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Abstract

Multiple extracellular stimuli, such as growth factors and antigens, initiate signaling cascades
through tyrosine phosphorylation and activation of phospholipase C (PLC)-y isozymes. Like most
other PLCs, PLC-v1 is basally auto-inhibited by its X-Y linker, which separates the X-and Y-
boxes of the catalytic core. The C-terminal SH2 (cSH2) domain within the X-Y linker is the
critical determinant for auto-inhibition of phospholipase activity. Release of auto-inhibition
requires an intramolecular interaction between the cSH2 domain and a phosphorylated tyrosine,
Tyr783, also located within the X-Y linker. The molecular mechanisms that mediate auto-
inhibition and phosphorylation-induced activation have not been defined. Here, we describe
structures of the cSH2 domain both alone and bound to a PLC-y1 peptide encompassing
phosphorylated Tyr783. The cSH2 domain remains largely unaltered by peptide engagement.
Point mutations in the cSH2 domain located at the interface with the peptide were sufficient to
constitutively activate PLC-y1 suggesting that peptide engagement directly interferes with the
capacity of the cSH2 domain to block the lipase active site. This idea is supported by mutations in
a complimentary surface of the catalytic core that also enhanced phospholipase activity.

Diverse extracellular stimuli including hormones, neurotransmitters, antigens, and growth
factors, promote phospholipase C (PLC)-catalyzed hydrolysis of the minor membrane
phospholipid phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P,) to generate the
intracellular second messengers inositol 1,4,5-trisphosphate (Ins(1,4,5)P3) and
diacylglycerol®. Ins(1,4,5)P3 and diacylglycerol mobilize intracellular calcium and activate
PKC isozymes, respectively, to regulate multiple cellular processes including fertilization,
proliferation, differentiation, and chemotaxis?.

Six families of PLCs, PLC-B, -v, -9, -¢, -, and —n, including thirteen distinct isozymes, exist
in humans®. With the exception of the sperm-specific isozyme PLC-(, PLCs have a common
core architecture consisting of a pleckstrin homology (PH) domain, a series of EF hands, a
catalytic triose phosphate isomerase (TIM) barrel split into X- and Y-boxes by a variable
length linker (X-Y linker), and a C2 domain. Most PLCs also contain additional domains,
which engender isozyme-specific regulation. We have proposed a general model of
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regulation in which the X-Y linker basally auto-inhibits PLC isozymes. In many PLCs, the
X-Y linker is disordered and negatively charged, and its deletion accelerates phospholipase
activity in vitro and in cells3. We posit that auto-inhibition is due to electrostatic repulsion
between the linker and membranes, as well as physical occlusion of the active site3=>. Asa
result of these observations, we proposed a model of interfacial activation in which PLCs are
recruited to, and oriented at, membranes leading to a concomitant displacement of the X-Y
linker from the active site and enhanced phospholipase activity.

PLC-vy isozymes (PLC-y1 and -vy2) uniquely possess a highly elaborated X-Y linker, which
contains two Src homology 2 (SH2) domains, an SH3 domain, and a split PH domain,
suggesting that these isozymes exhibit a distinct mode of regulation. Indeed, this domain
architecture engenders PLC-y-specific activation by multiple tyrosine kinases, and tyrosine
phosphorylation within the X-Y linker stimulates the activity of PLC-y isozymes in vitro
and in cells®=2. In particular, phosphorylation of Tyr783 in PLC-y1 is critical for activation
downstream of receptor tyrosine kinases (RTKs) and immune cell receptors’-910, We
recently demonstrated that PLC-y isozymes are basally auto-inhibited by the X-Y linker, and
that deletion of the C-terminal SH2 (cSH2) domain within the X-Y linker was sufficient to
constitutively activate PLC-y1 similarly to deletion of the entire X-Y linker®. Therefore, the
cSH2 domain represents the core element required for auto-inhibition of lipase activity.
Further deletion-mapping defined 10 amino acids encompassing the BG loop and pG strand
at the C-terminus of the cSH2 domain as critical for auto-inhibitory capacity. We also
demonstrated that activation of PLC-vy1 requires that the cSH2 domain engage
phosphorylated Tyr783, and that this engagement results in an allosteric rearrangement of
the linker coupled to activation. This allosteric rearrangement and activation is recapitulated
by deletion of the BG loop and BG strand. Therefore, we postulate that PLC-y1 couples
tyrosine phosphorylation to conformational rearrangements within the X-Y linker that drive
phospholipase activity.

While this model explains many aspects of the phosphorylation-dependent activation of the
PLC-y isozymes, several questions remain unresolved. For example, the mechanism by
which elements within the cSH2 domain, specifically the BG loop and G strand, contribute
to the auto-inhibition of PLC-vy1 activity is poorly understood. Here, we used a combination
of structural biology and cell-based measures of phospholipase activity to propose that PLC-
v isozymes are regulated by direct competition of the cSH2 domain for interaction with the
TIM barrel (auto-inhibited) and the phosphorylated X-Y linker (active).

MATERIALS AND METHODS
Cloning and purification of the cSH2 domain of PLC-y1

The ¢SH2 domain (amino acids 664— 766) was amplified from full-length rat PLC-y1 by
PCR, then subcloned into a modified pET15b vector, which incorporates a Hisg tag and a
tobacco etch virus (TEV) protease site at the N-terminus of the expressed protein. The cSH2
domain was expressed in the BL21 strain of E. coli, and purified as described previously
with the following modifications®. After TEV cleavage, the sample was applied to a 5 ml
HisTrap HP column (GE Healthcare). Flow-through fractions were pooled and diluted 5-
fold into 20 mM HEPES (7.5), 300 mM NaCl, and 5% (v/v) glycerol. The sample was
further diluted 3-fold into buffer S1 (20 mM HEPES (7.5), 1 mM DTT, and 5% (v/v)
glycerol) and applied to an 8 mL SourceS cation exchange column equilibrated in 10%
buffer S2 (20 mM HEPES (7.5), 1 M NaCl, 1 mM DTT, and 5% (v/v) glycerol). Bound
proteins were eluted with a linear gradient of 10%-100% buffer S2 over 20 column
volumes.
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Crystallization of the cSH2 domain of PLC-y1

Diffraction quality crystals of the PLC-y1 cSH2 domain were obtained by hanging drop
vapor diffusion at 4 °C. Drops were formed by mixing 2 pL of the cSH2 domain at 7.5 mg/
mL in 20 mM HEPES (7.5), 150 mM NaCl, 1 mM DTT, and 5% (v/v) glycerol with 1 puL of
the reservoir solution (100 mM MES (5.5), 200 mM ammonium acetate, 25% (w/v) PEG
4,000). Single crystals appeared within two days, grew to maximum size (~200 um on the
longest edge) within one week, and had a Matthews coefficient (V) of 1.94 A3 /Da. The
space group and unit cell parameters are shown in Table 1. Crystals were cryo-protected by
flash cooling in liquid nitrogen.

Crystallization of the cSH2 domain of PLC-y1 bound to the pTyr783 peptide

The PLC-y1 cSH2 domain-pTyr783 peptide complex was formed by incubating the cSH2
domain (7.5 mg/mL) with a 1.1-fold molar excess of the pTyr783 peptide (1.4 mg/mL) in 20
mM HEPES (7.5), 150 mM NaCl, 1 mM DTT, and 5% (v/v) glycerol at 4 °C for one h prior
to initiating crystallization trials. Crystals were obtained at 20 °C by microseeding hanging
drops with crushed crystals of the apo-cSH2 domain. Crystals grew from drops formed by
mixing 1 uL of protein solution with 2 uL of the reservoir solution (100 mM MES (6.0), 200
mM ammonium acetate, 35% (w/v) PEG 4,000), reached a maximum length of ~250 um
within two weeks, and had a V,,, of 1.62 A3/Da. The space group and unit cell parameters
are shown in Table 1. Crystals were cryo-protected by flash cooling in liquid nitrogen.

Data collection and structure determination

Native sets of X-ray diffraction data were collected on single crystals of the apo-cSH2
domain and the cSH2 domain bound to the pTyr783 peptide on SER-CAT beamline 22-1D
at the Advanced Photon Source at Argonne National Laboratory. Data were collected on a
MAR300 CCD detector, at a crystal to detector distance of 150 mm. One scan about
totaling 200° was collected for each crystal. Each frame consisted of a 0.5° rotation taken
for one second. Data were indexed, integrated, and scaled using HKL20001. Phases were
solved by molecular replacement using the program Phaser in the CCP4 program suitel2:13,
The coordinates of the cSH2 domain of PLC-y1 (PDB ID: 3GQI) were used as a search
model for the apo-cSH2 domain. After partial refinement of the apo-cSH2 domain structure,
these phases were used to identify a solution for the cSH2 domain bound to the pTyr783
peptide. Both models were subjected to multiple rounds of restrained refinement and TLS
refinement using Refmac5, as well as manual refinement in Coot415. A final round of
restrained refinement and TLS refinement was carried out in Phenix® . The stereochemical
quality of each model was assessed with MolProbityl’. Complete data collection and
structure refinement statistics are shown in Table 1.

Cloning of PLC-y1 point mutants

The R675E, K71 1E + K713E, R716E, N728E, Y747E + R748E, D342K, E347K, D370K,
and D1019K point mutations were introduced into rat PLC-y1 in a modified pcDNA3.1
vector, which incorporates an HA tag at the N-terminus of the expressed protein, by
QuikChange site-directed mutagenesis (Stratagene). Incorporation of each mutation was
confirmed by automated DNA sequencing of the entire PLC-y1 open reading frame.

Measurement of PLC-y1 activity

Cell-based assays to measure accumulation of [3H]inositol phosphates were performed as
described previously35-2. Briefly, HEK293 cells were transfected with plasmids encoding
HA-tagged PLC-y1 constructs using Fugene-6 (Promega). Twenty-four h post-transfection,
cells were metabolically labeled with 1 pCi of [3H]myo-inositol in serum-free, inositol-free
DMEM for 16 h followed by a one h incubation in the presence of 10 mM LiCl. For
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experiments in which cells were treated with LiCl overnight, 10 mM LiCl was added to the
radiolabeling medium. To measure PLC activity in response to EGF stimulation, cells were
co-transfected with 200 ng of the indicated PLC-y1 construct and 100 ng of plasmid
encoding the human EGF receptor (a generous gift from Dr. H. Shelton Earp, The
University of North Carolina at Chapel Hill). Cells were stimulated with recombinant human
EGF (Invitrogen) for 30 min in the presence of 10 mM LiCl. Cells were lysed with formic
acid, and following neutralization with ammonium hydroxide, the lysate was applied to
Dowex columns. Accumulation of [3H]inositol phosphates was measured by liquid
scintillation counting. Expression of PLC-y1 constructs was determined by western blotting.
Cell lysates were probed with a monoclonal antibody against the HA epitope (clone 3F10,
Roche). As a loading control, lysates were also probed with an antibody against p-actin
(clone AC-15, Sigma-Aldrich).

Homology modeling and electrostatic surface calculation

A homology model of PLC-y1 (amino acids 1 to 1219) lacking the X-Y linker (amino acids
471 to 983) was generated using the Phyre serverl8, Electrostatic surfaces were calculated
using APBS executed within PyMOL19.20,

Protein and Peptide Concentrations

RESULTS

Concentrations of the cSH2 domain were determined using the A,gg and the extinction
coefficient calculated using ProtParam (e = 14,400 M~1cm=1). Concentrations of the
pTyr783 peptide were calculated using the A,g7 and an extinction coefficient & = 2,752
M~1em™1 calculated by adding the extinction coefficient of tyrosine (¢ = 1,050 M~1ecm™1)
and phosphotyrosine (e = 652 M~1cm™1). The pTyr783 peptide was synthesized by Creative
Peptides Inc., Shirley, NY and had the following sequence: acetyl-
DYGALYEGRNPGFYVEAN-amide, with the phosphorylated tyrosine underlined.

Phosphorylation of PLC-y1 at Tyr783 elevates lipase activity, and we previously suggested
that this increase results from intramolecular interaction of the cSH2 domain with the
phosphorylated form of Tyr783 found immediately C-terminal to the cSH2 domain. To
better understand this regulation, we determined the crystal structure of the cSH2 domain of
PLC-y1 in isolation as well as in complex with a peptide encompassing the region
surrounding pTyr783 (Fig. 1).

The structure of the apo-form of the cSH2 domain was solved by molecular replacement,
using the structure of the cSH2 domain of PLC-y1 (PDB ID: 3QGI) as a search model, and
refined at a resolution of 1.7 A (Table 1). Phases from this model were subsequently used to
refine the 1.5-A resolution structure of the peptide-bound form (Table 1).

The structure of the cSH2 domain is similar to other SH2 domains and consists of a central
antiparallel p sheet flanked by two a helices (Fig. 1B). The phosphopeptide binds in an
extended groove roughly orthogonal to the central 3 sheet and is anchored at one end by the
phosphorylated tyrosine in a deep pocket on the cSH2 domain. Although the phosphopeptide
consists of 18 residues, only the C-terminal eight have clear electron density in the structure
and bury ~430 AZ of solvent-accessible surface of the cSH2 domain upon complex
formation. The remainder of the peptide is presumably disordered and not required for
complex formation. The extended interface is recapitulated in other peptide:SH2
complexes?1:22,

Conformational differences between the peptide-bound and unbound forms of the cSH2
domain (Fig. 1C) are unlikely to be functionally important. For instance, the largest
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differences between the two forms occur at the termini of the cSH2 domain on the opposite
side of the domain relative to bound peptide. The N-terminal helix reorients and the C-
terminal helix is missing in the unbound form. However, these conformational changes do
not propagate to the site of the bound peptide, suggesting that the termini are inherently
flexible. Additionally, the EF loop is translated ~2.5 A toward the bound peptide relative to
the unbound form, but this difference is ascribed to interactions of this loop with the C-
terminus of a symmetry mate in the crystal of the unbound form.

The two structures superimpose with an RMSD ~0.3 A for 77 equivalent Ca atoms. In
particular, the conformations of the BG loop and G strand are essentially identical between
the two structures. We previously postulated that conformational changes centered within
this region in response to engagement of phosphopeptide would be linked to the release of
auto-inhibition of phospholipase activity®.

While the conformations of the BG loop and G strand remain unaltered between the two
structures, the BG loop substantially contributes to the interface with the phosphopeptide
(Fig. 1D). For example, Asn +4 of the phosphopeptide, corresponding to residue 787 in full-
length PLC-y1, participates in four hydrogen bonds with the BG loop (Fig. 2). Leu746
within the BG loop also forms part of the hydrophobic groove that interacts with Ala +3 of
the phosphopeptide. The remainder of the hydrophobic groove of the cSH2 domain is
occupied by Val +1 of the phosphopeptide before terminating in the phosphotyrosine-
binding pocket where pTyr783 interacts with four arginines (Arg675, Arg694, Arg696,
Arg716).

The structures of the bound and unbound forms of the cSH2 domain fail to highlight
conformational changes that can be reasonably linked to enhancement of phospholipase
activity. However, a likely alternative posits that the peptide-binding surface of the cSH2
domain directly occludes the active site of PLC-y1. In this case, engagement of the cSH2
domain by a phosphopeptide would directly disrupt this occlusion to release auto-inhibition.
This idea was tested by mutating the peptide-binding surface of the cSH2 domain within the
context of full-length PLC-y1 and measuring phospholipase activity in cells after metabolic
labeling of phosphoinositide pools (Fig. 3). Several substitutions of positively charged
residues to glutamic acid had no effect on basal phospholipase activity. This set includes the
individual substitution of two arginines (Arg675 and Arg716) within the pocket that binds
pTyr783 as well as double substitution of lysines (Lys711 and Lys713) adjacent to this
pocket. In contrast, mutation of the EF loop (N728E) enhanced basal phospholipase activity
approximately five-fold and a tandem substitution (Y747E + R748E) within the BG loop
activated PLC-y1 by greater than 30-fold. This elevated basal activity approximates the
activity of PLC-y1 lacking the entire cSH2 domain (AcSH2; Fig 3), which we have shown
completely lacks auto-inhibition mediated by the X-Y linker®. These results further
emphasize the importance of the BG loop and adjacent regions of the cSH2 domain in the
auto-inhibition of PLC-y isozymes and suggest that these regions may interact with the
active site to auto-inhibit phospholipase activity. Conversely, the pocket required to bind
pTyr783 likely does not interact with the active site to auto-inhibit PLC-y1. However, this
pocket is nevertheless essential for activation since the cSH2 domain must engage pTyr783
and surrounding peptide to relieve auto-inhibition as shown previously®.

The surface of the cSH2 domain, including the BG loop, that engages the pTyr783 peptide is
positively charged (Fig. 3). If this surface directly occludes the active site of PLC-y1 to auto-
inhibit phospholipase activity, it seems reasonable to expect the complementary surface of
PLC-v1 to be negatively charged. In an effort to identify potential areas near the active site
of PLC-v1 that interact with the cSH2 domain, a homology model of PLC-y1 was generated
based on the structure of PLC-B3 (Fig. 4). This model spans the PH to C2 domains but lacks
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the X-Y linker. Comparison of this model with the structure of PLC-$3 highlights several
negative patches in the vicinity of the active site of PLC-y1 that are not found in PLC-3.
Negatively charged residues within these areas of PLC-y1 were mutated to lysine, and
phospholipase activity of the resulting mutants was quantified in cells.

Individual substitutions at two positions (D342K and E347K) produced modest
enhancement (2-5x) of basal phospholipase activity relative to the wild-type isozyme (Fig.
4). More interestingly, substitution of Asp1019 to lysine enhanced basal phospholipase
activity approximately 15-fold. In comparison, the phospholipase activity of PLC-y1 (Ac
SH2), which completely lacks auto-inhibition mediated by the X-Y linker, is elevated by
approximately 130-fold. To assess further these relatively small increases in phospholipase
activity, a second set of cells were treated identically except with a prolonged incubation (17
hours) with LiCl to enhance accumulation of inositol phosphates. Under these conditions,
the phospholipase activity of PLC-y1 (E347K) was elevated by approximately 15-fold
relative to wild-type PLC-vy1; the activity of PLC-y1(D1019K) was approximately 60-fold
higher. These results are consistent with the proposal that Glu347 and Asp1019 interact with
the cSH2 domain to auto-inhibit PLC-y1. These two sites are separated by the X-Y linker in
the primary sequence of PLC-vy1, but are adjacent to each other in the homology model.

The relative basal phospholipase activities of PLC-y1 (Y747E + R748E) and PLC-
v1(D1019K) measured in intact cells were confirmed with purified proteins. These proteins,
along with wild-type PLC-v1, were purified to homogeneity after expression in insect cells
and their specific activities compared using 30 pM [3H]PtdIns(4,5)P,. Consistent with the
intact cell experiments, wild-type PLC-y1 had low basal activity (0.72 + 0.25 pmol/min/ng)
while PLC-y1(D1019K) possessed slightly elevated phospholipase activity (3.98 + 0.23
pmol/min/ng) and PLC-y1(Y747E + R748E) was highly active (42.5 + 10.85 pmol/min/ng)
(data not shown).

These mutational analyses suggest that the cSH2 domain directly interacts with the active
site of PLC-y1 to auto-inhibit phospholipase activity. However, it was also important to
assess the effects of these mutations on phosphorylation-induced activation. Thus, we
examined the capacity of the epidermal growth factor receptor (EGFR) to activate a panel of
the PLC-y1 mutants in HEK293 cells (Fig. 5).

Concentration dependent activation of phospholipase C by epidermal growth factor (EGF)
was observed in HEK293 cells co-transfected with wild-type PLC-y1 and EGFR (Fig. 5A).
Maximal activation was observed with approximately 50 nM EGF. In contrast, transient
expression of either PLC-y1 or EGFR alone resulted in minimal responses to EGF. As
expected, PLC-y1(AcSH2) was not further activated by 50 nM EGF when co-expressed with
the EGFR (Fig. 5B). Of the panel of PLC-y1 mutants harboring substitutions (Fig. 5B), only
two (R675E and R716E) could not be activated to the same extent as wild-type PLC-y1 by
application of 50 nM EGF after co-transfection with EGFR. Both of these sites reside in the
pocket of the cSH2 domain needed to engage phosphotyrosine and likely prevent activation
by reducing the capacity of the cSH2 domain to bind pTyr783. Under identical conditions,
the remaining substituted forms retained the capacity to be activated fully by addition of
EGF. Indeed, these mutants, which include substitutions within both the cSH2 domain and
TIM barrel, consistently exhibited phospholipase activity in response to EGF that surpassed
the equivalent activity of wild-type PLC-y1 and approached or exceeded the phospholipase
activity of PLC-y1(AcSH2). These data indicate a residual auto-inhibition of
phosphorylated, wild-type PLC-vy1 that can be relieved by either deletion of the cSH2
domain or mutations that prevent its interaction with the active site.

Biochemistry. Author manuscript; available in PMC 2014 July 16.
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DISCUSSION

The structure of the cSH2 domain is not substantially altered upon engagement of the
pTyr783 peptide and in particular, the BG loop and G strand adopt an essentially identical
configuration in the presence and absence of the phosphopeptide (Fig. 1C). However, the
BG loop makes a substantial contribution to the interface with the pTyr783 peptide (Fig. 2).
Therefore, these data strongly suggest that phosphorylated sequences and the lipase active
site directly compete for binding to overlapping surfaces of the cSH2 domain, and that in
contrast to our previous supposition?, no conformational changes within the cSH2 domain
are required to regulate phospholipase activity.

The model driven by the structures of the cSH2 domain with and without bound pTyr783
peptide shares many features with the auto-inhibition of class I PI 3-kinases?3-25. Indeed,
the enzymatic activity of the catalytic p110 subunit is auto-inhibited by tandem SH2
domains in the regulatory subunit, p85. Structures of p85-p110 complexes indicate that the
nSH2 domain engages the helical and kinase domains of p110 through the same surface that
binds phosphopeptides?6:27, Biochemical studies suggest that positively charged residues
that form the phosphopeptide-binding site on the nSH2 domain engage a cluster of acidic
residues within the helical domain of p110 to auto-inhibit kinase activity28. These positively
charged residues in the nSH2 domain also directly contact bound phosphopeptides,
suggesting that binding of the nSH2 domain to p110 and phosphorylated target sequences is
mutually exclusive?®. Charge reversal mutations within the interface between the nSH2
domain and p110 are sufficient to elevate kinase activity in vitro?8. Although the binding
mode between the nSH2 domain and p110 is well-defined, the precise mechanism by which
disruption of this auto-inhibitory interface is translated into enhanced enzymatic activity
remains to be fully elucidated. Nevertheless, phosphorylated peptides derived from receptor
tyrosine kinases and adaptor proteins activate Pl 3-kinase in vitro, and oncogenic missense
mutations in p110 were mapped to the auto-inhibitory interface with the nSH2 domain30-35,

We have identified a positively charged surface of the cSH2 domain that is critically
involved in auto-inhibition of PLC-y1 activity (Fig. 3). The corresponding portion of the
PLC-y2 cSH2 domain is also highly electropositive, suggesting a conserved mode of
regulation (data not shown). Mutational analysis of the TIM barrel suggests the presence of
a complimentary, i.e. negatively charged, surface that is involved in the regulation of lipase
activity (Fig. 4). The nSH2 domain of p85 auto-inhibits p110 activity in trans. In contrast,
PLC-y1 activity is auto-inhibited by an intramolecular interaction that requires the cSH2
domain. Nevertheless, we posit that the cSH2 domain of PLC-y1 and the nSH2 domain of
p85 auto-inhibit enzymatic activity through a similar mechanism. In the basal state, the
surface of the cSH2 domain that binds phosphorylated sequences, specifically the BG and
EF loops, directly engages the TIM barrel such that access of substrate to the lipase active
site is precluded. Upon nSH2-dependent recruitment to activated RTKs, PLC-y1 is
phosphorylated on specific tyrosines, e.g. Tyr783. Phosphorylated Tyr783 then engages the
cSH2 domain, disrupting the interaction with the TIM barrel, and allowing enhanced
phospholipase activity (Fig. 6).

In-frame deletions in the cSH2 domain of PLC-y2 were linked recently to immune system
dysregulation in a cohort of patients with a dominantly inherited syndrome characterized by
immunodeficiency and autoimmunity3®. Cell-based overexpression studies as well as ex vivo
analysis of primary immune cells from patients indicated that these deleted forms of PLC-y2
are hyperactive. Genetic analysis of affected individuals identified two distinct deletion
variants of PLC-y2. One variant lacks a portion of the cSH2 domain encompassing the EF
and BG loops. These loops play a central role in mediating the auto-inhibition of PLC-y1
activity. Therefore, the absence of these elements provides a clear rational for the observed
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increases in PLC-y2 activity. The other deleted form of PLC-y2 lacks approximately 40
amino acids at the N-terminus of the cSH2 domain. In this case, elevated lipase activity is
likely attributable to unfolding of the cSH2 domain and the concomitant loss of the surface
required for auto-inhibition.

The auto-inhibitory interface within the cSH2 domain apparently is centered on the BG
loop. However, a single point mutation in the EF loop, N728E, elevated basal PLC-y1
activity approximately 5-fold (Fig. 3), suggesting that this loop also makes a contribution to
the auto-inhibitory surface. Alanine-scanning mutagenesis of individual amino acids,
including Asn728, across the EF loop, did not result in mutants of PLC-y1 with altered basal
phospholipase activity®. Apparently, the neutral N728A mutation is insufficient to disrupt
the auto-inhibitory interface between the cSH2 domain and catalytic core.

Genetic evidence supports the notion that the surface of the cSH2 domain encompassing the
EF loop is involved in the auto-inhibition of PLC-y isozymes. A single missense mutation,
S707Y, located in the BE strand of the PLC-y2 ¢cSH2 domain was linked to a distinct group
of patients with dominantly inherited auto-inflammatory disease3”. The equivalent residue in
PLC-v1, Ser729, is immediately adjacent to Asn728. Concordant with our observation that
the N728E mutation elevates the basal activity of PLC-v1, several lines of evidence suggest
that S707Y is a gain-of-function substitution in PLC-y2. Zhou and colleagues suggest that
altered activity of PLC-y2(S707Y) is due to insertion of a putative phosphorylation site
within the cSH2 domain. However, we posit that point mutations in the EF loop (N728E in
PLC-y1) and BE strand (S707Y in PLC-y2) elevate the activity of PLC-vy isozymes through a
common mechanism: disruption of the auto-inhibitory interface between the cSH2 domain
and the catalytic core.

Forward genetic screens in mice also implicate residues outside of the cSH2 domain in the
regulation of PLC-y2 activity. One such screen identified a missense mutation, D993G, in
the TIM barrel of PLC-y2 that is linked to spontaneous inflammation, autoimmunity, and
arthritis3®. B cells derived from mice heterozygous for this mutation are hyper-responsive to
receptor activation ex vivo, suggesting that D993G is a gain-of-function mutation. Indeed,
subsequent analysis of PLC-y2(D993G) in an overexpression system demonstrated that this
mutant isozyme exhibits higher basal and receptor-dependent activity than wild-type PLC-
v2 in cells3. Consistent with these findings, we observed that PLC-y1 harboring a mutation
at Asp1019, which corresponds to Asp993 in PLC-y2, had elevated basal activity (Fig. 4).
The D1019K mutation also potentiated the EGFR-dependent activation of PLC-y1 in cells
(Fig. 5). Given that these effects resulted from a charge reversal mutation, it is tempting to
speculate that Asp1019 interfaces with the positively charged surface of the cSH2 domain to
auto-inhibit PLC-y1 activity.

The cSH2 domain of PLC-v1 is the primary determinant mediating auto-inhibition of PLC-
v1, and we have focused on how this domain responds to the engagement of phosphorylated
Tyr783 to regulate phospholipase activity. However, the cSH2 domain operates within the
context of the larger X-Y linker, and structure determination of a full-length form of PLC-y1
will be required to fully understand how tyrosine phosphorylation is coupled to the release
of cSH2 domain-mediated auto-inhibition in holo-PLC-v1.
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ABBREVIATIONS
cSH2 domain C-terminal SH2 domain
EGF epidermal growth factor
EGFR epidermal growth factor receptor
Ins(1,4,5)P3 inositol 1,4,5-trisphosphate
nSH2 domain N-terminal SH2 domain
Ptdins(4,5)P, phosphatidylinositol 4,5-bisphosphate
PLC phospholipase C
PH pleckstrin homology
RTK receptor tyrosine kinase
SH Src homology
TIM triose phosphate isomerase
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Fig. 1.

Crystal structures of the C-terminal SH2 domain of PLC-y1. (A) Schematic representation
of full-length rat PLC-y1. Highlighted are the C-terminal SH2 domain (cSH2; blue) and
primary sequence of the phosphorylated peptide (green underline, phosphorylated Tyr783 is
red) used for structure determination. Dashed green line indicates portion of the peptide
disordered in the crystal structure. (B) Structure of the cSH2 domain of PLC-y1 bound to the
pTyr783 peptide. Elements of secondary structure within the cSH2 domain are labeled
according to established nomenclature. The bound peptide is green with associated electron
density (2Fy-Fc map contoured at 1.0 o) in black mesh. Positions of amino acids within the
peptide are numbered relative to the phosphotyrosine. (C) Structural comparison of the
c¢SH2 domain in the presence (blue) and absence (wheat) of the pTyr783 peptide. Structures
superimposed (RMSD ~0.3 A) for 77 equivalent Ca atoms. (D) Alignment of the primary
sequences of the cSH2 domain from rat PLC-y1 and PLC-y2. a helices (cylinders) and 3
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strands (arrows) are assigned using the structure of the peptide-bound form of the cSH2

domain. Dots demark every 10t residue and residues that contact the pTyr783 peptide are
indicated with a red dash.
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Fig. 2.

The BG loop forms part of the interface with the pTyr738 peptide. The surface of the cSH2
domain (center panel) is colored to highlight the BG loop and phosphotyrosine-binding
pocket (pink) as well as intervening residues (wheat) that interact with the peptide. Side
panels detail interactions between the peptide and the cSH2 domain; dashed lines represent
hydrogen bonds.
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Fig. 3.

The auto-inhibitory interface within the cSH2 domain maps to the electropositive EF and
BG loops. HEK293 cells were transfected with the indicated amounts of plasmids encoding
either wild-type or mutant forms of PLC-vy1 prior to quantification of accumulated
[H]inositol phosphates (top left). Mutated residues are highlighted on the structure of the
¢SH2 domain (top right). Data are presented as the means + S.E.M. of triplicate samples
from a single experiment and are representative of three independent experiments.
Expression of PLC-y1 constructs confirmed by western blots of cell lysates (bottom left).
Mutated residues that increase basal phospholipase activity are indicated on the solvent
accessible surface of the cSH2 domain (bottom right) colored according to electrostatic
potential calculated without bound peptide (red: =5 kT/e, blue: +5kT/e).
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Fig. 4.

The catalytic core of PLC-y1 contains a putative interface with the cSH2 domain. (A) The
core of PLC-vy1 is electronegative. The solvent accessible surface of a homology model of
PLC-v1 lacking the X-Y linker (left) is colored according to electrostatic potential (red: -5
kT/e, blue: +5 kT/e). Residues selected for mutational analysis are labeled. The equivalent
representation of PLC-B3 is shown at right. (B) Mutations near the active site of PLC-y1
elevate basal activity. HEK293 cells were transfected with plasmids encoding either wild-
type PLC-v1 or PLC-y1 harboring the indicated mutations in the TIM barrel. Accumulation
of [3H]inositol phosphates was quantified after a one hour incubation with LiCl (left) or for
the indicated times (right). The amount of radioactivity that accumulated in cells transfected
with empty vector was subtracted from all measurements. Data are presented as the means +
S.E.M. of triplicate samples from a single experiment. Expression of PLC-y1 constructs
verified by western blots (insets).
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Fig. 5.

PLC-v1 is activated to a similar extent by either EGFR-dependent phosphorylation or
mutation of the BG loop. (A) Dose-dependent accumulation of inositol phosphates by EGF
in cells overexpressing EGFR and PLC-y1. HEK?293 cells were transfected with plasmids
encoding PLC-y1, EGFR, or both constructs as indicated prior to challenge with EGF for 30
minutes and measurement of [3H]inositol phosphates. In each case, the level of radioactivity
that accrued in cells not treated with LiCl was subtracted from all values. (B) Stimulation of
PLC-y1 by EGF is not further enhanced by mutation of the BG loop. HEK293 cells were co-
transfected with plasmids encoding EGFR and either wild-type PLC-vy1 or the indicated
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mutant forms. Accumulation of [3H]inositol phosphates was quantified after a 30 minute
challenge with vehicle (gray bars) or 50 nM EGF (black, blue, and green bars). The amount
of radioactivity that accumulated in cells overexpressing EGFR following treatment with
either vehicle or EGF was subtracted from each basal or EGF-treated condition,
respectively. Activities of PLC-y1 forms harboring mutations in either the cSH2 domain or
the TIM barrel were measured independently and the results combined into a single graph
for clarity. Expression of PLC-v1 constructs verified by western blots of cell lysates
(bottom). Data are presented as the means + S.E.M. of triplicate samples from single
experiments and are representative of three independent experiments in panel B.
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Fig. 6.

Model for the phosphorylation-dependent activation of PLC-y1. In the basal state, the
catalytic TIM barrel (light green) of PLC-v1 is auto-inhibited by the cSH2 domain within
the X-Y linker. The phosphorylated tails of activated RTKs (red circles), such as EGFR,
provide docking sites for the nSH2 domain resulting in the recruitment of PLC-y1 to the
plasma membrane. PLC-y1 is subsequently phosphorylated on Tyr783 within the X-Y
linker, which results in an intramolecular association with the cSH2 domain. This interaction
leads to conformational changes within the larger X-Y linker that are coupled to the release
of auto-inhibition and enhanced hydrolysis of the substrate Ptdins(4,5)P5 (PIP5).
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Data collection and refinement statistics for the PLC-y1 cSH2 domain and the PLC-y1 ¢SH2 domain bound to
the pTyr783 peptide. Numbers in parenthesis refer to the highest resolution shell. Each dataset was collected

from a single crystal.

PLC-y1 cSH2/
data collection PLC-y1cSH2 pTyr783 peptide
space group C222, P212:2;
unit cell dimensions

a, b, c(A) 48.1, 53.3,150.3 29.0, 54.5,59.9

a, By (%) 90.0, 90.0, 90.0 90.0, 90.0, 90.0
resolution (A) 35.7-1.70 (1.73-1.70)  40.3-1.50 (1.53-1.50)
unique reflections 21,853 (1,066) 15,900 (763)
Rmergel 6.1 (46.3) 6.7 (33.1)
<lo>2 33.3(4.7) 29.1(3.8)
completeness (%) 99.3 (91.1) 99.8 (97.4)
redundancy 8.0 (8.0) 73(4.7)
wavelength (A) 1.000 0.979
no. of molecules in asymmetric unit 2 1
refinement
resolution (A) 35.7-1.70 40.3-1.50
no. of reflections (test/working) 1,120/20,696 790/15,060
RIRqe.3 18.4/22.3 16.3/19.8
no. of atoms

protein 1,721 851

peptide - 68

water 103 80
R.M.S. deviations

bond lengths (A) 0.007 0.015

bond angles (°) 1.09 1.63
average B-factors (A2)

protein 27.8 14.0

peptide - 27.4

water 29.0 25.3
Ramachandran plot (%)

favored 96 97

allowed 4 3

disallowed 0 0
PDB ID 4K44 4K45

1 . . . . .
Rmerge=100x3|I-<I>|/3 1, where I is the integrated intensity of a measured reflection.

<l/o> is the mean signal to noise ratio, where 1 is the integrated intensity of a measured reflection, and o is the estimated error in the

measurement.
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3R:100XZ|FO—FC|/2F0, where Fg and F¢ are the observed and calculated structure factor amplitudes, respectively. Rfree is calculated as R using

5% of the total reflections that have been randomly excluded from refinement.
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