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Phosphoinositide-specific phospholipase C-y1 (PLC-v1) is a key enzyme that governs cellular functions such
as gene transcription, secretion, proliferation, motility, and development. Here, we show that PLC-y1 is
regulated via a novel autoinhibitory mechanism involving its carboxy-terminal Src homology (SH2C) domain.
Mutation of the SH2C domain tyrosine binding site led to constitutive PLC-y1 activation. The amino-terminal
split pleckstrin homology (sPHN) domain was found to regulate the accessibility of the SH2C domain. PLC-y1
constructs with mutations in tyrosine 509 and phenylalanine 510 in the sSPHN domain no longer required an
intact amino-terminal Src homology (SH2N) domain or phosphorylation of tyrosine 775 or 783 for activation.
These data are consistent with a model in which the SH2C domain is blocked by an intramolecular interac-
tion(s) that is released upon cellular activation by occupancy of the SH2N domain.

Phosphoinositide-specific phospholipase C-yl (PLC-y1) is
activated in response to ligand binding by a variety of receptors
(2). PLC-y1 hydrolyzes phosphatidylinositol 4,5-bisphosphate
[PI(4,5)P,], leading to the generation of the second messen-
gers, inositol triphosphate (IP;) and diacylglycerol, which re-
lease Ca®>* from intracellular stores and activate Ras through
the RasGRP/protein kinase C pathway, respectively (8, 13).
PLC-v1 has also been shown to play a role in the activation of
NF-kB (7). These pathways in turn initiate signaling cascades
that culminate in cytokine production, activation of effector
function, and cell proliferation (2, 5). The central role of
PLC-y1 in cellular function is further illustrated by the fact
that inactivation of the PLC-yl gene in mice is embryonic
lethal (16).

Regulation of PLC-y1 activity is complex. In quiescent cells,
cytosolic sequestration of PLC-y1 limits access to PI(4,5)P, in
the plasma membrane. Cell stimulation induces membrane
recruitment of PLC-yl and its tyrosine phosphorylation, es-
sential steps in PLC-y1 activation (2, 23, 36). Key components
of PLC-y that are involved in these activation events are lo-
cated within a region unique to PLC-y between the X and Y
portions of the catalytic domain. This area is composed of two
Src homology 2 (SH2) domains and an Src homology 3 (SH3)
domain. The N-terminal SH2 domain (SH2N) is critical for
binding to either tyrosine-phosphorylated receptor kinases or
adaptor molecules that mediate PLC-yl relocation to the
plasma membrane (6, 14, 25). The function of the C-terminal
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SH2 domain (SH2C) is less clear but is also essential for
PLC-y1 activation (1, 6, 14, 33). Interestingly, the tyrosine
residues that are essential for PLC-y1 activity (Y775 and Y783
in PLC-y1 and Y753 and Y759 in PLC-y2) are also located in
this region (29, 30).

Components of the SH region not only are essential for
PLC-y1 activation but also may participate in its autoregula-
tion. The individual X or Y elements of the catalytic domain
alone are inactive. When mixed together in vitro, the hydrolytic
activity of the combined X and Y elements was found to be 20-
to 100-fold greater than that of intact PLC-y1 (12). Interest-
ingly, a peptide composed of the PLC-yl SH2 and SH3 do-
mains was shown to block the in vitro enzymatic activity of all
members of the phosphoinositide-specific PLC family (11). An
eight-amino-acid portion of this peptide sequence (termed the
PLC catalytic inhibitory [PCI] peptide) located in the SH2C
domain has been shown to provide most of this function. When
tested as a myristoylated form, the PCI peptide suppressed
both growth factor-activated IP, generation and cell prolifer-
ation in Swiss 3T3 cells (10). These data were interpreted as an
indication that the tertiary structure of PLC-y positioned the
PCI peptide in proximity to either the X or Y catalytic com-
ponents, thereby blocking enzymatic activity.

Previously, we have reported evidence indicating PLC-y1
autoregulation by its SH2C domain. Constitutive, tyrosine
phosphorylation-independent in vitro PLC-y1 catalytic activity
was observed when the SH2C domain was functionally dis-
rupted (6). The activity of this SH2C domain mutant was, in
fact, greater than that of receptor-activated, wild-type PLC-y1.
These data suggest a role for both the PCI peptide and the
phosphotyrosine binding function of the SH2C domain in
PLC-y1 autoinhibition.

Binding partners for the SH2C domain that are essential in
PLC-y1 activation remain undefined. The SH2C domain has
been suggested to interact intramolecularly with phosphory-
lated tyrosine 783 (26) and intermolecularly with Grb2 (4) and
to cooperate with the PLC-yl SH3 domain in an interaction
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FIG. 1. Schematic representation of PLC-y1 structure. EF, EF hand domain.

with ¢-Cbl (28). However, in many cases, the in vitro interac-
tions observed between the isolated SH2C domain and other
phosphoproteins have not been shown to occur with intact
PLC-yl (6, 33). When tested as glutathione S-transferase
(GST) fusion proteins, both PLC-yl SH2 domains pulled
down the key adaptor proteins, LAT and BLNK, from acti-
vated T- and B-cell lysates, respectively. However, the SH2N
domain but not the SH2C domain interacted with these
adapter proteins in intact cells (6, 33). The isolated PLC-y1l
SH2C domain was also shown by nuclear magnetic resonance
to bind a phosphorylated peptide encompassing tyrosine 1021
of the platelet-derived growth factor (PDGF) receptor, but a
role for this interaction in PDGF-activated cells was not iden-
tified (15, 25). Taken together, these studies suggest that access
to the SH2C domain is tightly regulated by the overall struc-
ture of PLC-y1.

The Src homology region is bracketed by a split pleckstrin
homology (sPH) domain. Pleckstrin homology (PH) domains
mediate protein-protein interactions as well as protein-lipid
interactions and are characterized primarily by their fold struc-
ture rather than similarities in their amino acid sequences. The
typical core PH domain fold consists of two B-sheets, com-
posed of three and four B-strands, respectively, plus a C-ter-
minal o-helix (41). While the N-terminal portion of the sPH
domain contains a binding site for PI(4,5)P, (3), it is not known
whether a conformational rearrangement of PLC-y to form a
contiguous PH domain (34, 40) contributes to its activation.

In this study, we investigated the mechanism of PLC-y1l
autoregulation by its SH2C domain. For the first time, we
provide in vivo evidence that intramolecular interactions in-
volving both the PLC-y1 SH2C domain and the amino-termi-
nal portion of the split PH domain participate in maintaining
PLC-v1 in an inactive configuration in resting cells. Our data
also indicate that in addition to its function in mediating mem-
brane recruitment and phosphorylation of PLC-y1, the SH2N
domain is required to release PLC-y1 from its autoinhibitory
control mechanisms.

MATERIALS AND METHODS

Cell lines, antibodies, and GST fusion proteins. The PLC-y-negative chicken
B-cell line P10-14, a derivative of DT-40 (35), was maintained as described in
reference 6. The anti-influenza hemagglutinin (HA) antibody 12CA5 was a gift
from Alan Weissman (National Cancer Institute, Bethesda, MD), and the high-
affinity anti-HA antibody 3F10 was obtained from Roche Diagnostics (Indianapolis,
IN). Goat anti-chicken immunoglobulin M (IgM) was obtained from Bethyl
Laboratories (Montgomery, TX), rabbit anti-goat IgG and rabbit anti-mouse
IgG were obtained from Cappel (MP Biomedicals, Irvine, CA), and sheep
anti-mouse IgG-horseradish peroxidase (HRP) and donkey anti-rabbit I[gG-HRP
were obtained from Amersham BioSciences (GE Healthcare, Piscataway, NJ).
Anti-PLC-y1 mixed monoclonal antibody was purchased from UBI (Millipore,
Bedford, MA). Anti-PLC-y1 pY783 was purchased from Cell Signaling (Beverly,

MA), and rabbit anti-PLC-y1 pY775 was produced as described previously (30).
Anti-GST was prepared in house by immunization of rabbits with recombinant
GST. GST fusion proteins were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA).

Plasmids. The NFAT (nuclear factor of activated T cells) luciferase reporter
plasmid was obtained from Gerald Crabtree (Stanford University, Stanford,
CA). HA-tagged bovine PLC-y1 in the expression vector pCI-neo (Promega,
Madison, WI), the mutations of its SH2 domains and specific tyrosine motifs, and
the addition of a palmitoylation signal sequence have previously been described
(30, 33, 38). For the creation of PHA PLC-y1, nucleic acids, including those
encoding most of the amino-terminal portion of the split PH domain (amino
acids 464 to 516), were excised from PLC-y1-HA with BsaBI and BglII. The
portion of the X catalytic domain removed by this procedure and the BglII site
were reconstituted by ligation with a linker. Point mutations in the amino-
terminal split pleckstrin homology (sPHN) domain were created using a
QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA). SH2 do-
main mutations and Y775F and Y783F substitutions were subcloned from pCI-
neo PLC-y1-HA constructs into pCI-neo PLC-y1-HA displaying mutations in
sPHN or PHA.

Transient transfection and establishment of stable transfectants. P10-14 cells
were grown to log phase, and 107 cells were transfected with the indicated
plasmid DNA as previously described (33). For transient transfections, cells were
electroporated and incubated overnight in complete medium before use in the
indicated assay. For preparation of stable cell lines, P10-14 cells were transfected
as described above with 20 pg of the indicated PLC-y1 plasmid DNA along with
2 pg of the pBABE puromycin vector (22). Cells were subsequently selected with
puromycin (Sigma, St. Louis, MO). Clones were chosen based on similarities in
their levels of PLC-y1-HA expression.

Peptides. Two biotinylated peptides encompassing the reported PLC-y1 bind-
ing site on human LAT (amino acids 129 to 140; one tyrosine phosphorylated
[pY132 LAT] and one nonphosphorylated [Y132 LAT]) (42) were synthesized
using a Cg4 biotin linker (CBER/FDA Core Facility, Bethesda, MD).

Peptide binding ELISA. Lysates from P10-14 cells, either stably or transiently
transfected with various PLC-y1-HA constructs, were preevaluated for protein
expression by enzyme-linked immunosorbent assay (ELISA). PLC-yl-HA was
captured on 3F10-biotin-coated streptavidin strip wells (Pierce, Rockford, IL)
and quantified using anti-PLC-y1, anti-mouse IgG-HRP, and TMB (Pierce). A
single batch of lysate from a wild-type PLC-y1 stable transfectant was employed
as a reference standard. Based on these results, lysates were diluted with un-
transfected P10-14 lysates to equivalent concentrations of PLC-y1-HA. For the
peptide binding ELISA, biotinylated LAT peptide was bound to streptavidin
strip wells. The lysates from transfectants, adjusted to contain equivalent
amounts of PLC-y1-HA, were incubated on peptide-coated wells. Bound PLC-
v1-HA was detected with HRP-conjugated anti-HA and TMB. For detection of
GST-SH2 domain binding to LAT peptides, rabbit anti-GST, donkey anti-rabbit
HRP, and TMB were utilized.

Precipitation and Western blotting. P10-14 transfectants were stimulated with
10 pg of anti-chicken IgM for 1 min at 37°C and immediately lysed with buffer
containing protease and phosphatase inhibitors. Lysis buffer contained either 1%
Triton X-100 or, for raft-targeted PLC-y1 constructs, 60 mM octyl-B-D-glucopy-
ranoside (Sigma) (33, 38). Immunoprecipitations and Western blotting were
carried out as described in reference 33.

Reporter gene assays. P10-14 cells were transiently transfected with 5 wg of
pClI-neo or the indicated PLC-y1-HA construct and 5 pg of an NFAT luciferase
reporter construct. After 16 h, cells were distributed into duplicate wells of a
24-well plate containing medium alone, prebound anti-goat IgG plus goat anti-
chicken IgM, or 50 ng/ml phorbol myristate acetate plus 5 pM ionomycin to
obtain maximum activity. After 6 h, cells were disrupted in lysis buffer (Promega)
and assayed using luciferin (Promega).
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Calcium mobilization. P10-14 cells stably expressing the indicated PLC-y1
constructs were resuspended in Hanks balanced salt solution supplemented with
1% fetal bovine serum and 10 mM HEPES. Cells were loaded with Indo-1/AM
(Molecular Probes) for 30 min at 30°C. Calcium measurements were performed
on a BD Biosciences LSR flow cytometer equipped with a helium-cadmium laser
(325 UV). Cells were tested for loading using ionomycin treatment. Data were
analyzed using FlowJo software (Tree Star).

RESULTS

Raft-targeted PLC-y1 with a nonfunctional SH2C domain is
constitutively active. To investigate whether PLC-y1 is nega-
tively regulated in vivo by its SH2C domain (see Fig. 1 for
PLC-vy1 structure), we employed a previously described dually
acylated PLC-y1 construct (Palm PLC-y1) that is constitutively
targeted to the plasma membrane lipid rafts (38). Either or
both SH2 domains in Palm PLC-yl were mutated by substi-
tuting lysine for arginine (Arg) in the conserved tyrosine bind-
ing site (Fig. 2A). This represented Arg®®® in the SH2N do-
main and Arg®®* in the SH2C domain (6, 33). The SH2C
domain contains a second arginine (Arg®®®), unique to the
SH2C domain, that has previously been shown to have strong
binding affinity for phosphorylated tyrosine 1021 in the PDGF
receptor (24). Therefore, this arginine was also replaced with
lysine to ensure complete disruption of the SH2C domain
phosphotyrosine binding site (Fig. 2A) (6, 32). Constructs car-
rying these mutations were tested for their ability to induce
transcription from a PLC-y/calcium-dependent NFAT lucifer-
ase reporter construct. Palm PLC-vy1 expressed in the PLC-vy-
deficient chicken B-cell line, P10-14, was constitutively tyrosine
phosphorylated (Fig. 2B) but mediated a minimal level of
NFAT transcriptional activity in resting cells (Fig. 2C). Stim-
ulation of Palm PLC-vy1 transfectants with anti-IgM increased
NFAT activity to a level similar to that observed when P10-14
cells were reconstituted with wild-type (WT) PLC-y1. There-
fore, as previously observed in Jurkat T cells (38), Palm
PLC-v1 was constitutively phosphorylated in P10-14 B cells but
required receptor-mediated signals for activation.

PLC-y1 depends on both its SHZN domain and its SH2C
domain for antigen receptor-induced NFAT activation (see
Fig. 2C and 5C) (6, 33). When raft targeted, however, PLC-y1
constructs with an inactive SH2C domain exhibited significant
constitutive NFAT activity in either the presence (C# Palm) or
absence (N®C® Palm) of a functional SH2ZN domain (Fig.
2C). B-cell receptor (BCR) stimulation did not further in-
crease NFAT activity in cells expressing either of these Palm
SH2C domain mutants. These data are consistent with our
previous results demonstrating constitutive in vitro activity of
SH2C domain-mutated PLC-y1 and indicate that constitutive
activation of the SH2C domain mutant can be detected in vivo
if the requirement for membrane translocation is bypassed.

Interestingly, P10-14 cells that stably expressed Palm
PLC-y1 with only the SH2N domain mutated (N4 Palm) did
not exhibit either constitutive or BCR-induced NFAT activa-
tion (Fig. 2C). While membrane translocation is normally me-
diated by SH2N domain interaction with LAT (in T cells) and
BLNK (in B cells) (6, 33), this function of the SH2N domain is
not required in Palm PLC-y1 because of its constitutive mem-
brane raft localization (38). Since the activation of Palm
PLC-y1 still requires a functional SH2N domain when the
SH2C domain is intact, these results suggest that engagement

MoL. CELL. BIOL.

A

Palm
paim{ PHJEF | x [kpH[sH2|sh2[shsllspd] v [lcg} na
NePalm R586K
pam- [PHIEA | x [lspH| o [sh2[shafspH| v [lc2|| Ha
CePalm R694/6K
pam-| PHlE | x [lspH[sh2| o [shalspH| v [[c2|-Ha
NeCePalm R586/694/6K
Paim-| pHer| | x [kpH| o | o [sha[sed| v [lc2|} na
B WT Palm
Anti-lgM: - + - +
WB: anti-PY i - ——
WB: anti-HA | =—— —— -
C_
g 70%
= g 50% B Anti-IgM
2 £
© 5 40%
© £
£X 30%
'-Z'-E 20%
°\°° 10%-
=~ 0%
& 4 _Q o _Q
S ¢ e_o

FIG. 2. Raft-targeted PLC-yl is constitutively active when the
SH2C domain is mutated. (A) Representation of raft-targeted PLC-y1
constructs bearing an N-terminal palmitoylation signal sequence (Palm
PLC-y1). Mutated domains are indicated by a diamond (#). The
amino acid substitution(s) used to inactivate each SH2 domain is
shown for each construct. (B) P10-14 cells transiently transfected with
WT or Palm PLC-y1 were treated with medium or anti-IgM. Lysates
were immunoprecipitated with anti-HA antibody, Western blotted for
pan-tyrosine phosphorylation with the 4G10 antibody, and reprobed
with anti-HA antibody. PY, phosphotyrosine. (C) P10-14 cells were
transiently cotransfected with the indicated PLC-y1 construct and an
NFAT luciferase reporter and stimulated with medium or anti-IgM as
indicated. The measured luciferase activity was normalized to the
activity obtained for treatment with phorbol myristate acetate plus
ionomycin. The data presented are the means and standard errors of
the means for three separate experiments, with each condition assayed
in duplicate. WB, Western blot; Med, medium.

of the SH2N domain with its target phosphoprotein also pro-
motes a structural change that is required to overcome SH2C
domain-mediated autoinhibition.

The structure of PLC-y1 regulates the ability of the SH2C
domain to interact with phosphoproteins. To test the hypoth-
esis that accessibility of the SH2C domain is blocked by phys-
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FIG. 3. The structure of PLC-y1 regulates the ability of the SH2C
domain to interact with proteins. (A) Serially diluted GST-SH2N and
GST-SH2C fusion proteins were placed in wells of a streptavidin plate
that had been coated with either biotinylated nonphosphorylated Y132
LAT (Y132) or phosphorylated pY132 LAT (pY132) peptide as indi-
cated. Binding was detected with anti-GST rabbit serum and HRP-
conjugated second antibody. The data are representative of three sep-
arate experiments with samples tested in duplicate. (B) Serially diluted
lysates from P10-14 cells stably transfected with the indicated PLC-y1
constructs were assayed for their ability to bind to the pY132 LAT
peptide as described for panel A, except that binding was detected with
an anti-HA antibody. The data are presented as the average optical
densities at 650 nm (OD650) for two replicate wells in a single exper-
iment and are representative of at least three separate experiments.

ical constraints within PLC-y1, we utilized information gained
from previous studies that showed that as single-domain fusion
proteins, GST-SH2N as well as GST-SH2C fusion proteins
pulled down LAT from anti-T-cell receptor (TCR)-activated
Jurkat cell lysates (33). An ELISA was developed that detects
binding to a 15-amino-acid phosphopeptide derived from the
reported PLC-y1 binding site on human LAT (pY132 LAT)
(42). Both GST-SH2N and GST-SH2C fusion proteins tested
in the ELISA bound pY132 LAT with nearly identical dose-
dependent binding abilities (Fig. 3A), indicating that they were
equally able to interact directly with the same phosphotyrosine
binding site on LAT. Unexpectedly, GST-SH2C but not GST-
SH2N also demonstrated significant binding to a nonphos-
phorylated Y132 LAT peptide (Fig. 3A). This binding is elimi-
nated after mutation of the SH2C binding site (data not shown)
but suggests that the SH2C fusion protein has promiscuous bind-
ing activity in vitro.

WT PLC-v1 in lysates from stable P10-14 transfectants also
demonstrated dose-dependent binding to pY132 LAT (Fig.
3B). The binding of WT PLC-yl was mediated solely by its
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SH2N domain since no binding was observed with either SH2N
domain-mutated PLC-y1 (N®) or PLC-y1 in which both SH2
domains were mutated (N®C#). Furthermore, SH2C domain-
mutated PLC-yl (C®) bound as well as or better than WT
PLC-v1. This pattern of LAT binding was consistent with pre-
vious in vivo studies that showed phospho-LAT coprecipitation
with PLC-y1 only when the PLC-y1 SH2N domain was intact
(33) and demonstrates that the pY132 ELISA closely mimics
the characteristics of in vivo binding of PLC-y1 to phospho-
LAT. The ability of the SH2C domain to interact with pY132
LAT when tested as an isolated GST fusion protein, but not
when part of intact PLC-y1, suggests that the SH2C domain is
structurally restricted within the molecule.

The amino-terminal split pleckstrin homology domain reg-
ulates the binding activity of the Src homology domain region
of PLC-y1. An examination of PLC-y1 for regions that might
regulate SH2C domain binding activity led us to focus on the
sPH domain. Similar to the catalytic elements X and Y, the
sPH domain is spatially divided by the three Src homology
domains and likely assembles into a single functional domain
which could affect the activity of the intervening Src homology
region (12, 34, 40). We engineered a series of PLC-y1l con-
structs in which most of the SPHN domain was deleted (PHA
PLC-y1) (Fig. 4A). Deletion of the sSPHN domain alone (PHA)
substantially increased the in vitro ability of PLC-y1 to bind
132pY LAT compared to WT PLC-yl, suggesting that the
sPHN domain may regulate the accessibility of the Src homol-
ogy region (Fig. 4B). Mutation of both SH2 domains in com-
bination with the sPHN deletion (N®C® PHA) abrogated
132pY LAT binding altogether, indicating that the interaction
was still dependent on SH2 domain function. PHA PLC-y1
with either the SH2N or the SH2C domain mutated individu-
ally (N® PHA or C® PHA, respectively) showed binding to
pY132 LAT that was intermediate between that observed for
WT PLC-yl and that for PHA PLC-yl. Therefore, in the
absence of the amino-terminal sPH domain, PLC-y1 can bind
to pY132 LAT via either SH2 domain while wild-type PLC-y1
can interact with the LAT phosphopeptide only via the SH2N
domain. These data suggest that the sPH domain blocks the
SH2C domain from interaction with some target proteins and
also limits the extent of SH2N domain function.

Further evidence that the sSPHN domain regulates SH2C
domain function was obtained by assessing BCR-induced PHA
PLC-vy1 tyrosine phosphorylation and association with pp80
(BLNK) (6) in P10-14 transfectants. PHA PLC-yl demon-
strated increased constitutive and BCR-stimulated pp80 asso-
ciation and tyrosine phosphorylation compared to WT PLC-
v1, in agreement with its enhanced binding to 132pY LAT
(Fig. 4C). Normally, the association of PLC-y1 with pp80 and
receptor-induced phosphorylation of PLC-y1 are significantly
reduced when the SH2N domain is mutated (N®), indicating
that the SH2C domain does not normally provide this function
(Fig. 4C) (6). Upon deletion of the sPHN domain, however,
SH2N-mutated PLC-yl (N® PHA) was able to interact with
pp80 and was significantly tyrosine phosphorylated when stim-
ulated via the BCR, suggesting that when not blocked by the
sPHN domain, the SH2C domain is available for binding phos-
phoproteins that enable PLC-y1 tyrosine phosphorylation. C®
PHA PLC-vy1 exhibited a level of pp80 association and tyrosine
phosphorylation that was similar to that exhibited by WT PLC-
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FIG. 4. The amino-terminal split pleckstrin homology domain reg-
ulates the binding activity of the Src homology domain region of
PLC-y1. (A) Schematic diagram depicting the deletion of the amino-
terminal split pleckstrin homology domain in PLC-yl. (B) Lysates
from P10-14 cells stably expressing PLC-y1 PHA in combination with
mutations of SH2N and/or SH2C were tested by ELISA for binding to
pY132 LAT as described for Fig. 3B. (C) P10-14 cells stably expressing
the indicated PLC-yl constructs were stimulated with medium or
anti-IgM, lysed, and treated as described for Fig. 2B. EF, EF hand
domain; aa, amino acids; OD650, optical density at 650 nm; WB,
Western blot.

v1, providing a further substantiation of a model in which the
SH2N domain functions as the primary phosphoprotein bind-
ing region in PLC-y1. Mutation of both SH2 domains in PHA
PLC-yl (N®C® PHA) abrogated the coprecipitation of pp80
and tyrosine phosphorylation of PLC-y1. Together, these re-
sults suggest that in resting cells, the SPHN domain participates
in hindering access to the Src homology-containing region,
thereby limiting constitutive PLC-y1 tyrosine phosphorylation.
Once activation has been initiated via SH2N domain-mediated
events, the SH2C domain plays a considerable role in aug-
menting PLC-y1 phosphorylation.

Tyrosine 509 and phenylalanine 510 in the sPHN domain
regulate SH2C domain activity. PHA PLC-y1 constructs are
not functional because the deleted SPHN domain contains the
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binding site for the substrate PI(4,5)P, (3, 18). In an effort to
maintain PI(4,5)P, binding while disrupting sPHN-mediated
regulation of the SH2C domain, a series of site-specific
PLC-vy1 mutations were made and screened in the pY132 LAT
ELISA for SH2N domain-independent binding activity. In the
original series of mutants, each tyrosine residue of the sPHN
domain was mutated to phenylalanine (F) alone or in combi-
nation as follows: Y495F, Y506F/Y509F and Y518F/Y519F.
The in vitro pY132 LAT binding activity of these mutants was
comparable to that of WT PLC-y1, and none of these PLC-y1
mutants showed SH2N-independent binding to pY132 LAT
(data not shown). Because phenylalanine is structurally similar
to tyrosine, the tyrosine-to-phenylalanine mutants may not
have altered sSPHN domain interactions sufficiently. Therefore,
a second series of mutants, based on those of Chang et al. (3),
were constructed in which various amino acids, including some
of the tyrosine residues, were replaced with alanine. None of
the sPHN mutations of PLC-yl prevented interaction with
pY132 LAT, and while in some experiments the mutants dem-
onstrated greater binding to pY132 LAT than WT PLC-v1,
this was not a consistent finding (data not shown). Significant
SH2N domain-independent binding to pY132 LAT was ob-
served, however, in an N®Y509A/F510A PLC-y1 construct (Fig.
5B), suggesting that residues Y509 and F510 of the sSPHN domain
are required for regulation of SH2C domain availability.

The Y509A/F510A mutation does not affect PI(4,5)P, bind-
ing by the sSPHN domain (3, 18), and we found that PLC-y1
bearing the Y509A and F510A dual substitution supported
BCR-induced NFAT transcription, and in fact, this activity was
substantially increased compared to that mediated by WT
PLC-y1 (Fig. 5C). Importantly, N®Y509A/F510A also recon-
stituted receptor-induced NFAT activation in P10-14 cells that,
while less than that of YS09A/F510A, was greater than that of
WT PLC-y1. None of the other PLC-yl constructs bearing
sPHN mutations in combination with a nonfunctional SH2N
domain demonstrated receptor-induced NFAT activation
(data not shown). YS09A/F510A constructs that had the SH2C
domain mutated (C® Y509A/F510A) demonstrated significant
levels of constitutive NFAT activation that were not substan-
tially increased upon BCR stimulation, supporting a role for
the SH2C domain in the regulation of basal PLC-y1 activity
(Fig. 5C). When both SH2 domains together with Y509A/
F510A were mutated (N®C®YS09A/F510A), there was some
increased constitutive NFAT activity compared to that ob-
served with WT PLC-y1, but N®C®Y509A/F510A did not
respond to stimulation via the BCR, suggesting that PLC-vy1-
mediated, BCR-induced NFAT activation is dependent on
SH2 domain function.

Mutation of Y509/F510 alters the kinetics of cellular cal-
cium signaling. NFAT gene transcription is driven by a sus-
tained increase in intracellular calcium (27). The hydrolysis of
PI1(4,5)P, by PLC-v1 initiates this response via IP;-mediated
release of stored calcium from the endoplasmic reticulum into
the cytoplasm, but the mechanisms for maintaining increased
calcium levels in the cell are less well understood. We com-
pared the BCR-stimulated calcium responses in P10-14 cells
that stably expressed the YS09A/F510A mutants to those in
cells expressing WT PLC-y1. The addition of anti-IgM to WT
PLC-vy1-reconstituted cells stimulated a rapid rise in intracel-
lular calcium, followed by a typical sustained but lower calcium
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FIG. 5. Amino acids Y509 and F510 in the sSPHN domain participate in regulating SH2C domain availability. (A) Schematic diagram of PLC-y1
displaying an expanded sPHN domain. Specifically noted are two amino acid residues, Y509 and F510 in the second B-sheet, that were mutated
to alanine. Stars mark potential PI(4,5)P2 binding sites (18). (B) Serially diluted lysates from P10-14 cells transiently transfected with PLC-y1
constructs bearing the indicated mutations in the sSPHN domain were tested for binding to pY132 LAT by ELISA as described for Fig. 3B.
(C) P10-14 cells were transiently transfected with the indicated PLC-y1 construct and an NFAT luciferase reporter construct and then assayed for
their response to treatment with anti-IgM as described for Fig. 2C. OD650, optical density at 650 nm; Med, medium.

level (Fig. 6). The Y509A/F510A mutant followed the same
initial rise in intracellular calcium levels, but calcium was main-
tained at this level, or a slightly higher level, for a prolonged
period. As expected, mutation of the SH2N domain in WT
PLC-vy1 abrogated all responses to anti-IgM stimulation. In
contrast, YS09A/F510A PLC-y1 transfectants demonstrated

an SH2N-independent calcium response to anti-IgM stimula-
tion. The calcium flux mediated by N®Y509A/F510A PLC-v1,
while delayed compared to that mediated by WT PLC-vyl1,
reached a level similar to that of the WT-sustained response.
The normal kinetics of the anti-IgM-stimulated calcium re-
sponse of PLC-y1 is therefore significantly altered when Y509
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FIG. 6. Mutation of Y509 and F510 alters the BCR-induced cal-
cium response. P10-14 cells stably expressing the indicated PLC-y1
constructs were loaded with Indo-1/AM and stimulated with anti-IgM.
The ratio of fluorescence emission at 405 nm to that at 495 nm is
plotted over a 3-minute time period and is shown as arbitrary calcium
units (AU).

and F510 are mutated to alanine, but the signal is neverthe-
less sufficient to drive normal levels of NFAT transcriptional
activity.

The requirement for PLC-y1 tyrosine phosphorylation is
circumvented by mutation of Y509 and F510. To gain further
insight into PLC-y1 regulation by its sSPHN domain, we as-
sessed the role of tyrosine phosphorylation in various PLC-y1
constructs. Western blot analysis of Y509A/FS10A PLC-yl
revealed that anti-IgM treatment stimulated an increase in
Y509A/F510A PLC-y1 tyrosine phosphorylation that was
greater than that for WT PLC-y1 on both Y775 and Y783 (Fig.
7A). N®Y509A/F510A PLC-y1 also demonstrated BCR-in-
duced tyrosine phosphorylation levels similar to those ob-
served for WT PLC-vy1 (Fig. 7A). Mutation of Y775 and Y783
to phenylalanine either individually or together in YS509A/
F510A PLC-vy1, however, did not prevent these constructs
from mediating BCR-induced NFAT activity in P10-14 B cells
(Fig. 7B). Therefore, mutation of Y509 and F510 obviates the
need for both SH2N domain function and tyrosine phosphor-
ylation in PLC-y1 activation.

DISCUSSION

PLC-y1 activation is necessary for many of the biological
responses of normal and transformed cells, including prolifer-
ation, differentiation, motility, and cytokine production, and its
activity is therefore tightly regulated. Previous studies have
focused largely on its control via cellular localization or inter-
actions with other molecules. Here, however, we present novel
in vivo data that demonstrate that the basal activity of PLC-y1
is regulated by complex intramolecular interactions (Fig. 8).
These results indicate that the basal activity of PLC-yl is
repressed by its SH2C domain and that the sSPHN domain
regulates SH2C domain availability. In addition, while the
SH2N domain has long been appreciated for its requirement in
mediating PLC-yl membrane translocation and receptor-in-
duced phosphorylation, the data presented here indicate that
ligand binding by the SH2N domain may participate in the
“release” of PLC-y1 from SH2C domain inhibition through a
mechanism that is independent of tyrosine phosphorylation.
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FIG. 7. Mutation of Y509 and F510 alleviates the requirement for
Y775 and Y783 phosphorylation in PLC-y1 activation. (A) Stable
P10-14 transfectants were treated with medium or anti-IgM, lysed, and
immunoprecipitated with anti-HA antibody. Samples were divided for
resolution on individual sodium dodecyl sulfate-polyacrylamide gel
electrophoresis gels and immunoblotted with antiphosphotyrosine
(4G10), anti-pY775 PLC-y1, anti-pY783 PLC-y1, and anti-HA anti-
bodies. (B) P10-14 cells were transiently transfected with the indicated
PLC-y1 constructs plus an NFAT luciferase reporter construct and
then assayed for their response to treatment with medium or anti-IgM
antibody as described for Fig. 2C. The data are representative of at
least three independent experiments. WB, Western blot; Med, me-
dium.

The SH2 domains of PLC-yl share 35% homology and
prefer to bind a target phosphotyrosine that is followed by a
hydrophobic amino acid at both the +1 and the +3 positions
(32). While the PLC-y1 binding site on LAT (YLVYV) fits this
description and the relative abilities of GST fusion proteins of
the SH2N and SH2C domains to bind to pY132 LAT appear
identical, differences in the fine specificities of binding of the
two domains have been reported (32). For example, GST-
SH2C, but not GST-SH2N, has previously been shown to bind
a myriad of phosphoproteins, and as shown in this study, the
SH2C domain interacts with nonphosphorylated Y132 LAT
(Fig. 2A) (6, 33). The promiscuity of the isolated SH2C do-
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FIG. 8. Intramolecular interactions regulate PLC-y1 catalytic ac-
tivity in unstimulated lymphocytes. (A) In unstimulated cells, PLC-y1
is cytoplasmic. The carboxy-terminal SH2 (2C) domain and the sSPHN
domain cooperate to maintain PLC-yl in an inactive configuration.
Intramolecular interactions between the SH2C domain and PLC-y1
may position the PCI sequence (@) in proximity to the catalytic do-
main(s), inhibiting function. SH2C intramolecular binding also limits
the ability of the SH2C domain to interact with phosphorylated target
proteins. (B) Upon antigen receptor engagement, the amino-terminal
SH2 (2N) domain interacts with its target protein (phospho-LAT in T
cells or phospho-BLNK in B cells). This interaction is required to
induce the release of the SH2C domain from its intramolecular inter-
action and free the catalytic domain(s) from inhibition by the PCI
sequence. The SH2C domain is now able to interact with target pro-
teins such as Slp76 and c-Cbl, and PLC-y1 is phosphorylated on Y775
and Y783 (§8). Once released from intramolecular inhibition, the
catalytic domains act in concert to hydrolyze PI1(4,5)P, (PIP,).

main may be attributed to the unusual nature of its tyrosine
binding pocket. Unlike the SH2N domain, the SH2C domain
has three arginines in addition to the critical 5 arginine that
may contribute to phosphotyrosine binding. There is also a
long groove in which amino acids in the +4, +5, and +6
positions, relative to the phosphotyrosine, may bind (20, 24).
These features may allow for a greater degree of variability in
the binding capabilities of the SH2C domain than in those of
the SH2N domain. Indeed, in order to ensure that we dis-
abled the phosphotyrosine binding capacity of the SH2C
domain, we used an SH2C mutant construct that contained
a mutation in the BB5-arginine and the BB7-arginine that has
been shown to have a strong association with a phosphoty-
rosine residue in the PDGF receptor (24). Our data indicate
that the promiscuous binding potential is tightly regulated by
the structure of PLC-y1 and that alterations in the structure of
PLC-vy1 that disrupt these normal control mechanisms can
result in unregulated PLC-y1 activity.

The Src homology region of PLC-yl has been thought to
provide an autoinhibitory function since, when combined, the
isolated catalytic domains have increased activity compared to
the holoenzyme (12, 17). The SH2C domain appears to par-
ticipate in blocking PLC-y1 activity since PLC-y1 with a mu-
tated SH2C domain was constitutively active when tested in an
in vitro miscellar PI(4,5)P, hydrolysis assay (6). In vivo, how-
ever, this mutant was unable to reconstitute BCR-stimulated
PI(4,5)P, hydrolysis. The discrepancy between the activity of
the SH2C domain in vitro and its in vivo activity is due to the
requirement for SH2C domain function in antigen receptor-
induced activation of PLC-y1 (6, 14). The SH2C domain was
recently shown to be necessary for stable membrane recruit-
ment of PLC-y1 after TCR stimulation (1), and it likely plays
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a similar role in B-cell activation. Braiman et al. (1) also re-
ported that in addition to the SH2N domain, the SH2C domain
was required for phosphorylation of Y775 and Y783 after TCR
stimulation, a finding we have also observed in P10-14 chicken
B cells (data not shown). However, because Palm PLC-yl,
which is constitutively raft localized and tyrosine phosphory-
lated, does not mediate significant NFAT activation in un-
stimulated cells, it appears that membrane recruitment and
tyrosine phosphorylation alone are not sufficient for PLC-y1
activation. Palm PLC-y1 with a nonfunctional SH2C domain,
however, does mediate significant NFAT activation in the ab-
sence of BCR stimulation. This suggests that while SH2C do-
main function is no longer necessary for PLC-y1 activity when
the enzyme is raft targeted, SH2C domain inhibition must still
be overcome for full PLC-v1 activation. Similarly, when sPHN
domain inhibition was disrupted via mutation of Y509 and
F510, mutation of the SH2C domain resulted in constitutive
PLC-v1 activity. These data indicate that the basal activity of
PLC-vy1 is regulated by the SH2C domain and that receptor-
induced activation of PLC-yl not only involves membrane
translocation and tyrosine phosphorylation of PLC-y1 but also
requires that SH2C domain inhibition be overcome.

Distinct areas within the SH2C domain appear to have a role
in PLC-y1 regulation. An octomer sequence (PCI) located at
the C-terminal end of the SH2C domain was previously found
to inhibit the ability of four different phospholipase C isoforms
to hydrolyze PI(4,5)P, (11). Here, we demonstrate that dis-
abling SH2C domain function by mutating two arginines (694
and 696) results in the activation of PLC-y1 when it is targeted
to the lipid rafts or released from sPHN domain constraints.
We propose that the SH2C domain mediates an intramolecu-
lar interaction via its tyrosine binding site that either directly
blocks the catalytic domain(s) or optimally positions the PCI
sequence for this purpose.

A functional SH2N domain was necessary for the activation
of raft-targeted Palm PLC-y1 in which the SH2C domain was
intact. The role of the SH2N domain in “releasing” PLC-y1
from SH2C domain inhibition was not due to its ability to
mediate phosphorylation since Palm PLC-y1 is constitutively
phosphorylated but not constitutively active. These data sug-
gest that an interaction of the SH2N domain with its target
phosphoprotein, in addition to mediating PLC-y1 transloca-
tion and phosphorylation, forces a structural change that re-
leases PLC-y1 from SH2C domain inhibition and promotes
full PLC-y1 activation. This hypothesis is consistent with data
from Koblan et al. (19) that showed an increase in the in vitro
catalytic activity of PLC-y1 upon the addition of phosphoty-
rosine-containing peptides corresponding to the reported
PLC-y1 binding sites on either the erythrocyte growth factor
receptor or the fibroblast growth factor receptor. Furthermore,
binding of the erythrocyte growth factor receptor phosphopep-
tide to PLC-y1 was shown to alter the conformation of PLC-y1
(9). Since both the SH2N and SH2C domains are required for
Y775 and Y783 phosphorylation (Fig. 7A and data not shown)
(1), we speculate that not only does SH2N domain occupancy
release PLC-y1 from SH2C domain-mediated inhibition, but it
also promotes SH2C domain availability for interaction with
target proteins that promote Y775 and Y783 phosphorylation
and stable association with the membrane.

Results from experiments with PLC-y1 in which the amino-
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terminal portion of the sPH domain was deleted or in which
amino acids in the sSPHN domain were mutated indicate that
the PLC-y1 sPHN domain regulates the ability of the SH2C
domain to interact with phosphoproteins. The pY132 LAT
ELISA data show that the isolated SH2C domain can interact
with nonphosphorylated peptides and that this might involve
hydrophobic interactions between sPHN aromatic amino acids
and key amino acids in the SH2C tyrosine binding site (24).
Alternatively, recent studies indicate that the sPH domains of
PLC-vy1 fold into a canonical PH domain with high thermosta-
bility in the presence or absence of the Src homology domain
region (34, 40). The assembly of a complete PH domain may
place the SH2C domain into position for intramolecular bind-
ing and impose structural constraints on the Src homology
region that regulate its accessibility. It is also interesting to
speculate that the activation of PLC-y1 modulates the associ-
ation of the sPHN and C-terminal split pleckstrin homology
(sPHC) domains to allow them to participate in intermolecular
interactions. For instance, Y509 and F510 have been shown to
be required for an interaction between PLC-yl and EFl-q,
and this interaction appears to promote PLC-y1 activation (3).
Furthermore, the PLC-y1 sPHC domain has been suggested to
interact with an sPHN-like domain in the TRPC3 calcium
channel to form a full PH domain capable of interacting with
phosphoinositides (37). While our data strongly indicate that
the sSPHN and SH2C domains cooperate in their abilities to
maintain PLC-yl in an inactive conformation, the precise
mechanism responsible for this inhibition is still under inves-
tigation.

Delineation of the mechanism of PLC-y1 activation is vital
to understanding cellular responses. PLC-y1 is a key regulator
of signaling in many types of cells, and its activity is tightly
controlled in order to maintain normal cell function. Unregu-
lated PLC-y1 activation has been suggested to be involved in
the development of numerous cancers (21, 31, 39). Our results
provide insight into the control of this complex molecule. The
inhibitory mechanisms identified in this study are internal to
the PLC-y1 molecule itself. Therefore, in combination with
various intermolecular interactions, they apply to the regula-
tion of PLC-y1 activity in multiple cell and receptor types and
influence the signal transduction pathways that regulate bio-
logical responses.
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