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SUMMARY

Phospholipase C (PLC) isozymes are directly activated by heterotrimeric G proteins and Ras-like
GTPases to hydrolyze phosphatidylinositol 4,5-bisphosphate into the second messengers
diacylglycerol and inositol 1,4,5-trisphosphate. Although PLCs play central roles in myriad signaling
cascades, the molecular details of their activation remain poorly understood. As described here, the
crystal structure of PLC-pB2 illustrates occlusion of the active site by a loop separating the two halves
of the catalytic TIM barrel. Removal of this insertion constitutively activates PLC-f2 without ablating
its capacity to be further stimulated by classical G protein modulators. Similar regulation occurs in
other PLC members, and a general mechanism of interfacial activation at membranes is presented
that provides a unifying framework for PLC activation by diverse stimuli.

INTRODUCTION

Numerous hormones, growth factors, neurotransmitters, antigens, and other external stimuli
activate phospholipase C (PLC) isozymes to hydrolyze phosphatidylinositol 4,5-bisphosphate
(PtdIns[4,5]P5) into the second messengers diacylglycerol (DAG) and inositol 1,4,5-
trisphosphate (IP3) (Harden and Sondek, 2006). DAG activates both conventional and
nonconventional protein kinase C isoforms, and 1Pz promotes release of intracellular calcium.
These bifurcating processes are essential for a broad range of cellular (e.g., fertilization,
division, differentiation, and chemotaxis) and physiological (e.g., platelet shape change and
aggregation, muscle contraction, hormone secretion) events. PtdIns(4,5)P, levels also are
affected by PLCs and directly regulate important biological processes. For example, PLC-
catalyzed depletion of Ptdins(4,5)P, directly modulates activities of more than 20 distinct ion
channels (Gamper et al., 2004; Horowitz et al., 2005; Kobrinsky et al., 2000; Suh and Hille,
2005; Yue et al., 2002; Zhang et al., 2003). Similarly, localized depletion of PtdIns(4,5)P, by
PLC is required for lamellipodia formation and directional membrane protrusion (Mouneimne
et al., 2004) as well as for phagocytic cup formation and subsequent vacuole fusion (Scott et
al., 2005). Indeed, direct protein/PtdIns(4,5)P, interactions dictate proper subcellular
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localization and attendant functions of many signaling components, and many of these
processes are modified by local PLC-promoted depletion of PtdIns(4,5)P,.

Humans express 13 PLCs divided into six classes (PLC-B, -y, -8, -¢, -n, and -C) based on
similarity of primary sequence and shared modes of regulation (Harden and Sondek, 2006;
Rhee, 2001). Gag11 and GBy dimers released from heterotrimeric G proteins activated
downstream of G protein-coupled receptors directly bind PLC-p isoforms leading to their
activation. PLC-n2 also is activated directly by GBy (Zhou et al., 2005, 2008). PLC-y isoforms
are activated by phosphorylation by various receptor and nonreceptor tyrosine kinases. Several
PLCs are directly activated by Ras-related GTPases: Ras, Rap, and Rho activate PLC-¢,
whereas Rac activates PLC-f2, -B3, and -y2 (Harden and Sondek, 2006; Piechulek et al.,
2005). No well-established protein activators for PLC-6 and - isoforms are known, and these
PLCsare uniquely sensitive to physiologically relevant concentrations of calcium, which might
provide the primary basis for their regulation. Despite these diverse modes of activation, basal
activity of all PLCs is low relative to their maximal activation.

Herein we show a common mechanism for autoinhibition of PLCs that in turn provides a means
for their activation by diverse signaling inputs. More specifically, the crystal structure of a
large fragment of PLC-2 highlights the occlusion of its active site by a portion of the linker
that separates the conserved X and Y boxes comprising the catalytic TIM barrel. Deletion of
this linker constitutively activates PLC-B2 in vitro and in cells, but the mutant enzyme retains
capacity to be activated by Gag, GBy, and Racl. Similar deletions in PLC-1, -51, and -¢ also
result in marked activation of these diversely regulated isozymes. The X/Y linker regions in
these PLCs share no sequence conservation. Nonetheless, a preponderance of clustered,
negatively charged residues is present in all of these linkers, and we present a unifying model
for interfacial activation of PLCs whereby negatively charged membranes sterically and
electrostatically repel X/Y linkers within PLCs, leading to open active sites that allow substrate
access and accelerated hydrolysis of Ptdins(4,5)P5. In this fashion, a common autoinhibitory
mechanism provides rigid control over the suite of PLCs that can be harnessed by diverse
signaling inputs to impart highly localized and robust Ptdins(4,5)P, hydrolysis.

Crystal Structure of PLC-B2

Most PLC isozymes possess a conserved core encompassing an N-terminal pleckstrin
homology domain followed by an array of four EF hands, a catalytic TIM barrel, and a flanking
C2 domain (Figure 1A). The crystal structure of this fragment was recently determined for
PLC-B2 bound in a GTP-dependent fashion to its upstream activator, Racl (Jezyk et al.,
2006).

To assess potential conformational rearrangements within PLC-B2 necessary for activation by
GTP-bound Racl, we have now determined the high-resolution structure of PLC-B2 in isolation
(Figure 1B and see Table S1 available online). Comparison of the holoenzyme and Rac1-bound
PLC-pB2 revealed no long-range conformational rearrangements within PLC-B2 (Figure 1C).
Moreover, the spatial arrangements of active site residues within both structures of PLC-2
are identical and mimic the constellation of catalytic residues within structures of PLC-51
(Figures 2A and 2B). In particular, PLCs require a Ca2* cofactor, which interacts with the 2-
hydroxyl group of the inasitol ring of PtdIns(4,5)P5 to promote binding of substrate and
stabilization of the transition state. Four polar groups (N312, E341, D343, and E390) ligate
the Ca2* ion in the PLC-51 structures (Essen et al., 1996, 1997a), and equivalent functional
residues in PLC-B2 (N328, E357, D359, E408) identically position a catalytically required
Ca?* ion. Other residues in PLC-81 coordinate the 1-phosphoryl (H311, N312, H356), 4-
phosphoryl (K438, S522, R549), and 5-phosphoryl (K440) groups of the PtdIns(4,5)P,
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substrate, and equivalent residues (H327, N328, H374, K461, S571, R598; K463) are similarly
arranged within the active site of both structures of PLC-B2. In structures of PLC-31, Tyr551
makes extensive van der Waals interactions with the inositol ring of the substrate PtdIns(4,5)
P,; Tyr600 of PLC-B2 is optimally placed for these interactions. Therefore, the active sites of
PLC-B2 and -81 are highly similar, and neither gross conformational changes nor more subtle
alterations of active site residues are observed in comparison of the independently determined
structures of holo-PLC-B2 and its Rac1-bound counterpart.

Inspection of both structures of PLC-B2 reveal that the active site is identically occluded by a
portion of the linker connecting the highly conserved X and Y boxes comprising the catalytic
TIM barrel (Figure 2C). The X/Y linker of PLC-B2 spans approximately 70 amino acids (466—
537), but only 22 of these residues (516-537) are ordered in the structure of isolated PLC-p2.
The first half (residues 516-529) of this region forms a short o helix that is roughly
perpendicular to the body of the TIM barrel capped at its C terminus by a tight turn and an
extended region (residues 530-537) including a small 31 helix (residues 530-534). The C
terminus of the o helix and the extended region make extensive contacts with the phospholipase
active site. In particular, the turn within the X/Y linker is anchored to the TIM barrel through
a bifurcated hydrogen-bonding arrangement composed of the carbonyl oxygens of Ser 527 and
Asp 528 of the linker and the amide of Gly 603 within the Y box and between the secondary
structure elements, TB7 and Ta6 (Essen et al., 1996; Jezyk et al., 2006). At the C-terminal end
of the extended portion of the X/Y linker, residues 531-536 participate in a set of five H bonds
with residues 408-410 of the TIM barrel located at the end of 8 strand, Tp3.

We initially conjectured that occlusion of the active site in the structure of Rac1-bound PLC-
2 arose as an artifact of crystallization conditions (i.e., precipitating reagents or lattice
contacts). This idea was encouraged by knowledge that the X/Y linker was disordered and not
observed in earlier high-resolution crystal structures of PLC-51 lacking its PH domain (Essen
etal., 1996, 1997a, 1997b). However, observation that an identical occlusion of the active site
occurred in the structure of the isolated form of PLC-B2 generated under dramatically different
crystallization conditions led us to hypothesize that the X/Y linker serves to autoinhibit PLC-
B2 and that regulated removal of the linker from the active site of PLC-B2 is an obligate step
necessary for phospholipase activity. Initial phases used to model the isolated form of PLC-
32 were obtained by molecular replacement using the original PLC-B2 structure. Therefore, to
rule out potential model bias and to confirm the accuracy of the isolated PLC-B2 structure
within the area of the X/Y linker, this region was deleted from the final coordinates prior to a
round of simulated annealing and subsequent calculation of electron density (Figure 2D). The
resulting simulated annealing omit map strongly supports the final model for the X/Y linker
and indicates that this region is energetically predisposed to occlude the active site of PLC-
B2 under differing crystallization conditions.

Deletion of the X/Y Linker Activates PLC-B Isozymes

With the goal of determining whether the ordered portion of the X/Y linker is involved in the
regulation of catalysis by PLC-B2, we deleted residues 516-535 and compared the
phospholipase activity of this mutant isozyme (PLC-B2A20) to that of wild-type PLC-B2 after
expression in COS-7 cells (Figure 3A). [3H]Inositol phosphate accumulation was quantified
(Supplemental Experimental Procedures) in cells transfected with a broad range of DNA
concentrations. The phospholipase activity of PLC-p2A20 was markedly (5- to 20-fold)
elevated relative to wild-type PLC-B2 at all amounts of transfected DNA. Similar amounts of
protein expression were observed for both forms of PLC-B2 at all transfected DNA
concentrations (Figure 3, inset). To probe further the requirement for specific interactions
between the X/ Y linker of PLC-B2 and its active site, Gly 530 was mutated to proline. This
substitution disfavors formation of the 31 helix within the extended portion of the X/Y linker
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and likely disrupts specific interactions between the X/Y linker and the catalytic TIM barrel
of PLC-B2. Consistent with these expectations, PLC-p2(G530P) exhibited basal activity that
also was markedly elevated relative to wild-type PLC-B2 (Figure 3B), although this
enhancement was approximately half the phospholipase activity of PLC-$2A20. Mutation of
the adjacent threonine residue to alanine also resulted in a mutant isozyme (PLC-B2[T531A])
that exhibited markedly elevated basal activity (data not shown).

The data presented above are consistent with the conclusion that the ordered region of the X/
Y linker of PLC-B2 is auto-inhibitory. However, the majority of the X/Y linker in PLC-B2 is
disordered, and this region was also assessed for autoinhibitory capacity. Strikingly, deletion
of residues 470-515 (PLC-B2A44), which includes the majority of the disordered region of the
X/Y linker, results in an isoform that has approximately 10-fold higher basal activity relative
to PLC-B2A20 (Figures 3C and Figure 7A). A similar increase in basal activity relative to PLC-
B2A20 was observed when residues 470-524 were deleted (PLC-B2A55), which removes the
linker with the exception of residues that occupy the active site (Figures 3D and Figure 7A).

No appreciable effect on the basal activity of PLC-B2A44 occurred upon addition of four extra
residues (i.e., Gly-Ser-Gly-Ser), strongly suggesting that deletion of the disordered region does
not intrinsically affect the flanking structured regions (Figure 3C).

PLC-pB2 is directly activated by Rac GTPases as well as heterotrimeric G proteins, and the
capacity of these modulators to enhance the phospholipase activity of the linker-deleted forms
of PLC-P2 also was tested after coexpression in COS-7 cells (Figure 4 and Figure S1). As
expected, cotransfection of plasmids encoding wild-type PLC-B2 and constitutively active
Rac3 (Rac3[G12V]) resulted in a substantial increase in [3H]inositol phosphate accumulation
relative to transfection of either plasmid alone (Figure 4A). Furthermore, cotransfection of the
mutant forms of PLC-B2 with Rac3(G12V) resulted in levels of [3H]inositol phosphate
accumulation that consistently were 2- to 7-fold higher than those observed with wild-type
PLC-B2. GBy dimers and GTP-bound Ga subunits of the Gg/11 family also directly bind PLC-
B isozymes to enhance phospholipase activity, and cotransfection of either GByy, (Figure 4B)
or Gag (Figure 4C and Figure S1) with the linker-deleted forms of PLC-B2 produced results
similar to those observed for Rac3(G12V). GByy, coexpression with PLC-B2 mutants increased
[3H]inositol phosphate production 2- to 5-fold compared to wild-type PLC-B2, and Gayg
coexpression reproducibly led to 2- to 7-fold increases. Thus, deletion of the X/Y linker does
not prevent the capacity of Rac3, GB1y2, or Goy to stimulate the phospholipase activity of PLC-

B2.

With the goals of confirming and extending the observations made in studies of phospholipase
C activity after overexpression in COS-7 cells, we deleted residues 516-535 of the X/Y linker
from the truncated form of PLC-B2 used for crystallization and purified this truncated PLC-
2A20 to homogeneity after baculoviral-mediated expression in insect cells. Purity of truncated
PLC-B2A20 was compared to its undeleted counterpart by SDS-PAGE (Figure 5A, inset). The
specific activity of purified, truncated PLC-B2 for hydrolysis of PtdIns(4,5)P, presented as
substrate in mixed detergent phospholipid micelles was ~1.4 umol/min/mg (Figure 5A), which
is similar to previously published activities observed with full-length PLC-f2 and other PLC
isozymes using similar conditions (Morris et al., 1990; Seifert et al., 2004; Waldo et al.,
1996). In contrast, and consistent with the cellular measurements of phospholipase activities,
the activity (~12 pmol/min/mg) of truncated PLC-$2A20 under identical assay conditions was
approximately 8-fold higher than that observed with wild-type PLC-32.

The capacity of GBy and Rac to activate these two truncated forms of PLC-p2 also was studied
in phospholipid vesicles using techniques previously described (Boyer et al., 1992; Seifert et
al., 2004; Waldo et al., 1991). Reconstitution of GBqy, resulted in elevated stimulation of

phospholipase C activity for both forms of PLC-B2 (Figure 5B). However, the fold activation
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of the wild-type fragment of PLC-2 was higher than that of PLC-p2A20, due to the increased
basal activity of PLC-$2A20. In similar studies using purified and prenylated Racl, increases
in phospholipase activity also were observed for both forms of PLC-32 (Figure 5C). Enhanced
phospholipase activity was dependent on the nucleotide-bound state of Racl with at least 2-
fold higher enzyme activities observed in the presence of the nonhydrolyzable analog of GTP,
GTPyS. The fold stimulation over basal enzyme activity observed with GTPyS-loaded Racl
was higher with wild-type PLC-$32, but the magnitude of the increase was much larger with
PLC-B2A20, which, as illustrated in Figure 5A, exhibits up to 10-fold higher basal activity in
the absence of G protein regulators.

Constitutive Activation of Diverse PLC Isozymes

We hypothesized that the equivalent region between the X and Y boxes of the catalytic TIM
barrel plays a similar role in regulation of the activity of other PLC isoforms, and therefore
deletion studies were carried out with other PLC isozymes. Exclusive of the X/Y linker, PLC-
B1 and PLC-B2 are highly conserved isozymes, and deletion of the X/Y linker of PLC-p1
equivalent to the ordered portion of PLC-B2 resulted in enhanced phospholipase activity of
PLC-B1 both in cells and in vitro (data not shown). More interestingly, PLC-31, which is
evolutionarily divergent relative to PLC-B1 and -B2 is also autoinhibited by its X/Y linker
(Figure 6A). In this case, deletion of the 44 amino acids that comprise the X/Y linker in PLC-
d1 resulted in up to a 10-fold increase in phospholipase C activity compared to wild-type PLC-
81 in transfection experiments. This remarkable activation of PLC-31 occurs despite the fact
that the X/Y linker could not be modeled in several crystal structures of this PLC isozyme,
indicating that it is disordered (Essen et al., 1996, 1997a, 1997b). Given the results obtained
with PLC-f isozymes and PLC-51, we also examined the role of the X/Y linker (~110 residues)
found in PLC-¢. Expression of PLC-¢ lacking its X/Y linker in COS-7 cells revealed an increase
in phospholipase activity of at least 20-fold relative to wild-type PLC-¢ (Figure 6B).

DISCUSSION
Various PLCs Are Inhibited by Their X/Y Linkers

In order to understand how G proteins modulate PLCs, we determined the crystal structure of
a large fragment of PLC-B2 in isolation and compared it with the previously determined crystal
structure of PLC-B2 bound to Racl (Figure 1 and Figure 2). This comparison revealed that the
structure of PLC-B2 is not altered upon binding Racl. On the contrary, the two forms of PLC-
B2 are highly similar, and this similarity extends to the active site, which is identically occluded
by a portion of the X/Y linker. This occlusion is incompatible with phospholipase activity of
PLC-B2, since essentially the entire active site is occupied by residues 527-536 of the X/Y
linker. Our structural assessment was confirmed biochemically, since deletion of the ordered
region of the X/Y linker from PLC-2 activated the enzyme as evidenced by 5- to 20-fold
increases in both inositol phosphate accumulation in COS-7 cells (Figure 3) and rates of
hydrolysis of Ptdins(4,5)P, observed in reconstituted vesicles using purified proteins (Figure
5A). Indeed, the structural basis for the autoinhibition of PLC-B2 is dramatically highlighted
by the fact that single substitutions within the ordered portion of the X/Y linker that occupies
the active site, e.g., G530P, markedly increase the basal phospholipase activity of PLC-B2
(Figure 3B). To the best of our knowledge, the activation of a PLC caused by a single
substitution of the X/Y linker has not previously been reported.

Despite increased basal phospholipase activity, PLC-B2 forms lacking portions of the X/Y
linker maintain regulation by heterotrimeric G proteins and Rac in both cells and reconstitution
assays using purified components (Figure 4 and Figure 5 and Figure S1). For both sets of
experiments, fold enhancements were lower for deleted forms of PLC-B2 relative to wild-type
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PLC-B2. This situation might reflect the tight basal control of wild-type PLC-2 relative to
mutated, constitutively active forms of this enzyme.

Major sites of interactions with PLC-f isozymes have been mapped for GBy dimers, Gag, and
Racl. For instance, detailed biochemical (lllenberger et al., 2003a, 2003b; Snyder et al.,
2003) and structural analyses (Jezyk et al., 2006) indicate that the Rac isozymes solely engage
the PH domain of PLC-f3 isozymes. As shown here, no conformational changes are propagated
from the site of Rac engagement, and Rac GTPases must promote phospholipase activity of
PLC-Bs by enhancing their localization and optimizing their orientation at substrate
membranes. Therefore, deletion of the X/Y linker within PLC-B2 would not be expected to
prevent Rac engagement and stimulation of PLC-B2, which is consistent with the results
described here. This view is further supported by the fact that micromolar concentrations of
soluble Rac1-GTPyS failed to enhance the phospholipase activity of full-length, wild-type
PLC-pB2 operating on cholate-solubilized PtdIns(4,5)P, (Figure S2). Under these conditions,
Racl-GTPyS would be expected to activate PLC-B2 only via an allosteric mechanism. In
contrast, GBy dimers have been shown to interact with PLC-pBs not only through the PH domain
but also through adjacent portions of the EF hands and regions within the TIM barrel (Barr et
al., 2000; Wang et al., 1999b, 2000). While these studies have not specifically implicated the
X/IY linker of PLC-s as directly interacting with GBy dimers, the mapped interaction interface
is expansive and adjacent to the X/Y linker in the structure of PLC-B2. Therefore, GBy dimers
might interact with parts of the X/Y linker to fully modulate PLC-Bs. Nevertheless, no portion
of the X/Y linker is absolutely required for the activation of PLC-B2 by GByy, (Figure 4B).
Gayg has been proposed to interact with the unique C-terminal homodimerization domain
(Blank et al., 1993; Kim et al., 1996; Park et al., 1993; Wu et al., 1993) and possibly the C2
domain (Wang et al., 1999a). However, Gag has not been implicated in binding to the X/Y
linker of PLC-p isozymes, which is consistent with the fact that PLC-B2 forms lacking the X/
Y linker retain robust activation by Goy in cotransfection experiments (Figure 4C and Figure
S1).

The portion of the X/Y linker region of PLC-B2 that occludes its active site is conserved in
PLC-B1 and -B3, suggesting that these PLCs are similarly autoinhibited. Indeed, deletion of
the X/Y linker within PLC-B1 also increased basal phospholipase activity (data not shown).
More significantly, deletions of the X/Y linkers within PLC-31 and -¢ also lead to constitutively
active PLCs (Figure 6).

Diverse Linkers but One Regulatory Mechanism

The X/Y linker regions within PLCs clearly engender major autoinhibition of several, and
possibly all, PLC isozymes. How does this occur?

X/Y linkers of PLC isoforms vary greatly in both length and sequence (Figure 7A), and even
within subgroups of PLCs, no significant conserved regions exist within the sequences that
separate the TIM barrels. However, an unusually high density of negatively charged residues
provides at least one distinguishing characteristic of the X/Y linker in the majority of PLC
isoforms. We conclude that these highly negatively charged X/Y linkers provide important
control of PLC activities at negatively charged substrate membranes, and we have formulated
a model of interfacial activation of PLCs (Figure 7B). The central tenet of this model is that
the negatively charged X/Y linkers are sterically and electrostatically repelled from
phospholipid membranes upon recruitment and orientation of PLCs at these PtdIns(4,5)P»-
containing surfaces. The X/Y linkers provide a general mode of occlusion of the active site of
PLCs that is dependent on the overall length and negative charge of the linker region. Thus,
the active sites of PLC isoforms are effectively shielded, and spurious, unregulated hydrolysis
of PtdIns(4,5)P, is prevented. This model is consistent with the extremely high basal activities
of PLC-B2A44 and PLC-B2A55, which lack the majority of the X/Y linker yet retain the portion
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of the X/Y linker that directly interacts with the active site. In comparison, substitution or
deletion of the ordered portion of the X/Y linker of PLC-f2 is only partially activating.
Therefore, for PLC-f2, and presumably the other PLC-f isozymes, the ordered region of the
X/Y linker appears to fine-tune access to the active site while the negatively charged and
disordered region serves as the major autoinhibitory determinant.

This model also explains several disparate observations in the literature whereby manipulation
of X/Y linkers affects the phospholipase activity of PLCs. For instance, protease cleavage of
PLC-81 (Ellisetal., 1993), -p2 (Schnabel and Camps, 1998), or -y1 (Fernald et al., 1994) within
the X/Y linker results in a concomitant increase in phospholipase activity. In a different vein,
active PLC-y1 (Horstman et al., 1996) and -B2 (Zhang and Neer, 2001) can be reassembled by
coexpression of the N- and C-terminal halves of these isozymes. Coexpression of these
fragments lacking portions of the X/Y linker resulted in PLCs with high basal phospholipase
activity. Similarly, mutational deletion of the X/Y linker of PLC-y1 (Horstman et al., 1999)
elevates its phospholipase activity. Finally, PLC-51 (Sidhu et al., 2005) and -y1 (Horstman et
al., 1999) are inhibited by portions of their X/Y linkers supplied in trans. All of these examples
point to a conserved autoinhibitory role for the X/Y linker of PLC isozymes.

Several important ramifications arise from this general model of interfacial activation of PLC.
Foremost on this list is that any mechanism that steers the active site of a PLC isozyme toward
phospholipid membranes should force the negatively charged X/Y linker away from the active
site, therein relieving autoinhibition of the enzyme. Our structures of PLC-B2 with and without
bound Racl, together with measurements of enzyme activity, illustrate that this idea fully
explains the capacity of Rac GTPases to activate PLC-B2. Our mutational data also indicate
that this mechanism almost certainly applies to activation of PLC-B isozymes by GBy and
Gag11- Consistent with this assumption, major binding sites for these modulators do not
include the active site or X/Y linker of PLC-p isoforms.

The crystal structure of Rac1 bound to PLC-f2 (Jezyk et al., 2006) indicates that Rac isozymes
engage solely the PH domain of PLC-f2, which is distant from the active site. Comparison
with the crystal structure of the unbound form of PLC-B2 presented here (Figure 1 and Figure
2), as well as the included experimental data (Figure 4 and Figure 5 and Figure S2), indicates
that no conformational changes propagate into the active site as a consequence of Rac binding.
Therefore, Rac GTPases must activate PLC-B2 by localizing and orienting the phospholipase
at substrate membranes. Since the X/Y linker of PLC-B2 is autoinhibitory and our data suggest
that Rac does not modify this region, it seems incontrovertible that the X/Y linker is removed
from the active site of PLC-B2 by a secondary means, namely steric and electrostatic repulsion
from negatively charged membranes.

It is unclear if PLC-8 isozymes are modulated by direct interactions with regulatory proteins.
However, the PH and C2 domains of these isozymes form anchor points with phospholipid
membranes through their interaction with Ptdins(4,5)P, (Ferguson et al., 1995; Garcia et al.,
1995) and Ca?* (Essen et al., 1997b), respectively. Elevated concentrations of intracellular
calcium or PtdIns(4,5)P, over basal levels result in the association of PLC-8 isozymes with
membranes, and thus these PLC isoforms are subject to interfacial activation. Deletion of the
X/Y linker of PLC-81 is markedly activating despite several crystal structures of PLC-51
(Essenetal., 1996, 1997a, 1997b) that indicate the entire X/Y linker is disordered. We conclude
that this relatively short, negatively charged X/Y linker occupies a volume immediately over
the active site consisting of numerous conformations. Thus, the disordered X/Y linker is
capable of autoinhibition by hindering productive binding of PLC-51 to membranes (Figure
S3) and thereby restricting access of PtdIns(4,5)P- to the active site. Only upon increased
intracellular Ca?* and subsequent anchorage of PLC-81 to membranes would the X/Y linker
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region, now repelled by the negative electrostatic potential of the membranes, vacate this
volume to allow unfettered access to substrate.

A minority of PLCs do not possess highly negatively charged and disordered X/Y linker
regions. For example, PLC-y isozymes contain X/Y linkers with well-formed domains—a split
PH domain, two SH2 domains, and an SH3 domain—and are activated by tyrosine
phosphorylation within the X/Y linker (Ozdener et al., 2002; Rodriguez et al., 2001; Sekiya et
al., 2004). The X/Y linkers of human PLC-n1 and -n2 are not highly negative overall but do
possess dense clusters of negatively charged residues near their ends. PLC-( expression is
restricted to sperm and is required for the propagation of calcium oscillations needed for cell
division after fertilization (Saunders et al., 2002; Swann et al., 2006). The two major human
PLC-{ isoforms have dramatically divergent X/Y linkers. One form (NCBI accession number
EAW96389) contains a highly negatively charged X/Y linker spanning approximately 85
residues. The other form (NP_149114) has an X/Y linker that is half the size and highly basic.
It remains to be understood how these two X/Y linkers regulate PLCs. Indeed, Nomikos and
coworkers (Nomikos et al., 2007) recently reported that the dense positive region in the X/Y
linker of PLC-( is important for membrane association and activity.

PLC isozymes are highly efficient lipases capable of turning over the entire pool of available
PtdIns(4,5)P, within seconds of their regulated activation. Without effective inhibition of the
phospholipase activities of PLCs, cellular PtdIns(4,5)P, pools would be in enormous dynamic
flux, and the capacity of cells to modulate this flux as a means of information relay through
various signal transduction cascades would be highly compromised. X/Y linkers inserted into
the catalytic cores of PLC isozymes serve a common autoinhibitory function that tightly
couples phospholipase activation with the proximity of PLCs to their substrate membranes.
This common form of autoinhibition can be overcome by a wide variety of signaling inputs
that allow PLCs to integrate diverse signaling cascades critical for a multitude of cellular and
physiological functions.

EXPERIMENTAL PROCEDURES

Crystallization and Structure Determination of PLC-B2

A fragment of human PLC-B2 (residues 1-799) lacking the unique C-terminal
homodimerization domain was crystallized in sitting drops (1 pl PLC-B2 at 15 mg/ml and 1 pl
reservoir) at 18°C using vapor diffusion against a reservoir containing 16% (v/v) isopropanol,
2% (v/v) dioxane, 5% (v/v) glycerol, and 100 mM Tris (pH 8). Crystals grew in ~6 days and
were cryoprotected by direct addition of 10 pl of 20% glycerol to sitting drops for 5-20 min
before freezing in liquid nitrogen. Diffraction data were collected at the Advanced Photon
Source (APS) at the Argonne National Laboratory on the SER-CAT beamline 22-1D. Data
were indexed and processed by using HKL2000. The coordinates of PLCB2 bound to Rac-
GTPyS were used as a search model for molecular replacement using the program PHASER
(McCoy et al., 2005) within the CCP4 suite of programs (CCP4, 1994). Model building was
carried out using O (Jones et al., 1991), version 6.2.2, and refinement was performed using
CNS (Brunger et al., 1998) and Refmac (Murshudov et al., 1997).

Construction of Deletions within PLC-B2, PLC-81, and PLC-¢

Standard PCR-mediated mutagenesis (Stratagene; QuikChange Site-Directed Mutagenesis
Manual) was used to introduce deletions into the X/Y linkers of full-length PLC-f2, -31, and
-g in pcDNA3.1. Mutagenic primers included 12 base pairs encoding a Gly-Ser-Gly-Ser
insertion spanning the deleted regions (Supplemental Experimental Procedures).
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The truncated form of PLC-f2 used for crystallization was also mutated identically in pFastBac
for studies using purified protein. All mutant genes were verified by automated DNA
sequencing of the entire open reading frame.

Transfection of COS-7 Cells with PLC-B2, PLC-81, and PLC-¢

The accumulation of [3H]inositol phosphates was measured in transiently transfected COS-7
cells as previously described (Wing et al., 2003). See also the Supplemental Experimental
Procedures.

Expression and Purification of Truncated Forms of PLC-B2

pFastBacHT C vectors encoding either PLC-B2 or PLC-B2A20 (both lacking the unique C-
terminal domain; residues 800-1181) were transformed into DH10Bac cells (Invitrogen) to
produce bacmid DNA, which was subsequently used to generate baculovirus in Sf9 cells
according to the manufacturer’s protocol (Invitrogen Bac-to-Bac Manual). High Five cells at
a cell density of 1.5 x 106 were infected with baculovirus encoding individual PLC-f2
constructs at an MOI of approximately 1.0 for 48 hr at 27°C.

Cells were harvested at 3000 rpm and resuspended in buffer containing 10 mM imidazole, 20
mM Tris (pH 8), 10% (v/v) glycerol, and 400 mM NacCl. Cell suspensions were lysed using
an Emulsiflex C5 homogenizer (Avestin) and spun at 60,000 rpm for 45 min at 4°C. The
resulting supernatants were applied to a 5 ml HisTrap HP column (GE Healthcare) charged
with Ni2*, washed with 10 column volumes (CV) of buffer A (10 mM imidazole, 20 mM Tris
[pH 8.0], 10% [v/v] glycerol, and 400 mM NaCl) and 5 CV of 5% buffer B (buffer A containing
1 M imidazole), and PLC-B2 forms were eluted with a step gradient of 40% buffer B. Eluted
PLC-B2 forms were dialyzed overnight in S1 buffer (20 mM Tris [pH 8.0], 5% [v/v] glycerol,
50 mM NaCl, and 2 mM DTT) in the presence of the tobacco etch virus (TEV) protease to
allowcleavage of the His tag. Proteins were subsequently applied to a SOURCE 15Q anion
exchange column (GE Healthcare) and eluted in a linear gradient of 0%-40% buffer S2 (S1 +
1 M NaCl) over 10 CV. Fractions containing either purified PLC-f2 or PLC-$2A20 were
pooled and concentrated using a 50,000 MWCO Vivaspin 20 centrifugal filtering device
(Vivascience) and stored at —80°C after flash freezing in liquid nitrogen.

In Vitro Reconstitution Assays to Measure [3H]PtdIns(4,5)P, Hydrolysis

Phospholipase activity was measured as we have described in detail (Morris et al., 1990; Seifert
et al., 2004). Briefly, 50 uM (final concentration/assay) Ptdins(4,5)P, (Avanti Polar Lipids),
and ~4500 cpm of [3H]PtdIns(4,5)P, (amount/assay) were mixed, dried under a stream of
nitrogen, and resuspended in 10 mM HEPES (pH 7.4). Final assay conditions were 50 pM
Ptdins(4,5)P,, 10 mM HEPES (pH 7.4), 120 mM KCI, 2 mM EGTA, 5.8 mM MgSOy, 0.5%
cholate, 0.16 mg/ml fatty acid-free bovine serum albumin (FAF-BSA), and 100 pM free
Ca?* in afinal volume of 60 pl. [3H]-labeled PtdIns(4,5)P, was purchased from Perkin-Elmer.
Assays were initiated by addition of 5 ng of purified PLC and incubated for various times as
indicated in the figure legends. Reactions were stopped by addition of 200 pl of 10% (v/v)
trichloroacetic acid (TCA) and 100 pl of 10 mg/ml BSA to precipitate uncleaved lipids and
protein. Centrifugation of the reaction mixture isolated soluble [3H]Ins(1,4,5)P3, which was
quantified using liquid scintillation counting.

To measure activation of truncated forms of PLC-B2 by purified Racl and GB1y,, assays were
performed using PE- and PtdIns(4,5)P,-containing phospholipid vesicles as previously
described (Boyer et al., 1992; Seifert et al., 2004). See also the Supplemental Experimental
Procedures.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Overall Structure of PLC-p2

(A) PLC-p isozymes are composed of an N-terminal pleckstrin homology (PH) domain, an
array of EF hands, a catalytic TIM barrel split by a highly degenerate linker sequence (green),
a C2 domain, and a C-terminal coiled-coil (CT) domain necessary for homodimerization.
Sequence conservation of all human PLCs is graphed (red trace) relative to their shared domain
architecture, X and Y regions of high sequence conservation are indicated, and absolute domain
borders are listed for human PLC-B2.

(B) The X/Y linker occludes the active site of PLC-B2. The 1.6 A resolution structure of PLC-
B2 is depicted in ribbon form (left panel) with domain boundaries colored as in (A) and the
approximate membrane-binding surface at the top. Also shown are the calcium cofactor
(yellow sphere) within the active site and the hydrophobic ridge that is a major point of contact
with membranes. Surface representation of PLC-B2 (right panel) rotated 90° with respect to
the left panel emphasizes the occlusion of the active site within the TIM barrel by the X/Y
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linker. For reference, superposition of the active site of PLC-31 containing IP3 and PLC-2
was used to dock IP3 (purple) into the TIM barrel of PLC-B2.

(C) Superimposition of the crystal structures of the isolated PLC-B2 fragment colored as in (B)
and the equivalent fragment from the Rac1-bound form (gray; PDB ID code 2FJU).
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Figure 2. Structural Details of the Active Site of PLC-p2

(A and B) Active site residues in PLC-541 that coordinate calcium (yellow) and interact (dashed
lines) with 1P (purple) are conserved in (B) PLC-B2.

(C) An extended portion of the X/Y linker (green; residues 527-536) participates in a set of H
bonds (dashed lines) with active site residues (red) of PLC-B2. The equivalent portion of the
linker from the structure of PLC-B2 bound to Racl is shown in gray.

(D) Simulated annealing omit map (2F, — F¢; contoured at 1c) highlighting the density for
residues 517-537 of the X/Y linker.
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Figure 3. Deletion of the X/Y Linker Constitutively Activates PLC-$2

COS-7 cells were transfected with the indicated amounts of DNA encoding either wild-type
(white bars) or the indicated mutant forms of PLC-B2 (black or hatched bars).

(A) PLC-B2A20 lacking the ordered part of the X/Y linker.

(B) PLC-B2 harboring a G530P substitution within the X/Y linker.

(C) PLC-B2A44 lacking the majority of the disordered portion of the linker.

(D) PLC-B2A55 lacking the linker with the exception of residues that occupy the active site.

[3H]Inositol phosphate accumulation in cells transfected with vector alone was subtracted from
all measurements. Data shown are the mean + SD of triplicate samples and are representative
of data obtained in three or more experiments. Insets confirm equivalent expression of PLC-

f isozymes by western blotting of COS-7 cell lysate.
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Figure 4. Activation of PLC-B2 by G Protein Activators Is Retained in PLC-p2 Lacking the

Majority of the X/Y Linker

COS-7 cells were transfected with DNA encoding either PLC-B2 or the indicated PLC-2
deletion forms in the presence or absence of 30 ng of constitutively active Rac3(G12V) (A),
150 ng of each subunit of GB1y2 (B), or 100 ng of Gag (C) prior to quantification of [3H]inositol
phosphates and vector subtraction. All transfections used 30 ng of each PLC form except for
(C), where 10 ng of each PL.C was transfected. Endogenous activity resulting from transfection
of either G protein or Rac3(G12V) alone is indicated by the first bar on each plot. Data are the
mean + SD of triplicate samples and are representative of results from three or more
experiments. PLC-B2 expression was assessed by western blotting (insets).
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Figure 5. Purified PLC-$2 Lacking the Ordered Region of the X/Y Linker Is Constitutively Active
and Is Further Stimulated by GB1y> and Racl upon Reconstitution in Lipid Vesicles

(A) Purified PLC-B2 (5 ng) or PLC-B2A20 (5 ng) was incubated with mixed detergent- lipid
vesicles containing [2H]PtdIns(4,5)P,, for the indicated times at 30°C. Purity of proteins (2 pg,
inset) was assessed by SDS-PAGE followed by staining with Coomassie Brilliant Blue.
Hydrolysis of [3H]PtdIns(4,5)P, was quantified in phospholipid vesicles reconstituted with (B)
purified GB1y, (250 nM, final concentration) or (C) purified Racl (300 nM, final concentration)
preincubated with 10 pM GDP or GTPyS for 30 min. [3H]PtdIns(4,5)P, hydrolysis was
initiated by addition of either 1 ng or 5 ng PLC-B2 or PLC-B2A20, and incubations were
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terminated after 10 min at 30°C. The data are the mean * range of duplicate determinations,
and the results are representative of three individual experiments.
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Figure 6. Deletion of the X/Y Linker Constitutively Activates Diverse PLC Isozymes

COS-7 cells were transfected with PLC-81 (A) or PLC-¢ (B) in tandem with the respective
forms of these isozymes lacking the X/Y linker. In all cases, accumulation of inositol
phosphates in cells transfected with vector alone was subtracted. Data are the mean + SD for
triplicate samples, and the results are representative of at least three independent experiments.
Western blotting (insets) confirms expression of PLC isozymes in COS-7 cell lysate.
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Figure 7. Sequence Details of the X/Y Linker within PLC Isozymes and Model for Interfacial
Activation of PLC-p2

(A) The majority of human PLCs possess a region of dense negative charge (red boxes) within
their X/Y linkers. Otherwise, these insertions are highly variable in length, possess no
significant sequence conservation, and form loops between highly conserved secondary
structure elements (T4, To4) of the TIM barrel. Number of residues not listed are in brackets;
disordered regions within the crystal structures of PLC-31 and PLC-B2 are underlined with
dashed lines (gray); and regions deleted for biochemical analyses are underlined (solid black).
Also highlighted are residues within the X/Y linker of PLC-B2 that participate in direct main-
chain (black circles) and side-chain (red circles) H-bonds with the TIM barrel. This region is
expanded above the alignment for the PLC- isozymes.

(B) Basally inactive PLC-B2 is cytosolic and inhibited by occlusion of its active site by the
ordered portion (green) and the disordered portion (dotted green line with associated negative
charge represented by dashes) of the X/Y linker (left panel). Membrane-resident GTP-bound
Rac (green with switch regions red) recruits and orients PLC-B2 at membranes through
interaction of the switch regions with the PH domain (blue) of PLC-B2. Upon engagement of
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PLC-B2 by Rac, the X/Y linker region is repelled from negatively charged membranes, which
frees the active site to extract partially a molecule of PtdIns(4,5)P, from the membrane in
preparation for its hydrolysis into IP3 and DAG. X/Y linkers within other PLCs are envisioned
to behave similarly. Arrows indicate movement of PLC-B2 and the X/Y linker.
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