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Background: The conserved EF-hand (EF) domain is necessary for active phospholipase.
Results: EF binds to anionic phospholipid-containing vesicles; EF mutations introduced into PLC �1 reduce activity not
recoverable with added PIP2.
Conclusion: EF-hand domain aids substrate binding in the active site when the protein is membrane-anchored.
Significance: This may be the function of the EF-hand domain in other PLC enzymes as well.

Recombinant EF-hand domain of phospholipase C �1 has a
moderate affinity for anionic phospholipids in the absence of
Ca2� that is driven by interactions of cationic and hydrophobic
residues in the first EF-hand sequence. This region of PLC �1 is
missing in the crystal structure. The relative orientation of
recombinant EF with respect to the bilayer, established with
NMRmethods, shows that the N-terminal helix of EF-1 is close
to the membrane interface. Specific mutations of EF-1 residues
in full-length PLC �1 reduce enzyme activity but not because of
disturbing partitioning of the protein onto vesicles. The reduc-
tion in enzymatic activity coupled with vesicle binding studies
are consistent with a role for this domain in aiding substrate
binding in the active site once the protein is transiently
anchored at its target membrane.

Eukaryotic phosphoinositide-specific phospholipase C (PLC)2
enzymes play an important role in cellular signaling by catalyz-
ing the hydrolysis of phosphatidylinositol 4,5-bisphosphate
(PIP2). The hydrolysis generates two secondmessengers, inosi-
tol 1,4,5-trisphosphate (IP3) and diacylglycerol. IP3 mobilizes
intracellular calcium from the endoplasmic reticulum (1), and
diacylglycerol activates protein kinase C (2, 3). These signal
transduction cascades are essential for many cellular events,
such as cell growth, proliferation, fertilization, and secretion.
Approximately 13 distinct isoforms of PLChave been described
in mammals, and they are grouped into six subfamilies based

on sequence homology as follows: PLC�(1–4), PLC�(1,2),
PLC�(1,3,4), PLC�(1), PLC�(1), and PLC�(1,2). These subfam-
ilies differ in structure and mode of regulation. All members of
the PLC family exhibit a multidomain structure that comprises
the catalytic X and Y domains, the protein kinase C conserved
region 2 (C2) domain, EF-hand domain, and pleckstrin homol-
ogy (PH) domain (except for the sperm-specific PLC�, which
does not have a PH domain). In addition to the core con-
served regions, some isoforms also contain subfamily-spe-
cific domains that contribute to their specific regulatory
mechanisms. For example, the Src homology domains in
PLC� are important for its regulation by tyrosine kinase-
coupled receptors (4, 5).
PhospholipaseC �1 (PLC �1), widely expressed in various cell

types (6), is one of the smallest PLC isoforms that contain all the
core conserved domains (Fig. 1). The crystal structures of the
isolated PHdomain and the PHdomain deletion variant of PLC
�1 have been solved separately (7, 8). The PH domain of PLC �1
specifically binds to PIP2 and its headgroup IP3 (9), and the
affinity for the former allows the PH domain to tether the PLC
enzyme to the plasmamembrane, where the catalysis is carried
out in a processive manner (10). The C2 domain of PLC �1 has
been shown to form a ternary complex with calcium and phos-
phatidylserine (PS), which activates the enzyme (10). The EF-
hand domain of PLC �1 consists of four consecutive EF-hand
motifs, pairwise distributed in two lobes, exhibiting a charac-
teristic helix-loop-helix topology (7). The EF-hand motifs,
found in all PLC isoforms, are necessary to express full PLC
activity, as evidenced by the abolition of PLC activity resulting
from the deletion of EF-hand residues (11, 12). Based on the
structural similarities between the PLC �1 EF-hand and other
calcium-binding EF-hand proteins such as calmodulin, it has
been suggested that the EF-hand domain of PLC �1might serve
a regulatory role through calcium binding. Elsewhere, interac-
tions of the EF-hand domainwith free fatty acids have also been
suggested (13, 14). Additionally, numerous EF-handmotif-con-
taining proteins have been reported to be involved in lipid bind-
ing. For example, diacylglycerol kinase-�, a multidomain
enzyme, contains the EF-hand motifs and is regulated by lipids
and calcium (15, 16).
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In this report, we characterize the interactions of the isolated
EF-hand domain of PLC �1 with model membranes. Mutagen-
esis of specific cationic and hydrophobic residues in the sepa-
rate EF-hand domain has modest effects on vesicle binding but
significant effects on the activity of full-length PLC �1. The
results suggest that the EF-hand domain, particularly the first
EF-hand unit, aids the interfacial binding step where substrate
occupies the active site. Conserved residues in other PLC EF-
hand domains suggest this may be the primary function of this
structural unit in all mammalian PLC enzymes.

EXPERIMENTAL PROCEDURES

Chemicals—1,2-Dimyristoyl-sn-glycerol-3-phosphocholine,
1,2-dimyristoyl-d54-sn-glycero-3-phosphocholine (d54-DMPC),
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine, 1,2-
dioleoyl-sn-glycero-3-phosphate (DOPA), 1,2-dioleoyl-sn-glyc-
ero-3-phospho-L-serine (DOPS), L-�-phosphatidylinositol
(bovine liver) (PI), L-�-phosphatidylinositol-4,5-bisphosphate
(porcinebrain) (PIP2), porcinebrain sphingomyelin (SM), and1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine
rhodamine B sulfonyl) (rhodamine-PE, or Rho-PE) were pur-
chased fromAvanti Polar Lipids, Inc.Cholesterol (CH), thrombin,
Triton X-100, and D-glucose 6-phosphate were purchased from
Sigma.Chloramphenicol, ampicillin, and isopropyl 1-thio-�-D-ga-
lactopyranosidewerepurchased fromAmericanBioanalytical Inc.
Succinimidyl 6-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-
hexanoate was obtained from Invitrogen. The spin-labeling re-
agent (1-oxyl-2,2,5,5-tetramethyl-�3-pyrroline-3-methyl), meth-
anethiosulfonate (MTSL), was purchased fromToronto Research
Chemicals Inc. All other chemicals were reagent grade.

Construction of EF-hand Domain Mutations—The plasmid
containing the full-length rat PLC �1 gene, a gift from Dr.
Matilda Katan (Cancer Research UK Centre for Cell and
Molecular Biology, Chester Beatty Laboratories, Institute of
Cancer Research, London, UK) (17), and the plasmid contain-
ing the human PLC �1 EF-hand domain gene (13) were inserted
into the pGEX-2T vector with an N-terminal glutathione
S-transferase (GST) tag for ease in purification.Allmutations of
the PLC genes were carried out by QuikChange methodology,
using the site-directed mutagenesis kit from Stratagene and
complementary primers from Operon. The mutated gene
sequences were confirmed by Genewiz.
Overexpression and Purification of Proteins—The plasmids

(either containing the gene for PLC�1 or the isolated EF-hand
domain) were transformed into Escherichia coli BL21-Codon-
plus (DE3)-RIL cells. Overexpression of the proteins followed
protocols used for a bacterial PI-PLC (18). After addition of
isopropyl 1-thio-�-D-galactopyranoside (0.8 mM), the cell sus-
pension was incubated for 20 h at 16 °C. Cells harvested by
centrifugationwere either stored at�20 °C for later use or lysed
immediately after resuspension in PBS buffer, pH 7.4, by soni-
cation on ice. The PLC proteins were purified by affinity chro-
matography using glutathione-Sepharose 4B resin (GE Health-
care). After application of the crude E. coli lysate to the column
and washing with PBS buffer to remove nonspecifically bound
impurities, thrombin was added to the resin, and the mixture
was gently shaken at 4 °C for �18 h to cleave the GST tag. The
PLC protein was eluted from the resin with PBS buffer. The
concentration of the proteins was determined by the absorp-
tion at 280 nm using an extinction coefficient calculated by the
ProtParam software or by DC protein assay (Bio-Rad).

FIGURE 1. A, amino acid sequence (133–297) of EF-hand domain of human PLC �1; red and blue residues are cationic and hydrophobic, respectively. The region
of EF-1 in the dotted lines is not visible in the crystal structure. B, crystal structure of rat PLC�1 (�1–132) complexed with calcium (Protein Data Bank code 1DJI).
The initial part of the EF-hand domain, missing in the crystal structure, is modeled as black helices; the rest of the EF-hand domain is shown in different shades
of blue; the catalytic domain is shown in cyan, with active site residues His-311 and His-356 side chains shown as orange sticks; the C2 domain is magenta;
calcium ions are shown as green spheres. The red sticks in EF-1 represent the side chains of Trp-144, Arg-150, and Lys-151.
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rEF (19.1 kDa) and mutated rEF proteins were well folded
and exhibited similar CD profiles (data not shown). CD spectra
were acquired on an AVIV 420 spectrometer (Biomedical Inc.)
as described previously (13).
Spin Labeling the EF-handDomain—Purified rEF ormutants

with a single cysteine (C148S and C188S) were stored at 8–10
mg/ml in PBS buffer with 2 mM DTT, pH 7.4. Prior to reaction
with MTSL, the solutions were passed through a Micro Bio-
Spin 6 column (Bio-Rad) equilibrated with PBS to remove the
DTT. The protein was mixed with �5-fold excess of MTSL
comparedwith the total number of cysteines. ExcessMTSLwas
removed by three consecutiveMicro Bio-Spin 6 columns equil-
ibrated with 10 mM borate, pH 7.8 (in D2O for 1H NMR exper-
iments). CD analysis of the spin-labeled proteins showed that
they were the same as unlabeled rRF in terms of secondary
structure and thermal stability.
Preparation of Vesicles—Dry films prepared from organic

stocks of the desired component lipids were lyophilized for at
least 3 h, rehydrated with buffer, and then dispersed by vortex-
ing. LUVs were prepared by at least 20 passages of the lipid
solution through polycarbonate membranes (0.1 �m pore
diameter) using a Mini-extruder (Avanti Polar Lipids, Inc.).
SUVs were prepared by intermittent probe sonication (20–30 s
per interval) of the lipid solution in an ice bath using a Branson
Sonifier Cell Disrupter until the vesicle solution became
translucent.
Centrifugation-Filtration Vesicle Binding Assay for rEF—

SUV samples ranging from0.025 to 6mM total lipidweremixed
with a fixed amount of rEF (14–16 �M) in 20 mM Tris, 0.1 mM

EGTA, pH 7.5, in the absence or presence of 0.15 M NaCl. The
same amount of rEF in the absence of vesicles served as a con-
trol. After 15 min of incubation at room temperature, the pro-
tein/SUV mixtures were centrifuged through an Amicon Ultra
0.5-ml centrifugal filter with amolecularmass cutoff of 100 kDa
(Millipore). Free protein eluted through the membrane was
quantified by SDS-PAGEor byDCprotein assay (Bio-Rad). The
gels were imaged by EAGLE EYE from Stratagene, and the rEF
intensities were quantified by ImageJ. The fraction of free pro-
tein (Ef/ET, where ET is the total amount of protein, obtained
from the control incubated without vesicles) at each SUV con-
centration was calculated. The fraction of EF protein bound to
vesicles, Eb/ET, was then calculated as (1 � Ef/ET), and the
apparent dissociation constant (KD) was estimated as follows:
Eb/ET � fmax[PL]/([PL]�KD), where fmax is themaximum frac-
tion bound.
FRET Vesicle Binding Assay for PLC �1—FRET was used to

monitor binding of 6-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-
yl)hexanoate)-labeled PLC �1 (labeled on the N-terminal
amino group with succinimidyl 6-(N-(7-nitrobenz-2-oxa-1,3-
diazol-4-yl)hexanoate) according to the manufacturer’s sug-
gested protocol. The protein had a labeling ratio of 90 � 20%,
determined by comparing the absorption of the protein at 280
nm with that of the probe at 465 nm. The PLC �1 was kept at a
fixed concentration (0.5 �M), and vesicles containing the phos-
pholipids POPC/DOPMe or POPC/DOPG (1:1 and 7:3), with
�0.5 mol % Rho-PE, were titrated into the protein solution at
25 °C. The excitation was set at 465 nmwith a 2-mm slit width,
and the fluorescence emission was measured at 535 nm with a

slit width of 5 nm. The decrease in donor fluorescence (Fd �
Fda)/Fd, where Fd and Fda are the fluorescence intensities of the
donor PLC�1 in the absence and presence of Rho-PE-labeled
vesicles, was used to estimate an apparent KD.
PLC �1 Enzymatic Activity—The specific activity of PLC �1

toward PI was measured by monitoring myo-inositol 1,2-(cy-
clic)-phosphate (cIP) and inositol 1-phosphate (I-1-P) genera-
tion at fixed time points using 31P NMR spectroscopy (at 242.8
MHzon aVarianVNMRS600 spectrometerwithout 1Hdecou-
pling). The substrate PI was embedded in physiological mem-
brane mimicking LUVs (19), with a total lipid concentration of
10 or 0.5 mM. The amount of PLC �1 added (1–2 �g) was
adjusted so that less than 20% of the PI was hydrolyzed within
30 min. The reaction was carried out in 50 mM HEPES buffer
with 0.5 mM CaCl2, 100 mM NaCl, and 0.1 mg/ml BSA, pH 7.5,
unless otherwise specified. When the total lipid concentration
was 5 or 10 mM, 300 or 400 �l of enzyme/vesicle mixture was
incubated at 37 °C. The reaction was quenched by adding 10
vol % acetic acid, 1mM EDTA, and a few drops of Triton X-100.
Samples were then stored at�20 °C beforeNMRanalysis. Prior
toNMRmeasurement, samples were subjected to the following
treatment: (i) additional Triton X-100 was added when neces-
sary to clarify the solution, ensuring solubilization of all
phospholipid components; (ii) the sample pH was adjusted to
6.1–6.5 by adding NaOH, so that the 31P peak for bulk phos-
phodiester (PE, PC, SM, PS, and PI that was not hydrolyzed)
was well resolved from the I-1-P peak (whose chemical shift
varies depending on pH); (iii) 200 �l of D2O was added to each
sample. The cIP and I-1-P peaks were integrated and compared
with the integral for the phosphodiester peak.
When the total lipid concentration was 0.5 mM, 5 ml of the

enzyme/LUV mixture with 0.1 �mol of glucose 6-phosphate
added as an internal standard was extracted with chloroform/
methanol (2:1) to remove lipids (PE, PC, SM, CH, and PI that
was not hydrolyzed). The aqueous solution, containing prod-
ucts cIP and I-1-P, as well as internal standard, was frozen and
lyophilized overnight. The dried solids were dissolved in D2O.
The cIP and I-1-P peakswere integrated and comparedwith the
standard. In all the PLC �1 assays, both the intermediate prod-
uct cIP and the final product I-1-P were observed. The specific
activity was calculated based on the sum of both products.
EF-handVesicle BindingMonitored by 1HNMRSpectroscopy—

EF proteins (rEF or spin-labeled rEF, C148S, or C188S) were
titrated into POPC or POPC/DOPA (1:1) SUVs in 10 mM

borate, pH 7.8, in D2O, and 1H NMR spectra were acquired at
37 °C on aVarianVNMRS 600 spectrometer. Linewidths of the
acyl chain bulk methylenes (1.4 ppm) and terminal methyl
groups (1.0 ppm) were measured at half-height. Errors in mea-
suring the line widths for those two resonances were typically
�2 Hz in a given titration experiment. The line widths for the
same resonances when titrated with unlabeled rEF were con-
sistent with a measurement error of that magnitude. The exact
concentrations of the proteins were determined after the NMR
experiments using DC protein assay.
High Resolution Field Cycling 31P NMR—The apparatus for

carrying out high resolution field cycling spin-lattice relaxation
(R1 is the spin-lattice relaxation rate and is equal to 1/T1) stud-
ies has been described in detail (20). Briefly, the current system
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is capable of moving the sample, attached to a push-rod that is
driven by a linear motor, to a position up to the top of the main
magnet and back down to the probe in �350ms. Themagnetic
fields at positions between the probe and above the supercon-
ducting magnet vary from 10 T to nearly zero. This device
allows us to prime the spins in the probe for 2–4 s, then shuttle
the sample to a defined lower field where the nuclear spins can
relax for a variable time, and then shuttle it back into the probe
for application of a pulse and read-out of themagnetization lost
as a function of the delay time at the lower field. High field
read-out is critical for maintaining chemical shift differences
when there are multiple nuclei of interest, in this case 31P for
DOPA and POPC in the same SUV.
For phospholipids, the dipolar contribution of nearby pro-

tons to relaxation of 31P is small at high fields but is easily mea-
sured below 2 T. Theory describing the field dependence of R1
provides a way to extract correlation times and limiting relax-
ation rates for different types of motions (21, 22). In the field
cycling experiments reported here, electron spin labels, each
containing an unpaired electron spin radical that can be a
potent contributor to the R1 rate, are introduced onto the pro-
tein. Their effects on the 31P nuclei aremuch larger than nearby
protons and can be measured over distances to 25 Å or more
(depending on protein and phospholipid concentrations). The
closer the spin label is to the 31P, the stronger the paramagnetic
relaxation enhancement (PRE). The magnetic interaction
between 31P and unpaired electron is modulated by the tum-
bling of the vesicles in solution, and this is sensed at low mag-
netic fields, less than 0.03T for small unilamellar vesicles.R1 for
the phospholipids in the vesicles at different low fields is mea-
sured in the absence and again in the presence of spin-labeled
rEF. If the phospholipid and the protein stay associated for
about 1–2 �s, then there will be a distance-dependent PRE.
This can vary for different phospholipids in a mixture if the
protein has discrete binding sites for the different lipids (23).
The field dependence of the extra paramagnetic relaxation
enhancement or PRE is fit to Equation 1,

�R1�	P� 
 RP � e�0�/�1 � 	P
2�P � e

2� � c (Eq. 1)

where RP-e(0) is the low field limit of �R1; 	P is the angular
frequency of 31P; �P-e is the correlation time of the dipolar relax-
ation of 31P by the nitroxide unpaired electron. The c term
represents either a limiting chemical shift anisotropy contribu-
tion or a faster discrete dipolar interaction when at the lower
fields (	P

2�P-e
2 	1). For a single spin label attached to a protein,

an estimate of the distance between the 31P and the spin label
can be obtained (23, 24) as shown in Equation 2.

rP � e
6 
 �
EF�/
PL���S2�P � e��0.3�2�h/2�2�P

2�e
2�/RP � e�0�

(Eq. 2)

Because rEF has two cysteine residues and both are labeled, we
used the approach to compare how effectively spin-labeled rEF
relaxes PA and PC in the same vesicle. Field cycling profiles and
evaluating the �R1 attributed to the presence of the spin label
can be used to evaluate a distance for the phospholipids with
the single cysteine mutants, either C148S or C188S, of the EF-
hand domain.

RESULTS

Isolated EF-hand Domain of PLC �1 Binds to Anionic Phos-
pholipid-containing SUVs—The isolated EF-hand domain of
PLC �1 has previously been expressed and shown to interact
with free fatty acids (13, 14). To further explore its binding
partners, interaction of rEF with various phospholipid species
was examined by a centrifugation-filtration vesicle binding
assay. Initial binding experiments using intrinsic fluorescence
changes or a FRET assay were compromised by light scattering
at the higher phospholipid concentrations so that the bulk par-
titioning assay using centrifugation-filtration to separate free
and bound rEF was deemed the best choice.
rEF has virtually no affinity for POPC SUVs (Fig. 2A). How-

ever, with POPA in the vesicles, the amount of the free rEF
decreased proportional to the amount of SUVs present (Fig.
2B). The same trendwas observedwhen SUVs containing other
anionic phospholipids (PS or PG) were mixed with rEF. The
variation in the amount of rEF partitioned onto SUVs was fit
with a hyperbolic curve to generate an apparent dissociation
constant, KD (two examples are given in Fig. 2C). This is not a
true dissociation constant but an apparent KD value that pro-
vides a way of comparing affinities of rEF for various model
membrane surfaces. As listed in Table 1, rEF bound to SUVs
containing a 0.5-mol fraction anionic phospholipid (PA, PS,
and PG) with moderateKD values (on the order of 0.1–0.2 mM)

FIGURE 2. SDS-PAGE showing free EF as a function of added vesicles. A,
POPC SUVs; B, POPC/POPA (4:1) SUVs. Bulk phospholipid concentrations are
indicated below each lane. C, fraction of EF bound (Eb/ET) as a function of total
lipid concentration is shown for PC/PS (F) or PC/PA (E) (1:1) SUVs. The lines
are the least square fit with an apparent KD � 0.14 � 0.04 mM for PC/PS and
0.12 � 0.02 mM for PC/PA. The error bars indicate the standard deviation of at
least four repeats.
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(Table 1). In the presence of 0.15 M NaCl, the KD values were
decreased slightly compared with those in the absence of NaCl,
indicating that the binding of rEF to SUVs containing anionic
phospholipids is not solely electrostatic but that there is a
hydrophobic component aswell. The affinity of rEF for LUVs of
POPA/POPC (1:1), although less accurate, was comparable
with that for SUVs.
It should be noted that this binding occurred in the absence

of calcium and with 0.1 mM EGTA present. The presence of 0.5
mM Ca2� did not dramatically affect binding of rEF to SUVs
containing PS (Table 1). However, there was loss of binding to
PC/PA SUVs with Ca2� present. No calcium ion is found asso-
ciated with the EF-hand domain that is visible in crystal struc-
tures of PLC �1, even though the enzyme is soaked in calciumor
its analogs (7, 25–27). The lack of requirement for calcium,
taken together with the selective affinity for anionic phospho-
lipids, suggests that basic residues of the EF-hand domain,
rather than its acidic residues in coordination with calcium, are
likely to contribute to the binding of the EF-hand domain to the
membrane surfaces.
Binding of PLC �1 to Vesicles—For comparison with the ves-

icle binding of the isolated EF-hand domain, binding of full-
length PLC �1 to vesicles was also examined but with a FRET
assay. Two-component LUVs, POPC/DOPMe and POPC/
DOPG, were examined (not PS because this could interact with
the C2 domain if traces of Ca2� were present). The vesicles
purposely had no PIP2 as well as no Ca2� to avoid complica-
tions from engaging other noncatalytic domains in the parti-
tioning of the enzyme to the bilayer surface. At a mole fraction
of anionic phospholipid equal to 0.5, the apparent KD values
were 0.05 � 0.01 and 0.15 � 0.04 mM for vesicles with DOPG
and DOPMe, respectively. When the content of the anionic
phospholipid was reduced (mole fraction � 0.3), the KD values
for PLC �1 increased to 0.40 � 0.14 and 0.25 � 0.03 mM for the
same two phospholipids. Interestingly, these KD values for full-
length PLC �1 binding to binary component LUVs are within a
factor of 2 of the rEF binding to binary component SUVs.
Vesicle Bound rEF Orientation from 1H NMR Line Widths—

Although the centrifugation-filtration vesicle binding assay
proves to be an effective method to compare affinities of the
EF-hand domain for various model membrane surfaces, it does
not offer information on vesicle dynamics, orientation of the
isolated domain on the vesicle surface, or differentiate the

interaction of the proteinwith a specific type of phospholipid in
mixed component membranes.
The binding studies clearly suggest that anionic phospho-

lipid is necessary for bulk partitioning of rEF onto SUVs. To
explore how rEF binds to SUVs, we used conventional 1HNMR
to look at the line widths of the acyl chain resonances of the
anionic phospholipid in vesicles with a chain perdeuterated PC,
d54-DMPC, as a function of the amount of added rEF spin-
labeled on one or the other of the cysteine residues (Cys-148 or
Cys-188) in the first or second EF-hand. In the d54-DMPC/
POPA system, only the PA acyl chain resonances are observed.
The experimental temperature was set at 37 °C to keep the acyl
chains of both components in these SUVs in a fluid state. As
shown in Fig. 3, when up to 45 �M (0.86 mg/ml) of unlabeled
rEF was titrated into 4 mM d54-DMPC/POPA (1:1) SUVs, the
changes in 1H resonance line width were small with less than a
5 Hz increase in line width at the highest amount of protein
used.
With spin-labeled rEF C188S (nitroxide on Cys-148) or

C148S (nitroxide on Cys-188), more pronounced line broaden-
ing was observed (Fig. 3). Dose-dependent increases in line
width were observed upon addition of the spin-labeled pro-
teins. If the same amount of spin-labeled protein was titrated
into pure POPC SUVs, no increase in line width was observed,
consistent with the lack of binding of the protein to PC. How-
ever, there was a difference with the two spin-labeled proteins.
The spin label located on Cys-148 appeared to have a larger
paramagnetic effect on the acyl chain line widths thanwhen the
spin label was attached to Cys-188. The errors inmeasuring the
linewidths are less than the changes in titrationswith unlabeled
protein (	4 Hz), so the difference in the effect of the two spin-
labeled proteins is real. This could suggest the following: (i)
there is a discrete membrane-binding site(s) on rEF that is
closer to Cys-148, in EF-1, than to Cys-188, in EF-2, or (ii) the
orientation of the bound EF-hand protein is such that EF-1 is
closer to the membrane than EF-2.

TABLE 1
Apparent dissociation constants for EF-hand domain binding to an-
ionic phospholipid-containing SUVs in the absence or presence of
0.15 M NaCl and 0.5 mM CaCl2

The buffer was 20 mM Tris, 0.1 mM EGTA, pH 7.5, in the absence or presence of
NaCl and CaCl2.

SUVs NaCl CaCl2
Apparent

KD
a

mM

POPC/DOPA (1:1) � � 0.12 � 0.02
� � 0.087 � 0.028
� � 0.63 � 0.17

POPC/1,2-dioleoyl-sn-glycero-3-
phospho-L-serine (1:1)

� � 0.14 � 0.04
� � 0.085 � 0.046
� � 0.14 � 0.05

POPC/DOPG (1:1) � � 0.25 � 0.04
� � 0.11 � 0.09

a This is the total concentration of phospholipids present for half of maximum
binding. Errors were determined from the hyperbolic fit to the data.

FIGURE 3. Effect of spin-labeled EF-hand domain mutants on line widths
of acyl chain 1H resonances in 4 mM d54-DMPC/POPA (1:1) SUVs. Spin-
labeled EF-hand domain C148S was specifically labeled on Cys-188, (CH2)n
(E), and 	-CH3 (�); spin-labeled EF-hand domain C188S was specifically
labeled on Cys-148, (CH2)n (F), and 	-CH3 (Œ). Control line widths for the
same SUVs mixed with unlabeled protein are also shown: (CH2)n (�); 	-CH3
(�).
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High Resolution Field Cycling 31P Detects Phospholipid/rEF
Association and an Average rP-e—Another way to assay for spe-
cific effects of proteins on phospholipids is to use high resolu-
tion field cycling tomonitor the spin-lattice 31P relaxation rates
(R1) of the phospholipid headgroups to compare the two differ-
ently spin-labeled rEFs (23). The field dependence of R1 can
provide information on where phospholipids bind relative to
the spin label site. If measurements are made at very low fields
(	0.03 T), the PRE of R1 also reflects a minimum lifetime of
phospholipids interacting with the protein; very fast nanosec-
ond interactions would not contribute much to the relaxation
at these low fields, whereas microsecond (or longer) lifetimes
for rEF-phospholipid interactions, which would be comparable
with the overall tumbling time for an SUV (22), should show an
increase at very low fields for phospholipids in small vesicles
depending on where the spin label is with respect to the phos-
pholipid (23). If the EF-hand domain binds to vesicles primarily
by binding an individual anionic phospholipid, then in mixed
POPC/DOPA SUVs the spin-labeled rEF should lead to a larger
PRE for DOPA than for POPC. If, once attracted to the surface
by electrostatics, the protein is anchored so that there are sim-
ilar interactions with both phospholipids on the microsecond
time scale (as would be the case with glycerol and acyl chain
interactions of the lipids with the proteins), then the effects
of the spin-labeled protein should be the same for both
phospholipids.
Fig. 4, A and B, shows the dependence of 31P R1 on magnetic

fields between 0.03 and 11.7 T for DOPA in the outer mono-
layer (which can be distinguished from DOPA on the inner
leaflet of SUVs (21)) and POPC in SUVs with spin-labeled rEF
(containing two spin-labeled cysteines, Cys-148 and Cys-188).
Both DOPA in the outer monolayer and POPC show enhanced
relaxation compared with the control SUVs (DOPA/POPC

SUVsmixedwith the same amount of unlabeled rEF). Themag-
nitudes of the effects in this field range are about the same. The
correlation time for this dispersion is �10 ns. With 0.5 mg/ml
spin-labeled rEF (26 �M) and 6 mM of each phospholipid, the
relaxation enhancement is large and about the same for both
phospholipids, although it is difficult to obtain accurate values
because this dispersion overlaps partially with the very low field
one, and the R1 values rapidly increase above 25 s�1 below 0.02
T. With a reduced concentration of enzyme (0.1 mg/ml or 5.2
�M) and DOPA/POPC SUVs with 10mM of each phospholipid,
there is an increase in the limiting �R1 for the 10-ns dispersion
of 0.4–0.5 s�1. The value is similar for both phospholipids.

The R1 profile below 0.03 was compared with that for the
phospholipids in the presence of unlabeled protein (Fig. 4, C
and D, in this case with 0.2 mg/ml labeled rEF and 10 mM of
each phospholipid). It is clear that both phospholipids are sim-
ilarly relaxed, although with a slightly larger effect for DOPA.
Because there are two spin labels attached to rEF, it is difficult to
extract any phospholipid 31P-nitroxide electron distances.

The two mutated rEFs that have a single cysteine can be
spin-labeled and examined in these experiments (data were
only obtained down to 0.006 T for these samples). As seen in
Fig. 5, the relaxation enhancement from spin-labeled C188S
(0.5 mg/ml, 26 �M) is similar for both phospholipids (10 mM

each) in the vesicle. However, at the concentrations of protein
and phospholipid used, spin-labeled C148S has little effect at
low fields. This indicates that spin-labeled Cys-148 in the first
EF-hand of the domain is responsible for most of the relaxation
of both DOPA and POPC. This result confirms the placement
of rEF on the vesicles that was proposed above from the
increased acyl chain proton line widths; the first EF-hand
region is closer than the second indicating that rEF is binding in
a manner that resembles its orientation in full-length PLC �1.

FIGURE 4. Dependence of the 31P spin-lattice relaxation rate, R1, for PA and PC in small vesicles with spin-labeled rEF added. In all plots the gray line
represents the behavior for each phospholipid with unlabeled rEF added. The mid-to-high field region is shown in A and B, where the spin-labeled rEF was
either 0.1 mg/ml (PA (F) and PC (f), 6 mM of each) or 0.5 mg/ml (PA (E) and PC (�), 5 mM each). The very low field region is shown in C and D for 0.2 mg/ml
spin-labeled rEF and 10 mM each of PA and PC.
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If one uses the RP-e(0) and �P-e extracted from these data with
the single cysteine mutants and assumes that 2⁄3 of each phos-
pholipid is on the outside of these small vesicles, the average rP-e
from the label on Cys-148 is 14.5 Å for DOPA and 15.9 Å for
POPC. The much smaller RP-e for DOPA with the spin label on
Cys-188 leads to a distance of 21 Å. Given the flexibility in the
spin label and our lack of knowledge onwhether theN-terminal
peptide of EF-1 is helical or not, the difference in distances for
PA produced by the two spin labels are reasonable.
Because the spin label on Cys-148 dominates the relaxation

rate, we can re-evaluate the increases in R1 for the nanosecond
andmicrosecond dispersions in Fig. 4, which used spin-labeled
rEF and has more points at lower fields. The distance RP-e from
the very low field region is 12–13 Å for both phospholipids, a
value slightly shorter than with the single label, but because
there will be some contribution from the added spin label on
Cys-188, the values are fairly consistent. The rP-e extracted
from the mid-field dispersion, which has a correlation time
�20 ns, is 9.4 � 0.1 Å. This time scale likely just reflects the
average proximity of the electron to the membrane surface and
not a longer lived complex.
The observation that bothDOPA and POPC are significantly

relaxed by the nitroxide attached to Cys-148 (mutant C188S) is
also consistent with a binding mechanism whereby electro-
static attraction positions rEF at the membrane surface, but
hydrophobic interactions, likely insertion of protein side chains
into the bilayer, also play a role in transiently anchoring the
protein on the vesicles, and interactions occur with both phos-
pholipids that are stable for at least a microsecond.

Removing Basic Residues in the EF-hand Domain Weakens
Vesicle Binding Only Slightly—The affinities of the EF-hand
domain for anionic phospholipids in the absence of calcium
strongly suggest that basic residues of the EF-hand domain,
such as Arg and Lys, are important for the interactions with the
membrane surface. The first pair of EF-hand helices, EF-1, is
rich in basic residues, with 23% of its amino acids Arg or Lys
(Fig. 1A). Additionally, given the positions in PLC �1 of the
active site of the catalytic domain and the calcium binding
regions of the C2 domain (27), as well as the topological
arrangement of the catalytic core of the protein (namely EF,
catalytic, and C2 domains), the N-terminal lobe of the EF-hand
domain, EF-1 and perhaps EF-2, could also be near the mem-
brane surface when the full-length PLC �1 binds to the mem-
brane (Fig. 1B).
To test the importance of Arg or Lys in EF-1 and EF-2,

mutants with one or multiple Arg/Lys substituted with alanine
were constructed. The affinities of these mutant proteins for
different SUVs are listed in Table 2. Compared with rEF, all
basic residue mutants showed weaker binding to the PC/PA
SUVs. However, the change was not large. The KD values were
slightly increased (by �2-fold) when one Arg or Lys was
replaced (K163A, K170A, and R186A), and the extent to which
the KD value was increased was similar among these single
mutants; when multiple Arg/Lys were replaced (e.g. triple
mutant R182A/K183A/R186A), the KD values were further
increased. Once Arg-150 and Lys-151 were replaced, further
substitution of neighboring lysines with alanines (triple mutant
R150A/K151A/K154A and quadruple mutant R150A/K151A/
K154A/K156A) did not result in a further loss of affinity for
vesicles.
In addition to PC and PS, there are other lipids present in the

plasma membrane inner leaflet in considerable amounts (e.g.
cholesterol, phosphatidylethanolamine, sphingomyelin, and
phosphatidylinositol). SUVs with a composition of PE/PC/PS/
PI/SM/CH (34.5:10.5:21:4.5:4.5:25), similar to the plasma
membrane inner leaflet (19), were also used to assess rEF bind-
ing. The mole fraction of anionic lipids (PS and PI) was 0.26 in
these vesicles, compared with a mole fraction of 0.50 in the
binary component vesicles. Because the EF-hand domain pre-
ferred negatively chargedmembranes, it was not surprising that
the apparent KD value of EF for the inner plasma membrane-
mimicking vesicles, 0.31 mM (Table 3), was greater than those
for the binary vesicles (Table 2). The binding of rEF to LUVs

FIGURE 5. Dependence of the paramagnetic enhancement of 31P R1 for
PA/PC (1:1) vesicles caused by the presence of 0.5 mg/ml spin-labeled
C148S (open symbols) or spin-labeled C188S (filled symbols). The vesicles
contained 10 mM each of PA (F and E) and PC (f and �). Note that for this
amount of protein and phospholipid, the spin label on Cys-188 (i.e. labeled
C148S) has virtually no effect at low field for either phospholipid, although
the spin label attached to Cys-148 (labeled C188S) has a larger enhancement.
The error bars represent the error in the fit to obtain R1 for each field strength.

TABLE 2
Apparent dissociation constants for rEF with mutations of basic resi-
dues binding to POPC/DOPA (1:1) SUVs in 20 mM Tris, 0.1 mM EGTA, pH
7.5

EF constructs Apparent KD
a KD (mutant)/KD (WT)

mM

WT 0.12 � 0.02 1.0
R150A/K151A 0.51 � 0.04 4.3
R150A/K151A/K154A 0.41 � 0.07 3.4
R150A/K151A/K154A/K156A 0.44 � 0.06 3.7
K163A 0.20 � 0.03 1.7
K170A 0.27 � 0.08 2.3
R186A 0.23 � 0.06 1.9
R182A/K183A/R186A 0.35 � 0.02 2.9

a This is the total concentration of phospholipids present for half of maximum
binding. Errors were determined from the hyperbolic fit to the data.
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prepared from this mixture was also examined. The apparent
KD was 0.32 � 0.22 mM, a value similar to that for SUVs,
although the errors in using LUVs in the binding assay were
much larger than using the smaller SUV particles. The lack of
sensitivity to vesicle size is quite different from small bacterial
PI-PLC enzymes where the binding to small vesicles is often
orders of magnitude tighter than to LUVs (28).
Similar to the binding study with POPC/POPA SUVs, the

two triple mutants, R150A/K151A/K154A and R182A/K183A/
R186A, showedweaker binding (a 2–3-fold increase inKD) than
rEF to the complex SUVs (Table 3). Here, as with the binary
component vesicles, the largest increase in KD among these
mutants was 4-fold, which is not a large change in terms of
binding. This indicates that other types of forces, such as hydro-
phobic interactions, contribute to overall partitioning of the
isolated domain onto phospholipid surfaces.
Removing Selective Hydrophobic Residues in the EF-hand

Domain Weakens Vesicle Binding—In an effort to identify res-
idues important for hydrophobic interaction with membranes,
we chose a variety of hydrophobic residues (Trp, Phe, Tyr, Val,
Ile, and Leu) in the N-terminal lobe of the rEF (EF-1 and EF-2)
and separately mutated them to alanine. Some of these hydro-
phobic residues appear to be on the protein surface with the
first EF-1 hand modeled into the crystal structure (Fig. 6). The
apparent KD values for these mutant proteins binding to SUVs
mimicking the plasma membrane inner leaflet are shown in
Table 3. Except for W144A and F168A, all the other mutants
showed affinities for the vesicles comparable with rEF.
Previous fluorescence studies of rEF (13) suggested that there

was a substantial change in the environment of Trp-144 when
the protein bound to fatty acids in detergent micelles. This
would be consistentwith a surface orientation of Trp-144 in the
EF-1 helix shown in Figs. 1B and 6 (different views). Trypto-
phan is prone to insertion into membranes, and it could very
well be the case for Trp-144. Insertion of the tryptophan side
chain into membranes would assist in anchoring EF-1 onto the
membranes.
In the PLC �1 crystal structure, Phe-168 appears near the

protein surface because the peptide that would constitute the
first helix of EF-1 is missing. However, it is oriented away from

what would be the membrane interface as suggested in Fig. 6.
The weaker binding shown by F168A may be an artifact in the
isolated EF-hand domain, caused by the lack of positioning
restrictions imposed by other domains, or it could be indicative
of a conformational change that the EF-hand domain under-
goes in the presence of membranes.
Mutations in the EF-hand Domain Reduce Enzymatic

Activity—TwoEFmutations, singlemutantW144A and double
mutant R150A/K151A, both of which showed weaker binding
tomodelmembranes, were introduced into the full-length PLC
�1. The specific activities of PLC �1wild type andmutants were
measured using PI as substrate, embedded in vesicles of various
compositions and sizes (LUV or SUV), or with varied concen-
trations of calcium (0.5 or 0.1 mM) (Fig. 7). Although PI is not
the preferred substrate for PLC �1, kinetics are complicated
with PI(4,5)P2, because that lipid also binds tightly to the PH
domain and will anchor the protein to vesicles. With PI, it is
easier to assess the contribution of other domains to enzyme
performance.
The vesicle compositions were designed based on what was

used in the binding assays (binary vesicles and plasma mem-
branemimicking vesicles), with somemodification. For plasma
membrane composition vesicles, we increased the amount of PI
(from 4.5 to 25.5 or 12.75%) while keeping themolar fraction of
total anionic lipids constant (25.5%), so the PI hydrolysis cleav-
age products could be accurately measured by 31P NMRwithin
a reasonable time frame. In all our assays, both the intermediate
productmyo-inositol 1,2-(cyclic)-phosphate (cIP) and the final
hydrolysis product inositol 1-phosphate (I-1-P) were observed.
This has been seen before for this enzyme acting onPI (28). PLC
�1 does not proceed by covalent catalysis, rather cIP is formed
as an intermediate, and it is either released into solution or
attacked byH2Owith the release of I-1-P. The specific activities
were calculated as the sum of both products.
The LUV system (total lipid concentration � 10 mM) com-

posed of PI/PE/PC/SM/CH (25.5:34.5:10.5:4.5:25) in the pres-
ence of 0.5mMCa2� is used as our “standard system.” As shown
in Fig. 7A, when the calcium concentration was decreased from
0.5 to 0.1 mM, PLC �1 and mutants all showed lower activities,
consistent with the important role calcium plays in PLC �1

TABLE 3
Apparent dissociation constants for EF-hand domain mutants binding
to SUVs mimicking the phospholipid composition of the inner plasma
membrane
The vesicle (SUV and LUV) composition was PE/PC/PS/PI/SM/CH equal to 34.5:
10.5:21:4.5:4.5:25; the buffer was 20 mM Tris, 0.1 mM EGTA, pH 7.5.

EF constructs Apparent KD
a KD (mutant)/KD (WT)

mM

WT 0.31 � 0.05 1.0
WT (LUVs) 0.33 � 0.22
R150A/K151A/K154A 1.03 � 0.19 3.3
R182A/K183A/R186A 0.81 � 0.19 2.6
W144A 1.08 � 0.36 3.5
L149A 0.45 � 0.03 1.5
F162A 0.31 � 0.01 1.0
F168A 1.54 � 0.34 5.0
V176A 0.44 � 0.02 1.4
Y180A 0.54 � 0.06 1.7
F185A 0.46 � 0.10 1.5
I201A 0.37 � 0.03 1.2

a This is the total concentration of phospholipids present for half of maximum
binding. Errors were determined from the hyperbolic fit to the data.

FIGURE 6. Crystal structure of rat PLC �1 (Protein Data Bank code 1DJI)
with hydrophobic residues observed in the crystal structure are marked
as yellow sticks, and Trp-144 as well as Arg-150 and Lys-150, residues not
observed in the crystal structure, are shown as red sticks. Leu-149, about 1
turn of the helix from Trp-144 in this model, is not shown. The view is presum-
ably looking down from the membrane surface at an angle. The EF-hand
domain is shown in black and blue; the catalytic domain is cyan with active site
residues His-311 and His-356 side chains shown as orange sticks; the C2
domain is magenta, and the calcium ions are shown as green spheres.
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hydrolysis. Furthermore, it suggests these mutations in the EF-
hand domain did not reduce the enzyme’s sensitivity toward
calcium.
Next, the effect of vesicle size was examined. With the same

lipid composition (PI/PE/PC/SM/CH (25.5:34.5:10.5:4.5:25)),
theWT and the twomutant enzymes preferred PI presented in
SUVs to LUVs (Fig. 7B). The specific activities were enhanced
3–4.5-fold. At least in the absence of PIP2, PLC �1-catalyzed
hydrolysis of PI could be enhanced by membrane curvature
and/or possibly surface defects likely to occur in small vesicles.
Finally, the effects of substrate concentration and anionic

lipid concentration in the vesicle surface were examined. As
shown in Fig. 7C, the specific activities of PLC �1 were equiva-
lent for all three LUV systems with 10 mM PI/PE/PC/SM/CH
(25.5:34.5:10.5:4.5:25) LUVs (denoted as “LUV-1”), 10 mM

PI/PS/PE/PC/SM/CH (12.75:12.75:34.5:10.5:4.5:25) LUVs
(“LUV-2”), or 5 mM PI/PC (1:1) LUVs (“LUV-3”), respectively.
This indicates that at these total lipid concentrations, the activ-
ity of PLC �1 is unaffected by the changes in the bulk concen-
tration of PI or the interfacial mole fraction (surface concentra-
tion) of PI (comparing LUV-1with LUV-2) or themole fraction
of all anionic lipids (comparing LUV-1 with LUV-3). Thus, at
the substrate concentrations we are using, we are above the KD
values for partitioning of the enzyme to the vesicle and the
surface Km values for substrate PI accessing the active site.

Both mutants were unaffected by the 2-fold difference in the
surface concentration of PI between different LUV systems.
However, R150A/K151A, in particular, exhibited a 3-fold
decrease in specific activity when comparing LUV-3 with
LUV-1, even though the surface concentration of the substrate

(50mol %) was actually higher under conditions where the bulk
PI concentration was the same. The lipid components missing
from LUV-3 included sphingomyelin and cholesterol, which
are thought to form raft-like domains in the presence of a fluid
PC-matrix (29). For LUV-3, the apparentKD value for PLC �1 is
likely to be below 0.3 mM, assuming the PI in the vesicles would
lead to similar bulk binding to that observed with PA in the
binary vesicle binding studies and given the observation that
rEF binding to SUVs and LUVs is similar (Tables 1 and 2). The
apparent KD value for R150A/K151A binding to the PA/PC
SUVs was 0.5 mM, well below the 10 mM total phospholipid
used in the kinetic assays so that all of that enzyme should be
bound to vesicles. Reduced activity in the mutated proteins
likely reflects an altered affinity for the substrate in the active
site. These kinetics indicate that residues Trp-144, Arg-150,
and Lys-151 in the EF-hand domain play an indirect role in
modulating the PI cleavage and hydrolysis activity of the full-
length enzyme.
PIP2 Binding Cannot Substitute for the Loss in Relative Activ-

ity of EF-domain Mutants—Because the total lipid concentra-
tion in the vesicles used in the activity assays (10 or 5 mM) were
well above the KD value for rEF or PLC �1 partitioning onto
binary component vesicles (0.14 to 0.25 mM for rEF binding to
SUVswith a 1:1 anionic phospholipid to PC and 0.05 to 0.15 for
PLCd1 binding to LUVs with a 1:1 anionic phospholipid), it is
reasonable to assume the full-length PLC to be completely par-
titioned onto vesicles. This should eliminate any effects the
mutations may have on the enzyme activity due to differences
in bulk partitioning onto the vesicles. The fact that themutants
exhibited decreased activities (and roughly the same fraction of

FIGURE 7. Specific activities of PLC �1 (black bars) and EF-hand mutant enzymes W144A (hatched bars) and R150A/K151A (gray bars) toward PI in
different unilamellar vesicles. A, LUVs of 10 mM total lipids with composition PI/PE/PC/SM/CH (25.5:34.5:10.5:4.5:25) with either 0.1 or 0.5 mM Ca2�. B, LUVs
or SUVs with 10 mM total phospholipid of the same vesicle composition, PI/PE/PC/SM/CH (25.5:34.5:10.5:4.5:25) and 0.5 mM Ca2�. C, LUVs with various bulk PI
concentrations, molar ratio of PI, and molar ratio of anionic lipids in the presence of 0.5 mM Ca2�: LUV-1 � PI/PE/PC/SM/CH (25.5:34.5:10.5:4.5:25) with 2.55 mM

PI; LUV-2 � PI/PS/PE/PC/SM/CH (12.75:12.75:34.5:10.5:4.5:25) with 1.28 mM PI; LUV-3 � PI/PC (1:1) with 2.5 mM PI. D, LUVs of the same composition in A, but with
only 0.5 mM total lipid and 0.5 mM Ca2� in the absence or presence of 1 mol % PIP2. Here the gray bars are for W144A and the vertical hatched bars are for R150A/K151A.
For all specific activities, the error bars indicate the standard deviation of at least three repeats.
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PLC �1 activity) in several vesicle systems suggests that factors
other than bulk binding are at play. To further examine this
hypothesis, the specific activities of PLC �1 and variants at a
much lower lipid concentration, 0.5 mM, were measured (Fig.
7D). If the mutant enzymes had much larger increases in the
apparent KD value for bulk binding than PLC �1, then the dif-
ferences in enzymatic activity should be larger at lower total
lipid concentrations.
With the LUV-1 composition, the PLC �1 enzymes showed

much lower activities when the total lipid concentration was
reduced from 10 to 0.5 mM. The specific activity for the WT
enzymewas 1.1�mol�min�1�mg�1;W144A andR150A/K151A
activities were reduced to 54 and 23% of that value.
If 1 mol % PIP2 is present in the same lower concentration of

LUVs, all of the proteins should be bound to the vesicles (0.5
mM total lipid) given that the isolated PH domain is reported to
bind to PIP2-containing vesicles with aKD of 1.7�M (9). PLC �1
action on these vesicles leads to hydrolysis of PIP2 (producing a
single product IP3) in addition to PI. In fact, about 40% of the
PIP2 was hydrolyzed, whereas less than 20% of the much larger
concentration of PI was hydrolyzed. The specific activities
shown in Fig. 7D only represent PI cleavage and hydrolysis.
Consistent with previous studies (27), the incorporation of PIP2
into the membranes activated PLC hydrolysis toward PI. With
these vesicles and 0.5mM total lipid concentration, the increase
was 3.3-, 4.3-, and 5.5-fold for PLC �1, W144A, and R150A/
R151A, respectively. With the small amount of PIP2 present
and ensuring the enzyme was bound to the vesicles, the relative
activities of the mutant enzymes compared with PLC �1 were
comparablewithwhatwas seenwith 10mM total lipid, although
the specific activities were still much lower than at the higher
total lipid concentration. Once binding of the enzyme on the
vesicle is achieved, differences in the interfacial Km value for
substrate remain because the mole fraction of substrate in the
interface is the same for both 10 and 0.5 mM total lipid vesicles.

DISCUSSION

Although the relationship between many of the structural
features of the components of PLC �1 and their contributions
to the activity regulation has been scrutinized, the role of the
EF-hand domain remains unclear. Previous reports have iden-
tified the EF-hand domain of PLC �1 as a lipid interacting
domain, highlighting its interactionwith fatty acid (arachidonic
acid in particular) (13, 14). However, as we show, the domain
also can interact with anionic phospholipids showing little
specificity for a particular phospholipid once the domain is
associated with the vesicle.
Although EF-hand motifs are often associated with Ca2�

binding, there is no experimental evidence to show that this is
actually the casewith PLC �1. Althoughthe loop regions of EF-3
and EF-4 do not have side chains that would act as typical cal-
cium ligands, EF-1 and EF-2 do (7). However, the mutations of
these putative calcium-binding residues (Asp-153, Asp-157,
andGlu-164) do not affect enzyme activity (12), suggesting that
EF-hand domain binding of calcium, even if it occurs, is not
connected to the enzymatic reaction of PLC �1. In fact, in all the
known crystal structures of PLC �1, no calcium ion is found
associated with the EF-hand domain, even though the enzyme

is soaked in calciumor its analogs (7, 25–27). Likewise, EF-hand
domains of PLC �2 (31, 32) and �3 (33), the only other PLC
EF-hand domains with known structures, are not found to be
associated with calcium. In our binding assays, the isolated EF-
hand domain can bind to vesicles of various compositions con-
taining anionic phospholipid without Ca2�. Interestingly, the
first EF-hand motif of the PLC �1 is replete with cationic resi-
dues,whichwould exert an attractive electrostatic force onneg-
atively charged lipids similar to what the Ca2� bound to the
domain might exert. A sequence comparison of several mem-
bers from the PLC�, -�, and -� subfamilies reveals that only 13
amino acids are identical or conserved outside the highly con-
served X/Y catalytic domain and C2 domain, and that all of
them are located in the EF-hand domain (34). Among these
conserved residues are Lys-151 and Lys-170 of PLC �1 (the rest
include nine hydrophobic residues, one Gln, and oneGlu/Asp).
Taken together, the cationic residues in the EF-hand domain of
PLC �1, especially the well conserved Lys-151, may play an
important role in the interaction of the EF-hand domain with
membranes containing anionic lipids.
It is possible that the EF-hand domain is initially attracted to

the anionic component of the membrane through electrostatic
interactions (hence no binding occurs without anionic lipids).
But once the protein is in the proximity of the membrane, the
interaction of hydrophobic side chains, in particular Trp-144,
also contributes to binding. Experimentally, removing key basic
residues or hydrophobic residues does indeed weaken the EF
binding to vesicles, although not dramatically, with a 4-fold
increase in the apparent KD, the largest change for each type of
mutation. This is not surprising, given that other domains of
the PLC �1 can contribute to membrane tethering of the
enzyme. However, the fact that PLC �1 loses enzymatic activity
withmembrane substrateswhen the EF-handdomain is deleted
(11, 12) argues that the EF-hand domain carries significance in
the regulation of the enzymatic activity of the PLC �1.
Structural studies show that PLC �1 has a strikingly rigid core

composed of the C-terminal half of the EF-hand domain, the
catalytic domain (except for residues 445–485 and 509–514),
and theC2domain (25). In contrast, the first half of the EF-hand
domain is quite flexible, as evidenced by the poor ordering of
this region in the crystal structures. Therefore, this region may
serve as a flexible bridge between the PH domain and the rigid
core of the enzyme, which, upon association with membrane
lipids, primes the active site for substrate access. Anionic phos-
pholipids PA, PG, and PS can greatly enhance PLC �1 hydroly-
sis toward PI (5–15-fold increase over SUV containing PC only
(10)). Although it is believed that PS is involved in enzymebind-
ing (via the C2 domain) in a Ca2�-dependent manner, PA does
not participate in Ca2�-mediated binding of the enzyme (10).
In our binding studies, the isolated EF-hand domain binds to
both PA and PS with comparable affinity and to PG with a
slightly weaker affinity, all independent of Ca2�. Thus, the
stimulation of PLC �1 activity by PA may involve the interac-
tion between PA and the EF-hand domain. Fatty acids are also
anionic, and these can bind to the EF-hand domain (14). It was
pointed out (13) that the fluorescence changes induced by
arachidonic acid binding could also reflect tight binding of an
anionic amphiphile and not necessarily a strict requirement for
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that fatty acid, in which case anionic phospholipids could pro-
duce similar effects.
The field cycling NMR experiments show that there is little

difference in proximity of PC and PA to the spin label attached
to the EF, consistent with a model whereby the charged surface
attracts the cationic groups in the EF-1, but the Trp-44 side
chain contributes to anchoring the protein to the vesicle. The
increased 31P relaxation by spin-labeled rEF at very low fields
does suggest that the protein interacts with both PA and PC
molecules for at least 1 �s (otherwise there would be no low
field PRE); hence, the insertion of hydrophobic residues immo-
bilizes the phospholipids for at least this time scale. This is
certainly suggestive of the interaction of arachidonic acid with
this domain (13).
One of the effects shown for arachidonic acid binding to rEF

is a reduction in the Km value for dibutyroylphosphatidylinosi-
tol (14). If the fatty acid activation is really an anionic
amphiphile effect, then we can explain the reduction in specific
activity for R150A/R151A (and the smaller reduction seen for
W144A) as an increased interfacialKm value for substrate bind-
ing in the active site of the enzyme, not an overall loss of affinity
of the protein for vesicles. This would imply that the EF-hand
domain aids allosterically by either electrostatically providing a
pathway for substrate to reach the catalytic domain or perhaps
by helping to stabilize a critical conformation in the catalytic
domain, in substrate binding in the active site (this could even
involve interactions with the PH domain).
In addition to the N-terminal half of the EF-hand domain,

there is another extended region of PLC �1 that lacks interpret-
able electron density in crystallographic studies, namely resi-
dues 445–485 (7, 25). This region, the X/Y linker, connects the
catalytic X and Y domains. Acidic residues in the X/Y linker
play an autoinhibitory role in membrane binding and affect
enzyme activity by regulating the access of phosphoinositide
substrates to the active site (32). For PLC �2, the disordered
region of the X/Y linker in its crystal structure serves as the
major autoinhibitory determinant, although the ordered region
appears to fine-tune access to the active site. The calcium bind-
ing regions in the C2 domain of PLC �1 are also highly flexible.
In fact, there is a lack of interpretable density for these regions
in the crystal structurewhenmetal ions are absent. It is with the
binding of the metal ions that these regions become defined
(25). These highly flexible regions, including the N-terminal
half of the EF-hand domain, may modulate PLC �1 activity by
controlling substrate access and binding in the correct orienta-
tion in the active site.
At present, the only other crystal structures of PLC isoforms

that have been solved are those of PLC �2 and �3 complexed
with a regulatory protein (31–33), in which the EF-hand
domains are fully defined. Although the EF-hand domains of
these PLC � enzymes have not been implicated in membrane
association, the topological arrangement of the PLC domains
(PH, EF-hand, catalytic X/Y, and C2) as well as the regulatory
protein in the complex (Rac1 for PLC �2 and G�q for PLC �3)
with respect to the interface suggest that theN-terminal lobe of
the EF-hand domain in these PLCs could be in the proximity of
the membrane surface when the enzymes are bound. In both
PLC � structures, there is a cluster of Arg and Lys residues in

the N-terminal lobe of the EF-hand domain appearing to point
toward the assumed interface in a similar fashion as PLC �1.

PLC �, the only isoform in the PLC family lacking a PH
domain, specifically expressed in sperm, is known to induce
intracellular Ca2� oscillations and subsequently activate oocyte
fertilization (35). A splicing variant of PLC � lacking 110 resi-
dues from the N terminus corresponding to the EF-hands 1–3
but identical to PLC � in EF4 and the succeeding region failed to
elicit a Ca2� spike (36). This indicates that the EF-hand domain
is important for PLC � to induce Ca2� oscillations (which pre-
sumably requires correct membrane binding). Of all the other
isoforms, PLC � shares the closest homology with PLC �1 (30).
Arg-182, Lys-183, and Arg-186 of PLC �1, which have been
shown to contribute to the binding of vesicles containing ani-
onic lipids in our study, are conserved in PLC �. Using regions
rich in basic side chains for electrostatic orientation of a protein
to acidic phospholipids in a membrane may be a common
mechanism for peripheral proteins, less for absolute binding
than for correct arrangement on the membrane surface.
Our work in the context of other PLC isoforms suggests that

the N-terminal lobe of the EF-domain of PLCs, by interacting
with the target membrane, provides a tether that facilitates
proper substrate access and binding in the active site.
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