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ABSTRACT: Phosphatidylinositol-specific phospholipase C (PI-PLC) enzymes simultaneously interact with the
substrate, PI, and with nonsubstrate lipids such as phosphatidylcholine (PC). For Bacillus thuringiensis
PI-PLC these interactions are synergistic with maximal catalytic activity observed at low to moderate mole
fractions of PC (XPC) and maximal binding occurring at low mole fractions of anionic lipids. It has been
proposed that residues in R-helix B help to modulate membrane binding and that dimerization on the
membrane surface both increases affinity for PC and activates PI-PLC, yielding the observed PI/PC synergy.
Vesicle binding and activity measurements using a variety of PI-PLC mutants support many aspects of this
model and reveal that while single mutations can disrupt anionic lipid binding and the anionic lipid/PC
synergy, the residues important for PC binding are less localized. Interestingly, at high XPC mutations can
both decrease membrane affinity and increase activity, supporting a model where reductions in wild-type
activity atXPC>0.6 result fromboth dilution of the substrate and tightmembrane binding of PI-PLC, limiting
enzyme hopping or scooting to the next substrate molecule. These results provide a direct analysis of vesicle
binding and catalytic activity and shed light on how occupation of the activator site enhances enzymatic
activity.

The conformation and activity of peripheral membrane pro-
teins are often mediated by interactions with different types of
phospholipids (1). Electrostatic attractions between proteins and
anionic phospholipids may recruit proteins to the membrane,
while interactions with these and other phospholipids can help to
anchor proteins to the membrane, target proteins to specific
membranes or cellular compartments, and/or serve to regulate
protein activity by inducing conformational changes. For phos-
pholipases, which cleave an ester bond in target phospholipids,
binding to nonsubstrate phospholipids both anchors the protein
to the membrane and enhances phospholipase activity (2).

The numerous roles of lipid-protein interactions make it
difficult to tease out how interactions with multiple types of
phospholipids differentially affect protein binding, conforma-
tional changes, and activity. For example, do mutations in the
active site also alter binding to nonsubstrate lipids? To address
such questions for bacterial phosphatidylinositol-specific phos-
pholipase C (PI-PLC),1 we have determined how mutations that
should directly alter lipid binding or protein conformational

changes affect both binding to and enzymatic activity toward
multicomponent lipid vesicles.

PI-PLC enzymes from Bacillus thuringiensis and related bac-
teria are secreted proteins that enhance bacterial virulence (3, 4),
and several of these bacterial PI-PLC enzymes, including B.
thuringiensis PI-PLC, are also able to release GPI-anchored
proteins from the surface of eukaryotic cells (5). B. thuringiensis
PI-PLC catalyzes the specific cleavage of the sn-3 phosphodiester
bond in phosphatidylinositol (PI) in two steps, an intramolecular
phosphotransferase reaction at a phospholipid interface and a
phosphodiesterase reaction where the substrate can be in the
water phase (Scheme 1). Both of these steps are specifically
activated by PI-PLC binding to phosphatidylcholine (PC) inter-
faces (6-8). This activation involves two critical tryptophan
residues, Trp47 in the helix B region and Trp242 in a disordered
loop shown in Figure 1 (9, 10). In addition, while wild-type
B. thuringiensis and related bacterial PI-PLCs are monomeric in
solution (6, 11), a B. thuringiensis PI-PLC mutant (Trp47Ala,
Trp242Ala) is a homodimer, suggesting that PI-PLC dimeriza-
tion may play a role in PI-PLC activation (12).

The importance of helix B and the Trp residues for PI-PLC
binding and activity forms the basis of a recent model of PI-PLC
membrane binding and activity (13). In this model (Figure 1B),
membrane binding ismediated by a hydrophobic plug containing
Trp47 in helix B and Trp242 on an adjacent loop as well as
electrostatic interactions between Lys44 in helix B and anionic
phospholipids. An intact helix B ensures that these residues are
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correctly oriented for membrane binding, and subsequent dis-
ruption of helix B may also allow Pro42 and Gln45 to form part
of a PI-PLC homodimer interface that also includes a Tyr zipper
involving Tyr residues 246-248 and 251 (12, 14). It has been
proposed that such transient dimerization on the membrane
surface activates PI-PLC toward both membrane-bound and
soluble substrates (13, 14).

Previous studies (13, 14) using micelles or pure PC small
unilamellar vesicles (SUVs) revealed that mutations in the helix
B region or at the putative dimer interface weaken binding to pure
PC vesicles and impair activity (Table 1). However, for wild-type
PI-PLC, membrane binding and activity are enhanced for vesicle
systems containing both PC and anionic lipids, with the highest
activity occurring between 0.2 and 0.5 mol fraction of PC (XPC)
and the tightest binding aroundXPC=0.9 (15). This phospholipid
“synergy”, where highest activity and tightest binding require the
presence of both anionic phospholipids and zwitterionic PC,
suggests that the anionic lipid binding site(s) and the PC binding
site(s) may communicate with each other. To rigorously test the
model for PI-PLCmembrane binding and activation as well as to
determine the differential effects of substrate and nonsubstrate
lipids, we have used fluorescence correlation spectroscopy (FCS)
to monitor binding of these PI-PLC variants to multicomponent
SUVs as well as 31P NMR to monitor PI-PLC activity.

To avoid vesicle fusion induced by the production of diacyl-
glycerol (DAG) by active PI-PLC variants, FCS experiments
were performed using SUVs containing the substrate analogue
phosphatidylglycerol (PG) and PC while activity assays were
performed using PI/PC vesicles. In the PG-rich region (lowXPC),
helix B mutations significantly increased the apparent Kd for the
vesicles, although effects on Kd in the PC-rich region (high XPC)
depended on the residue modified. In contrast, mutating the Tyr
residues at the putative dimer interface significantly decreased PC
binding with much smaller effects on binding to substrate
analogue-rich bilayers. For XPC<0.5, the specific activity of
the PI-PLC variants toward PI/PC SUVs parallels the apparent
Kd measured by FCS, and interestingly, variants with poor PC
binding are still fairly active toward PI, indicating the important
role of substrate/activator phospholipid synergy for this cata-
lysis. An active site mutant was also examined, and it lost the
pronounced synergistic vesicle binding behavior observed for
wild-type and most of the other PI-PLC variants.

MATERIALS AND METHODS

Chemicals. All phospholipid stock solutions in chloroform
were purchased fromAvanti Polar Lipids, Inc., and used without
further purification. These included the long-chain lipids 1-
palmitoyl-2-oleoylphosphatidylcholine (PC), dioleoylphosphati-
dylglycerol (PG), and L-R-phosphatidylinositol (PI) from bovine
liver. Competent cells used in mutagenesis (XL1-Blue) and
overexpression (BL21-Codonplus (DE3)-RIL) were obtained
from Stratagene. The fluorescent dye Alexa Fluor 488 C5

maleimide (AF488) was purchased from Invitrogen. Most of

FIGURE 1: (A) B. thuringiensis PI-PLCmonomer structure (from the
Y247S/Y251S crystal structure (14)) highlighting the active site
pocket in orange and the surface residues altered in this work
(Asn168, red; Pro42, yellow; Lys44, green; Tyr88, brown; Tyr246,
Tyr247, and Tyr248, magenta; Trp47, cyan; Trp242, blue). The short
helix B contains Lys44 and Trp47 and is capped by Pro42 at the N-
terminal end. (B) Proposed roles of the mutated residues in PI-PLC
vesicle binding and activation (which may include dimerization). PI-
PLC is a monomer in solution. After the initial Lys44-mediated
attraction to the anionic membrane, an intact helix B orients Trp47
for membrane insertion. Subsequent disruption of helix B allows
Pro42 to help stabilize the PI-PLC homodimer interface including a
Tyr zipper involving Tyr residues 246-248. The dimer structure in
this model is based on the W242A/W47A B. thuringiensis dimer
crystal structure (12). The lipid bilayer is shown schematically in light
blue.

Scheme 1
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the other chemicals, including bovine serum albumin (BSA),
D2O, and Triton X-100, were purchased from Sigma. Q-Sephar-
ose fast-flow anion-exchange resin and phenyl-Sepharose hydro-
phobic resin were purchased from GE Healthcare, and Micro
Bio-Spin 6 columns were obtained from Bio-Rad Laboratories.
Preparation and Purification of PI-PLCVariants.Recom-

binant B. thuringiensis PI-PLC was overexpressed in Escherichia
coli and purified as described previously (8). Protein concentra-
tions were measured by both Lowry assays and absorption at
280 nm using an extinction coefficient of 65.32 mM-1 cm-1

calculated by the web-based ProtParam software (16). PI-PLC
mutants P42G, K44A, K44E, Y88A, and Y246/247/248S were
constructed previously (13, 14), Y88A was constructed by
S. Guo, Boston College, and the additional mutation N168C
was introduced into these plasmids using QuikChange metho-
dology (Stratagene). The active site PI-PLC mutation, H32A,
was introduced into the N168C and wild-type background,
respectively, using QuikChange. The altered gene sequences were
confirmed by DNA sequencing (Genewiz). Each protein was
specifically labeled at Cys168 with the hydrophilic dye AF488
according to the manufacturer’s protocol. Prior to labeling, the
proteins were incubated with 5 mMDTT for 20 min. The excess
DTT was removed immediately before conjugation using Bio-
Spin 6 columns (Bio-Rad), and the protein was incubated with
AF488. The AF488-labeled protein was separated from free

AF488 using a second spin column. All variants had a labeling
ratio of 100 ( 10%, determined by comparing the absorption of
the protein at 280 nm to that of the probe at 495 nm. Labeling at
N168C does not affect the enzyme activity or binding properties
of wild-type PI-PLC (15), and this fluorescent protein is the
control for the FCS binding experiments. The fluorescently
labeled mutated proteins are denoted by the residue(s) changed
and an asterisk, so that labeled K44A/N168C is indicated as
*K44A; the control protein, N168C, is denoted as *N168C.
PI-PLC Activity Assays. Specific activities of PI-PLC

enzymes toward PI in SUVs were measured by 31P NMR
spectroscopy (17) using a Varian INOVA 500 as described
previously (8, 10). The desired amounts of POPC and PI in
chloroform were mixed in a glass vial, the chloroform was
removed under a stream of nitrogen gas, and the resultant film
was lyophilized overnight. The lipid film was rehydrated with
50 mM HEPES, pH 7.5. SUVs were prepared by sonication
(Branson sonifier cell disrupter) of lipid mixtures for 10 min on
ice. The buffer used for the reaction was 50 mMHEPES, pH 7.5,
with 1 mM EDTA, 5 mM dithiothreitol, and 0.1 mg/mL BSA.
Three types of experiments were carried out. (i) To assess the
effect of the apparent Kd for vesicles on enzymatic activity, we
carried out assays with fixed XPC=0.2 and various total
phospholipid concentrations: 10 mM (0.4 mL), 4 mM (1 mL),
and 0.5 mM (8 mL). Wild-type or Y88A/N168C PI-PLC

Table 1: Relative Activities (rel act.),a diC7PCActivation of cIPHydrolysis, ApparentKd (Determined byNon-FCSMethods) for Pure PC SUVs, andKinetic

Defects of B. thuringiensis PI-PLC Variants Extracted from Published Work (13-15, 24)

PI-PLC

rel act.

(PI/diC7PC)

PC activation

of cIP hydrolysis,b

vcIP(þdiC7PC)/vcIP

Kd (mM), PC

SUVs (non-FCS) comment/kinetic defect

N168C 1.00 22 0.064( 0.010c,d both enzyme activities are enhanced

by PC binding; synergistic effect

of PG/PC on Kd for SUVs

determined by FCS

P42G 0.70 5.8 0.77( 0.30c PC activation of cIP hydrolysis is

impaired, while PI cleavage is

close to wild-type; PC binding

is impaired

K44A 0.98 33 0.087( 0.005d PI cleavage in PI/diC7PC micelles

and PC activation of cIP

hydrolysis like wild-type;

binding to PC SUVs

like wild-type

K44E 0.44 4.5 0.5( 0.2d PI cleavage in PI/diC7PC micelles

and PC activation of cIP

hydrolysis are significantly

impaired; binding to PC vesicles

is weaker

Y88A 2.92 28 0.94( 0.05e PI cleavage in PI/diC7PC micelles

is 2-fold higher than wild-type;

PC activation of cIP hydrolysis

comparable to wild-type; binding

to PC SUVs is weakened

3YSf 0.36 2.9 0.5( 0.2d PI cleavage in PI/diC7PC micelles

is about 30% of wild-type; PC

activation of cIP hydrolysis is

significantly reduced; binding to

PC SUVs is much weaker than

wild-type

aStandard assay systems include 6 (or 8) mM PI dispersed in 24 (or 32) mM diC7PC. The specific activity of the wild-type enzyme is 1630 μmol min-1 mg-1

for PI/diC7PC.
bThe extent of PC activation of cIP hydrolysis is measured as the ratio of the specific activity, vcIP, in the presence of 5 mMdiC7PC over vcIP of

the enzyme toward cIP alone. For 20mM cIP in the absence of diC7PC vcIP was typically 2.8 μmolmin-1 mg-1. cMeasured by intrinsic fluorescence of PI-PLC
when titrated with pure SUVs (13). dMeasured by filtration assay, which briefly concentrates the sample (24). eUnpublished results from S. Guo, Boston
College. fData from ref 14.
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(0.1-0.15 μg) was added to the solution and incubated at
28 �C for fixed times chosen so that less than 20% of the PI
was cleaved. The reaction was quenched by incubating the
sample in a boiling water bath for 4 min, and the sample was
then lyophilized. The lyophilized powder was rehydrated in 30%
D2O, and 1-2 drops of Triton X-100 were added (to solubilize
the remaining phospholipids in detergentmicelles) for acquisition
of the 31P NMR spectrum. (ii) For “surface dilution” experi-
ments, the PI concentration was 10mM, and increasing amounts
of PC were incorporated in the vesicles. The reaction volume was
0.5 mL containing 0.1-0.4 μg of PI-PLC. Samples (in duplicate)
were incubated at 28 �C, and the reaction was quenched by
adding 30 μL acetic acid. Triton X-100 (50 μL) was added
to solubilize the phospholipids for analysis by 31P NMR.
(iii) Another variation used a fixed concentration of total
phospholipid (10 mM) with XPC varied from 0.0 to 0.9 and
workup as indicated above. In all of these assays, cIPwas the only
product, and the specific activity was calculated from the
integration of the cIP resonance compared to the total PI and
PC resonance. In the figures, the error bars reflect the measured
15% variation in the specific activities.
FCS. FCS-based SUV binding experiments were performed

using PI-PLC variants labeled at N168C and a home-built
confocal setup based on an IX-70 invertedmicroscope (Olympus)
as previously described (15, 18). In brief, FCS experiments were
carried out at 22 �Con 300 μL samples in PBS, pH 7.3, plus 1mg/
mL BSA to stabilize PI-PLC, in chambered coverglass wells
(Lab-Tek, Nunc). Prior to use, the chambers were coated with
10 mg/mL BSA and rinsed with PBS to prevent protein adhesion
to the sides of the wells. SUVs were prepared as described above.
For vesicle binding experiments, 3.5 nM labeled PI-PLC was
titrated with unlabeled vesicles, and the fraction bound to the
vesicles, f, was determined from two species fits to the auto-
correlation or cross-correlation, G(τ) (19-21).

GðτÞ ¼ 1

ÆNæ
ð1-f Þ 1þ τ

τfree

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ τ

S2τfree

r" #-1

þ
0
@

f 1þ τ

τbound

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ τ

S2τbound

r" #-1
1
A ð1Þ

Here, ÆNæ is the time-averaged number of PI-PLC molecules in the
effective volume, τfree and τbound are the diffusion times for free and
vesicle-boundPI-PLC, respectively, andS is the ratio of the axial (z)
to the radial (x-y) dimension for the effective volume. The
diffusion time is given by τspecies=ωo

2/4Dspecies, where Dspecies is
the diffusion coefficient for each species (free or bound) and ωo is
the radius of the observation volume in the x-y plane. The values
of S and ωo were determined at the beginning and end of each day
of experiments using the calibration dye rhodamine 110 with a
reported D=280 μm2/s (22). FCS experiments on labeled PI-PLC
variants in the absence of SUVs showed that Dfree=58 ( 5 μm2/s
for all of the variants, in agreement with previous work on
*N168C (15). The values of Dfree and ωo were used to calculate
τfree, which was fixed for fits to eq 1. The value of Dbound was
determined from FCS experiments on vesicles containing fluores-
cent lipids. For fits to eq 1, τbound was either fixed to the diffusion
time for free vesicles or globally floated (15). Themaximumvalue of
f, the fraction of protein bound to the vesicles, was typically
50-60%. Comparisons between independent data sets collected
using different protein and phospholipid preparations for *Y88A,

*H32A, and *N168C reveal that variations in the fraction bound
between preparations, obtained from fits to eq 1, are approxi-
mately (30%.

FIGURE 2: (A) Cross-correlation curves for free *Y88A (9), rhodamine-
labeled PC SUVs (2), and 3.5 nM *Y88A binding to SUVs in the
presence of 0.1 mM (0), 0.4 mM (b), and 4.7 mM (O) phospholipid,
corresponding to 18%, 36%, and 70%bound protein. The line through
these data is the best fit to eq 1 with Dbound = 15 μm2/s. (B) Titration
curves for *Y88A binding to pure PC (9), PC/PG (7:3) (b), and PC/PG
(1:1) SUVs (O). The lines through the data represent the best fits to eq 2.
Error bars represent the standard deviations from three time points for
the same titration. (C)Dependence of the fraction bound on themethod
used to fit eq 1. The fraction bound values are for *Y88A andXPC=0.9
eitherglobally fittingDbound (b) (resulting inDbound=17μm2/s)or fixing
Dbound to 15 μm2/s (O). The lines are hyperbolic (n=1) fits to eq 2.
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The substrate, PI, was not used for FCS experiments (except
for the inactive mutant, H32A) because PI cleavage by PI-PLC
produces DAG leading to vesicle fusion (23). Instead, since
*N168C binds PG tightly as long as some PC in present (15),
PG was used as the anionic substrate analogue. Wild-type PI-
PLC has very low activity toward PG cleaving the sn-3 phos-
phodiester bond on the time scale of days at micromolar protein
concentrations (6), much longer times and much higher protein
concentrations than used for the FCS experiments.

A single PI-PLC binding sitemay be formed bymultiple lipids,
and the apparent dissociation constant, Kd, representing the
partitioning of the enzyme to the vesicle surface, as well as a
cooperativity coefficient, n, was determined using the empirical
equation:

f ¼ fmax½PL�n=ðKd
n þ ½PL�nÞ ð2Þ

where the fraction of PI-PLC bound, f, was determined from
the FCS experiments for different total lipid concentrations,
[PL], and fixed XPC, and fmax is the apparent maximum fraction
bound. For XPC> 0.3, the binding curves have the expected
hyperbolic shape, and fits were performed with n fixed to 1.
However, for XPCe 0.3, plots of f versus [PL] are noticeably
sigmoidal, particularly for the tighter binding PI-PLC variants,
and n was a fitting parameter. This apparent cooperativity at
low XPC likely results from PI-PLC’s preference either for the
subpopulation of vesicles with higher PC contents or for PC-rich
regions in the vesicles, both of which are scarce when XPC e 0.3
and the vesicle concentration is low (15). Typical hyperbolic
binding curves for *Y88A are shown in Figure 2, and a typical
sigmoidal binding curve is shown in the Supporting Information
(Figure S1).

To assess uncertainties inKd values arising from differences in
SUV preparation and/or protein purification, two different SUV
and protein preparations were used for both the *N168C and
*Y88A titration experiments. Experiments on these preparations
were performedmonths apart. In the case of *N168C, the largest
differences between preparations were observed for XPC<0.5,
where the drop in Kd is steepest (Figure 3) and, in this region, Kd

variations between the preparations ranged from 36% to 82%
with an average variation of 61%. Higher values of XPC yielded
less variation, with differences in Kd ranging from 9% to 53%
with an average value of 27% for *N618C. For *Y88A, the
dependence of Kd on XPC is less steep at low XPC, and this is
reflected in the smaller variation in Kd, 7-11% with an average
value of 9% forXPC<0.5, while variationswere similar forXPCg
0.5 ranging from 25% to 40%with an average value of 31%. For
several of the other mutant enzymes specific XPC compositions
were performed in duplicate to assess errors (Figure 3). Kd

differences between *N168C andmutant enzymes are considered
significant if they are an order of magnitude or larger, well
outside any of the determined uncertainties. Kd was also deter-
mined for 3.5 nM labeled PI-PLC binding to PG/PC (1:1) SUVs
in the presence of up to 0.20 mg/mL (5.7 μM) unlabeled PI-PLC
as a way of estimating the maximum amount of protein bound to
these vesicles.

RESULTS

SUV Size Distributions and FCS Fits. The fraction of PI-
PLC bound to the vesicles, f, obtained from fits to the FCS data
tends to asymptote at less than 100%binding (Figure 2B). Fits to
the FCS data using eq 1 assume that only two species are present,

free PI-PLC and SUV-bound PI-PLC with two corresponding
diffusion coefficients, Dfree and Dbound. However, as observed
in dynamic light scattering experiments (15), the SUVs have a var-
iety of radii resulting in diffusion coefficients ranging from∼7 to
∼35 μm2/s, corresponding to diffusion times of ∼2 to ∼0.5 ms.
The SUV distributions are dominated by smaller vesicles, and
SUVs with diffusion coefficients greater than 15 μm2/s (diffusion
times less than 1 ms) constitute approximately 70% of the
population (Supporting Information, Figure S2). Modeling
of the effects of SUV size distributions on two species FCS fits
reveals that Kd values are robust and do not significantly depend
on the value of Dbound used for the two species fits. In contrast,
the fraction bound, f, is very dependent on Dbound and tends
to asymptote at values well below 100% (Supporting Informa-
tion). This same trend, variations in f and fmax but robust values
of Kd, is also observed when fitting the experimental data
(Figure 2C).

For example, FCS data may be modeled using dynamic light
scattering data for pure PG SUVs to approximate the SUV size
distribution and f values of 0 (0% binding) to 1 (100% binding)
(Supporting Information, Figures S2 andS3). Fitting thesemodel
FCS curves using two species (eq 1) with fixed values of Dbound

from 10 to 15 μm2/s yields fmax values ranging from 28% to 94%
andKd values ranging from 10.1 to 9.9 μMcompared tomodeled
values of fmax=100%andKd=10 μM(Supporting Information,
Figure S4 and Table S1). Globally fittingDbound for the entire set
of modeled titration data yields fmax=82% and Kd=10.3 μM.
Thus, approximating the SUV distribution as a single species
with a single, well-defined diffusion coefficient is likely to result in
fmax values that are significantly less than 100% even in the
presence of 100% binding. While the fmax values depend on the
method used for the two species fit, the values of Kd are quite
reliable.

These model results mirror the results of fitting the experi-
mental data. As shown in Figure 2C, for *Y88A and XPC=0.90,
globally fittingDbound results inDbound=17 μm2/s, and relatively
high values for fwhile values of f decrease whenDbound is fixed to
a value below the globally fitted value (fixedDbound=15 μm2/s in
Figure 2C). Despite the differences in f which lead to different
values for fmax, 82%and 71% for the fitted and fixedDbound data
shown in Figure 2C, respectively, the values of Kd are similar,
135 and 134 μM, for fs determined using the fitted and fixed
methods, respectively. The data in Figure 2C are typical, and we
see this trend of varying fmax but similar Kds for both experi-
mental and model data.

As an alternative to using the two species fit, we could fit the
FCS data based on the distribution of SUV sizes determined by
dynamic light scattering. However, PI-PLC prefers to bind to
smaller vesicles (15, 24), shifting the distribution of vesicle sizes
observed in FCS binding experiments. The observed distribution
is also affected by how well SUVs with different sizes and
different fluorescence intensities are detected. For example, if
PI-PLCprefers smaller SUVs, the smaller, fastermoving SUVs in
a population may bind multiple fluorescently labeled proteins
and these brighter SUVsmay bemore easily detected than slower
moving, larger SUVs with fewer bound fluorescent proteins.
Since both of these factors can change the observed SUV
distributions, we have chosen to use the two species fits which,
while still an approximation, are easy to implement and provide
reliable values for the apparent Kd.
BindingWild-Type PI-PLC.Wild-type PI-PLC is activated

toward both PI and soluble substrates by binding to micelles or
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lipid vesicles (6, 8, 10), and the lipid composition affects both the
extent of activation and the affinity for SUVs (15). For SUVs
containing anionic lipids andPC, PI-PLCbinding is strengthened
by even small amounts of PC (XPC ∼0.1), and the apparent
Kd continues to decrease until XPC=0.9 (Figure 3) (15). The
relationship between vesicle binding and activity is complicated
with an increase in activity at low XPC and the highest activity
from XPC=0.2-0.5. Above XPC=0.5, enzymatic activity dec-
lines and the tightest vesicle binding is associated with reduced
activity. The complicated relationships between binding and
enzymatic activity as well as the synergistic effects of PC and
anionic lipids make it difficult to predict howmutations will alter
the binding and activity in the presence of multicomponent lipid
vesicles.
Effects of Specific Mutations on PI-PLC Binding to

SUVs. (1) Mutations in Helix B. The rigid residue Pro42 at
the N-terminus of helix B is likely important for orienting the
helix formembrane binding. In themutant dimer structure Pro42
also forms part of the dimer interface (12), and itmay therefore be
involved in the conformational changes associated with inter-
facial activation.Replacing Pro42with a flexibleGly only slightly
reduced phosphotransferase activity but severely impaired the
cyclic phosphodiesterase step (Table 1 (13)). FCS experiments
reveal that the binding of *P42G to pure PG or pure PC SUVs is
much weaker than *N168C (Figure 3). In fact, the interaction
with pure PG SUVs is so weak that an apparent Kd could not be
measured, while the interaction with pure PC SUVs increased
Kd 600-fold compared to *N168C. As indicated in Table 1, this
low affinity is consistent with the failure of diC7PC micelles to
activate P42G toward the soluble substrate 1,2-cyclic inositol
phosphate (cIP) (13). However, despite the low affinity for PC,
tightest binding is still only observed in the presence of both PC
and PG with Kd reaching a minimum of ∼4 mM at XPC ∼ 0.7.
TheKd for pure PCSUVs is 5-fold greater than thisminimumKd,
well outside the uncertainties in theKd values.More importantly,
the improved binding in the presence of both PC and PG suggests
that as long as the total phospholipid concentration is above
Kd the phosphotransferase reaction is still efficient and specific
activity will be close to that of the wild-type enzyme.

Lys44 is the only charged group in both helix B and the
adjacent 240s loop region. In the monomer crystal structures of a
B. thuringiensis PI-PLC variant (Y247S/Y251S) (kinetically
similar to wild-type PI-PLC) (14) and the nearly identical B.
cereus PI-PLC (11), the Trp47 side chain, which interacts with the
membrane (9, 10), points outward into solution, and Lys44 is
nearby but directed away from Trp47. However, high B factors
for this region in both structures suggest that helix B may be
flexible. If Lys44 is important for electrostatic interactions with
anionic membranes, then mutations that alter its charge should
reduce PI-PLC affinity for anionic surfaces. Mutation of Lys to
Ala does not change the enzyme activity toward PI dispersed in
diC7PCmicelles or, in the presence of diC7PC, toward the soluble
substrate cIP, and binding to pure PC SUVs is similar to that of
wild-type PI-PLC (24).However, if the cationic Lys is replaced by
anionic Glu, the specific activity in the PI/diC7PC system and the
PC activation of cIP are significantly impaired (Table 1 (13)).
FCS experiments reveal that affinity of the Lys44 variants for
anionic SUVs is decreased significantly, as expected if Lys44
mediates interactions with anionic lipids (Figure 3). For the
charge reversal mutant, the apparent Kd could not even be
measured for XPC below ∼0.3, and above this XPC it decreased
continuously with increasing XPC (Figure 3). Neither Lys44
variant shows the significant increase in Kd between 0.9 and
1XPC observed for *N168C, indicating that anionic lipids andPC
no longer have synergistic effects on Kd when Lys44 is mutated.

These results confirm the importance of this cationic residue
for protein binding to surfaces rich in negatively charged
phospholipids. Clearly, PC facilitates interaction of the K44A
proteinwith lipid aggregates, resulting in activities comparable to
wild-type PI-PLC in PC-rich assay systems such as PI/diC7PC
and cIP/diC7PC (13). The weaker binding of the Glu variant
suggests that like-charge repulsion hinders the initial interaction
between the helix B region and the substrate-containing vesicle
(or micelle) as well as the subsequent promotion of the protein
conformation optimized for both binding and catalysis. This
leads to the observed lower phosphotransferase (and cyclic
phosphodiesterase) activity for K44E.

(2) Mutating the Putative Dimer Interface. Tyr residues
246-248 are key components of the dimer interface formed by
the interfacially impaired PI-PLC W47A/W242A (12), and
mutation of these Tyr residues to Ser should disrupt the dimer
interface. The Y246S/Y247S/Y248S (3YS) mutant has reduced
affinity for pure PC bilayers and lower phosphotransferase and
phosphodiesterase activities (14). However, it is not known
whether removing these residues alters the initial interactions of
the protein with anionic phospholipids. From Figure 3, we can
see that the Y246S/Y247S/Y248S/*N168C (*3YS) variant and
*N168C have similar affinities for pure PG vesicles, while the
apparent Kd of *3YS for pure PC vesicles is ∼3 orders of
magnitude higher than that of *N168C. As shown in Table 1,
previous estimates of 3YS binding to pure PC SUVs yielded
much lower apparent Kd values (0.6-1.0 mM (14)) than those
obtained by FCS (64( 20mM). Those earlier experiments used a
filtration/centrifugation assay that requires much higher protein
concentrations. The filtration step, which separates free and
SUV-bound PI-PLC, likely concentrates both PI-PLC and the
vesicles (24). These increased concentrations enhance the affinity
of PI-PLC for the membranes. In contrast, FCS requires only
nanomolar protein concentrations, similar to the concentrations
used in the activity assays, avoiding the complications resulting
from filtration.

FIGURE 3: Binding of PI-PLCvariants to PG/PCSUVs as a function
of XPC. The apparent Kd values were measured by FCS for variants
labeled with AF488 at N168C: *N168C (b), *P42G (2), *K44A (9),
*K44E (0), *Y88A (4), and *3YS (O). The two dotted lines indicate
XPC = 0.2 and 10 mM total phospholipids. The error bars are the
standard deviations of Kd from two independent protein and SUV
preparations.
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What aboutmulticomponent vesicles? There is a 3-fold drop in
the apparent Kd up to XPC=0.5, suggesting that the presence of
both phospholipids still improves binding. However, as the
bilayer becomes more PC-rich, protein affinity is significantly
reduced. The apparent Kd of *3YS toward SUVs with XPC=0.9
is about 1000-fold higher than that of the control, *N168C. These
results indicate that tight binding to PC-rich vesicles requires the
protein conformation stabilized by these Tyr residues. In *3YS
the poor PCbinding could be consistent with three ormore of the
Tyr residues inserting into the membrane. However, these Tyr
residues are located on helix G, and proper orientation of
the active site opening toward the membrane, allowing substrate
diffusion into the active site, along with Tyr insertion into
the membrane would require significant unwinding of helix G.
A better possibility is that these Tyr residues form a specific
binding site for an individual PC molecule, perhaps providing a
π-cation interaction for a choline moiety. Alternatively, the
*3YS results are also consistent with surface-induced dimeriza-
tion of PI-PLC via the Tyr zipper observed in the mutant dimer
structure (12).

(3) Y88A, a Mutation near the Lipid Binding Region.
Tyr88 is at the top of the barrel rim and could directly interact
with the bilayer (Figure 1). The Y88A variant is an extremely
active enzyme whose specific activity is 3-fold higher than
recombinant PI-PLC using a PI/diC7PC (1:4) assay system
(S. Guo, unpublished results). In the presence of diC7PC, it has
a cyclic phosphodiesterase activity comparable to that of wild-
type. Its apparent Kd for pure PC SUVs as determined by a
filtration/centrifugation assay (24) is approximately an order of
magnitude higher than that of wild-type PI-PLC, consistent with
this side chain partitioning into a PC bilayer (13). Since two types
of phospholipids are involved in anchoring PI-PLC to surfaces, it
is extremely useful to examine a more complete binding profile
for this mutant protein in order to understand why the enzyme is
more active than wild-type PI-PLC. Therefore, the variation of
the apparent Kd with XPC for *Y88A was determined by FCS
(Figure 3). The profile is qualitatively similar to that of *N168C
with similar affinity for pure PG SUVs but with a smaller and
more gradual drop in the apparentKd asXPC increases. From0 to
0.7XPC, Kd decreased 880-fold for *N168C but only 140-fold for
*Y88A. The minimum Kd also decreased from XPC= 0.9 for
*N168C to XPC=0.7 for *Y88A. Such behavior is consistent
with interactions between this surface aromatic group and PC,
but not PG,molecules in the bilayer (potentially via the π-cation
aswell as partial insertion). The shape of theKd versusXPC curves
for *Y88A closely resembles that of the *P42Gmutant.However,
*Y88A has much higher affinity for lipid surfaces with the lowest
Kd values of all the studied mutants. Thus, as long as the total
phospholipid concentration is high (typically 4-8 mM in the
phosphotransferase micelle system and 5 mM PC in cIP activa-
tion kinetics experiments), the specific activities of Y88A and
wild-type PI-PLC should be similar.

(4) Active Site PI-PLC Mutations and Loss of Syner-
gistic Binding.While Lys44 is important for initial interactions
between anionic lipids and PI-PLC, PI and anionic substrate
analogue lipids must also bind to the active site. Mutations in the
active site could perturb anionic lipid binding as well as the
synergistic effects of binding to anionic lipids and PC. Alterna-
tively, mutating residues that are crucial for catalysis could
degrade activity with only modest effects on binding.

His32 acts as a general base in PI cleavage, and mutating this
residue abolishes catalytic activity (25, 26). *H32A has negligible

activity but binds to pure PG and pure PC SUVs with essentially
the same affinities as *N168C. However, the binding affinity of
*H32A for multicomponent vesicles is strikingly different than
wild-type (Figure 4). Unlike *N168C binding (Figure 3) with its
concave dependence onXPC andminimumKd aroundXPC=0.9,
for *H32AKd gradually decreases asXPC increases. The apparent
lack of a significant minimum in the Kd vs XPC curves (Figure 4)
demonstrates that an active site mutation can destroy the
synergistic effects of anionic lipid and PC binding. However,
unlike mutations to Lys44 which degrade both synergy and
binding to pure PC vesicles, this active site mutant has Kd values
for single component SUVs that are comparable to the wild-type
protein.

FCS studies on active PI-PLC variants are limited to SUVs
containing PC and substrate lipid analogues due to the produc-
tion ofDAG (Scheme 1) which leads to vesicle fusion (23). This is
not a problem for the inactive H32A; thus, we used FCS to
examine the interactions of this inactive variant with SUVs
containing the substrate PI dispersed in PC (Figure 4). Interac-
tions between *H32A and pure PI SUVs are essentially the same
as those with pure PGSUVs.However, *H32A binding to 1:1 PI/
PC SUVs is noticeably weaker than that to 1:1 PG/PC SUVs
(Figure 4). This difference between PI and PG, a substrate
analogue, indicates that, at intermediate XPC, PI-PLC may bind
more tightly to substrate analogues than to substrate, but this
difference in binding affinity does not alter the observed trends.
Correlation of Vesicle Binding and Observed Phospho-

transferase Activity toward PI in SUVs. For a better under-
standing of the relationships between vesicle binding affinity and
activity, we need tomeasure enzyme kinetics toward PI presented
in SUVs. Two types of activity experiments were performed. In
the first type of kinetic experiment, XPC is kept constant and the
total phospholipid concentration is varied. In the second type of
experiment, “surface dilution”, XPC is varied by conducting
experiments at constant PI concentration with increasing
amounts of PC, thus increasing XPC.

(1) PI-PLC Activity at Constant XPC. In the presence of
PC, all of the mutants have higher Kds than does *N168C. This
reduced affinity for membranes should result in decreased
activity at lipid concentrations below the mutant Kds. We there-
fore compared the enzyme activity of wild-type PI-PLC and
Y88A (Y88A/N168C) at fixedXPC= 0.2 and total phospholipid
concentrations of 10, 4, or 0.5 mM (Figure 5A). Only wild-type
and Y88A PI-PLC were used for these experiments due to the
high apparent Kd values of the other variants at low XPC. At
XPC = 0.2, the chosen total lipid concentrations are all above
the 0.14 ( 0.11 mM apparent Kd determined for *N168C. In
contrast, 0.5 mM phospholipid is less than the ∼1 mM apparent
Kd of *Y88A. Above the dissociation constant, the protein
should bind well to the lipids, but the binding should drop
dramatically when the total lipid concentration is below Kd.
Indeed, the specific activity (Figure 5A) parallels the binding. The
unaltered PI-PLC has similar specific activities at each of the
three concentrations. In contrast, the Y88A specific activities at
10 and 4 mM are similar, but there is a pronounced drop for the
0.5 mM phospholipid sample. This confirms that PG is a good
substrate analogue in this anionic lipid-rich region and indicates
that vesicle binding controls the enzyme activity toward these
PI-rich vesicles.

(2) Diluting the Substrate and PI-PLC Activity. While
low Kd values can be advantageous at high substrate concentra-
tions, at low substrate concentrations where the enzyme may
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need to move in order to find the next substrate molecule, tight
bindingmay be a disadvantage. To investigate this, we performed
surface dilution experiments in which the PI concentration is
fixed at 10 mM and XPC is raised by increasing the PC
concentration (Figure 5B). Wild-type PI-PLC showed a large
(∼9-fold) increase in activity with a small amount of PC (XPC=
0.2). The activity increased a bit further and then decreased
steeply by XPC=0.67. The increase with a small amount of PC
and the decrease in activity in PC-rich bilayers were similar to
what has been observed using SUVs with a fixed total phospho-
lipid concentration and varying PC (15). At high XPC, this
decreased enzyme activity was tentatively explained as sequestra-
tion of the enzyme in the PC-rich regions (15).

As expected from the FCS vesicle binding experiments (Fig-
ure 3), the activity of Y88Amore or less parallels that of the wild-
type enzyme (Figure 5B). However, Y88A PI-PLC is substan-
tially more active than wild-type PI-PLC against SUVs withXPC

= 0.67. Interestingly, at this XPC, Y88A binds more weakly to
SUVs and also exhibits higher specific activity in the PI/diC7PC
(1:4) mixedmicelle system than does the wild-type enzyme. These
results support the idea that PI-PLC’s ability to hop and/or scoot
around or between vesicles is particularly important at lower
substrate surface concentrations.

In the surface dilution experiment, the specific activity of
K44A (K44A/N168C) for pure PI SUVs was very low (∼26-fold
less than wild-type), in agreement with the very high apparent
Kd for pure PG SUVs. The dependence of the relative activity on
XPC was, however, similar to that seen for wild-type PI-PLC
(Figure 5B). With fixed PI, increasing PC caused a substan-
tial increase in activity followed by a decrease at high XPC

(Figure 5B). A different comparison of the two enzymes is
provided by keeping the total phospholipid concentration fixed
and altering XPC (Figure 5C). K44A activity increased more
gradually than wild-type enzyme with increasing XPC. This likely
reflects the poorer binding of this variant to PC-poor vesicles as
observed by FCS. However, the activity decreases at high PC are
similar to those observed for wild-type PI-PLC. Recent field
cycling NMR studies of wild-type PI-PLC interacting with
phosphatidylmethanol (PMe)/PC vesicles (15) suggest that such
a decrease is likely to be the result of enzyme-induced demixing of
PMe (substrate analogue) and PC (activator) leading to seques-
tration of the enzyme in PC-rich regions resulting in reduced
accessibility to substrate.

The interaction of vesicle binding and activity as a function of
XPC is particularly interesting for the putative dimer interface
mutant, 3YS (Y246S/Y247S/Y248S/N168C). The fluorescently
labeled mutant has apparent Kd values for SUVs that decrease
slightly as PC increases, with a possible minimum at XPC=0.5
followed by dramatic increases in Kd and very weak binding
aboveXPC=0.8 (Figure 3). In contrast, the specific activity in the
surface dilution experiment increased gradually as PCwas added,
reaching a maximum at XPC ∼ 0.7 (Figure 5B). The gradual
8-fold increase in activity, in a regime where Kd varies only
2-3-fold and is at least 1 order of magnitude higher than that of
Y88A or wild-type PI-PLC, indicates that PCmust domore than
just bind the protein to the surface. It has been proposed that PI-
PLC activation on PC-containing surfaces is driven by dimeriza-
tion, and the three mutated Tyr residues form part of the mutant
homodimer interface; thus, these Tyr residues may promote
transient dimerization on the surface (12, 14). Alternatively,
interactions between PC and these Tyr residues may help to
drive conformational changes in surface-bound, monomeric
PI-PLC. In either case, the gradually increasing specific activity
likely reflects not just partitioning of the enzyme to the vesicles
but the surface active conformation that is promoted by PC.

At XPC = 0.8 with a total phospholipid concentration of
50 mM, there was a decrease in 3YS activity similar to that seen
for other variants at slightly lower XPC. Since 50 mM is
considerably above the apparent Kd for high XPC, the protein
would be expected to bind to these SUVs. Therefore, the
observed decrease cannot reflect poor partitioning of the enzyme
to the vesicles. More likely this reflects either a reduced affinity
for or reduced accessibility to the PI in the PC-rich interface.

Pro42 is also associated with the putative dimer interface, and
previous kinetic characterization of P42G showed that while
cleavage of PI (8 mM) in 32 mM diC7PC was about 70% that of
wild-type enzyme, diC7PC (8 mM) activation of cIP hydrolysis
was severely reduced (13). The FCS binding studies clearly
indicate that binding of *P42G to both anionic phospholipids
and PC is impaired, but with high enough PC, activities may
approach that of the unaltered enzyme. To test this, we examined
the kinetics of cIP hydrolysis with increased diC7PC to see if
increased PC binding would promote the water-soluble reaction.
With 5 and 25 mM diC7PC present, the specific activities toward
20 mM cIP were similar. Increasing the diC7PC to 50 mM
roughly doubled the enzyme specific activity to 21.4 μmol min-1

mg-1, 7-fold higher than the value in the absence of PC.
However, this level of activation is still far lower than what is
observed for thewild-type enzyme (20-30-fold activation). These
results are consistent with very weak binding of this variant to
pure PC aggregates. It also emphasizes that the synergistic effects
of anionic lipid and PC binding, presumably mediated by
communication between the active and activator lipid binding
sites, require the anionic substrate analogue to have acyl chains.
Dependence of Kd on PI-PLC Concentration: Estima-

tion of the Protein Binding Footprint. For a simple monomer
binding model, the addition of unlabeled protein to the FCS
experiments will lead to competition between labeled and un-
labeled protein for SUV binding sites. If, at all lipid concentra-
tions, there are adequate binding sites for the unlabeled protein,
the fraction of bound, labeled protein will be unaffected. How-
ever, if the unlabeled protein competes for available binding sites,
the apparent Kd determined by FCS will increase. When 0.02 or
0.05 μM unlabeled PI-PLC was added to 3.5 nM *N168C, the
apparentKd values were essentially the same (Figure 6B). Further

FIGURE 4: Binding of inactivePI-PLCvariants toSUVsas a function
of XPC. The apparent Kd values were measured by FCS for *H32A
binding to PG/PC (b) or PI/PC (O) SUVs. The error bars are the
standard deviations of Kd from two independent protein and SUV
preparations.
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addition of unlabeled PI-PLC leads to small increases in Kd. Kd

increases by approximately an order ofmagnitude in the presence
of 5.7 μM unlabeled PI-PLC, indicating that there is significant
competition for binding sites and most of the sites are occupied
by unlabeled protein at this concentration. Even at these high PI-
PLC concentrations, there are unlikely to be interactions between

monomers in solution, since the protein crystallizes as amonomer
at even higher concentrations and the diffusion times of free
*N168C are essentially the same in the absence and presence of
5.7 μΜ unlabeled protein, indicating that no large PI-PLC
aggregates, i.e., tetramer or larger, are present. Under these
conditions, the fraction bound for the fluorescently labeled
protein reaches a maximum around 0.3 mM phospholipid
(Figure 6A). If we assume that all of the protein is bound at
0.3 mM phospholipid, then we can estimate how many phos-
pholipids comprise a PI-PLC binding site on the vesicle. Assum-
ing two-thirds of the lipids are in the outer leaflet of the small
vesicle, when the binding is saturated, the outer leaflet lipid to
protein ratio is around 35 to 1, suggesting that on 1:1 PG/PC
SUVs a single protein binding site requires around 35 phospho-
lipids. This estimate assumes that the maximum of the titration
curve corresponds to 100% binding; however, while we have
shown that two species fits to the correlations tend to under-
estimate fmax (Supporting Information) we do not know that the
asymptote in the titration curve represents 100% binding.
We can, therefore, estimate an upper limit for the PI-PLC
footprint by assuming that the fraction bound at 0.3 mM
phospholipid, i.e., f=50%, is the actual fraction bound rather
than an underestimate. In this case, with the same small vesicles,
the outer leaflet phospholipid to protein ratio is 70 to 1. Previous
crude estimates of the number of phospholipids required to form
the PI-PLC binding site, based on a Langmuir binding analysis
using much higher PI-PLC concentrations and anionic vesi-
cles (24), suggested 50-150 lipids per PI-PLC. The determina-
tion, by FCS, of 35-70 lipids per PI-PLC provides a better
estimate of this parameter.

DISCUSSION

Themodel for PI-PLCmembrane binding and activity predicts
that helix B is crucial for binding PI-PLC monomers to the
membrane while Tyr residues 246-248 and 251 as well as Pro42
in helix B help tomediate dimerization on the membrane surface.
For interfaces containing even small amounts of PC, dimeriza-
tion or other conformational changes activateB. thuringiensis PI-
PLC toward both phosphotransferase and phosphodiesterase
substrates (6-8). The combination of FCS to measure vesicle
binding andNMRtomeasure activity allows us to test thismodel
and to determine correlations between binding and activity.

FCS experiments on the wild-type enzyme clearly show that
small amounts of PC greatly increase the affinity of PI-PLC for
membranes (Figure 3 (15)). Low XPC also enhances PI-PLC
activity, presumably because PC assists in anchoring the protein
to the surface, allowing it to access the lipid substrate. While
small amounts of PC decrease the apparent Kd, the tightest
binding is observed not in pure PC vesicles but rather for PG/PC
vesicles containing approximately XPC = 0.9 (15), while for PI/
PC vesicles, optimal enzymatic activity is found from 0.2 to
0.5XPC. Thus, the activator PC and the substrate PI or substrate
analogue PG have synergistic effects on membrane binding
and activity, and the model must account for both membrane
binding and synergism between substrate and nonsubstrate
phospholipids.
Helix B Stability and Lability. Helix B is a short, seven

amino acid helix with the sequence PIKQVWG (11), and
replacement of the N-terminal Pro helix cap with a flexible Gly
should unravel the helix (27). As expected, this structural
disruption greatly reduces the affinity of PI-PLC for PG/PC

FIGURE 5: Relative activities of PI-PLC enzymes toward PI/PC
SUVs. (A) Activities at fixed XPC = 0.2 with different total phos-
pholipid concentrations forwild-type (shadedbars) andY88A(cross-
hatched bars) enzymes. (B)Relative activities, compared towild-type
activity toward purePI SUVs, ofwild-type (b),K44A (9),Y88A (Δ),
and 3YS (O) toward 10 mM PI in the presence of increasing
concentrations of PC. (C) Relative activity of wild-type (b) (data
taken fromref 15), andK44A(9) at fixed total phospholipid (10mM)
with varyingXPC. Assays for K44Awere carried out in duplicate; the
15% error bars represent the maximum error for these assays.
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SUVs no matter what the XPC while preserving the PG/PC
synergy (Figure 3). This implies that efficient interactions of PI-
PLC with bilayers are facilitated by the rigidity of the proline
residue which keeps the helix B hydrophobic groups solvent
exposed and properly oriented for membrane insertion. How-
ever, Pro42 could have multiple roles both stabilizing the mono-
mer conformation and contributing to the homodimer interface
as it does in the dimeric W47A/W242A PI-PLC mutant (12).
Thus, the reduced binding of P42G to PC vesicles could also
reflect changes in the monomer-dimer equilibrium in solution
and/or on the membrane surface.

Electrostatic attraction between anionic lipids and cationic
amino acids also facilitates membrane binding (1). Mutation of
Lys44, the only cationic residue in the helix B region, has a
pronounced effect on the affinity of PI-PLC for anionic surfaces.
In fact, the affinity of the charge switch mutant, K44E, for pure
PG SUVs is too low to measure by FCS. The K44A and K44E
mutations also severely impair PG/PC synergy. The importance
of Lys44 for binding to anionic surfaces, along with higher
crystallographic B factors observed for helix B but not for the
surrounding loops (11), suggests that this short helix may be
labile, allowing Lys44 to orient itself toward the membrane.

The results for the Pro42G and Lys44 mutations seem to be
contradictory with the former arguing for helix B stability while
the latter argues for helix B lability. This suggests that for the

short B helix there may a balance between too much flexibility,
which could alter the interaction of the hydrophobic residues
with the membrane, and too little flexibility, which could reduce
electrostatic attractions. While our results are suggestive, this
hypothesis needs to be tested by directly measuring the dynamics
of helix B and its surroundings.
Synergism between Active and Activator Sites. Only two

classes of PI-PLC mutants failed to show the pronounced
synergistic effect of both lipids on PI-PLC binding: (i) Lys44
mutants and (ii) the active site mutant H32A. Both K44A and
K44E have dramatically diminished affinity for PG-rich vesicles
and slightly reduced affinity for PC-rich vesicles. However, the
K44 mutations should not alter the active site, and in high PC
assay systems, PI-PLC cleavage of PI is reasonably efficient. This
is consistent with the role of Lys44 in driving the protein to
anionic surfaces, and this initial interaction appears to be crucial
for binding to PG-rich vesicles.

The active site mutant behaves differently with unaltered PC
sites and binding affinities for pure PG and pure PC SUVs that
are comparable to wild-type. What H32A fails to show is the
dramatic increase in binding affinity at low XPC and tightest
binding at anXPC<0.9, implying that both substrate and PC aid
in anchoring the enzyme. This strongly suggests that a fully
functional active site is needed for the synergism between the PC
and substrate binding sites. Such an interaction also hints that
communication between both sites results in PC interfacial
activation of the enzyme.

Interestingly these single site mutations both impair binding to
anionic vesicles and abrogate anionic lipid/PC synergy. In
contrast, mutants with seriously impaired PC binding, e.g.,
P42G and 3YS, still bind most tightly to mixed lipid vesicles.
This suggests that either we have yet to identify the key residues
that bind to PC and/ormediate PI/PC cross-talk from the PC end
or that PC binding as well as the PC contribution to commu-
nication between lipid binding sites is more distributed than
anionic lipid binding and thus more difficult to disrupt.
Tight Lipid Binding versus Catalytic Activity.All of these

PI-PLC mutant enzymes show dramatically decreased specific
activity at XPC g 0.8. This surface dilution inhibition is often
attributed to the reduced two-dimensional concentration of the
substrate PI. However, at that XPC the substrate concentrations
are still quite high (for example, at XPC= 0.8 there are still 20
substrate lipids per every 100 lipids), and if two-dimensional
scooting about the vesicle or three-dimensional hopping around
or between vesicles is efficient, the drop in activity should bemore
gradual assuming that the lipids are randomly distributed.
What then happens to PI-PLC atXPC>0.7? Recent field-cycling
NMR experiments suggest that PC is not randomly distributed in
PC-rich vesicles due to enzyme-enhanced demixing of PI and PC
and that PI-PLC is sequestered in these PC-rich regions (15). This
demixing and sequestration would increase the distance PI-PLC
has to move in order to find the next substrate molecule. In this
work, the late onset of surface dilution inhibition for Y88A is
associated with higher Kds, indicating that tight binding of PC
hinders efficient movement of wild-type PI-PLC, again making it
harder to find the next PI. Thus, at moderate XPC (0.6<XPC<
0.8) the tighter binding of wild-type PI-PLC to PC-rich vesicles,
likely associated with PI-PLC sequestration in PC-rich regions,
enhances the effects of diluting PI in the membrane, resulting in a
precipitous rather than gradual decline in activity.

In summary, our results support many of the steps previously
proposed for activation of B. thuringiensis PI-PLC and provide

FIGURE 6: Fluorescently labeled PI-PLC protein (3.5 nM) bound to
vesicles as a function of total lipid concentration with (1:1) PG/PC
SUVs: *N168C with 0.02 μM (O), 0.57 μM (b), or 5.7 μM (�)
unlabeled wild-type PI-PLC added. The points shown are from two
different titrations with different enzyme preparations and different
vesicle preparations. (B) Variation in apparent Kd for 3.5 nM
*N168C binding to PG/PC (1:1) SUVs with unlabeled PI-PLC
concentration.
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details on how some key residues interact with mixed phospho-
lipid surfaces. For highly anionic membranes, but not PC-rich
vesicles, binding correlates well with relative activity. The
mutant PI-PLC binding studies suggest that Lys44 mediates
the initial electrostatic interaction of the protein with substrate,
orienting PI-PLC at the vesicle surface followed by Trp47 (and
likely Trp242) insertion (13), which requires PC interaction
with the protein. PI-PLC binding to both types of phospholipids
then promotes conformational activation, possibly due to tran-
sient dimerization. Strikingly, this work also shows that very
tight binding of the protein to PC-rich vesicles can actually
reduce catalytic efficiency. Optimization of PI-PLC binding
to substrate-containing vesicles is a balancing act between
anchoring the protein in the correct conformation and orienta-
tion while also allowing it to dissociate in order to find substrate
phospholipids or GPI-anchored proteins by scooting and/or
hopping.

SUPPORTING INFORMATION AVAILABLE

A titration curve for low XPC as well as a detailed description
of the effects on fmax andKd of using a single diffusion coefficient
to describe a distribution of SUV sizes. This material is available
free of charge via the Internet at http://pubs.acs.org.
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