture. Assays were
initiated by moving samples to a 37 °C water bath. Incubation times were
adjusted to ensure that less than 15% PIP2 was hydrolyzed in all cases.
Data represent mean � S.D. for triplicate determinations from one repre-
sentative experiment.

FIGURE 9. Covalent modification of hPLC�3 by NEM in DDM-mixed
micelles. A, mass spectra of intact hPLC�3 following incubation with NEM.
NEM was incubated with hPLC�3 at 400 �M for 15 min in assay buffer at 37 °C
in the absence of the substrate and detergent. Incubations were terminated
with the addition of 1 mM glutathione, and an aliquot was analyzed via LC/MS.
B, mass spectra of intact hPLC�3 following sequential incubation with NEM
and U73122. NEM was incubated with hPLC�3 at 400 �M for 15 min in assay
buffer at 37 °C in the absence of the substrate and detergent, followed by the
addition of U73122 at 40 �M and incubation for an additional 15 min. Incuba-
tions were terminated with addition of 1 mM glutathione, and an aliquot was
analyzed via LC/MS. Treatment of hPLC�3 with NEM (400 �M) followed by
treatment with U73122 (40 �M) does not further modify hPLC�3, consistent
with almost complete inhibition of U73122-mediated activation by NEM at
concentrations greater than 250 �M.
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tial activation by receptors towhich they are linked. Themolec-
ular mechanisms underlying cellular PLC activation and subse-
quent substrate hydrolysis at cellular membranes are not
completely understood. Recruitment of the cytosolic PLC
enzymes to the cell membrane and conformational changes
upon membrane binding that expose the active site and
increase enzyme activity are believed to be an activation mech-
anism for a number of lipases (i.e. the opening of the lid provid-
ing access to the active site) (42–49) and have recently been
hypothesized for PLC� isozymes (41), although the triggers for
these structural changes have not yet been elucidated.
The importance of cysteine residues in protein function is

well established. For example, specific cysteine residues are
required for activation of the ion channel, TRPA1 (50, 51), are
important for enzymatic activity of caspases (52, 53) as well as
other lipases (54), are crucial for regulating the activity of cel-
lular phosphatases such as PTEN (55), and are used as palmi-
toylation sites for integral membrane proteins such as claudin
(56) and signaling proteins like H-ras (57, 58). Post-transla-
tional modifications of proteins, such as phosphorylation, have
clearly been shown to trigger rapid conformational changes in
many proteins leading to significant alterations in protein func-
tion (59–62); in fact, recent studies have implicated reversible
cysteinemodifications (e.g. S-nitrosation) in changes to protein
function (63–65). For example, nitrosation of caspase 3 by
nitric oxide at a specific cysteine residue was reported to be
critical for promotion of apoptosis (52, 53). S-Nitrosothiols
have also been shown to modify phosphatases such as PTEN, a
phosphatidylinositol 1,4,5-trisphosphate phosphatase, leading
to a reversible inhibition of its phosphatase activity (55) and
supporting a hypothesis for cysteine-dependent changes in
protein function. Interestingly, a recent report suggests that
low concentrations of the reactive oxygen species, H2O2, gen-
erates intracellular calciumoscillations in rat astrocytes by acti-
vating PLC�1 via a sulfhydryl-dependent oxidationmechanism
(66). Based on the proposed U73122-mediated activation
mechanism for PLC enzymes in cell-free systems, it is tempting
to speculate that activation of PLC enzymes inside the cell

occurs via recruitment of cytosolic PLCs to the cell membrane
through transient modification of sulfhydryl groups on the
enzyme by lipophilic moieties, triggered as a result of receptor
activation.
Implications for the Use of U73122 as a Prototypical PLC

Inhibitor—The present results provide unequivocal evidence
that in cell-free systems U73122 activates PLC enzymes. This
contrasts with the “established” role of U73122 as a specific
inhibitor of this family of enzymes. It is conceivable that
U73122 has opposite effects on PLC enzymes depending on the
environment inwhich it finds the enzymemolecules. For exam-
ple, it could activate the cytosolic PLCenzymes by amechanism
similar to the one proposed for PLC activation in cell-free sys-
tems but inhibit PLCs that are already associated with the cell
membrane (the site of PLC catalysis) due to receptor-mediated
activation. Alternatively, the observed inhibition of PLCs by
U73122 in cellular systems may result indirectly by covalent
modification of other cellular proteins (e.g. receptors). The
results presented in this study, as well as other recent evidence
(29), suggest that U73122, a highly reactivemolecule, is capable
of rapidly alkylating nucleophiles in experimental systems.
Thus, it is reasonable to assume that the effects of U73122,
particularly in cell-based assays, will be complex and dependent
on the presence of free nucleophiles in the media, in the cell
membrane, and in the cytosol. For example, this study uncov-
ered evidence for covalent modification of bovine serum albu-
min, a component of themixedmicellar assay, by U73122 (data
not shown). Therefore, care should be taken whenmaking con-
clusions based on the observed effects of U73122 in cellular
systems. Studies intended to implicate PLC enzymes in cellular
phenotypes should avoid using this compound as a probe mol-
ecule, as its reactivity with other cellular nucleophiles may lead
to off-target effects that could bemistakenly attributed to PLCs
involvement. This conclusion highlights the risk associated
with using U73122 as a probe for cellular functions involving
PLC enzymes and a need for the development of small mole-
cules that directly and selectively modulate PLC enzymes.
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