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Abstract

Phospholipases C (PLCs) reversibly associate with membranes to hydrolyze phosphatidylinositol-4, 5-bis-
phosphate (PI[4,5]P,) and comprise four main classes: 3, vy, 8, and €. Most eukaryotic PLCs contain a single,
N-terminal pleckstrin homology (PH) domain, which is thought to play an important role in membrane
targeting. The structure of a single PLC PH domain, that from PLC31, has been determined; this PH domain
binds PI(4,5)P, with high affinity and stereospecificity and has served as a paradigm for PH domain
functionality. However, experimental studies demonstrate that PH domains from different PLC classes
exhibit diverse modes of membrane interaction, reflecting the dissimilarity in their amino acid sequences.
To elucidate the structural basis for their differential membrane-binding specificities, we modeled the
three-dimensional structures of all mammalian PLC PH domains by using bioinformatic tools and calculated
their biophysical properties by using continuum electrostatic approaches. Our computational analysis ac-
counts for a large body of experimental data, provides predictions for those PH domains with unknown
functions, and indicates functional roles for regions other than the canonical lipid-binding site identified in
the PLC81-PH structure. In particular, our calculations predict that (1) members from each of the four PLC
classes exhibit strikingly different electrostatic profiles than those ordinarily observed for PH domains in
general, (2) nonspecific electrostatic interactions contribute to the membrane localization of PLCS-, PLCYy-,
and PLCB-PH domains, and (3) phosphorylation regulates the interaction of PLCB-PH with its effectors
through electrostatic repulsion. Our molecular models for PH domains from all of the PLC classes clearly
demonstrate how a common structural fold can serve as a scaffold for a wide range of surface features and
biophysical properties that support distinctive functional roles.
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Pleckstrin homology (PH) domains are small protein mod-
ules (~130 residues) that are present in many proteins in-
volved in cellular processes in which membrane association
plays an integral role, for example, signal transduction, ve-
sicular trafficking, and cytoskeletal rearrangements (Lem-
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mon and Ferguson 2000; Hurley and Meyer 2001). A num-
ber of PH domains have been implicated in membrane tar-
geting through specific interactions with particular
phosphoinositides, but in most cases, the structural basis for
these interactions has not been elucidated. Indeed, function
for the majority of PH domains remains to be established.
To date, structures for 14 PH domains have been solved. In
each case, the structural core consists of a B-sandwich of
two nearly orthogonal 3-sheets. One end of the (3-sandwich
is capped by a long C-terminal «-helix, and the other end
contains three “variable loops,” which are highly diverse in
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both length and amino acid composition (Lemmon and Fer-
guson 2000). Despite having the same overall structural
fold, PH domains have sequences that share quite low simi-
larity, reflecting the diversity in membrane-binding behav-
ior observed throughout the family (Rebecchi and Scarlata
1998).

Most of the PH domains of known structure are electro-
statically polarized, with a highly basic surface correspond-
ing to the position of the three variable loops; structural and
biochemical studies implicate this region as the lipid-bind-
ing site. Comprehensive model building of the PH domain
family indicates that this electrostatic polarization is a fea-
ture common to many PH domains (Blomberg and Nilges
1997; Blomberg et al. 1999; Lemmon and Ferguson 2000).
Recently, however, a class of PH domains from Caenorhab-
ditis elegans has been characterized that exhibits a highly
negative electrostatic profile (Blomberg et al. 2000), con-
sistent with the notion that PH domains may perform func-
tions other than directly mediating membrane association
(Blomberg et al. 1999; Rhee 2001; Philip et al. 2002). Given
the large size and extreme diversity in sequence and func-
tion of the PH domain family, it is not practical to charac-
terize in detail the family as a whole. Therefore, we further
subclassify PH domains according to the protein families in
which they occur and, in the present study, focus on the set
of PH domains found in one such family, the phosphoinosit-
ide-specific phospholipases C (PLCs). However, as shown
in the literature and further indicated by the work presented
here, even the PH domains from this single protein family
exhibit a rich array of biophysical properties and functions.

PLCs constitute a large family of closely related enzymes
that reversibly associate with membranes to carry out hy-
drolysis of its membrane resident phosphoinositide sub-
strate, phosphatidylinositol 4,5-bisphosphate (PI[4,5]P,;
Rhee 2001). PLCs can be organized into four classes—3, v,
9, and e—each containing various isoforms (Rebecchi and
Pentyala 2000; Rhee 2001). In addition, another protein
similar to PLCs, PLC-L or p130, has recently been identi-
fied (Kanematsu et al. 1996; Takeuchi et al. 2000). All of
the PLC isozymes are soluble multidomain proteins com-
prised of a core catalytic X/Y domain and various combi-
nations of regulatory domains, for example, PH, C2, SH2,
and SH3 domains. The regulatory domains serve to target
PLCs to the vicinity of their substrates, activators, and/or
effectors through protein—lipid or protein—protein interac-
tions (Rhee 2001). Most eukaryotic PLCs contain a single
PH domain located in their N-terminal region. The structure
of the PLC81 PH domain was determined experimentally
and has been instrumental in explaining how its interaction
with PI(4,5)P, targets PLC31 to membrane surfaces (Fer-
guson et al. 1995). Other structural studies indicate that the
PLC31 PH domain is attached to the rest of the enzyme by
a flexible linker region and may, thus, serve a membrane
tethering role (Essen et al. 1996). Furthermore, PH domains

from a number of PLC classes have been shown to facilitate
the interaction of the enzyme with membrane surfaces (Fa-
lasca et al. 1998; Pawelczyk and Matecki 1999; Wang et al.
1999; Razzini et al. 2000; Matsuda et al. 2001; Varnai et al.
2002). Moreover, experimental studies provide evidence
that the membrane-binding properties of PH domains from
different PLC classes are quite distinct: The PLC-8 PH do-
mains bind specifically and with high affinity to membranes
containing PI(4,5)P, (Rebecchi et al. 1992; Pawelczyk and
Lowenstein 1993; Ferguson et al. 1995; Garcia et al. 1995),
and the PLC-y PH domains target membranes containing
phosphatidylinositol 3,4,5-triphosphate (PI[3,4,5]P;; Fa-
lasca et al. 1998; Pawelczyk and Matecki 1999). In contrast,
the PLC- PH domains bind nonspecifically to membranes
of a wide range of lipid compositions (Runnels et al. 1996;
Wang et al. 1999). However, in some cases, PLC PH do-
mains have also been shown to mediate protein—protein in-
teractions, which indicates that they perform functions be-
yond that of a simple membrane tether (Wang et al. 1999;
Thodeti et al. 2000; Chang et al. 2002; Philip et al. 2002).
The goal of the present study is to use computational models
to rationalize the observed functional differences for the
PLC PH domains and to provide predictions when function
is unknown.

Recent studies using homology modeling and calcula-
tions of electrostatic properties of both experimentally de-
termined structures and computational models have been
successful in describing the membrane-binding behaviors of
a number of other lipid-interacting signal transduction do-
mains, namely, C2, FYVE, and PX domains. For example,
finite difference Poisson-Boltzmann (FDPB) calculations
explained how calcium binding can drive the association of
some C2 domains to negatively charged membranes and
others to neutral zwitterionic membranes (Murray and
Honig 2002). In addition, the biophysical properties of ho-
mology models for the C2 domains from PLC3 isoforms
and 5-lipoxygenase were shown to correlate with the cal-
cium-dependent lipid-binding preferences of the C2 do-
mains in both biochemical and cellular assays (Ananthana-
rayanan et al. 2002; Kulkarni et al. 2002). Electrostatic cal-
culations also provide a model for how the binding of both
FYVE and PX domains to poly-phosphoinositides facili-
tates the membrane penetration of these domains: The mul-
tivalent, negatively charged poly-phosphoinositides neutral-
ize strong regions of positive potential surrounding hydro-
phobic residues that are adjacent to the lipid-binding sites,
thus decreasing the unfavorable desolvation that occurs
upon inserting these residues into the membrane interface
(Stahelin et al. 2002; Diraviyam et al. 2003; Stahelin et al.
2003). These studies illustrate the utility of computational
approaches in describing, at the molecular level, the regu-
lation of lipid-interacting protein domains.

As illustrated by the multiple sequence alignment in Fig-
ure 1, the sequences of the PLC PH domains share a limited
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Figure 1. Multiple sequence alignment of the N-terminal PLC PH domains. The sequences were aligned with the program Pattern-
Induced (local) Multiple Alignment (PIMA) using the default parameters (Smith and Smith 1992). Columns in the alignment are shaded
from light gray to dark gray to black to denote increasing numbers of conserved residues at those positions. White lettering indicates
residues that are conserved across all or nearly all sequences. Residues of the PLC31 PH domain that directly contact Ins(1,4,5)P5 are
highlighted in orange. Note that the alignments with respect to PLC31-PH are not necessarily the alignments used in homology
modeling (see Materials and Methods). The Swiss-Prot, PIR, and NCBI accession numbers and residues delimiters for the sequences
in the alignment are as follows: betal_bov, P10894(16-139); beta2_hum, Q00722(11-135); beta3_mus, P51432(16-140); betad_rat,
Q9QWO07(11-134); epsilon_hum, AAG28341(544-599); gammala_bov, P08487(18-144); gamma2a_hum, P16885(11-133); p130_rat,
NP_445908(105-224); delta2_bov, S14113(10-127); delta3_hum, AC002117; deltad_rat, Q62711(10-126); and deltal_rat, P10688(12—131).

For more detail, see Electronic Supplemental Material.

number of conserved residues, many of which correspond to
hydrophobic residues that contribute to the structural core of
the domains. This lack of sequence conservation is illus-
trated more dramatically by the all-on-all pairwise sequence
comparisons for these domains (see Electronic Supplemen-
tal Material). It is clear that sequence similarity is relatively
high within classes, but is much less statistically significant
for sequences from different classes. In agreement with ex-
periments, this diversity in sequence indicates the existence
of class-specific properties and regulatory roles. By consid-
ering sequence information alone, it is possible to explain
lipid-binding specificity for only the 82, 83, and 84 PH
domains (see Results). However, this characterization relies
on the knowledge obtained from the structure of the 31 PH
domain complexed with Ins(1,4,5)P;. Furthermore, al-
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though the lipid-binding specificity of the y PH domains is
known, it has previously been noted that it is difficult to
extract a sequence motif indicative of PI(3,4,5)P; binding
due to a number of alternative ways in which PH domains
have been shown to bind this lipid (Baraldi et al. 1999;
Ferguson et al. 2000; Lietzke et al. 2000). Moreover, se-
quence information alone cannot account for nonspecific
contributions to membrane-binding, nor can it distinguish
those PH domains that do not target membranes. Thus, it
would be of great utility to examine how biophysical prop-
erties are arrayed on the surfaces of the PH domains. To this
end, we modeled the three-dimensional structures of the
PLC PH domains by using a number of different computa-
tional tools, including fold recognition, sequence-to-profile
alignments, and homology modeling. We then calculated
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the biophysical properties of our models by using con-
tinuum electrostatic approaches (Honig and Nicholls 1995).
The results of this analysis are robust with respect to alter-
native models for a given sequence. This is significant be-
cause although the core of the PH domains is expected to be
well conserved structurally, there is uncertainty in modeling
the surface loops, which are quite variable across the PLC
classes. Importantly, we found that many members of the
PLC-PH family do not exhibit the electrostatic polarity
characteristic of the majority of PH domains (Blomberg and
Nilges 1997; Blomberg et al. 1999; Lemmon and Ferguson
2000), something that could not be predicted on the basis of
sequence alone. In addition, the analysis of our models
shows that their biophysical and structural features correlate
well with observed functional behaviors and provides the
basis for experimentally testable hypotheses for those do-
mains with unknown functions.

The focus of our computational analysis on a subset of
PH domains, those from the PLC isoforms, constitutes a
family-specific strategy for functional annotation in the ab-
sence of experimentally determined structures. Consistent
with this notion, out of 14 possible PH domain structures,
the structure of PLC81-PH was identified as the best struc-
tural representative for all of the PLC PH domain sequences
we examined, and homology models constructed based on
the alignment of the PLC PH domain sequences to this
structural template all scored well according to structure
evaluation analysis. This indicates that our subclassification
is reasonable. Our approach provides detailed models for
the molecular basis of the interactions of the PLC PH do-
mains with membranes, as well as with other proteins,
through the detection of biophysical similarities and differ-
ences both within and across the PLC classes. The exami-
nation of the PH domains from each PLC class, in turn,
results in a more complete picture of their role in the regu-
lation of PLC isozymes than is possible through the analysis
of the domains taken either individually or more broadly in
the context of the entire PH domain family.

Results

The analysis of the structure and function of PH domains is
a challenging task due to the diversity in their sequences and
membrane-binding modes. However, by integrating infor-
mation available on sequence, structure, and function with
homology model building and the calculation of electro-
static potentials, we derive computational models that can
account for experimental observations and lead to useful
biological predictions that can be tested experimentally. All
of our models score well according to the structure evalu-
ation programs (see Materials and Methods), indicating that
the conclusions based on them are reliable. The sequences
and coordinate files representing our models for all mam-
malian PLC PH domains, as well as other supplementary

information, for example, GRASP images and Verify3D
profiles, are available at our Web site (http://maat.med.
cornell.edu/ph_suppl.html).

PLC-3

Although four distinct PLC3 isoforms (81, 82, 83, and 84)
have been identified, the mechanisms that activate and regu-
late these enzymes remain unclear. The sensitivity of PLC3
isozymes to Ca®* is greater than that of the other classes.
Hence, increases in the intracellular Ca®* concentration
alone may be sufficient to trigger activation of PLC8 (Rhee
2001). Studies of the role of the PH domain in regulating
PLCS3 activity have focused on PLCS1 due to the availabil-
ity of experimentally determined structures for both its PH
domain and catalytic core (Ferguson et al. 1995; Essen et al.
1996). Experiments show that both PLC31 and PLC81-PH
bind with high affinity and stereospecificity to membranes
containing PI1(4,5)P, (Rebecchi et al. 1992; Pawelczyk and
Lowenstein 1993; Garcia et al. 1995). It is, therefore,
thought that the PH domain localizes or tethers the enzyme
to membranes containing its substrate (Essen et al. 1996).
Ligand-binding studies demonstrate that Ins(1,4,5)P;, a
product of the hydrolysis of PI(4,5)P, by PLC81, competes
effectively with PI(4,5)P, for binding to PLC31-PH and
may, thus, interfere with membrane attachment and serve as
a negative feedback regulator of catalysis (Cifuentes et al.
1994; Lemmon et al. 1995; Hirose et al. 1999).

Figure 2A shows the backbone structure of PLCd1-PH
along with electrostatic equipotential contours, which illus-
trate the electrostatic polarity characteristic of many PH
domains (Lemmon and Ferguson 2000). The PLC31-PH
structure revealed that the 4- and 5-phosphoryl groups of
Ins(1,4,5)P; interact with the side-chains of specific amino
acids present in the variable loops of the domain (Fig. 1,
orange highlights), which accounts for the preference for
PI(4,5)P, over other poly-phosphoinositides. Although the
binding of 81-PH to PI(4,5)P, has been well characterized,
not much is known about the phosphoinositide or mem-
brane-binding properties of the other isoforms. As illus-
trated in Figure 2, A-D, the structure and our models for the
PLCS PH domains share similar biophysical features: All
have a deep PI(4,5)P,-binding pocket that is highly posi-
tively charged. Consistent with this, the sequences of the PH
domains from the 82, 83, and 84 isozymes share a relatively
high level of identity with the 81-PH sequence (33%-38%
identity). Based on the multiple sequence alignment of the
PLCS PH domains (Fig. 1), many of the residues identified
in the PLC31-PH structure as making direct contacts with
Ins(1,4,5)P; are conserved in the other isoforms. Therefore,
it is expected that all 8 PH domains will bind PI(4,5)P,,
although the affinity may vary among the different isoforms
because not all Ins(1,4,5)P;-binding residues are strictly
conserved across the multiple alignment. For example, nine

1937

www.proteinscience.org



Singh and Murray

P i)
a4

Figure 2. Electrostatic properties of the PLC31 PH structure and homol-
ogy models for the 82, 83, and 84 PH domains. In all panels, the electro-
static potentials were calculated in 0.1 M KCl and contoured at +1 kT/e
(blue) and —1 kT/e (red) by using the program GRASP (Nicholls et al.
1991). The structure and models are represented as Ca backbone traces.
(A) PLC31-PH structure (PDB identifier: 1mai). (B—D) Homology models
for the 82, 83, and 84 PH domains. (E—-H) Same as in A through D, except
that Ins(1,4,5)P; (yellow spheres) is docked in the lipid-binding loops. The
net charge assigned to Ins(1,4,5)P; for the electrostatic potential calculations
is =5, the net charge it would have as the headgroup of intact PI(4,5)P,.

of the 10 key ligand-binding residues observed in the

PLC31-PH/Ins(1,4,5)P; complex (highlighted in Fig. 1:
K30, K32, W36, R38, R40, E54, S55, R56, K57, and T107)

1938 Protein Science, vol. 12

are either identical or similar at the corresponding positions
in the 83-PH sequence. Based on the conservation of amino
acids at the 81-PH ligand-binding positions, we predict that
the & PH domains have decreasing affinity for PI(4,5)P, in
the order 81 ~ 83 > 84 > 62.

Experiments indicate that interactions in addition to those
directly mediated by PI(4,5)P, may be important for mem-
brane association. For example, mutating basic residues on
the variable loops that are not involved in direct interactions
with PI(4,5)P, moderately weakens the binding to mem-
branes containing PI(4,5)P,; this implies the existence of
secondary, lower-affinity membrane association sites within
the PH domain (Yagisawa et al. 1998). These secondary
sites may mediate interactions with anionic phospholipids in
the membrane and contribute to membrane association
through nonspecific electrostatic interactions. A role for
electrostatic interactions in the membrane association of
PLC81-PH is also indicated by observations that the pres-
ence of monovalent acidic phospholipids in PI(4,5)P,-con-
taining vesicles increases the binding of the isolated PH
domain by ~10-fold and that PLC-81 activity is stimulated
by interaction with the monovalent acidic lipid phosphatidic
acid (Rebecchi et al. 1992; Garcia et al. 1995; Henry et al.
1995). Interestingly, the 863 PH domain is predicted to lack
the electrostatic polarity of 81-PH and is, instead, engulfed
in a strong, contiguous positive potential profile (Fig. 2C),
which indicates that 83-PH should interact strongly and
nonspecifically with negatively charged membrane surfaces
(see below). This is consistent with the observation that
PLCS83 interacts with membranes containing PI(4,5)P, or
phosphatidic acid in a PH domain—-dependent manner
(Pawelczyk and Matecki 1999).

Our calculations based on the FDPB method (see Mate-
rials and Methods) predict that nonspecific electrostatic in-
teractions between the positively charged regions of the
8-PH domains and acidic phospholipids in the membrane
contribute significantly to the membrane localization of
these PH domains. Figure 3 illustrates the electrostatic com-
ponent of the membrane-binding free energy for the PLC81-
PH structure and the PLC33-PH homology model as a func-
tion of distance between the surfaces of the domains and
membrane. As depicted by the free energy curves, the elec-
trostatic attraction to a membrane containing 33 mole %
acidic lipid; that is, 2 : 1 phosphatidylcholine (PC)/ phos-
phatidylserine (PS; PC, z = 0; PS, z = —1), in 0.1 M KCI
is long-range and, thus, could facilitate the diffusion of the
PH domains to membranes containing acidic phospholipids.
As seen in Figure 3A, the predicted minimum electrostatic
free energy of interaction between PLC31-PH and a 2: 1
PC/PS membrane is quite strong (—4 kcal/mole), and that for
PLC83-PH even stronger (-9 kcal/mole). The minimum
electrostatic free energy of interaction with a membrane of
lower negative surface charge density (5 : 1 PC/PS; Fig. 3B)
is correspondingly weaker. These calculations indicate that
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Figure 3. Electrostatic free energy curves for the membrane interaction of the 81 and 33 PH domains. The electrostatic free energy
of interaction (in kcal/mole) with 2 : 1 PC/PS (A) and 5 : 1 PC/PS (B) membranes in 0.1 M KCl as a function of the distance between
the van der Waals surfaces of the PH domain and membrane. The electrostatic free energies were calculated using the finite difference
Poisson-Boltzmann (FDPB) method as described in Materials and Methods (Gallagher and Sharp 1998).

nonspecific electrostatic interactions alone may be suffi-
cient to localize these PH domains, especially PLC33-PH,
to membranes containing acidic phospholipids, and that the
interaction with membrane regions containing higher nega-
tive surface charge density is significantly favored. The
nonspecific accumulation of a PH domain at the membrane
surface may then facilitate the specific 1 : 1 interaction with
membrane-embedded PI(4,5)P,.

Our FDPB calculations also provide an explanation for
why 81-PH prefers soluble Ins(1,4,5)P; to membrane em-
bedded PI(4,5)P, (Lemmon et al. 1995). As described
above, the nonspecific association of the & PH domains with
membrane surfaces involves two main electrostatic compo-
nents: (1) a “coulombic” attraction between the positively
charged PH domain and acidic lipids in the membrane and
(2) a short-range desolvation penalty due to the loss of
favorable interactions between the aqueous solvent and the
charged and polar groups on both the PH domain and mem-
brane when they are in close apposition. These two com-
ponents are illustrated in Figure 3 by the electrostatic free
energy curves for the 81 and 83 PH domains. Far from the
membrane, the PH domains experience an electrostatic at-
traction toward the negatively charged membrane surface,
but at short distances, the desolvation penalty dominates
and the electrostatic interaction becomes much less favor-
able and, in some cases, repulsive (Fig. 3B). Thus, the mini-
mum electrostatic free energy of interaction with the mem-
brane is attained when the surfaces of the PH domains and
membrane are separated by a distance of about the thickness
of a layer of water. This orientation maximizes the coulom-
bic attraction and minimizes the desolvation repulsion (Ben-
Tal et al. 1996). When the PH domains bind PI(4,5)P,, they
are anchored at the membrane surface and are no longer
necessarily free to assume an orientation that minimizes the
nonspecific electrostatic contribution to the membrane as-

sociation. Importantly, as illustrated in Figure 2, E through
H, the PI(4,5)P, headgroup dramatically alters the electro-
static profile of the PH domains. In particular, the electro-
static potential in the membrane-binding region of d81-PH
becomes predominantly negative. The PI(4,5)P,-bound PH
domain would, thus, experience highly repulsive electro-
static interactions with the surrounding membrane environ-
ment due both to unfavorable coulombic interactions with
negatively charged lipids and the desolvation penalty that
occurs close to the membrane surface. These nonspecific
interactions would oppose the energetically favorable spe-
cific interactions with PI(4,5)P,.

To get an idea of the magnitude of the nonspecific repul-
sion, we performed FDPB calculations of the membrane
interaction of 31-PH when it is bound to Ins(1,4,5)P;. Table
1 compares the electrostatic free energy of interaction of
both the Ins(1,4,5)P;-free and Ins(1,4,5)P;-bound forms
with a 2 : 1 PC/PS membrane in 0.1 M KCl for small sepa-
rations between the domain and membrane. In all cases, the

Table 1. Comparison of the electrostatic free energy of
interaction of the PLCS81 PH domain in the absence and
presence of bound Ins(1,4,5)P; with a 2 : 1 PC/PS membrane in
0.1 M KCI

AG,, (kcal/mole), 31-PH, AG,, (kcal/mole), 31-PH with

R* (A) no Ins(1,4,5)P, bound Ins(1,4,5)P,
0 0.36 113
0.5 -13 8.7
1.0 2.3 6.3
1.5 -3.6 4.0
2.0 -39 2.7

2R is the distance between the van der Waals surfaces of the PH domain
and membrane. The electrostatic free energies were calculated by using the
finite difference Poisson-Boltzmann (FDPB) method as described in Ma-
terials and Methods (Gallagher and Sharp 1998).

1939

www.proteinscience.org



Singh and Murray

interaction of the Ins(1,4,5)P5-bound form is highly repul-
sive. These calculations indicate that when the bulk mem-
brane contains acidic phospholipid, the interaction of 31-PH
with soluble Ins(1,4,5)P; is energetically more favorable
than the interaction with membrane-embedded P1(4,5)P,. In
the former case, the PH domain retains the favorable spe-
cific interactions with the lipid headgroup without the re-
pulsive electrostatic interactions due to the surrounding
membrane environment that are experienced in the latter
case.

PLC-L/p130

p130 was originally identified as a catalytically incompetent
PLC with lipid-binding properties similar to those of PLC31
(Kanematsu et al. 1992; Yoshida et al. 1994). Although it
has the same domain organization as PLC31, that is, PH,
EF-hand, catalytic X/Y, and C2 domains, it exhibits distinct
functional characteristics. Even though p130-PH is capable
of binding PI(4,5)P, in membranes, both the PH domain and
intact protein are found principally in the cytoplasm of cells
(Takeuchi et al. 2000; Vérnai et al. 2002). This is in sharp
contrast to PLC81 and the 81-PH domain, which are both
predominantly localized to the plasma membrane. p130 has
been implicated in the down-regulation of Ins(1,4,5)P5-me-
diated Ca®* signaling (Kanematsu et al. 1996; Takeuchi et
al. 2000). Studies show that the PH domain, which binds
with high affinity to Ins(1,4,5)P;, is responsible for this
functionality (Takeuchi et al. 2000): The sequestration of
cellular Ins(1,4,5)P; by the p130 PH domain prevents the
activation of Ins(1,4,5)P; receptors and the subsequent in-
crease in intracellular calcium.

We compared the biophysical properties of our homology
model for p130-PH with those of the PLC81-PH structure.
As described above, the membrane targeting of PLC81-PH
is mediated by specific interactions with PI(4,5)P, as well as
nonspecific electrostatic interactions between basic residues
surrounding the lipid-binding pocket and acidic lipids in the
bulk membrane environment. In addition, one of the mem-
brane-binding loops of PLC31-PH contains a pair of hydro-
phobic residues (Val and Met) that are well positioned to
penetrate the membrane interface when the PH domain
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binds PI(4,5)P, (Fig. 4, green). The corresponding ele-
ments in p130-PH combine to produce a PH domain that we
predict should interact significantly more weakly with
PI(4,5)P,-containing membranes than does PLCd1-PH.
First, as shown in Figure 5, the potential profile surrounding
the membrane-binding loops of pl130-PH is significantly
less positive than that of §1-PH and contains a region of
negative potential. Therefore, the favorable nonspecific
electrostatic free energy between p130-PH and the mem-
brane is expected to be diminished with respect to d1-PH.
Second, although the sequences are quite similar, p130-PH
is missing some of the residues implicated in mediating
interactions with the 1- and 5-phosphates of PI(4,5)P, (Fig.
4). Third, the residue corresponding to the valine in PLC81-
PH is aspartic acid in p130-PH (Fig. 4). In contrast, all of
the 8 PH domains contain a nonpolar residue in this position
(Fig. 1). The aspartate contributes to the negative potential
profile of p130-PH (Fig. 5) and is adjacent to basic residues
that are expected to directly contact the PI(4,5)P, headgroup
(Fig. 4). Therefore, if the domain was bound to PI(4,5)P,,
the aspartate would be positioned close to the membrane
surface and would, thus, result in electrostatic repulsion
from the negatively charged membrane surface due both to
unfavorable charge-charge interactions and desolvation.
Given its proximity to potential PI(4,5)P,-binding residues,
it may also disrupt specific interactions with the lipid head-
group.

PLC-B

The PLCp class is comprised of four isoforms: 1, 2, #3,
and 4, and is distinguished from the other PLC classes by
the presence of a long C-terminal coiled-coil sequence
(Singer et al. 2002) that is implicated in membrane associa-
tion (Kim et al. 1996) and in activation by heterotrimeric
G-protein subunits (Rhee 2001). Experiments indicate that
the B class exhibits a broad subcellular distribution. PLC[3
has been shown to be present in the nucleus (Martelli et al.
1992) and associated with both the soluble and particulate
fractions from cells (Smrcka and Sternweis 1993). Bio-
chemical measurements indicate that PLCB1 and PLC2
bind strongly and nonspecifically to phospholipid (PC, PS)
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Figure 4. Sequence alignment of p130-PH and PLC31-PH. Conserved residues are represented as white letters on a black background.
Residues of the PLC81 PH domain that make direct contacts with Ins(1,4,5)P; are highlighted in orange. Hydrophobic residues (Val,
Met) that may contribute to the membrane partitioning of PLC81-PH are highlighted in green.
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Figure 5. Electrostatic properties of the homology model of p130 PH
domain. Electrostatic equipotential profiles and Ca backbones of PLC31-
PH (A) and p130-PH (B) were calculated and visualized in GRASP (Ni-
cholls et al. 1991). The blue and red meshes represent the +1 kT/e and —1
kT/e equipotential contours, respectively, for 0.1 M KCI. V58 and M59 in
PLC31-PH, and D61 and L62 in p130-PH are represented by yellow
spheres. Ins(1,4,5)P; (green rods) is depicted in the PLC31-PH structure to
illustrate the domain orientation with respect to the membrane surface but
was not included in the electrostatic potential calculations.

membranes and that the interaction is independent of the
presence of poly-phosphoinositides (Romoser et al. 1996;
Wang et al. 1999). In addition, complementary experiments
with the isolated PH domains indicate that they have similar
membrane-binding properties as their intact enzymes
(Wang et al. 1999). However, a recent study indicates that

Deltal
Betal
3D-PSSM :
BPSIPRED :
PHD : CC
88Pro ¢ CCCC)
SAM-T99 : CC

PLCB1-PH specifically recognizes PI(3)P (Razzini et al.
2000).

Figure 6 depicts our alignment of the sequences and sec-
ondary structure elements of the 33 and 81 PH domains.
The correspondence in the locations of the predicted sec-
ondary structure elements of (33-PH with those from the
81-PH structure indicates that the alignment is suitable for
homology modeling despite the low sequence similarity.
Similar results were obtained for the PH domains from other
B isoforms (see Electronic Supplemental Material).

As illustrated in Figure 7, the electrostatic profiles of our
B PH domain models are strikingly different from those of
other PH domains. In contrast to the observations of Razzini
et al. (2000), our models predict that these domains are
unable to interact specifically with phosphoinositides. In all
cases, the canonical lipid-binding site is predominantly
negatively charged (Fig. 7). Moreover, our models predict
that regions other than this site may mediate membrane
partitioning. As depicted in Figure 7, all of the models have
a significant patch of surface-exposed hydrophobic residues
(Leu, Phe, Tyr, Trp) located mainly on B-strands 3 and 4.
Leu, Phe, Tyr, and Trp residues have been shown, in the
context of model peptides, to partition favorably into the
interface of phospholipid membranes (Wimley and White
1996). In addition, the models for B2- and B3-PH have
significant patches of surface-exposed basic residues (Fig.

Deltal solfERe o1 oOfRcHRT BERINT 92
Beta3 ISSIRDTRTGRYARLPKDPKIREVLGE‘PGPDARLEEKLMTWS\:PDE’WJT : 100
30-PSSM :  [ANNRNNCCCCCCCOCCOTCC 1 ;100
PSIPRED : [2 BCCCCCCCeCeed] 100
PHD :  [Spoen IICCCCOCCCCCTC 1040
8SPro H NN S CCCCCCCCCCCC) 00
SAM-T99 : EEEEHCCCCCCrCeod 100
Deltal : --{EiAps ENIEITIEENTESIH : 115
Betal : VELNFPMAVQDDTAKVRSEELFKLAM : 125
3D-P35M 8 ;125
PSTPRED : 125
PHD 125
8SPro 125
SAM-T99 125

Figure 6. Sequence alignment of PLCB3-PH and PLC81-PH and the correspondence of observed and predicted secondary structure
elements. The fop two rows represent the sequence alignment between the PH domains of PLC31 (Deltal) and PLCR3 (Beta3) that
was used in modeling the structure of 33-PH (PLC81-PH served as the structural template). The highlighted residues in the PLC31-PH
sequence represent the location of secondary structure elements (gray, a-helix; black, B-strand). The bottom five rows depict the output
of various secondary structure prediction programs (for details, see Materials and Methods) for the PLCB3-PH sequence. Letters
highlighted in black/gray and colored white denote the secondary structure predictions for 33-PH (H, a-helix; E, B-strand); C indicates

random coil.
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Figure 7. Electrostatic properties of the homology models for the PLC3
PH domains. Electrostatic equipotential profiles for the PLCB PH domain
models were calculated and visualized in GRASP (Nicholls et al. 1991):
B1-PH (A), B2-PH (B), B3-PH (C), and B4-PH (D). The loops that corre-
spond to the PI(4,5)P,-binding loops in the PLC31-PH structure are located
at the bottom of the images. All 3 PH domains are in an orientation similar
to that as the PLC8 PH domains in Figure 2, except for 32-PH (B), which
is rotated 180 degrees about the vertical axis to highlight its large basic
surface patch. Clusters of surface-exposed hydrophobic residues (Leu, Phe,
Tyr, Trp) are colored green. The blue and red meshes represent, respec-
tively, the +1 kT/e and —1 kT/e equipotential contours for 0.1 M KCI.

7, blue meshes). Figure 8 depicts the electrostatic free en-
ergy of interaction of our model for the PLC32 PH domain
with a 2 : 1 PC/PS membrane in 0.1 M KCl as a function of
the distance between the van der Waals surfaces of the
domain and membrane. Nonspecific electrostatic interac-
tions are predicted to contribute significantly to the mem-
brane-binding free energy, that is, ~—5 kcal/mole; this is
similar to what is predicted for the PLC81-PH domain (Fig.
3). The nonpolar residues may partition hydrophobically
into the interface of both electrically neutral and negatively
charged membranes, whereas the basic residues may medi-
ate electrostatic interactions with acidic phospholipids.
Thus, our models support the observation that the 3 PH
domains bind nonspecifically to phospholipid membranes
(Wang et al. 1999).

The basic surface patches found on our PLC3-PH models
may also mediate the observed interaction with GR+y-sub-
units of heterotrimeric G proteins (Wang et al. 1999, 2000;
Barr et al. 2000). Our previous computational studies indi-
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cate that GBy is oriented at the membrane surface such that
the basic surface patch surrounding the site of prenylation
on the +y-subunit interacts with acidic lipid headgroups
(Murray et al. 2001). GBy has a net charge of —12 and is
dramatically electrostatically polarized. The basic surface
patch on G+ that is implicated in membrane binding is
localized to the region surrounding the prenyl group. The
rest of the protein is highly negatively charged, indicating
that GBy and PLCB PH domains interact through the
complementarity of their electrostatic surfaces (positive on
the PH domain, negative on GRv). Indeed, there is a serine
residue in PLCB3-PH whose phosphorylation is implicated
in disrupting the interaction with Gy (Xia et al. 2001). Our
model for PLCB3-PH predicts that this serine is located in
the center of a basic surface patch that could serve as a
potential GBvy-binding site. As shown in Figure 9, phos-
phorylation of this serine significantly reduces the positive
potential in this region of the PH domain and may, thus,
disrupt the interaction with GB+vy through an electrostatic
repulsion mechanism.

PLC-vy

The +y class of PLCs consists of two isoforms, PLCy1l and
PLC+2, both of which are activated by polypeptide growth
factor stimulation of receptor and nonreceptor protein tyro-
sine kinases (Cockcroft and Thomas 1992; Rhee and Bae
1997). Both isoforms have two PH domains, one in their N
terminus and one occurring in the linker sequence between
the two halves of the catalytic domain. Experimental studies
indicate that the N-terminal PLCy PH domains are targeted
to the plasma membrane and bind specifically to PI(3,4,5)P;
in a PI3 kinase—dependent manner (Falasca et al. 1998;
Matsuda et al. 2001).

Free energy, kcal/mole

Distance, Angstroms

Figure 8. Electrostatic free energy curve for the membrane interaction of
the 32 PH domain. The electrostatic free energy of interaction (in kcal/
mole) with a 2 : 1 PC/PS membrane in 0.1 M KCI as a function of the
distance between the van der Waals surfaces of the PH domain and mem-
brane. The free energies were calculated by using the finite difference
Poisson-Boltzmann (FDPB) method as described in Materials and Methods
(Gallagher and Sharp 1998).
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Figure 9. The effect of phosphorylation of Ser26 on the electrostatic prop-
erties of PLCB3-PH. The PH domain is oriented differently than in Figure
7 so that the surface containing Ser26 is facing the viewer. (A, B) Elec-
trostatic equipotential contours are shown for PLCB3-PH in the unphos-
phorylated (A) and phosphorylated (B) states. The Ca backbone is colored
green at the position of Ser26. The blue and red meshes represent, respec-
tively, the +1 kT/e and —1 kT/e equipotential contours. (C, D) The elec-
trostatic potentials are mapped to the molecular surface of PLCB3-PH in
the unphosphorylated (C) and phosphorylated (D) states. The surface po-
tentials are color-graded from —4 kT/e (red) to +4 kT/e (blue). All poten-
tials were calculated with 0.1 M KCI and visualized in GRASP (Nicholls
et al. 1991).

The PLCy-PH sequences are slightly more similar to the
01-PH sequence than are the 3-PH sequences. Our PLCy
PH domain models exhibit the characteristic electrostatic
polarization typical of PH domains that bind poly-phospho-
inositides (e.g., cf. Fig. 10 and Fig. 2A). As predicted for the
o PH domains, nonspecific electrostatic interactions be-
tween basic residues in the lipid-binding loops and acidic
phospholipids in the membrane are expected to contribute to
the membrane localization of the y PH domains.

Figure 11 depicts the multiple structure-based sequence
alignment for the PLCy1l and y2 PH domain models with
PI(3,4,5)P;-binding PH domains of known structure. Be-
cause the sequences in this group share such low similarity,
superposition of the structures with our homology models is
the most reliable way of deriving a multiple sequence align-
ment. From the experimentally determined structures, it is
known that residues in the B1/B2 loop are important for
dictating PI(3,4,5)P; specificity and that residues in the
33/84 and B6/B7 loops also contribute, but to varying de-
grees (Falasca et al. 1998; Baraldi et al. 1999; Cullen and
Chardin 2000; Ferguson et al. 2000; Lemmon and Ferguson

2000; Lietzke et al. 2000; Thomas et al. 2001). For PLCvy1-
PH, experiments determined that the 33/B84 loop plays a key
role in mediating the interaction with P1(3,4,5)P; (Falasca et
al. 1998). As pointed out by others (Baraldi et al. 1999;
Ferguson et al. 2000; Lietzke et al. 2000) and as illustrated
by the alignment in Figure 11, the residues in the lipid-
binding loops are not well conserved across this group of
PH domains and do not provide a simple consensus se-
quence for PI(3,4,5)P; specificity.

However, based on the multiple structure-based se-
quence alignment (Fig. 11), we are able to identify several
residues in the PLCy-PH sequences that together may de-
fine a PI(3,4,5)P5-binding function. In our models, there is
a conserved basic residue in the 33/B4 loop that has been
shown to be important for membrane-binding activity in
other PI(3,4,5)P;-binding PH domains. For example, a Glu-
to-Lys mutation in Btk-PH (Fig. 11, arrow) has been re-
ported to contribute to the binding to PI(3,4,5)P;-containing
membranes by increasing nonspecifically the membrane af-
finity of the PH domain (Li et al. 1995). In addition, a lysine
at this position in DAPP1-PH forms direct contacts with the
PI(3,4,5)P; headgroup (Ferguson et al. 2000). Therefore, the
basic residue at the same position in the PLCy PH domains

Figure 10. Electrostatic properties of the homology models of the N-
terminal PLCy PH isoforms. The Co backbone traces of the models for
v1-PH (A, C) and y2-PH (B, D) without (A, B) and with (C, D) bound
Ins(1,3,4,5)P, (yellow spheres) are depicted. The electrostatic potentials
were calculated and visualized in GRASP (Nicholls et al. 1991). The blue
and red meshes represent, respectively, the +1 kT/e and —1 kT/e equipo-
tential contours for 0.1 M KCL
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Figure 11. Multiple structure-based sequence alignment among the PLCy-PH models and structures of PI(3,4,5)P;-binding PH
domains. Protein sequences were aligned based on structural superposition by using the multiple structure alignment module of PrISM
(Yang and Honig 1999). 1bwn indicates PH domain of Bruton’s tyrosine kinase (Btk) with the E — K mutation (denoted by arrow);
1b55, wild-type Btk PH domain; 1fao, PH domain of DAPP1/Phish; 1fgy, PH domain of Grpl; Gammala, homology model of the
N-terminal PLCy1 PH domain; and Gamma2a, homology model for the N-terminal PLCy2 PH domain. Residues in the experimentally
determined structures that are implicated in forming direct contacts with PI(3,4,5)P; are colored orange. Black bars denote the positions

of the variable lipid-interacting loops.

may also form specific interactions with the PI(3,4,5)P,
headgroup. Moreover, the alignment in Figure 11 indicates
that the PLCy PH domains have other functionally impor-
tant residues at conserved positions: (1) 3-Strand 2 contains
basic and aromatic residues at its N and C termini, respec-
tively, that are highly conserved across the PI(3,4,5)P;-
binding PH domains, but not the PLC8 PH domains, which
bind PI(4,5)P,; and (2) a number of basic residues occur in
the B1/B2 and 6/B37 loops, which have been shown in other
PI(3,4,5)P;-binding PH domains to contribute to lipid speci-
ficity. Overall, the characteristic electrostatic polarity of our
models (Fig. 10) and the conservation of residues that in-
teract with PI(3,4,5)P; in other PH domains of known struc-
ture (Fig. 11) indicate a similar function for the PLCy PH
domains and provide a molecular basis for the experimen-
tally observed interaction with PI(3,4,5)P; (Falasca et al.
1998; Matsuda et al. 2001).

PLCvy1 and 2 also possess a purported second PH do-
main that is located within a sequence insert between the
two halves of the catalytic domain (X and Y). Our analysis
predicts that in both cases, the sequence corresponding to
the additional PH domain is split into two parts by a span of
sequence that corresponds to the one SH3 and two SH2
domains that are characteristic of the PLCy class. Experi-
mental studies (Chang et al. 2002) indicate that the N-ter-
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minal portion of this “split PH domain” binds specifically to
phosphoinositides, including PI(4)P and PI1(4,5)P,. Other
studies implicate the domain in protein—protein interactions
(Thodeti et al. 2000; Chang et al. 2002).

While attempting to identify the segments of sequence
that correspond to these split PH domains, we found sig-
nificant ambiguities in the sequence assignments provided
by different databases and domain detection programs
(Schultz et al. 1998; Boekmann et al. 2003; Wheeler et al.
2003). We, therefore, used a combination of fold recogni-
tion and secondary structure prediction (see Materials and
Methods) to identify the sequence segments corresponding
to the two halves of each split PH domain. Once assembled
into contiguous pieces (excluding the sequences represent-
ing the SH domains), these sequences are predicted to have
all of the characteristic secondary structure elements of the
PH domain fold (Fig. 12). In addition, these “patched” se-
quences pick up PH domain structures with very high sta-
tistical significance when submitted to fold recognition pro-
grams (data not shown). Therefore, these sequences have
the potential to assemble into PH domains. Indeed, the ho-
mology models representing these split PH domains score
very high according to structure validation analysis (see
Materials and Methods; Electronic Supplemental Material).
Furthermore, a recent study demonstrated that a functional
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Figure 12. Sequence assignment of the split PLCy PH domains. The fop portion of the figure shows the two alternative domain
architectures assigned to PLCy by the SMART database (Schultz et al. 1998). This arrangement indicates that the location of the second
PH domain overlaps with that of the SH3 domain. We predict that the two halves of the domain are located in the regions between
(1) the X portion of the catalytic domain and the first SH2 domain (gray arrows) and (2) the SH3 domain and the Y portion of the
catalytic domain (black arrows). The sequence segments that are combined to comprise our prediction for the sequence of the PLCy1

PH domain are highlighted in purple.

PH domain assembles from two separate sequence segments
(both attached to coiled-coil forming regions) which corre-
spond to the N- and C-terminal halves of PLC81-PH, es-
tablishing, in principle, the possibility of the formation of a
stable PH domain structure from noncontiguous sequence
segments when they are tethered together (Sugimoto et al.
2003). However, each of the PLCr split PH domains has an
insert in the 33/B34 loop, which corresponds to the SH3 and
SH2 domains, which we have not attempted to include in
our models. The impact of these large insertions on the
structural organization and function of the split PH domains
is unknown.

The electrostatic profiles of our homology models for the
split PH domains are overall negative with minor positive
regions (data not shown). Therefore, contrary to previous
studies (Chang et al. 2002), our models indicate that these
domains do not bind poly-phosphoinositides. However, the
experimental studies were based on a construct that corre-
sponds to only the N-terminal portion of the domain rather
than the complete domain, which we have modeled here.
Hence, the experimental characterization may not be an
accurate representation of lipid-binding function if the two
portions of the split domain, identified here, do indeed
come together and fold up into a complete PH domain
structure.

PLC-¢

PLCe is a recently discovered member of the PLC family
and has been shown to be regulated by the small GTPase

H-Ras and a-subunits (G,,,) of heterotrimeric G pro-
teins (Kelley et al. 2001; Rhee 2001; Wing 2001). PLCe
was originally distinguished by the absence of an N-termi-
nal PH domain, but in agreement with the recent work
of Wing et al. (2001), we have detected a potential PH
domain by aligning the PLCe sequence with the PH do-
main sequences from other PLC classes by using multiple
sequence and secondary structure alignments. Figure 13
depicts the alignment between the sequences of the
PLC31 and & PH domains. Although the details in the
sequence assignments differ, our alignment and that of
Wing et al. (2001) both predict a long insert between
the B3- and P4-strands. In addition, Wing et al. (2001)
predict that the C-terminal a-helix of e-PH extends sig-
nificantly beyond that of 81-PH and that this “molten
helix” may be important for mediating interactions with
Gy subunits as seen for other PH domains (Fushman
et al. 1998; Carman et al. 2000). The B3/B4-loop typically
contributes to lipid binding in those PH domains that are
known to associate with poly-phosphoinositides. In our
model, the structure of the insertion is not well defined
due to the absence of a suitable structural template. How-
ever, because the insertion is located in a loop region, it
most likely does not affect the core structure of the PH
domain.

As shown in Figure 13, the predicted secondary structure
elements of PLCe-PH are well aligned to the core structural
elements of PLC81-PH. The large insertion is predicted to
have a short a-helical segment flanked by regions with ran-
dom coil conformation, although its structure and orienta-
tion with respect to the PH domain core is uncertain based
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Figure 13. Sequence alignment of PLCe-PH and PLC31-PH. The top two rows represent the sequence alignment between the PH
domains of PLC31 (Deltal) and PLCe (Epsilon) that was used in modeling the structure of e-PH (PLC31-PH served as the structural
template). The highlighted residues in the PLC31-PH sequence represent the location of secondary structure elements (gray, a-helix;
black, B-strand). The bottom five rows depict the output of various secondary structure prediction programs (for details, see Materials
and Methods) for the PLCe-PH sequence. Letters highlighted in black/gray and colored white denote the secondary structure predic-
tions for e-PH (H, a-helix; E, B-strand); C indicates random coil. The arrow denotes the serine residue predicted by Prosite (Falquet

et al. 2002) to be a protein kinase C phosphorylation site.

on our analysis. As illustrated in Figure 14, the electrostatic
profile of the PLCe-PH domain model is predominantly
negative with a positive region in the vicinity of the insert.

Figure 14. Electrostatic properties of the homology model of the PLCe
PH domain. The Ca backbone trace for the model of the PLCe PH domain,
based on the alignment in Figure 13, is depicted. The backbone is colored
cyan in the region of the 33/B4-loop insert (see Fig. 13). The electrostatic
potentials were calculated and visualized in GRASP (Nicholls et al. 1991).
The blue and red meshes represent, respectively, the +1 kT/e and +1 kT/e
equipotential contours for 0.1 M KCI.
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The 33/B4 insertion could contribute to membrane associa-
tion because it contains 11 hydrophobic residues, several of
which (five Leu and one Phe) have been shown, in the
context of model peptides, to partition favorably into the
membrane interface (Wimley and White 1996), as well as
three Lys residues that may interact electrostatically with
acidic lipids. Hence, like other long unstructured sequences
in proteins such as MARCKS, Gap43, and phospholipase D
(Wang et al. 2002), the long (33/B4-loop may interact with
membrane surfaces through nonspecific electrostatic and
hydrophobic interactions. Such membrane-adsorbed se-
quences have been shown to sequester PI(4,5)P2 in phos-
pholipid vesicles (Wang et al. 2002). Hence, this sequence
may function to localize the enzyme in the vicinity of its
substrate. The insert contains a serine at position 903 of the
PLCe sequence (Fig. 13, arrow), which Prosite (Falquet et
al. 2002) predicts with high probability to be a protein ki-
nase C phosphorylation site. This indicates a potential
mechanism whereby membrane association is regulated:
Phosphorylation would introduce negative charge into a re-
gion containing basic and hydrophobic residues, produce an
electrostatic repulsion from the membrane surface, and,
thus, weaken the membrane association of the insert se-
quence. Although the PLCe PH domain may contribute to
nonspecific membrane association, it is clear from Figure 14
that its electrostatic profile, like those for the 8 and split vy
PH domains, deviates significantly from the electrostatic
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polarization of most PH domains previously studied (Lem-
mon and Ferguson 2000; Hurley and Meyer 2001).

Discussion

Although PH domains share a common structural fold, they
are highly diverse in their sequences, biophysical properties
and functions, which makes it particularly challenging to
derive general “rules” that characterize their targeting and
regulatory roles. Computational studies that examine
broadly the entire PH domain family highlight conserved
characteristics, but provide a coarse-grained, incomplete,
functional annotation (Blomberg and Nilges 1997;
Blomberg et al. 1999). In contrast, computational studies
that focus on a single PH domain provide significantly more
detailed information on the molecular basis of function, but
lack context with regard to related PH domains (Rong et al.
2001). Here, we have chosen to focus on a subset of PH
domains that belongs to the same protein family, the phos-
phoinositide-specific PLCs. This type of examination al-
lows for detailed molecular-level descriptions of the indi-
vidual PH domains and provides an additional dimension to
functional annotation through comparisons among related
PH domains.

Despite low conservation in the sequences of the PH
domains from the different PLC classes (Fig. 1), the most
suitable structural template for modeling them was consis-
tently identified as the PH domain from PLC-81 (Protein
Databank [PDB] identifier: 1mai; Ferguson et al. 1995). A
major finding of our study is that even though we used a
single PH domain of well-defined structure and function as
the template for homology modeling, the biophysical prop-
erties of our derived models are quite distinct but correlate
well with the observed characteristics of the respective PH
domains. (See Materials and Methods for a discussion of the
reliability of our models and conclusions.) This supports the
notion that the structural core of the PH domain serves as a
stable scaffold that can support a wide range of functions
(Lemmon and Ferguson 2000). Moreover, this study brings
to light PH domains with electrostatic profiles that differ
markedly from the polarized profile commonly associated
with PH domains: (1) Unique among the PH domains that
bind poly-phosphoinositides, the PLC83 PH domain is pre-
dicted to have a dramatically positive electrostatic potential
profile (Fig. 2C); (2) the electrostatic profiles of the C-
terminal “split” PH domains from PLCry are predicted to be
highly negative and, thus, are similar to the PH domain from
a C. elegans muscle protein, UNC-89, the structure of which
was recently solved (Blomberg et al. 2000); (3) negatively
charged, positively charged, and hydrophobic surface
patches are predicted to exist in various combinations for
the PH domains from the different PLC@ isoforms (Fig. 7)
and PLCe (Fig. 14). The atypical patterns of electrostatic
potential and hydrophobicity of these models implicate re-

gions of the PH domain surface other than the canonical
membrane-binding site in important functional interactions.

Taken as a whole, the PLC PH domains exhibit a rich
variety of biophysical properties and functions that are well
described by our computational models. In each case, elec-
trostatics is predicted to play a major role in dictating func-
tion. However, the different family members use electro-
static interactions in quite distinct ways. First, the region
surrounding the PI(4,5)P,-binding site in the PLCd PH do-
mains is highly positively charged (Fig. 2). Many of the
basic residues that contribute to this lobe of positive poten-
tial are involved in coordinating the PI(4,5)P, headgroup
(Fig. 1, orange highlights). In addition, these positively
charged regions are predicted to contribute significantly to
the membrane localization of the 8 PH domains by medi-
ating nonspecific electrostatic interactions with acidic phos-
pholipids (Fig. 3). The electrostatic profiles of the 8 PH
domains are altered upon binding PI(4,5)P, (Fig. 2). Spe-
cifically, the 81 PH domain becomes overall negatively
charged. Our calculations indicate that this change underlies
the preference of PLC81-PH for soluble Ins(1,4,5)P; over
membrane-embedded PI(4,5)P, by introducing electrostatic
repulsions with the surrounding membrane environment
(Table 1). Second, the comparison of the PH domains from
PLC31 and p130 (or PLC-L; Fig. 4) highlights features of
the latter, in particular, an Asp residue in one of the
Ins(1,4,5)P5-binding loops, that may account for the strong
preference of this PH domain for soluble Ins(1,4,5)P; over
PI(4,5)P, in membranes (Varnai et al. 2002). Based on our
model, this aspartate is predicted to disfavor binding to
PIP(4,5)P, by causing an electrostatic repulsion from the
membrane surface. Third, Figure 7 illustrates the unique
electrostatic and hydrophobic surface properties of the
PLCPB PH domains. In each model, the region surrounding
the canonical lipid-binding loops is highly negatively
charged, arguing against a phosphoinositide-binding func-
tion for these PH domains (Razzini et al. 2000). The basic
and hydrophobic surface features (Figs. 7, 8) may mediate
the nonspecific membrane binding observed in biochemical
studies of the isolated PH domains (Wang et al. 1999). In
addition, our models suggest that the 32 and 33 PH domains
interact with 2 subunits from heterotrimeric G proteins
(Wang et al. 1999; Barr et al. 2000; Wang et al. 2000)
though electrostatic complementarity (positive charge on
the PH domain and negative on Gf3). Indeed, the recent
structure of the complex of the G protein-coupled receptor
kinase 2 (GRK2) and Gf,y, (reveals that the GRK2 PH
domain interacts with an acidic region on the surface of
GB,v,. (Lodowski et al. 2003). Furthermore, our models
provide a mechanism for the regulation of the interaction of
PLCR3-PH with By-subunits from heterotrimeric G proteins
(Xia et al. 2001): The phosphorylation of a serine in the middle
of a basic surface patch on B3-PH is predicted to disrupt the
electrostatic complementarity between Gy and the PH do-
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main (Fig. 9). Fourth, our models for the N-terminal PLCy PH
domains exhibit the polarized electrostatic potential character-
istic of phosphoinositide-binding PH domains (Fig. 10). The
positive lobe should mediate nonspecific electrostatic interac-
tions with the membrane surface as predicted for the PLC3 PH
domains. In addition, the lipid-binding loops contain residues
that coordinate the headgroup of PI(3,4,5)P; in PH domains of
known structure, reflecting the observed lipid specificity (Fig.
11). Moreover, we have defined the sequences for a second
C-terminal PH domain for the v class (Fig. 12). The models for
these PH domains have a highly negatively charged electro-
static profile, indicating functionality other than membrane
targeting. Finally, the sequence corresponding to the large 33/
[34-loop in our PLCe PH domain model has basic and hydro-
phobic residues that could potentially mediate the membrane
association of this PH domain (Fig. 14). Overall, our models
predict that the PLC PH domains use electrostatic interactions
in both specific and nonspecific ways to mediate and regulate
protein-lipid and protein—protein interactions.

In addition to being able to account for the experimen-
tally observed behaviors of a number of the PLC PH do-
mains, our models have utility in that they provide the basis
for directed experimental tests of function. For example,
Figure 2, E through H, illustrates how the electrostatic pro-
files of the PLCS® PH domains change upon binding the
headgroup of P1(4,5)P,. The 81 PH domain becomes overall
negatively charged, whereas the 83 PH domain remains
highly positively charged. The electrostatic profiles indicate
that the PI(4,5)P,-bound, membrane-associated form of 81-
PH is targeted laterally to different regions of the plasma
membrane than the 83 isoform. Recent studies show that
PI(4,5)P, is laterally sequestered by membrane-adsorbed
basic peptides and that the sequestration is driven by non-
specific electrostatic attraction between the multivalent an-
ionic lipid and the positively charged peptide (Wang et al.
2002). In addition, PI(4,5)P, co-localizes in membrane
ruffles and nascent phagosomes with the protein MARCKS
(myristoylated alanine-rich C kinase substrate; Honda et al.
1999; Botelho et al. 2000; Laux et al. 2000; Tall et al. 2000).
MARCKS exists at high concentrations in cells and associ-
ates with membrane surfaces, in part, through favorable
electrostatic interactions between its highly positively
charged effector domain (MARCKS[151-175], net charge
+13) and acidic phospholipids in the membrane (Kim et al.
1991; Seykora et al. 1996; Swierczynski and Blackshear
1996). The P1(4,5)P,-bound 81 PH domain (Fig. 2E) should
be laterally directed, through favorable electrostatic inter-
actions, to regions enriched in the MARCKS protein, with
a membrane-adsorbed effector domain that constitutes a
positively charged basin of attraction for negatively charged
molecules. Indeed, experiments show that the interaction of
a peptide based on MARCKS(151-175) with P1(4,5)P, does
not displace PI(4,5)P,-bound 81-PH from the membrane (A.
Gambhir and S. McLaughlin, pers. comm.). A possible in-

1948 Protein Science, vol. 12

terpretation is that both PI(4,5)P, and the P1(4,5)P,-bound
PH domain are laterally sequestered by membrane-adsorbed
MARCKS(151-175) because both species are negatively
charged. Similarly, the PI(3,4,5)P;-bound yl1 PH domain
(Fig. 10C), which also acquires a strong negative character,
should be localized to these regions as well. Although
highly speculative, this electrostatic sequestration provides
a mechanism whereby PLC81 and PLCy1 (when PI[3,4,5]P;
is present) are localized to regions of membrane that are
enriched in their substrate, PI(4,5)P, (Wang et al. 2002).
Conversely, PLC83-PH should be excluded from these re-
gions due to its overall basic character (Fig. 2G). The visu-
alization of green fluorescent protein constructs of the 91,
v1, and 33 PH domains expressed in cells would provide a
test of these predictions.

Our model for the p130 (or PLC-L) PH domain and its
comparison with the PH domain from PLCS81 indicate a
number of point mutations (R129W, Y131R, and D152V)
that could alter the function of p130-PH so that it may bind
to PI(4,5)P, in membranes rather than just the soluble head-
group, Ins(1,4,5)P;, as observed (Varnai et al. 2002). In
addition, our model for PLC33-PH indicates that mutating
S26 to an acidic residue should result in a PH domain un-
able to interact with G-y heterodimers. Moreover, our mod-
els for the PLCy N-terminal PH domains implicate a num-
ber of residues responsible for PI(3,4,5)P; binding that may
be mutated to determine their role in PI3 kinase—dependent
membrane recruitment. Finally, the sequence of the unstruc-
tured insertion in the elongated 3/B4-loop of PLCe-PH
may be removed or mutated to determine whether it medi-
ates the association of PLCe to membranes containing
acidic lipids.

The present study is another in a line of recent compu-
tational investigations of the association of signal transduc-
tion domains with membrane surfaces. The previous work
and the work presented here not only illustrate the success
of homology modeling and the calculation of biophysical
properties in providing models that account for observed
membrane targeting behaviors but also highlight how dif-
ferent lipid-interacting domains, that is, PH, C2, FYVE, and
PX domains, share common mechanisms to control mem-
brane association. Nonspecific electrostatic interactions
were shown to be a general feature of many C2 domains,
including those that are calcium independent (Ananthana-
rayanan et al. 2002; Kulkarni et al. 2002; Murray and Honig
2002). Similarly, PH domains from all of the PLC classes
are predicted to use electrostatic interactions to facilitate
their membrane association. FYVE and PX domains, which
interact specifically with poly-phosphoinositides, also expe-
rience favorable nonspecific electrostatic interactions with
acidic phospholipids in membranes (Stahelin et al. 2002,
2003; Diraviyam et al. 2003). Moreover, as shown for the
PLCS and y PH domains (Figs. 2, 10), the electrostatic
properties of FYVE and PX domains change dramatically
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upon binding their phosphoinositide ligands. Similarly, the
electrostatic properties of C2 domains are altered, but here
the ligand is calcium rather than a lipid. Therefore, for PH,
FYVE, and PX domains, the binding of poly-phospho-
inositides neutralizes positive charge in the lipid-binding
loops, whereas for C2 domains, the binding of calcium ions
neutralizes negative charge in the calcium-binding loops. In
all cases, membrane localization signals are unmasked upon
ligand binding: (1) The PLC81 PH domain may co-localize
with PI(4,5)P2 and MARCKS in plasma membrane do-
mains because of the overall negative character it acquires;
(2) electrostatic potential is reduced around the ligand-bind-
ing sites on FYVE, PX and a number of C2 domains so that
nonpolar residues in these regions are able to penetrate hy-
drophobically into the membrane interface; and (3) positive
potential due to basic residues in the calcium-binding loops
on some C2 domains dominates in the calcium-bound state
and drives the binding to membranes containing acidic
phospholipids. In essence, each of these domains, upon
binding ligand, undergoes a type of “switch” that alters their
electrostatic properties in ways that are important for their
membrane targeting function.

In summary, the present study demonstrates how three-
dimensional models allow us to define structural and bio-
physical features that are important for function and, thus,
add significant value over the analysis of sequence infor-
mation alone. Including all of the PLC isoforms in the
present study was instrumental in discovering both class-
specific and isoform-specific features. The family-based
analysis described here for PLC PH domains is a powerful
approach to functional annotation and should be equally
applicable to PH domains from other protein families, for
example, serine/threonine protein kinases belonging to the
Akt/Rac subfamily and guanine nucleotide exchange fac-
tors.

Materials and methods

Sequences modeled

The sequences of the mammalian PLC PH domains were retrieved
from publicly available sequence databases: Swiss-Prot/TrEMBL
(Boeckmann et al. 2003), PIR (Wu et al. 2002), and NCBI
(Wheeler et al. 2003), except that for PLC83-PH, which was ob-
tained from Pawelcyzk and Matecki (1999). The boundaries of the
PH domain sequences were assigned based on the consensus of the
output of a number of secondary structure prediction programs:
PSIpred (McGuffin et al. 2000), PHDsec (Rost 1996), SAM-T99
(Karplus and Hu 2001), and SSPro2 (Baldi et al. 1999). This
ensured that the sequences encompass all of the secondary struc-
ture elements characteristic of PH domains as discerned from
structure determinations. Sequence information related to the PLC
PH domains modeled in the present study is delineated in the
legend to Figure 1.

Modeling methodology

Because PH domains share low sequence similarity, routine ho-
mology modeling alone is not expected to provide adequate re-

sults. To generate high-quality models for the PLC PH domains,
we implemented a scheme based on the use of multiple approaches
at each step: (1) choice of a suitable structural template, (2) align-
ment of the template and target sequences, (3) model building, and
(4) model evaluation and refinement.

Structural template

The PH domain of PLC81 was used as the structural template
for all of the N-terminal PLC PH domain sequences modeled
(PDB identifier: 1mai; Ferguson et al. 1995), whereas the PH
domain from Dapp1/Phish was used as the structural template for
the C-terminal “split” PH domains of PLCy (PDB identifier: 1fb§;
Ferguson et al. 2000). Both were identified as the best structural
templates for the respective sequences based on: (1) sequence
searches against the PDB by using the Smith-Waterman algorithm
(Smith and Watermann 1981) and BLAST (Altschul et al. 1990),
(2) profile alignments as implemented by PSI-BLAST (Altschul et
al. 1997) and reverse PSI-BLAST (Marchler-Baur et al. 2002), and
(3) fold recognition as implemented in 3D-PSSM (Kelley et al.
2000), 123D+ (Alexandrov et al. 1996), and FUGUE (Shi et al.
2001). The fold recognition results were highly significant: The
hits obtained from 123D+, FUGUE and 3D-PSSM were scored,
respectively, with e values between 10~® and 10, z scores be-
tween 7 and 23, and z scores between 10 and 23.

Sequence alignment

The alignment of the template and target sequences is the most
important step in generating a high-quality model, as the accuracy
of the modeled structure has been shown to be greatly dependent
on the quality of the alignment (Venclovas et al. 2001). Therefore,
we used a number of different approaches to generate the sequence
alignment so as to combine information from sequence, sequence
profiles, secondary structure profiles, and fold recognition. The
different programs that were used in generating these alignments
include (1) PrISM (Yang and Honig 1999) for both local (Smith-
Waterman) and global (Needleman-Wunsch) pairwise alignments;
(2) ClustalW (Thompson et al. 1994), TCOFFEE (Notredame et al.
2000), and Gtop Reverse Psi Blast (Kawabata et al. 2002) for
multiple sequence alignment; (3) Jigsaw-3D (Bates and Sternberg
1999) for automatic alignment and model building; and (4) 123D+
(Alexandrov et al. 1996), 3D-PSSM (Kelley et al. 2000), and
FUGUE (Shi et al. 2001) for fold recognition. In addition, all
alignments were assessed and manually edited based on the cor-
respondence of the positions of the secondary structure elements of
the template with the predicted consensus secondary structure as-
signments for the target sequence (as described above). In addi-
tion, alignment editing was performed iteratively with model
evaluation (described below). The program Verify3D scores each
of the residues in a structural model, inputted as a PDB file, ac-
cording to biochemical criteria extracted from the analysis of high
resolution structures (Luthy et al. 1992). The scores are plotted as
a function of residue number, which provides a “fitness profile.”
We reconsidered an alignment between target and template se-
quences in regions corresponding to low-scoring portions of the
Verify3D plot. Generally, manual editing of the alignment in these
regions improved the profile of a model.

The multiple sequence alignment of the PLC PH domain family
depicted in Figure 1 was constructed by using the program PIMA
(Smith and Smith 1992) in order to highlight overall features of the
family that are either conserved across all classes or specific to a
single class. The actual alignments between each sequence and the
modeling template, PLC31-PH, differ slightly from the pairwise
alignments that can be extracted from the family alignment in
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Figure 1 due to manual editing, as described above. The align-
ments used in constructing our homology models are available as
part of the Electronic Supplemental Material.

Model building

Jigsaw-3D (Bates and Sternberg 1999) was used to construct
homology models when there was high sequence identity between
the target and template sequences. PrISM (Yang and Honig 1999,
2000) was used when the sequence alignments were generated
with its alignment modules. Modeller (Sali and Blundell 1993) and
Nest (Z. Xiang and B. Honig, unpubl.) were used when an align-
ment generated from another program or a manually edited align-
ment was used. Loop and side-chain prediction, when needed,
were implemented by using the programs Loopy (Xiang et al.
2002) and Scap (Xiang and Honig 2001), respectively.

The head group of PI(4,5)P,, Ins(1,4,5)P5, was docked onto the
homology models for the PLC82, 33, and 84 PH domains by
structurally aligning the models with the experimentally deter-
mined structure of the PLC31-PH/Ins(1,4,5)P; complex (PDB
identifier: 1mai) by using the program CE (Shindyalov and Bourne
1998). The structure alignment was used to transfer the coordinates
of Ins(1,4,5)P; from the structure to the models. Similarly, the
head group of PI(3,4,5)P,, Ins(1,3,4,5)P,, was docked onto the
homology models for the PLCy1 and y2 PH domains by structur-
ally aligning the models with the experimentally determined struc-
ture of the Bruton’s tyrosine kinase PH domain (PDB identifier:
1b55).

Model evaluation

The quality of the models was assessed by using the structure
verification program Verify3D (Luthy et al. 1992), which tests the
compatibility of a protein structure with its amino acid sequence.
Verify3D constructs a profile for the three-dimensional model in
which each residue position is characterized by its environmental
score. These scores were derived from a statistical analysis of
high-resolution protein structures from the PDB. The Verify3D
profile is graphically represented by the numerical scores
as a function of the residue number in the structure or model.
For high-resolution, experimentally determined structures, the
Verify3D scores are positive and consistently high (>0.2), indicat-
ing that they provide a reliable means to assess the quality of a
protein structure. We have observed in other work (data not
shown) that homology models constructed based on alignments to
templates of decreasing sequence similarity have correspondingly
degraded Verify3D scores, indicating that Verify3D can assess the
quality of modeled structures, as well as discriminate among po-
tential models for a single sequence. Because scores are calculated
for each residue, the Verify3D profiles were used to identify un-
reliable regions that had been modeled improperly; these were
subsequently improved by manually editing the alignment between
query and template sequences.

The Verify3D profiles are exceptionally good for the 33, 81, 82,
83, 84, N- and C-terminal y1, C-terminal y2, and p130 PH domain
models. The 31, B2, B4, N-terminal vy2, and £ PH domains have
profiles that are consistently positive but have relatively lower
absolute scores (see Electronic Supplemental Material). We further
evaluated our models with the program Prosall, which calculates
energy profiles for a structural model by using a molecular me-
chanics force field (Sippl 1993). The results of this analysis cor-
relate well with the Verify3D results.

Sensitivity analysis of homology models

In all cases, residues corresponding to the hydrophobic core of the
PH domain fold were reliably identified. On the other hand, as
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expected, loop regions were much more variably defined and mod-
eled. However, we used secondary structure profiles (Figs. 6, 13)
to refine the alignment between target and template in these re-
gions. Still, it was sometimes the case that the alignment had
significant gaps and insertions in the vicinity of the loops. The use
of the loop modeling program, Loopy, often improved the quality
of a model. But more definitively, we examined the robustness of
biophysical properties across alternative models for a given se-
quence. Because in many cases the sequence identity between
target and template is low, it was possible to generate a number of
alternative alignments for each target and produce a series of struc-
tural models that scored equally well according to Verify3D and
Prosall. In addition, we used PH domain structures other than that
of PLC31-PH as structural templates in constructing alternative
models. The biophysical features quantified and described in this
paper—PI(4,5)P,-binding residues for the & class, the surface lo-
cation of Ser26 in PLCB3-PH, and charged or hydrophobic surface
patches—were constant across the different models for a given
sequence and, in particular, were insensitive to changes in loop
structure and side-chain rotamers.

Analysis of the models

The models were analyzed according to their sequence, structural,
and biophysical properties. To compare the lipid-binding residues
in the models for the PLCy PH domains with those from other
PI(3,4,5)P;-binding PH domains, structure superpositions, and
structure-based sequence alignments were made with the program
PrISM. The analysis of biophysical properties including the elec-
trostatics, hydrophobicity, and shape of each model was conducted
by using the surface property analysis tools in the program GRASP
(Nicholls et al. 1991).

The electrostatic free energy component of the membrane in-
teraction of the PLC31 and 83 and PLCRB2 PH domains was ob-
tained from a modified version of the DelPhi program (Gallagher
and Sharp 1998) that solves the nonlinear Poisson Boltzmann
equation for protein—-membrane systems (Ben-Tal et al. 1996).
DelPhi produces FDPB solutions for a system in which the solvent
is described in terms of a bulk dielectric constant and concentra-
tions of mobile ions, whereas solutes (here, PH domains and phos-
pholipid membranes) are described in terms of the coordinates of
the individual atoms, as well as their atomic radii and partial
charges. The FDPB method has previously been shown to yield
excellent agreement with experimental measurements of the bind-
ing of peptides and proteins to charged membranes (Ben-Tal 1996,
1997; Murray et al. 1998, 2001; Burden et al. 1999; Provitera et al.
2000; Murray and Honig 2002).

In the calculations described in this work, the PH domains and
phospholipid bilayers are represented in atomic detail, whereas the
solvent is modeled as a homogeneous dielectric medium. Each
atom of a protein/bilayer system is assigned a radius and partial
charge that is located at its nucleus; the protein/membrane model
is then mapped onto a three-dimensional lattice of /> points, each
of which represents a small region of the protein, membrane, or
solvent. The charges and radii used for the amino acids were taken
from a CHARMM?22 parameter set (Brooks et al. 1983), and those
used for the lipids are the ones described by Peitzsch et al. (1995)
and were used in previous studies (Ben-Tal et al. 1996, 1997;
Murray et al. 1998). The partial charges for Ins(1,4,5)P; were
taken from similar functional groups from the CHARMM?22 pa-
rameter set so that the net charge on the lipid headgroup was -5 or
—6, which corresponds to the net charge the headgroup would have
in the context of PI1(4,5)P, or in the context of soluble Ins(1,4,5)P;,
respectively. Ins(1,3,4,5)P, was similarly modeled. Regions inside
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the molecular surfaces of the protein and membrane are assigned
a dielectric constant of two to account for electronic polarizability,
and those outside are assigned a dielectric constant of 80 (Sharp
and Honig 1990). An ion exclusion layer is added to the solutes
and extends 2 A beyond the molecular surfaces. The nonlinear
Poisson-Boltzmann equation is solved in the finite difference ap-
proximation, and the numerical calculation of the potential is it-
erated to convergence, which is defined as the point at which the
potential changes <107 kT/e between successive iterations. Elec-
trostatic free energies are obtained from the calculated potentials
(Sharp and Honig 1990), and the electrostatic free energy of in-
teraction is determined as the difference between the electrostatic
free energy of a PH domain in a specific orientation with respect
to the membrane surface, G (P x M), and the electrostatic free
energies of the PH domain, G,(P), and membrane, G, (M), infi-
nitely far apart, that is, taken separately:

AC}cl = Gcl(P X M) - (Gcl[P] + Gcl[M])

A sequence of focusing runs (Gilson et al. 1987) of increasing
resolution was used to calculate the electrostatic potentials (e.g.,
0.375, 0.75, 1.5, and 3.0 grid/A). In the initial calculation, the PH
domain/membrane model encompassed a small percentage of the
lattice (~10%), and the potentials at the boundary points of the
lattice are approximately zero; this procedure ensures that the sys-
tem is electroneutral. Lattice sizes of 273> and 369> were used, and
the calculations were performed to final resolutions of 3 grid/A
and 4 grid/A, respectively. The precision in the electrostatic free
energies of interaction, determined as the difference between the
results obtained at the two highest resolution scales, is <0.2 kcal/
mole for all calculations.

Phospholipid bilayers were built as described previously (Ben-
Tal et al. 1996). Each lipid leaflet contains 192 lipids distributed
uniformly in a hexagonal lattice. Each lipid headgroup occupies an
area of 68 A2 in the plane of the membrane, and the lipid head
group regions from the two opposing membrane leaflets encom-
pass about one-half the thickness of the bilayer. It is assumed that
the lipids change neither structure nor position upon interaction
with the protein. These approximations are not unreasonable for
the PLCS PH domains studied here because they are highly
charged and do not penetrate the membrane interface to a large
degree. Previous work has shown that the membrane partitioning
of basic peptides that reside outside the polar envelope of the
membrane is independent of whether the membrane is in the liquid
crystalline or gel phase, indicating that the use of static bilayer
models is appropriate for calculating the binding of peripheral
proteins (Ben-Tal et al. 1996). Hydrogen atoms were added to the
heavy atoms in the PH domain structures with the program
CHARMM (Brooks et al. 1983). The structures with hydrogens
were subjected to conjugate gradient minimization with a har-
monic restraint force of 50 kcal/mole/A? applied to the heavy
atoms located at the original crystallographic coordinates.

In this article, we have not calculated the full membrane parti-
tion coefficient as described in previous work, which requires
treating many different orientations of the protein with respect to
the membrane (Murray et al. 1997). Rather, we have considered
the orientation of minimum electrostatic free energy (Ben-Tal et al.
1997). Previous work has established that for peripheral associa-
tion, both the relative binding free energies and the electrostatic
contribution to the absolute binding free energies are well de-
scribed by consideration of this orientation alone (Ben-Tal et al.
1996, 1997; Murray et al. 1998; Arbuzova et al. 2000). Therefore,
the membrane-associated orientations of the PLCS and (3 PH do-
mains, for which data were presented in this study, are the orien-
tations of minimum electrostatic free energy. These were deter-

mined by comparing the electrostatic free energies of interaction of
different orientations sampled about an orientation obtained by
visual inspection of the electrostatic potential profiles in GRASP.

Electronic supplemental material

The sequences and coordinate files representing our models for all
mammalian PLC PH domains as well as other supplementary
information, for example, GRASP images and Verify3D pro-
files, are available at our Web site (http://maat.med.cornell.edu/
ph_suppl.html).
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