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ABSTRACT: Protein kinase C isoform alpha (PKCR) is a ubiquitous, conventional PKC enzyme that possesses
a conserved C2 domain. Upon activation by cytoplasmic Ca2+ ions, the C2 domain specifically binds to
the plasma membrane inner leaflet where it recognizes the target lipids phosphatidylserine (PS) and
phosphatidylinositol-4,5-bisphosphate (PIP2). The membrane penetration depth and docking angle of the
membrane-associated C2 domain is not well understood. The present study employs EPR site-directed
spin labeling and relaxation methods to generate a medium-resolution model of the PKCR C2 domain
docked to a membrane of lipid composition similar to the plasma membrane inner leaflet. The approach
measures EPR depth parameters for 10 function-retaining spin labels coupled to the C2 domain, and for
spin labels coupled to depth calibration molecules. The resulting depth parameters, together with the
known structure of the free C2 domain, provide a sufficient number of constraints to define two membrane
docking geometries for C2 domain bound to physiological membranes lacking or containing PIP2,
respectively. In both the absence and presence of PIP2, the two bound Ca2+ ions of the C2 domain lie
near the anionic phosphate plane in the headgroup region, consistent with the known ability of the Ca2+

and membrane-binding loops (CMBLs) to bind the headgroup of the PS target lipid. In the absence of
PIP2, the polybasic lipid binding site on the �3-�4 hairpin is occupied with PS, but in the presence of
PIP2 this larger, higher affinity target lipid competitively displaces PS and causes the long axis of the
domain to tilt 40 ( 10° toward the bilayer normal. The ability of the �3-�4 hairpin site to bind PS as well
as PIP2 extends the lifetime of the membrane-docked state and is predicted to enhance the kinase turnover
number of PKCR during a single membrane docking event. In principle, PIP2-induced tilting of the C2
domain could modulate the activity of membrane-docked PKCR as it diffuses between membrane regions
with different local PS and PIP2 concentrations. Finally, the results demonstrate that EPR relaxation methods
are sufficiently sensitive to detect signaling-induced changes in the membrane docking geometries of
peripheral membrane proteins.

Many diverse cell signaling processes rapidly modulate
the levels of intracellular small molecule second messengers
in order to spatially and temporally regulate the activity of
downstream effectors. Important reactions on membrane
surfaces are often stimulated by second messenger signals
which recruit signaling enzymes to the appropriate mem-
brane, thereby bringing these enzymes to their membrane-
bound substrates. Such membrane recruitment is typically
controlled by a membrane targeting domain activated by the
binding of a second messenger, often a signaling lipid or
cytoplasmic Ca2+. One the most prevalent membrane target-
ing motifs is the C2 domain, which can be activated by Ca2+

binding and is widely found in membrane-targeted signaling
proteins [reviewed in refs 1–8]. In a typical cell, transient
cytoplasmic Ca2+ signals recruit multiple C2 domain-
containing proteins to specific intracellular membrane sur-
faces, thereby modulating crucial membrane-associated
signaling pathways.

The conventional isoforms of protein kinase C (PKCR,1

PKC� and PKCγ) possess Ca2+-activated C2 domains which
recruit their parent proteins specifically to the inner leaflet
of the plasma membrane where they phosphorylate membrane-
bound substrate proteins [reviewed in refs 7, 9–13]. Their
shared topology consists of an N-terminal pseudosubstrate
motif that provides kinase autoinhibition, followed by a pair
of C1 domains that bind the signaling lipid diacylgycerol
(DAG), then by a single plasma membrane-targeting C2
domain, and finally by the C-terminal kinase domain. The
present study focuses on the C2 domain of the conventional
PKCR protein, which binds two Ca2+ ions and associates
with two lipids essential for its plasma membrane targeting:
phosphatidylserine (PS), the most abundant anionic lipid of
the plasma membrane; and phosphatidylinositol-4,5-bispho-
sphate (PIP2), the most abundant phosphorylated PIP
lipid (14–24). The activation of conventional PKCs has been
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described as a sequential process in which, following a
transient Ca2+ signal, the Ca2+-occupied C2 domain first
associates with plasma membrane PS and PIP2, thereby
allowing the C1 domains to search for the more rare DAG
messenger (11, 24, 25). Ultimately, the simultaneous binding
of the C1 and C2 domains to their lipid targets displaces the
pseudosubstrate from the kinase active site. The ensuing loss
of autoinhibition, together with close proximity to membrane-
bound substrates, provides dual activation of the kinase
domain.

High resolution X-ray crystal structures are available for
PKCR C2 domain and several of its complexes (16, 26). As
for other C2 domains, the core of this domain is an eight-
stranded antiparallel �-sandwich. At one edge of the sand-
wich lie three interstrand Ca2+- and membrane-binding loops
(CMBL1-3). The crystal structure of a complex between
PKCR C2 domain and the PS headgroup reveals that the
two bound Ca2+ ions chelated by CMBL1-3 also receive
direct and indirect coordination from the 1-phosphate of the
PS headgroup (16), indicating that the Ca2+ binding site is
central to PS recognition and binding. In addition, the
structure of a different PS complex shows that a basic cluster
of four lysine residues (K197, K199, K209, K211), all located
on the �3-�4 hairpin, directly contacts a second PS head-
group, indicating that this basic cluster serves as a second
binding site for anionic lipics such as PS (26). Recently, it
has been established that the lysine cluster binds PIP2 with
higher affinity than PS, and that PIP2 binding is essential
for high affinity membrane docking in Vitro as well as
specific plasma membrane targeting in live cells (20, 22–24).

Despite advances in the structural analysis of isolated PKC
C2 domains, the structures of their membrane-docked states
remain poorly described. Of particular interest for the
conventional PKC C2 domains is a structural understanding
of their simultaneous docking to its two target lipids, PS and
PIP2, on a bilayer surface. Currently, high resolution methods
are not yet capable of analyzing the structures of peripheral
proteins docked to lipid bilayers, thus medium resolution
approaches must be employed to generate molecular pictures
of peripheral proteins in their active, membrane-bound states.
In recent years, an EPR approach involving site-directed spin
labeling and spin relaxation measurements (27–29) has been
shown to be an effective method for elucidating membrane
docking geometries, and has been successfully applied to
several C2 domains (30–35). The docking geometry provided
by EPR analysis, in turn, can serve as an experimentally
defined starting point for subsequent molecular dynamics
simulations designed to develop atomic resolution models
of the membrane-docked protein (36). Previously, in an initial
study of the PKCR C2 domain, we used EPR and fluores-
cence spectroscopies to identify the membrane docking
surfaces, and to develop a preliminary model for the
membrane docking geometry (37). The resulting model of
this C2 domain docked to 3:1 PC:PS membranes suggested
that the CMBLs penetrate the headgroup region of the
bilayer, while a cluster of lysine residues lies near the surface
of the headgroup region. However, the simplified lipid
mixture used in the model target membranes lacked the
important target lipid PIP2 as well as other lipids found in
the inner leaflet of the plasma membrane. Moreover, this
previous study employed a low density of spin label positions

on the membrane docking surface, yielding only a prelimi-
nary, qualitative picture of the membrane docking geometry.

The present study utilizes EPR site-directed spin labeling
and relaxation techniques to generate the first medium
resolution structural model of the PKCR C2 domain docked
to a lipid bilayer composed of a physiological mixture of
lipids. Specifically, the membrane penetration depth and
docking angle are determined for the C2 domain bound to
physiological membranes lacking or containing the target
lipid PIP2. The results provide the first molecular view of a
peripheral membrane protein simultaneously docked to two
target lipids, thereby significantly extending our mechanistic
understanding of the dual lipid specificity required for plasma
membrane targeting by conventional PKC C2 domains.
Moreover, the findings reveal that PIP2 binding to the lysine
cluster significantly alters the membrane docking geometry
of the C2 domain by tilting the domain relative to the
membrane surface. This advance demonstrates that the EPR
approach can be used to analyze changes in membrane
docking geometry triggered by protein switching between
different functional states. Finally, the results imply that
target lipid-triggered geometry changes could play an
important role in modulating the bound state lifetime and
function of membrane-bound, conventional PKCs.

MATERIALS AND METHODS

Reagents. All lipids were synthetic unless otherwise
indicated. 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(phosphatidylcholine, POPC, PC); 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoethanolamine (phosphatidylethanolamine,
POPE, PE); 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine
(phosphatidylserine, POPS, PS); L-R-phosphatidylinositol
(PI) natural from bovine liver; L-R-phosphatidylinositol-4,5-
bisphosphate (PI(4,5)P2, PIP2) natural from porcine brain;
and sphingomyelin (SM) natural from brain were all
purchased from Avanti Polar Lipids. Cholesterol (CH) was
from Sigma. N-[5-(Dimethylamino)naphthalene-1-sulfonyl]-
1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (dan-
syl-PE, dPE) was from Molecular Probes. 1-Oxyl-2,2,5,5-
tetramethyl-∆3-pyrroline-3-methylmethanethiosulfonate (MT-
SSL, R1) was from Toronto Research Chemicals. Ni2+-
ethylenediamine diacetic acid (NiEDDA) was formed by
dissolving 17 mM ethylenediamine diacetic acid (EDDA)
and 17 mM Ni(OH)2 (both from Sigma) in water at 60 °C.
This solution was filtered, lyophilized, resuspended in
ethanol, and filtered again to remove unreacted material.

Protein Mutagenesis, Expression, and Purification. Single
cysteine mutants of the C2 domain of human PKCR (residues
155-293 (16)) were generated using the Quick Change II
XL (Stratagene) site-directed mutagenesis kit according to
the manufacturer’s protocol. All mutations were verified by
sequencing of the entire C2 domain. The wild type and
mutant versions of the C2 domain were expressed as His-
tagged fusions in Escherichia coli BL21 cells. Transformed
cells were grown at 37 °C to OD 0.6 and induced with 500
µM IPTG. After induction cells were grown at 30 °C for
8 h. Protein was bound on a Ni-NTA agarose affinity column,
washed with 50 mM imidazole, and labeled with 1 mM
MTSSL via a disulfide exchange reaction. Following label-
ing, bound protein was washed and eluted off the column
by cleavage of the N-terminal His-tag with thrombin.
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Thrombin was affinity extracted from the protein sample
using p-aminobenzamidine resin (Sigma).

Preparation of Lipid Mixtures and Phospholipid Vesicles.
All lipid components were mixed in solvent containing
chloroform/methanol/water (1/2/0.8) to give the desired lipid
ratios (below), dried under vacuum to remove all solvents,
and then hydrated in assay buffer (25 mM N-(2-hydroxy-
ethyl)piperazine-N′-2-ethanesulfonic acid (HEPES) at pH 7.4
with KOH, 140 mM KCl, 15 mM NaCl, and 0.5 mM MgCl2)
by rapid vortexing. Small unilamellar vesicles (SUV) were
generated by sonication of the hydrated lipid mixture to
clarity with a Misonix XL2020 probe sonicator. Vesicles used
in the FRET assays were prepared with a total lipid
concentration of 3 mM with mole percentages for physi-
ological membrane mimics as previously described (24):
PM(-)PIP2, PE/PC/PS/PI/SM/CH/dPE (29.5/10.5/21/4.5/4.5/
25/5); and PM(+)PIP2, PE/PC/PS/PI/SM/CH/dPE/PIP2 (27.5/
10.5/21/4.5/4.5/25/5/2). See Table 1 (Results) for a summary
of these mixtures. Stock vesicle solutions for EPR experi-
ments were prepared with a total lipid concentration of 120
mM using the following mole percentages: PM(-)PIP2, PE/
PC/PS/PI/SM/CH (34.5/10.5/21/4.5/4.5/25); and PM(+)PIP2,
PE/PC/PS/PI/SM/CH/PIP2 (32.5/10.5/21/4.5/4.5/25/2). The
dansyl-PE (dPE) component was removed from the EPR
mixtures and replaced with an equivalent mole percentage
of PE. Following sonication, vesicle stocks were allowed to
equilibrate overnight at 4 °C.

Measurement of Ca2+-Dependent Membrane Binding. A
protein-to-membrane fluorescence resonance energy transfer
(FRET) assay was employed based on previously established
methods (17, 38, 39). Briefly, samples were made containing
C2 domain (0.2 µM) and either PM(-)PIP2 or PM(+)PIP2

membranes (200 µM total lipid, 100 µM accessible) in assay
buffer (25 mM HEPES at pH 7.4 with KOH, 140 mM KCl,
15 mM NaCl, and 0.5 mM MgCl2). Additionally, 0.15 mM
EDTA was included in these samples to reduce the levels
of contaminating Ca2+ from low micromolar to nanomolar.
Sufficient Ca2+ was added in excess of EDTA to achieve
concentrations of 10 µM, 100 µM, and 1 mM, and protein-
to-membrane FRET was measured. Desired Ca2+ concentra-
tions were determined using Maxchelator (www.stanford.edu/
∼cpatton/maxc.html). Fluorescence of the samples was
measured in a Photon Technologies International spectrof-
luorimeter (QM-2000-6SE) at 25 °C, with excitation and
emission slits at 4 and 8 nm, respectively. Intrinsic tryptophan
residues in the C2 domain were excited at 284 nm, and the
dansyl-PE emission at 522 nm was measured. The protein-
to-membrane FRET was determined by subtraction of the
background fluorescence due to direct excitation of dansyl-
PE from the total fluorescence of a parallel control sample
lacking Ca2+. Other control experiments indicated that Ca2+

had no effect on the background dansyl-PE emission under
these conditions.

EPR Spectra. EPR spectra were acquired using a Bruker
ESP300E X-band spectrometer (9.4 GHz) equipped with a
loop gap resonator (Medical Advances) as previously
described (32). Briefly, samples contained 10-200 µM spin-
labeled C2 domain along with (i) Ca2+ (1 mM), (ii) Ca2+ (1
mM) and PM(-)PIP2 membranes (40 mM total lipid), or
(iii) Ca2+ (1 mM) and PM(+)PIP2 membranes (40 mM total
lipid) in assay buffer (see previous section). A minimum of
three 100 G scans were acquired at 23 °C with an incident

power of 2.0 mW. Spectra obtained for the same spin labeled
protein under different membrane conditions were measured
on the same day with all sample parameters the same,
including protein concentration, except for the membrane
conditions as specified. The high concentration of membrane
lipid used in all membrane-containing EPR samples (40 mM
total, or approximately 20 mM accessible) is sufficient to
ensure a low surface density of bound C2 domain, thereby
preventing spin-spin interactions. For different spin labeled
variants, the protein concentration varied within the indicated
range, but spectra were normalized to the same total number
of spins to account for differences in spin label concentra-
tions. Moreover, studies of the same spin labeled protein at
different concentrations within the indicated range yielded
indistinguishable spectral line shapes, confirming the success
of the experimental design. This design has proven effective
in previous EPR studies of membrane docked C2 domains
(30–32, 34, 35, 37). Finally, control studies indicate that
nonspecific binding to membranes lacking target lipids PS
and PIP2 is negligible under these conditions (Figure 3C);
thus, the present EPR studies monitor native binding of
PKCR C2 domain to its membrane-associated target lipids.

EPR Power Saturation Measurements. To perform the
power saturation measurements EPR samples were placed
in TPX capillaries (Medical Advances) to allow for gas
perfusion. Power saturation measurements were performed
on each sample under three conditions: (i) in the presence
of 10 mM NiEDDA and equilibrated for 15 min under
nitrogen, (ii) in house air (20% O2), and (iii) equilibrated
for 15 min under nitrogen in the absence of any paramagnetic
species. Each spectrum was obtained in two 2 min scans
over 10 G (about the central resonance mI ) 0) at powers
ranging from 0.2 to 80 mW. The amplitudes were plotted as
a function of microwave power and fit to the following
equation as previously described (27, 33):

A)CP1 ⁄ 2[1+ (2-ε+1)P ⁄ P1 ⁄ 2]
-ε (1)

where A is the peak-to-peak amplitude of the central
resonance, C is a scaling factor, P is the microwave power,
P1/2 is the power at which half-saturation occurs, and ε is
the a measure of homogeneity of saturation. The best-fit P1/2

values were then used to calculate the collision, or acces-
sibility, parameters for oxygen (Π(O2)) and NiEDDA
(Π(NiEDDA)) as described (27, 33):

Π(X)) [P1⁄2(X) ⁄ ∆Hpp(X)-P1⁄2(N2) ⁄ ∆Hpp(N2)] ⁄
[P1⁄2(DPPH) ⁄ ∆Hpp(DPPH)] (2)

where X is either O2 or NiEDDA, P1/2 is the half-saturating
power, and ∆Hpp is the peak-to-peak line width. The
accessibility parameter was normalized to a solid sample of
(1,1-diphenyl-2-picrylhydrazyl) to correct for spectrometer
differences. Subsequently, the accessibility parameters for
O2 and NiEDDA were used to calculate depth parameters
as previously described (27, 33):

Φ) ln(Π(O2) ⁄ Π(NiEDDA)) (3)

where Φ is the measured depth parameter for each spin
labeled site. Our analysis of membrane docking focuses
mainly on depth parameters, rather than the corresponding
accessibility parameters, because the depth parameter is less
sensitive to variations in local steric factors, sample varia-
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tions, and instrumental fluctuations under the conditions of
our measurements. We calculate depth parameters from the
ratio of O2 and NiEDDA accessibility parameters measured
on the same day. Thus, steric factors, which typically alter
both accessibility parameters in similar ways, tend to cancel
out in the ratio, as do sample and instrumental factors that
similarly affect accessibility parameters measured on the
same day.

Determination of Membrane Docking Geometry Using the
Measured Depth Parameters. The following procedure was
used to generate the optimized docking geometries from the
1dsy crystal structure coordinates. All 10 positions used for
EPR depth parameter measurements were mutated to cysteine
residues in the crystal structure and linked to the R1 spin
label through a disulfide bond using the Biopolymer module
of Insight2000 (Accelrys). All side chain conformations of
the R1 spin labels were adjusted to dihedral angles of (g+,
g+) or (+300°, +300°) about the first two side chain bonds.
This configuration is the most commonly observed side chain
conformation in crystal studies of the T4 lysozyme (40).
Subsequently, the conformations of T214R1, L219R1 and
R249R1 were modified to relieve steric clash with the peptide
backbone, yielding (g+, t) (+300°, 180°) for T214R1 and
L219R1, and (t, g+) (180°, +300°) for R249R1. Both of these
alternative conformations are accepted configurations of the
MTSSL side chain (30, 32, 34, 40). Subsequently, the
coordinates of the nitroxide nitrogens were tabulated relative
to the center of mass of the 1dsy structure in order to define
each R1 in the docking models.

The docking geometry and penetration depth of the C2
domain were calculated by iterative fitting of the spin label
depth parameters to an equation that models the dependence
of the depth parameter on distance from the membrane center
as a hyperbolic function (33):

Φ ) [L+B+ {(L-B)2 +C2}1 ⁄ 2] ⁄ 2 (4)
where B represents the depth parameter value for a spin label
distant from the center of the membrane and C defines the
curvature of the function at the transition between linear and
constant dependence of the depth parameter on distance. L
describes the linear behavior of the depth parameter observed
for spin labels in the membrane interior:

L)m(x sin θz + y cos θz cos θx-
z cos θz sin θx + PYtrans +D)+ I (5)

The m and I parameters represent the slope and intercept of
the linear relationship. The x, y, and z coordinates tabulated
from the nitoxide nitrogens of each spin label are represented
by their respective letters, and the associated θx and θz

variables represent rotations about the x- and z-axes of the
coordinate system belonging to the nitroxide nitrogens. P is
a Boolean variable set to unity for protein spin labels or zero
for the calibration spin labels. D represents the known
membrane depth of the spin-label, which is nonzero only
for the calibration spin-labels. Altogether the equation used
for fitting possesses one dependent variable (Φ), five
independent variables (x, y, z, P and D) and seven unknown
variables (θx, θz, Ytrans, m, I, B and C). Nonlinear least-squares
fitting of eq 4 was performed using Igor Pro (Wavemetrics),
yielding best-fit values of θx, θz, Ytrans, m, I.

The algorithm used during the iterative fitting recognizes
a laboratory axis system where the origin (0, 0, 0) is at the

center-of-mass of the 1dsy structure and the x- and y-axes
are horizontal and vertical, respectively, in the viewing plane.
An imaginary phosphate plane is defined in this axis system
as the x-z plane which passes through the origin (0, 0, 0),
therefore the C2 domain begins partially imbedded in the
membrane interior. Subsequently, rotations about the x- and
z-axes, θx and θz, along with a y-axis translation, are
performed to optimize the docking angle and penetration with
respect to the imaginary phosphate plane, which remains
fixed during the transformations. Note that due to the planar
symmetry of the membrane, translations along the x- or z-axis
as well as rotations about the y-axis result in no change to
the docking geometry of the two models.

The final optimized transformations, which yielded the
best fits shown in Figure 5, can be carried out on the
PKCR C2 domain crystal structure (1dsy) to generate the
best-fit docking models in the absence and presence of
PIP2. All rotations are performed from the perspective of
an observer looking down the positive x- or z-axis toward
the origin. Specifically, to generate the docking model in
the absence of PIP2, the crystal structure (1dsy) was rotated
counterclockwise 260° (uncertainty ( 10°) about the
x-axis, then counterclockwise 37° (uncertainty ( 7°) about
the z-axis, followed by a translation of -7.7 Å (uncertainty
( 2.8 Å) along the y-axis to achieve a hyperbolic best-fit
with a correlation coefficient R ) 0.99. To generate the
model for C2 domain docking to membranes containing
PIP2, the crystal structure was rotated counterclockwise
226° (uncertainty ( 22°) about the x-axis, then counter-
clockwise 70° (uncertainty ( 3°) about the z-axis,
followed by a translation of -15.8 Å (uncertainty ( 2.3
Å) along the y-axis, yielding a hyperbolic best-fit with a
correlation coefficient of R ) 0.99. Finally, to produce
Figures 5 and 6 a rotation counterclockwise of 180° about
the y-axis was carried out to provide a clear view of the
PIP2-induced tilt.

RESULTS

Strategy. The goals of this study are to characterize the
membrane docking geometry of the PKCR C2 domain bound
to synthetic membranes that mimic the inner leaflet of the
plasma membrane, and to determine the effect of the target
lipid phosphatidylinositol-4,5-bisphosphate (PIP2) on docking
geometry. Previously, we have used fluorescence and spin-
label EPR methods to qualitatively probe the geometry and
depth of membrane penetration of the PKCR C2 domain
bound to synthetic bilayer membranes containing phosphati-
dylcholine (PC) and the target lipid phosphatidylserine (PS)
in a PC:PS mole ratio of 3:1 (37). However, in addition to
PC and PS, the native plasma membrane inner leaflet
possesses phosphatidylinositol-4,5-bisphosphate (PIP2) and
other lipids. PIP2, like PS, is a target lipid of the PKCR C2
domain and is essential for specific recruitment to the plasma
membrane (20, 22, 24). The present study thus employs a
physiological mixture of lipids closely mimicking the
composition of the plasma membrane inner leaflet (24) to
analyze the docking geometry of the PKCR C2 domain
bound to its native target membrane, and to test for PIP2-
induced changes in docking geometry.

In contrast to our previous spin-label EPR study which
scattered spin-label positions at a low density over the entire
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surface of the PKCR C2 domain (37), the present study
concentrates nearly all spin-labels within the membrane
docking surface. This approach yields a 2-fold higher density
of spin-label probes in the region relevant to geometry
measurements, and thereby significantly enhances the ac-
curacy of the final geometry determination. Altogether, 14
spin-labeling sites are analyzed in the present study, and spin-
labels at 10 of these sites are found to retain near-native,
Ca2+-dependent binding to membranes containing PS and
PIP2. EPR studies of the 10 functional spin-labeled proteins
reveal spectral changes upon membrane docking, and further
spectral changes are observed at certain spin-label positions
when PIP2 is included in the membranes. Similarly, EPR
membrane depth parameters reveal PIP2-induced depth
changes at certain positions. Together, the EPR data define
the different geometries of PKCR C2 domain docked to
membranes containing either one (PS) or both (PS and PIP2)
of its target lipids, thereby characterizing the two predomi-
nant physiological docking states of this C2 domain.

Site-Selection, Mutagenesis and Spin-Labeling of the
PKCR C2 Domain. To quantitate the membrane docking
geometry of the PKCR C2 domain we selected (i) 8 positions
for spin-labeling within the 3 loops that bind Ca2+ and PS,
(ii) 5 positions within the PIP2 binding site, and (iii) 1 control
position distal from the membrane docking face. Figure 1
summarizes the locations of the 14 selected positions in the
known PKCR C2 domain crystal structure (16). Each selected
position was mutated to cysteine using site-directed mu-
tagenesis, yielding a unique labeling site since the PKCR
C2 domain contains no intrinsic cysteines. To generate the
purified, spin-labeled proteins each mutant was expressed
as a His-tag fusion in E. coli and affinity purified on a Ni-
NTA column. The column-bound protein was labeled with
the methanethiolsulfonate spin-label (MTSSL), hereafter
designated R1, and was then eluted from the column by
cleavage of the His-tag with thrombin. The thrombin protease
was affinity extracted from the eluted samples, and each
concentrated, R1-labeled mutant was found to be >95% pure

by SDS-PAGE. To test the function of these spin-labeled
variants a protein-to-membrane FRET assay was employed
to analyze Ca2+-dependent membrane docking.

Effect of Spin-Labeling on Ca2+-, PS-, and PIP2-Dependent
Membrane Binding. In order to identify perturbed spin-
labeled variants possessing defects that could perturb the
structure of their membrane-docked states, the membrane
binding of each variant was tested under conditions designed
to detect even minor losses of target lipid specificity or
affinity. We have previously shown that at micromolar Ca2+

concentrations the PKCR C2 domain requires both PS and
PIP2 for high affinity membrane docking, while at millimolar
Ca2+ PS alone is sufficient (24). Thus, to quantitate the
membrane docking of the spin-labeled domains under
conditions that required simultaneous recognition of Ca2+,
PS and PIP2, a protein-to-membrane FRET assay (38, 39)
was developed using Ca2+ concentrations ranging from 10
µM to 1 mM. The assay employed a mixture of lipids
designed to mimic the lipid composition of the plasma
membrane inner leaflet, containing the following compo-
nents: phosphatidylethanolamine (PE), phosphatidylcholine
(PC), phosphatidylserine (PS), phosphatidylinositol (PI),
sphingomeylin (SM), and cholesterol (CH) (Table 1). Two
parallel stocks of these membranes, designated PM(-)PIP2

and PM(+)PIP2 were generated, both of which contained
equal, physiological levels of the target lipid PS (21 mol
%), while either lacking or containing the physiological level
of PIP2 (0 or 2 mol %) (24, 50). Addition of PIP2 was
matched by a corresponding decrease in PE (29.5 to 27.5
mol %), so that all other lipid mole fractions remained
constant. All membranes contained 5 mol % dansyl-phos-
phatidylethanolamine (dansyl-PE) to serve as a FRET
acceptor. Previous studies have shown that changes in the
PE mole ratio of the magnitude employed here, and the
inclusion of 5 mol % dansyl-PE in the lipid mixtures, have
no detectable effect on the membrane docking of C2
domains (17, 24, 38, 39, 41). The resulting membranes were

Table 1: Lipid Composition of Plasma Membrane-Mimicking
Membranesa

mol %

lipid abbreviation PM(-)PIP2 PM(+)PIP2

1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphatidylethanolamine

PE 29.5 27.5

1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphatidylcholine

PC 10.5 10.5

1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphatidylserine

PS 21 21

L-R-phosphatidylinositol PI 4.5 4.5
sphingomyelin SM 4.5 4.5
cholesterol CH 25 25
L-R-phosphatidylinositol-

4,5-bisphosphate
PIP2 2

1,2-dihexadecanoyl-sn-
glycero-3-dansyl-
phosphatidylethanolamine

dPE 5 5

a The indicated lipid compositions are designed to mimic the plasma
membrane inner leaflet (24), either lacking or containing the target lipid
PIP2. Estimates of total PIP2 in the plasma membrane inner leaflet range
from 2 (24, 50) to over 5 (51) mol %. However, the free PIP2 available
for PKCR C2 domain binding will be lower due to the presence of other
PIP2 binding proteins (12). Thus, we employed 2 mol % of PIP2 to
approximate the level of free PIP2 under cellular conditions. For EPR
measurements, the FRET acceptor dPE was replaced with the same
mole percentage of PE.

FIGURE 1: The PKCR C2 domain and positions chosen for spin-
labeling. Shown is the secondary structure of the PKCR C2 domain
(crystallographic coordinates 1dsy (16)) generated in Pymol (DeL-
ano Scientific LLC). (A) Domain topology, illustrating the qualita-
tive docking model defined by a previous study (37). The membrane
docking face, which is the focus of the present study, includes the
Ca2+- and PS-binding loops (CMBLs 1, 2, and 3) and the PIP2
binding site (the blue, 4-lysine cluster) located on the �3-�4 hairpin.
The 2 bound Ca2+ ions are shown in yellow. (B) Sites selected for
spin-labeling. The high density of probe positions on the membrane
docking face allows for optimal EPR analysis of the docking
geometry. Positions where spin-labeling caused serious loss of
function, which were excluded from EPR studies, are shown in
gray, leaving 10 positions shown in black for EPR analysis.
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used in protein-to-membrane FRET measurements by moni-
toring FRET from 3 intrinsic, donor tryptophans in the C2
domain to the acceptor dansyl-PE-containing membranes,
which yields sensitive, specific detection of membrane
docking (38, 39). Table 1 presents the lipid mole ratios of
both the PM(-)PIP2 and PM(+)PIP2 membranes.

Figure 2 summarizes the results of these binding studies.
Figure 2A analyzes the ability of each modified PKCR C2
domain to recognize and bind PIP2 as a target lipid. The
data indicate that wild type, unmodified C2 domain exhibits

a 4-fold increase in membrane binding when the lipid mixture
contains PIP2 at 10 µM Ca2+, corresponding to a 20-fold
affinity enhancement, in excellent agreement with the 21-
fold value measured previously (24). In the present study,
spin-labeled mutant domains are operationally defined as
possessing a nativelike PIP2 interaction if inclusion of PIP2

generates at least a 2-fold increase in membrane binding at
10 µM Ca2+. Figure 2B compares the total membrane binding
of wild type and mutant domains under conditions requiring
simultaneous recognition of Ca2+, PS and PIP2 for normal

FIGURE 2: Effect of spin-labeling on Ca2+-dependent membrane binding. (A) Protein-to-membrane FRET assay to measure the PIP2 sensitivity
of membrane binding at three different Ca2+ concentrations (10, 100, and 1000 µM), carried out as described in Materials and Methods
using sonicated unilamellar vesicles (SUVs) composed of physiological lipid mixtures containing PS, and either lacking or containing PIP2.
Data for each spin-labeled domain are normalized to the protein-to-membrane FRET value obtained for membranes containing PIP2 in the
presence of 1000 µM Ca2+. (B) Total binding of spin-labeled domains to physiological membranes containing PS and PIP2 in the presence
of 10 µM Ca2+, relative to the binding observed for the wild type C2 domain. Experimental conditions for (A) and (B): 0.2 µM protein and
200 µM total lipid in 25 mM HEPES, 140 mM KCl, 15 mM NaCl, 0.5 mM MgCl2, 0.15 mM EDTA (as a Ca2+ buffer), pH 7.4, 25 °C.
Sufficient Ca2+ was added to generate the indicated free Ca2+ concentrations. Table 1 summarizes the lipid compositions of the membranes
used in these experiments, which are designed to mimic the composition of the plasma membrane inner leaflet, either lacking or containing
the native level of PIP2.
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docking. Here, spin-labeled mutant domains are operationally
defined as possessing nativelike total membrane binding if they
exhibit no more than a 30% change in membrane binding
relative to the wild type domain under these conditions.

Of the 14 spin-labeled C2 domains, 10 exhibit native, or
near-native, PIP2-sensitivities and total membrane binding
levels (Figure 2). These 10 functional variants yield at least
a 2-fold increase in membrane binding when PIP2 is included
in the lipid mixture, and also display total membrane binding
differing no more than 30% from the wild type value under
conditions requiring simultaneous binding of Ca2+, PS and
PIP2. The remaining 4 perturbed variants exhibit larger
deviations from native function: (i) N253R1 located in Ca2+-
and PS-binding loop 3 almost completely eliminates mem-
brane docking, presumably due to loss of essential PS
interactions; (ii) K211R1 in the PIP2 binding site reduces
total membrane binding by 60% and significantly inhibits
PIP2 recognition; (iii) T251R1 in Ca2+- and PS-binding loop
3 reduces membrane binding by 40% but retains normal PIP2

recognition, suggesting a modest effect on PS affinity; and
(iv) E207R1 in the PIP2 binding site significantly perturbs
PIP2 recognition but retains near normal membrane binding,
suggesting that neutralization of the native E207 side chain
may counteract the free energy cost of reduced PIP2 binding.
Interestingly, in contrast to the perturbing effects of K211R1,
modifications of 2 other lysines in the PIP2 binding site, K197R1
or K199R1, retain near-native PIP2 recognition. This observation
is consistent with previous work demonstrating that K209 and
K211 are more critical for specific PIP2 binding than K197 and
K199 (22). Thus, the cluster of 4 lysines believed to directly
contact PIP2 is robust toward substitution at certain positions,
and 3 lysines can be sufficient for PIP2 recognition as long as
these include K209 and K211.

The 4 spin-label modifications operationally identified as
perturbing were not employed further in the present study,
despite the fact that these 4 variants retain high levels of
membrane docking under EPR conditions, where elevated
concentrations of Ca2+, membrane and C2 domain strongly
drive the equilibrium toward the membrane-docked state. The
membrane binding assays (Figure 2) reveal that, for each of
these 4 variants, one of the two lipid binding sites is seriously
damaged. Even when the remaining native lipid binding site
is sufficient for membrane docking under EPR conditions,
the structure of the membrane docked state is likely to be
perturbed by the damaged lipid binding site. Thus, subse-
quent EPR studies focused on the 10 functional spin-labeled
proteins. Figure 1B illustrates the locations of these functional
spin-labels in 3 regions: (i) the Ca2+ and membrane binding
loops (I184R1, M186R1, G190R1, T214R1, L219R1, and
R249R1); (ii) the PIP2 binding site (K197R1, K199R1, and
N206R1); and (iii) a distal, control region not involved in
membrane docking (S272R1). Some of these 10 functional
spin-labeled mutants exhibit minor perturbations (Figure 2),
but they all retain either native or near-native binding sites
for Ca2+, PS and PIP2, and they all dock to membranes under
conditions where docking requires simultaneous binding of
target lipids at both lipid binding sites. Such dual target lipid
binding at 2 distinct lipid binding sites is a defining feature
of the native C2 domain, thus the 10 functional variants likely
retain a native or near-native membrane docking geometry
suitable for EPR analysis. Moreover, these 10 variants ensure
a sufficient number of final EPR distance constraints to
accurately define the docking geometry.

Effects of Membrane Docking and PIP2 on EPR Spectra.
We next examined the effects of physiological membrane
docking on the EPR spectra of spin-labeled PKCR C2

FIGURE 3: Effects of membrane docking on the EPR spectra of spin-
labeled C2 domains. (A) EPR spectra for the 10 functional spin-
labeled mutants acquired in the presence of Ca2+ either without
membranes (black line) or with physiological membranes containing
PS but lacking PIP2 (gray line). (B) EPR spectra for the same spin-
label mutants in the presence of Ca2+ and physiological membranes
containing PS and either lacking (black line) or containing PIP2
(gray line). (C) EPR spectra for G190R1 and N206R1 in the
presence of Ca2+ either without membranes (black line) or with
membranes lacking both PS and PIP2 (gray line), showing that
membrane docking is specific and does not occur in the absence
of both target lipids. Spectra were acquired at 23 °C, and samples
contained 10-200 µM protein, 1 mM Ca2+, and 0 or 40 mM total
lipid as SUVs in 25 mM HEPES, 140 mM KCl, 15 mM NaCl, 0.5
mM MgCl2, pH 7.4. For (A) and (B), membrane composition as in
Table 1; for (C), membrane composition as in Table 1 except that
both PS and PIP2 are replaced with PE.

PKCR C2 Domain-Membrane Docking Geometry Biochemistry, Vol. 47, No. 32, 2008 8307



domains, both for membranes lacking and containing PIP2.
The resulting spectral changes help identify the spin-label
positions that interact most strongly, on a qualitative level,
with the membrane. To carry out this analysis, EPR spectra
were acquired for each of the 10 functional spin-labeled C2
domains in three states: (i) Ca2+-occupied, (ii) Ca2+-occupied
and bound to membranes containing PS, but lacking PIP2,
and (iii) Ca2+-occupied and bound to membranes containing
both PS and PIP2. EPR measurements were carried out using
protein and lipid concentrations that yielded docking of
nearly all proteins to the membrane, with an average distance
of 80 Å or more between membrane-docked C2 domains,
thereby ensuring negligible spin-spin broadening. Thus, all
line broadenings triggered by membrane docking can be
attributed to protein-membrane interactions.

Figure 3A shows that, upon docking to membranes
containing PS but lacking PIP2, the majority of spin-labels
exhibit increased spectral line width, or line broadening,
characteristic of a loss of spin-label mobility. Such line
broadenings are typically observed for spin-labeled lipid
bindingproteins thatassociatewithmembranes (30–32,34,35).
Any spin-label coupled to the protein may exhibit line
broadening upon membrane docking due to loss of global
protein tumbling, but line broadenings are typically largest
for spin-label side chains that directly contact the bilayer
(30–32, 34). Such membrane contacts can impose steric
constraints and environmental changes on the spin-label side
chain, arising from (i) bound or immobilized lipids in contact
with the protein, or (ii) a change in solvent environment,
which in some cases can drive the spin-label side chain to
associate more strongly with the protein surface. Here, the
largest membrane-induced line broadenings are observed for
5 positions on the Ca2+- and membrane-binding loops
(I184R1, M186R1, G190R1, L219R1, and R249R1), and for
1 position (N206R1) located at the tip of the �3-�4 loop in
the PIP2 binding pocket. The observed line broadenings are
consistent with previous fluorescence and EPR evidence that
the CMBLs directly contact the membrane bilayer (37), and
also suggest a direct interaction between the �3-�4 loop and
the membrane, even in the absence of PIP2. By contrast,
residues K197R1, K199R1 and S272R1 display reproducible
but small spectral changes upon membrane docking, sug-
gesting that these spectral changes are due to loss of global
protein tumbling rather than direct membrane contacts.
K197R1 and K199R1 are located at the bottom of the
concave PIP2 binding pocket, where their interaction with
the membrane may well be weak relative to N206R1 located
on the rim of the binding pocket (Figure 1). Similarly, residue
S272R1 is located on the opposite side of the C2 domain
where it has no opportunity to contact the membrane in the
membrane-docked state.

Figure 3B compares pairs of spectra for C2 domains
docked to membranes containing PS, and either lacking or
containing PIP2. Quantitative difference spectra (not shown),
as well as visual inspection of the spectral pairs, reveal that
the PIP2-triggered spectral changes are largest for a subset
of 4 probes: G190R1, K197R1, N206R1, and R249R1. These
4 PIP2-triggered spectral changes are fully reproducible, but
are smaller in magnitude than those observed for the binding
of free domain to membrane (Figure 3A). The smaller
magnitudes of the PIP2-induced spectral changes support the
idea that, once the C2 domain is docked to the membrane,

the binding of PIP2 to the membrane-docked protein triggers
only small changes in local spin-label mobility or environ-
ment at a subset of spin-label positions.

Overall, the spectral changes observed upon docking to
physiological membranes lacking or containing PIP2 (Figures
3A,B) arise from the specific binding of the C2 domain to
one or both of its membrane-associated target lipids. No
membrane binding, nor spectral changes, are observed when
the membranes lack both PS and PIP2, as illustrated in Figure
3C for representative spin-labeled proteins. When the C2
domain is docked to membranes containing the target lipid
PS, the binding of the target lipid PIP2 alters the structure
of the protein-membrane complex, thereby triggering spec-
tral changes at 4 spin-label positions scattered across the
entire membrane docking face. The fact that these spectral
changes are delocalized, rather than being localized in the
PIP2 binding site, suggests that PIP2 binding to the membrane-
docked C2 domain may trigger a global change in membrane
docking geometry.

Effects of Membrane Docking and PIP2 on Membrane
Depth Parameters. Continuous-wave EPR power saturation
was used to measure membrane depth parameters for spin-
labeled C2 domains bound to physiological membranes
lacking and containing PIP2. This method measures the
accessibility of the R1 label to localized paramagnetic
relaxing agents that partition preferentially into the membrane
hydrocarbon and aqueous phases (27–33). Collisions with
paramagnetic agents enhance spin-label relaxation rates, and
thus can be detected as an increase in the power necessary
to saturate the EPR signal. To measure the depth parameter,
EPR power saturation measurements were carried out for
each spin-labeled protein bound to membranes in 3 otherwise
identical samples: (i) containing ambient dissolved levels of
the paramagnetic species O2, (ii) purged with N2 to remove
O2, but containing the added paramagnetic Ni2+ complex
NiEDDA, and (iii) purged with N2 to remove O2, and lacking
any added paramagnetic agents. For each condition, the
measured half-saturation power and line width was used to
calculate an accessibility parameter directly proportional to
the collision rate with O2 or NiEDDA, yielding Π(O2) or
Π(NiEDDA), respectively (see Materials and Methods, eq
2). Since apolar O2 preferentially partitions into the hydro-
phobic membrane interior, while the zwitterionic NiEDDA
complex remains largely in polar regions, spin-labels exposed
to the membrane and aqueous environments exhibit high O2

and NiEDDA accessibility parameters, respectively. The
depth parameter Φ is defined by the ratio of the O2 and
NiEDDA accessibilities {Φ ) ln [Π(O2)/Π(NiEDDA)]} (see
Materials and Methods, eq 3). Positive depth parameter
values indicate membrane burial with high O2 accessibility,
and negative values indicate aqueous exposure with high
NiEDDA accessibility.

Figure 4 shows the relationship between the measured
accessibility parameters (Π(O2), Π(NiEDDA)) and the depth
parameter (Φ) for PKCR C2 domain docked to membranes
lacking and containing PIP2. For both types of membrane,
the O2 accessibility is relatively constant, while the NiEDDA
accessibility varies over at least a 5-fold larger range and is
thus primarily responsible for defining the range of the depth
parameter. The observed magnitudes and dynamic ranges
of the accessibility parameters suggest that the spin-labels
are located primarily in the headgroup and aqueous regions
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of the membrane, both in the absence and presence of PIP2,
and are not located in the hydrophobic membrane interior

where higher O2 accessibility parameters are typically
observed (30–32, 34).

Table 2 summarizes the depth parameters measured for
the 10 functional spin-label positions when PKCR C2 domain
is docked to physiological membranes containing PS but
lacking PIP2. One spin-label on CMBL3 (R249R1) exhibits
a depth parameter of +0.9 ( 0.2, which is the deepest
penetration detected in this state. Three probes on CMBL1
(I184R1, M186R1, and G190R1), two on CMBL2 (T214R1
andT219R1), and twoon the�3-�4hairpin (K197R1,N206R1)
exhibit depth parameters in the range -0.5 to -1.4,
indicating that these positions are also located in or near the
headgroup region. The negative control position S272R1
exhibits a depth parameter of -1.8 ( 0.1, consistent with
its fully solvent-exposed location on the C2 domain surface
opposite the membrane docking surface. Interestingly, K197R1
in the PIP2 binding site is relatively well protected from
NiEDDA collisions [Π(NiEDDA) is 4-fold smaller at this
position than at the solvent exposed S272R1 position], but
is highly mobile as indicated by its sharp spectrum (Figure
3). This apparent discrepancy can be rationalized by con-
sidering the location of K197R1 at the bottom of the concave
PIP2 binding cavity (Figure 1): when this cavity is docked
to the membrane, the side chains on the rim could contact
the membrane directly and block entry of NiEDDA into the
cavity, while the side chains in the cavity could be shielded
from NiEDDA even though they retain their intrinsic
mobilities and are unable to reach the membrane surface.

Table 2 also compares the depth parameters measured for
C2 domains docked to two different variants of the physi-
ological lipid mixture: (i) containing only one target lipid
(PS), or (ii) containing both target lipids (PS and PIP2). This
comparison reveals that PIP2 triggers a change in the docking
geometry. Four positions exhibit reproducible, PIP2-induced
depth parameter changes as determined by independent,
triplicate measurements on different days. The largest change
is observed for G190R1 on CMBL1, which shifts from a
depth parameter of -1.0 ( 0.2 to +0.2 ( 0.2. This shift
indicates that PIP2 binding triggers deeper penetration of

FIGURE 4: Relationship between EPR accessibility and depth parameters. Shown are the NiEDDA and O2 accessibility parameters (Π(NiEDDA)
closed circles, Π(O2) open circles), each plotted against the depth parameter (Φ), where all parameters were measured as described in
Materials and Methods and Results. The plots reveal the larger dynamic range of the NiEDDA accessibility relative to O2 accessibility,
indicating that the depth parameter is defined largely by the NiEDDA collision rate. As a control, NiEDDA accessibility parameters were
also measured in the absence of membranes (open squares) for positions N206R1, R249R1, and S272R1. For N206R1 and R249R1 on the
membrane docking face, the Π(NiEDDA) values are significantly higher in the absence of membranes, indicating that membrane docking
greatly slows the NiEDDA collision rate with these spin-labels. For S272R1 located distal to the membrane docking face, the presence of
membranes has no significant effect on the Π(NiEDDA) value, as expected. Error bars are propagated from nonlinear least-squares best fits
of power saturation data (n g 15 power settings; see eqs 2, 3), except for G190R1, K197R1, N206R1, and R249R1, for which the error bars
are standard deviations of triplicate experiments (n g 15 power settings for each of the triplicate experiments). EPR and sample parameters
as in Figure 3A,B legend.

Table 2: Depth parameter measurements for spin-labeled PKCR C2
domains bound to physiological membranes lacking or containing PIP2

spin-label position membranes Φ ∆Φ

I184R1 PM(-)PIP2 -1.3 ( 0.1 -0.1
(CBL1) PM(+)PIP2 -1.4 ( 0.1

M186R1 PM(-)PIP2 -1.4 ( 0.2 +0.3
(CBL1) PM(+)PIP2 -1.1 ( 0.2

G190R1a PM(-)PIP2 -1.0 ( 0.1 +1.2
(CBL1) PM(+)PIP2 0.2 ( 0.2

K197R1a PM(-)PIP2 -0.6 ( 0.4 -0.6
(�3 strand) PM(+)PIP2 -1.2 ( 0.1

K199R1 PM(-)PIP2 -1.6 ( 0.3 -0.2
(�3 strand) PM(+)PIP2 -1.8 ( 0.2

N206R1a PM(-)PIP2 -1.2 ( 0.1 -0.4
(3/4 loop) PM(+)PIP2 -1.6 ( 0.1

T214R1 PM(-)PIP2 -1.3 ( 0.2 0.0
(CBL2) PM(+)PIP2 -1.3 ( 0.2

L219R1 PM(-)PIP2 -1.2 ( 0.1 -0.3
(CBL2) PM(+)PIP2 -1.5 ( 0.2

R249R1a PM(-)PIP2 0.9 ( 0.2 +0.4
(CBL3) PM(+)PIP2 1.3 ( 0.1

S272R1 PM(-)PIP2 -1.8 ( 0.1 0.0
(�8 strand) PM(+)PIP2 -1.8 ( 0.1

Depth parameters were determined by EPR power saturation as
described in Materials and Methods (eqs 1–3). Each sample contained
10-200 µM spin-labeled protein in 25 mM HEPES, 140 mM KCl, 15
mM NaCl, 0.5 mM MgCl2, 1 mM Ca2+, and 40 mM total lipid in the
form of sonicated unilamellar vesicles; lipid composition as indicated in
Table 1. Except where otherwise indicated, errors are propagated from
the errors of the accessibility parameters (Π(NiEDDA) and Π(O2)) used
to calculate the depth parameter (eqs 2, 3), where n g 15 power settings
were used for each accessibility parameter measurement. a For the
indicated spin-label positions exhibiting the largest depth parameter
changes, reproducibility was tested by measuring depth parameters in
triplicate on different days. All were fully reproducible, and the
indicated errors are standard deviations.
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CMBL1 into the headgroup region, bringing the spin-label
closer to the hydrocarbon interior. Similarly, R249R1 on
CMBL3 shifts from +0.9 ( 0.2 to +1.3 ( 0.1, indicating a
displacement toward the hydrocarbon interior. In contrast,
positions K197R1 and N206R1 on the �3-�4 hairpin shift
from -0.6 ( 0.4 to -1.2 ( 0.1, and from -1.2 ( 0.1 to
-1.6 ( 0.1, respectively, suggesting that the PIP2 binding
pocket moves further from the membrane surface upon PIP2

binding. Although the magnitudes of these 4 depth parameter
changes exhibit moderate scatter, the results of the indepen-
dent, triplicate measurements indicate that the signs of the 4
changes never vary. Thus, PIP2 always shifts the depth
parameters of the two CMBL spin-labels to become more
positive, and those of the two �3-�4 hairpin spin-labels to
become more negative. Moreover, the depth parameter
changes observed at these 4 positions are reproducibly larger
in magnitude than those observed at other positions (Table
2), and the same 4 spin-labels also exhibit the largest PIP2-
induced spectral changes (Figure 3B). It follows that these
4 spin-label positions are most sensitive to the PIP2-induced
change in docking geometry. By contrast, the smaller depth
parameter changes observed at the other 6 spin-label positions
are within the range of experimental error.

Overall, the reproducible depth parameter changes ob-
served at the 4 most sensitive spin-label positions strongly
suggest that PIP2 binding drives 2 spin-labels on CMBLs 1
and 3 more deeply into the membrane, while 2 spin-labels
in the PIP2 binding pocket move away from the membrane
surface into solution. Qualitatively, the simplest model that
explains these findings is a rigid body rotation of the C2
domain, which changes the angle of the domain long axis
relative to the membrane surface.

Modeling the Membrane Docking Geometry, Including the
Effect of PIP2 Binding. In order to generate a structural model
of the PKCR C2 domain docked to the surface of a
physiological membrane, and the effect of PIP2 binding on
the docking geometry, we employed a previously described
procedure that has been successfully applied to other
membrane-bound C2 domains (31–35). The method begins
by generating a set of calibration points which relate
measured EPR depth parameters to known distances of
penetration in the membrane. Subsequently, these calibration
points, plus the known structure of the protein, are used to
develop a self-consistent model that positions the protein in
the membrane to optimize the agreement between the
experimental depth parameters of individual spin-labels and
the modeled locations of these spin-labels in the membrane.

To generate calibration points, we utilized EPR depth
parameters measured for 4 spin-labeled lipids as previously
described (32). Additionally, we used depth parameters
measured for 2 spin-labeled mutants (M38R1 and L39R1)
of the cytosolic phospholipase A2 (cPLA2) C2 domain bound
to physiological membranes containing PIP2. When depth
parameters were measured both in simple 3:1 PC:PS
membranes and physiological membranes, their values were
the same, within error, indicating that, to a first approxima-
tion, the depth parameter is independent of membrane lipid
composition. For each of the 6 spin-labeled lipids and
proteins, the distance that the spin-label penetrates into the
membrane is known (27, 32, 36), thus providing a set of 6
calibration points directly relating the EPR depth parameter
to membrane penetration distances.

To prepare the known crystal structure coordinates of the
PKCR C2 domain (1dsy (16),) for analysis of membrane
docking geometry, we substituted cysteine residues at the
10 functional positions and appended the R1 spin-label via
a disulfide linkage. Typically, the MTSSL side chain
employed herein adopts a stable conformation hydrogen
bonded to the protein backbone, as observed in crystal
structures (40). Thus, the side chain conformation of each
spin-label was adjusted to the preferred (g+, g+) configuration
of +300°, +300° about the first two dihedral angles (40),
which yielded sterically acceptable conformations for 7 of
the 10 spin-label positions. The remaining 3 positions
(T214R1, L219R1 and R249R1) exhibited steric clashes for
the (g+, g+) configuration, and thus their geometry was
further modified by rotations about the CR-C� and C�-Sγ
bonds of the side chains to minimize clashes (see Materials
and Methods). The final conformations for T214R1, L219R1
and R249R1 were (g+, t), (g+, t), and (t, g+), respectively.

Finally, a self-consistent, best-fit model was developed for
the membrane docking geometry using the available con-
straints. These included (i) the measured depth parameters
and known penetration distances of the spin-labeled lipids
and cPLA2 C2 domain positions, (ii) the three-dimensional
coordinates of the crystal structure modified as described
above with the 10 spin-labeled side chains, and (iii) the
measured depth parameters of the 10 spin-labeled PKCR C2
domains. The model was based on an established hyperbolic
relationship between the depth parameter and the distance
from the center of the membrane bilayer (33). Standard
mathematical modeling software, Igor Pro (wavemetrics),
was used to translate and tilt the C2 domain structure relative
to the membrane, while optimizing the fit of the protein and
lipid constraints to the hyperbolic function. Only one of the
10 spin-label positions, K197R1, failed to yield good
agreement with the best-fit hyperbola, suggesting that its
modeled side chain conformation might be incorrect. Thus,
during subsequent optimization, the conformation of K197R1
was changed from (g+, g+) to (t, t), yielding improved
agreement with the best-fit hyperbola. Figure 5A,B presents
the final best-fit distributions of measured depth parameters
as a function of membrane penetration distances, for
membranes containing PS while lacking or containing PIP2,
respectively. In these plots, the penetration distance is
operationally defined as the distance from a given spin-label
nitrogen to the membrane plane containing the highest
density of headgroup backbone phosphates (42). Notably,
the best-fit data agree quite well with the standard hyperbolic
relationship between the depth parameter and membrane
penetration distance (Figure 5A,B; eqs 4, 5).

Figure 5C,D presents the two resulting optimized docking
geometries for membranes lacking and containing PIP2, while
Figure 5E tests the agreement between these docking
geometries and the measured depth parameter changes. In
both geometries (Figure 5C,D), the color-scaled depth
parameters range smoothly from reddish positions (extreme
positive values) penetrating most deeply into the membrane
to bluish positions (extreme negative values) exposed most
highly to aqueous solvent, emphasizing the excellent fit
between the measured depth parameters and the spatial
locations of spin-label side chains. When the measured PIP2-
induced depth parameter changes are plotted against the
predicted depth parameter changes back-calculated from the
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two docking geometries, in principle the result should yield
a straight line of slope of 1 passing through the origin.
Indeed, Figure 5E shows that the result is linear (R ) 0.90),
exhibiting a slope of 0.9 ( 0.2 and a y-intercept of 0.0 (
0.1, indicating excellent agreement between (i) the PIP2-
induced geometry change defined by the two docking models
and (ii) the experimental, PIP2-induced depth parameter
changes.

Figure 6 analyzes these two docking models in more detail
by inserting the two best-fit docking geometries into a
modeled lipid bilayer. Examination of the two docking
geometries indicates that PIP2 has little or no effect on the

overall membrane penetration depth of the C2 domain: in
the model lacking PIP2 the two bound Ca2+ ions are located
at depths -3 ( 3 Å and -5 ( 3 Å, respectively, from the
phosphate plane while the presence of PIP2 shifts the Ca2+

ions to 0 ( 2 Å and -2 ( 2 Å, respectively. Thus any effect
of PIP2 on the depth of the Ca2+ ions is smaller than the
experimental uncertainty ((3 Å). The uncertainty here is
greater than previously observed ((1 Å) in an analogous
EPR study of the membrane-docked C2 domain of cytosolic
phospholipase C2 (cPLA2), due to the fact that the relatively
shallow penetration of the PKCR C2 domain into the
headgroup region yielded only 1 positive depth parameter

FIGURE 5: Use of EPR depth parameters to determine membrane docking geometries in the absence and presence of target lipid PIP2. (A,
B) Modeling analysis of the PKCR C2 domain docked to physiological membranes containing PS, and either lacking or containing PIP2,
was carried out as described in the text. The analysis utilized constraints provided by (i) experimental depth parameters for the functional
spin-labels on the C2 domain (filled circles), and for calibration lipids (open squares) and proteins (open triangles for 3:1 PC:PS membranes,
and open circles for PM(+)PIP2 membranes), (ii) the known crystal structure of the PKCR C2 domain (16), and (iii) the known hyperbolic
dependence of the depth parameter on the location of the spin-label in the bilayer (33). Shown are the two final best-fit models for C2
domain docking to membranes (A) lacking and (B) containing PIP2, each illustrating the excellent fit between measured spin-label depth
parameters and the theoretical hyperbolic relationship (solid curve, eqs 4, 5). (C, D) Depicted is the C2 domain crystal structure (1dsy) (16)
modified with the 10 functional spin-labels as described in the text, illustrating the two docking geometries defined by the above best-fit
models. Comparison of these two geometries for C2 domain docked to physiological membranes containing PS and either (C) lacking or
(D) containing PIP2 reveals that the PIP2-induced geometry change is best described as a rigid body rotation of the C2 domain long axis
toward the membrane normal. Shown also are the bilayer phosphate plane (dashed line), the bound Ca2+ ions (yellow spheres) and the side
chain nitrogen of each spin-label (colorized sphere, where colors are scaled from red for positive, membrane-associated depth parameters
to blue for negative, aqueous depth parameters). Images were rendered in Pymol (DeLano Scientific LLC). (E) Testing the best-fit, PIP2-
induced geometry change for self-consistency by plotting the depth parameter changes predicted by the two best-fit models against the
measured depth parameter changes (Table 2). The data are highly linear, exhibiting a unitary slope (0.9 ( 0.2) and passing through the
origin (0.0 ( 0.1), indicating near perfect agreement between the modeled geometry change and the experimental depth parameters. To
examine the reproducibility of the experimental depth parameters, the 4 key spin-label positions exhibiting the largest PIP2 effects (G190R1,
K197R1, N206R1, R249R1) were subjected to three different measurements on different days. For these positions, the error bars indicate
the resulting standard deviations, demonstrating that the depth parameters are sufficiently reproducible to accurately define the PIP2-induced
geometry change. EPR and sample parameters as in the Figure 3A,B legend.
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on its docking face, while the considerably deeper penetration
of the cPLA2 C2 domain into the hydrocarbon core yielded
positive depth parameters at 9 probe positions. Such positive
depth parameters significantly enhance the precision of
penetration distances, due to the strong dependence of depth
parameter on distance in this limit (see Figure 5A,B).
Notably, both of the PKCR C2 domain docking models
(Figure 6) place the two Ca2+ ions near the phosphate plane
of the bilayer, as previously observed for the two Ca2+ ions
of membrane-docked cPLA2 C2 domain. The proximity of
the Ca2+ ions to the anionic phosphate plane makes good
sense in a simple electrostatic picture of protein-membrane
interaction.

The major effect of PIP2 on the docking geometry of the
PKCR C2 domain is to change the docking angle of the
domain relative to the bilayer plane. Specifically, in the
presence of PIP2, the �3-�4 hairpin defining the PIP2 binding
site (and thus the entire �-sandwich core of the domain)
adopts an angle more perpendicular to the membrane surface.
The pivot point for this rotation lies near the bound Ca2+

ions and is closest to the R-carbon of P194, such that CMBL1
penetrates more deeply into the headgroup region while the
PIP2 binding site moves away from the membrane surface.
In order to quantitate the membrane docking angle of the
C2 domain a vector, oriented nearly parallel to the domain
long axis, was defined from Ca2+ ion 501 to the R-carbon
of N206 on the �3-�4 hairpin. The binding of the C2 domain
to PIP2 causes a rigid body rotation, which causes the angle
between the defined vector and the membrane plane to
increase 40 ( 10°. The simplest interpretation of this rotation
is that, in both the absence and presence of PIP2, the Ca2+

ions are firmly coordinated to PS, thereby defining the pivot
point for domain rotations. Finally, Figure 6 includes
modeled PS and PIP2 headgroups to test whether the different
sizes of these target lipids are well-accommodated by the
two docking geometries. In the absence of PIP2, both the
CMBL and �3-�4 hairpin sites are adequately filled by

the small anionic headgroup of PS when the long axis of
the C2 domain is nearly parallel to the membrane surface
(Figure 6A). By contrast, the much larger PIP2 headgroup
(12) cannot be accommodated by its binding site in this
docking geometry; instead, the C2 domain must rotate the
lysine cluster away from the membrane surface to bind PIP2

(Figure 6B). The transformations required to generate both
docking geometries from the crystal structure coordinates
(1dsy) are detailed in Materials and Methods.

DISCUSSION

Use of EPR Site-Directed Spin-Labeling to Analyze
Membrane Docking Geometry: Assumptions. The present
study utilizes site-directed spin-labeling to probe the structure
of the protein-membrane complex formed by the docking
of PKCR C2 domain to a physiological lipid bilayer designed
to mimic the lipid composition of the plasma membrane inner
leaflet. In addition, the effect of PIP2 binding on the docking
geometry is examined. In general, the use of site-directed
spin-labeling to probe membrane docking geometry relies
on three key assumptions: (I) that the spin-labels utilized do
not significantly perturb the protein-membrane interaction,
(II) that the backbone structure of the protein does not change
significantly upon membrane docking, and (III) that the side
chain conformations of the spin-labels generally conform to
the most common geometry observed in crystal structures
(40).

In the present study, assumption I is satisfied because only
those spin-label positions which retain native or near-native
membrane binding are used in EPR studies. These functional
spin-label modifications, representing 70% of the spin-label
positions tested, retain functional binding sites for Ca2+, and
for the target lipids PS and PIP2. The fact that only 30% of
the spin-label positions tested yield major perturbations of
membrane binding is consistent with previous observations
that the protein-membrane interactions of peripheral proteins

FIGURE 6: Best-fit membrane docking geometries calculated for PKCR C2 domain in the absence and presence of target lipid PIP2. Shown
are models of the two best-fit C2 domain geometries embedded in a model lipid bilayer lacking (A) or containing (B) PIP2. In both models,
the two Ca2+ ions (yellow spheres) bound to the CMBLs are directly contacting a PS headgroup (red spheres) in the phosphate plane
(dashed line; phosphate atoms are orange spheres, and the carbonyl oxygens are black spheres). Shown also are the lysine cluster (K197,
K199, K209, K211) and a fifth lysine (K205) on the �3-�4 hairpin (blue spheres with dark blue terminal nitrogen). (A) In the absence of
PIP2, the lysine cluster K197, K199, K209, and K211 binds a PS headgroup (21, 22, 41) and the fifth lysine K205 contacts the membrane
surface. (B) In the presence of PIP2, the larger PIP2 headgroup (green spheres) replaces PS in the PIP2 binding site, causing the long axis
of the domain to tilt 40 ( 10° away from the membrane surface (see text) and altering the contacts between the �3-�4 hairpin and the
membrane. Images generated in Pymol (DeLano Scientific LLC) using the PKCR-C2 domain crystal structure (1dsy (16),), a simulated
POPC bilayer (popc128a (45)), and a PIP2 headgroup from the PLCδ1-PH domain crystal structure (1mai (46)).
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are plastic and robust, such that EPR spin-labels can be
introduced at most docking surface positions with little or
no loss of function (31, 32, 34, 35).

The present evidence strongly indicates that assumptions
II and III are also satisfied, since the crystallographic
backbone structure of PKCR C2 domain incorporating the
standard (g+, g+) geometry of the spin-labels at the majority
of sites, coupled with the EPR data, together yield self-
consistent structural models for the protein docked to 2
different types of membrane. In particular, the backbone
structure provided by crystallographic analysis of the isolated,
Ca2+-occupied C2 domain provides an excellent fit of the
experimental EPR depth parameters to the known hyperbolic
relationship between depth parameter and distance of pen-
etration into the membrane: no changes to the crystal
structure backbone are needed to optimize this hyperbolic
fit, either in the absence or presence of PIP2. The simplest
interpretation of these findings is that the Ca2+-occupied C2
domain possesses a relatively rigid backbone structure,
especially in the two regions that directly contact membrane:
the Ca2+- and membrane-binding loops (CMBLs), and the
PIP2 binding site. The rigidity of the CMBLs is provided by
the two bound Ca2+ ions which form multiple coordination
bonds to each CMBL (16), thereby generating a noncovalent
but strong, multivalent framework stabilizing CMBL struc-
ture. Such Ca2+-generated structural stability has also been
observed for the CMBLs of the cPLA2 C2 domain (32, 43).
By contrast, the backbone rigidity of the PIP2 binding site
is proposed to arise from its location on the �3-�4 hairpin,
which is part of the rigid �-sandwich that forms the core of
this and other C2 domains (3). Finally, both of the self-
consistent structural models described herein employed the
(g+, g+) side chain geometry at most spin-label positions,
as in prior self-consistent structural models generated by spin-
label EPR studies (30–32, 34, 35). Thus, the present findings
are consistent with the current view that the (g+, g+)
geometry is the most prevalent conformation of the MTSSL
side chain (40).

PKCR C2 Domain Possesses Two Distinct Target Lipid
Binding Sites. Recently it has been demonstrated that PKCR
C2 domain requires interactions with two target phospho-
lipids, PS and PIP2, in order to dock to the plasma membrane
surface at physiological Ca2+ concentrations (22–24). The
binding of these two target lipids involves two independent
binding sites: (i) the CMBLs bind Ca2+ and PS, but not PIP2,
while(ii)the�3-�4hairpinbindseitherPSorPIP2(14,15,22,24,41).
Table 3 presents the previously published [Ca2+]1/2 values

for the docking of PKCR C2 domain to membranes
composed of physiological lipid mixtures containing both
PS and PIP2, or lacking them in different combinations. The
table also presents the corresponding ∆∆G values for these
docking reactions, relative to the free energy change associ-
ated with docking to membranes lacking both PS and PIP2.
The ∆∆G values indicate that the binding free energies of
PS and PIP2 both contribute to the total free energy of Ca2+-
triggered binding to physiological membranes, indicating that
the C2 domain interacts simultaneously with both lipids when
bound to the membrane surface. The observation that the
free energy change for binding to membranes containing both
target lipids (∆∆G ) -5.4 RT) may be smaller than
expected for the additive binding of the two target lipids at
independent sites (∆∆G ) -5.8 RT) is consistent with the
conclusion that the �3-�4 hairpin can bind PS when the
higher affinity ligand PIP2 is unavailable (22, 24, 26), such
that PIP2 binding often competitively displaces a bound PS
rather than filling an empty site.

Docking Geometries of PKCR C2 Domain Bound to
Target Membranes Lacking and Containing PIP2. The
structural basis of PKCR C2 domain binding simultaneously
to both PS and PIP2 on a bilayer surface has remained largely
undefined, since limited structural information has been
available for the membrane-docked C2 domain, and no such
information has been available for membranes containing
both target lipids. The present study analyzes the docking
geometries of PKCR C2 domain bound to physiological
membranes possessing lipid mixtures approximating those
of the plasma membrane inner leaflet. One type of membrane
contains the target lipid PS but not PIP2, (very crowded)
while a second type contains both PS and PIP2 at physi-
ological mole fractions. Evidence provided by EPR spectral
changes, depth parameter measurements, and modeling
results together reveal that when bound to membranes lacking
PIP2, the C2 domain exhibits a docking geometry consistent
with the simultaneous binding of PS at both the CMBL and
�3-�4 hairpin sites. (This docking geometry yields signifi-
cantly greater contact between the �3-�4 hairpin and the
membrane than our lower resolution model previously
determined for a smaller density of spin-labeling sites (37);
compare Figures 1A and 5C). When docked to membrane
also containing PIP2, the docking geometry is significantly
different. Specifically, the CMBL site remains anchored to
its bound PS in the headgroup layer of the membrane, while
the binding of the larger PIP2 to the �3-�4 hairpin drives a
rotation of the domain long axis toward an angle more
normal to the membrane surface (Figure 6). To analyze the
evidence for these two docking geometries, it is simplest to
separately discuss the findings for the CMBL and �3-�4
hairpin binding sites.

(i) The PS-binding CMBLs penetrate deeply into the
headgroup layer, but little or not at all into the hydrocarbon
layer, both in the absence and in the presence of PIP2, as
indicated by 5 lines of evidence. First, large EPR spectral
line broadenings, arising from spin-label mobility losses or
environmental changes, are observed upon membrane dock-
ing for positions on each of the three CMBLs (Figure 3A).
Similar line broadenings have previously been observed for
spin-labels on other C2 domains, predominantly for spin-
label positions that directly contact or penetrate the
bilayer (30–32, 34, 35). Second, EPR depth parameters

Table 3: Thermodynamic Contributions of PIP2 and PS to the Ca2+

Dependent Membrane Docking of PKCR C2 Domain

membranes [Ca2+]1/2
a (µM) ∆∆Gb (RT)

PM [(-)PIP2(-)PS] 350 ( 50
PM [(-)PIP2(+)PS] 33 ( 7 - 2.4 ( 0.2
PM [(+)PIP2(-)PS] 12 ( 3 - 3.4 ( 0.2
PM [(+)PIP2(+)PS] 1.6 ( 0.1 - 5.4 ( 0.1

a Previously reported [Ca2+]1/2 values measured for PKCR C2
docking to physiological membranes lacking or containing the target
lipids PIP2 and PS. Two of the lipid compositions were the same as
those in Table 1 (PM[(-)PIP2(+)PS] ) PM(-)PIP2;
PM[(+)PIP2(+)PS] ) PM(+)PIP2) (24). The other two lipid
compositions were derived from those in Table 1 by substituting all PS
with PE. b ∆∆G relative to the PM [(-)PIP2(-)PS] value. Errors are
propagated from the errors of each absolute [Ca2+]1/2.
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measured for one or more spin-labels on each CMBL are
significantly more positive than that observed for the control
aqueous position, indicating that these spin-labels indeed
penetrate into the membrane (Table 2). The values of these
depth parameters fall within the range previously observed
for spin-labels exposed to the headgroup region of the bilayer
(32). Third, when the measured depth parameters (together
with lipid and protein spin-label calibration points) are used
to build a structural model of the membrane-docked C2
domain, excellent fits are obtained between the experimental
data and the well-established hyperbolic form of the depth
parameter (Figure 5). These best-fit data sets yield self-
consistent structural models for the membrane-docked C2
domain in the absence and presence of PIP2 (Figures 5, 6).
In both cases, the CMBLs penetrate into the headgroup layer
with the 2 bound Ca2+ ions positioned, within error, at or
near the headgroup phosphate plane. Fourth, electrostatics
have been shown to play a central role in C2 domain docking
to membranes (44), and the present docking models are
consistent with the simple electrostatic notion that the
positively charged Ca2+ ions will lie near the anionic
phosphate plane (32, 33). Moreover, these models account
for the direct coordination of the Ca2+ ions by PS phosphate
oxygens observed in the crystal structure of the protein-PS
complex (16). Fifth, PIP2 binding reproducibly perturbs the
EPR spectrum and increases the burial depth of only 2
CMBL spin-labels (G190R1, R249R1), while the 4 other
CMBL positions exhibit spectra and depth parameters which
are unaltered, within error (Figure 3, Table 2). Overall, it
follows that the CMBLs of the membrane-docked C2 domain
are anchored in the headgroup layer, both in the absence
and in the presence of PIP2. When PIP2 binds to the C2
domain, the CMBLs are repositioned slightly, consistent with
the idea that PIP2 causes a rigid domain rotation about an
axis lying nearby the Ca2+ ions. As a result, spin-labels on
the membrane-penetrating tips of the CMBLs, such as
G190R1 and R249R1 on CMBLs 1 and 3, respectively, move
slightly deeper into the headgroup region upon PIP2 binding.

(ii) The PIP2 binding site on the �3-�4 hairpin can directly
contact either the PS or PIP2 target lipid headgroups. In
the absence of PIP2 the site binds PS, but the binding of the
larger PIP2 headgroup (12) pushes the site away from the
membrane surface and thus triggers a rigid body rotation of
the C2 domain as indicated by four lines of evidence. First,
considering C2 domain docking to membrane lacking PIP2,
spectral changes indicate that the spin-label at the tip of the
�3-�4 hairpin (N206R1) contacts the membrane surface. By
contrast the two probes at positions within the lysine cluster
(K197R1, K199R1) do not exhibit significant mobility
changes upon membrane docking, consistent with their
positions deeper in the concave site where their contact with
the membrane would be minimal. Second, the probe at the
hairpin tip (N206R1) and one of the lysine cluster probes
(K197R1) exhibit depth parameters significantly more posi-
tive than the aqueous control position, indicating that they
lie at or near the membrane surface, where they would be
protected from collisions with the large, aqueous probe
NiEDDA. Third, when PIP2 binds to the membrane-docked
C2 domain, the spin-label at the hairpin tip (N206R1)
undergoes a significant increase in mobility, suggesting that
the probe has moved out of contact with the membrane.
Fourth, both this probe and one of the lysine cluster probes

(K197R1) exhibit significantly more negative depth param-
eters upon PIP2 binding, arguing that these positions both
move into more aqueous environments where they are more
accessible to NiEDDA.

Previous findings also support the idea that the lipid
binding site on the �3-�4 hairpin lies in direct contact with
PS in the absence of PIP2. Neutralization of lysine pairs
within the �3-�4 lysine cluster yields a 2-3-fold loss of
affinity for 3:1 PC:PS membranes, indicating that the cluster
possesses significant membrane interactions even in the
absence of PIP2 (22). Stoichiometry measurements indicate
that PKCR C2 domain binds at least 2 PS molecules (41),
and direct binding of a PS headgroup analogue to the lysine
cluster has been observed by crystallography (26). Thus,
when the C2 domain is docked to membranes lacking PIP2,
the association between the lysine cluster and PS pulls the
PIP2 binding site into membrane contact. However, when
the significantly larger PIP2 headgroup occupies the site, it
pushes the site away from the membrane surface, thereby
exposing the lysine cluster and hairpin tip to solution while
burying parts of CMBL1 more deeply in the membrane.

To better define these two different docking geometries,
a modeling analysis was carried out based on constraints
provided by (i) experimental depth parameters for the
functional spin-labels on the C2 domain, and for calibration
lipids and proteins possessing spin-labels at known mem-
brane depths, (ii) the known crystal structure of the PKCR
C2 domain (16), and (iii) the previously described hyperbolic
relationship between the depth parameter and the membrane
penetration depth (33). The resulting best-fit models of the
two docking geometries are characterized by excellent
agreement between the measured depth parameters and the
known hyperbolic dependence of the depth parameter on
membrane penetration depth (Figures 5A,B). Moreover, these
models are fully self-consistent with the known structure of
the C2 domain, and with the predominant conformation of
spin-label side chains, indicating that the PIP2-induced
change in docking geometry is best described as a rigid body
rotation of the C2 domain. Specifically, the long axis of the
C2 domain tilts 40 ( 10° toward the membrane normal, as
illustrated in Figure 6. Finally, EPR spin-label methods have
been successfully applied to the analysis of signal-induced
structural changes in transmembrane proteins (47–49). The
present study shows that the site-directed EPR spin-label can
also be used to analyze signal-induced changes in the docking
geometries of peripheral membrane proteins.

Biological Implications. In the native cellular setting, it
has been recently shown that the PIP2 binding site of the
PKCR C2 domain is essential for specific targeting to the
plasma membrane during cytoplasmic Ca2+ signals (22).
Moreover, binding of this site to its target lipid PIP2 is
essential for membrane docking at physiological Ca2+

concentrations (24). It follows that the membrane docking
geometry observed herein for the C2 domain docked to PIP2

provides the first molecular view of the structural state
responsible for specific accumulation of the PKCR C2
domain on the plasma membrane during physiological Ca2+

signaling events.
In an activated cell, it is likely that the plasma membrane-

bound population of PKCR C2 domains includes both of
the membrane docking geometries described herein. Fol-
lowing a rapid Ca2+ transient, our current working model
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for the kinetics of Ca2+ activation and membrane docking
begins with binding of a single Ca2+ ion to the CMBLs,
followed by docking of the C2 domain to the plasma
membrane via association with one of the two target lipids.
Either (i) the CMBLs associate with PS, the most common
anionic lipid, and a second Ca2+ ion, or (ii) the �3-�4 hairpin
site binds PIP2 (24). Subsequently, a second target lipid
molecule binds to yield simultaneous occupancy of both lipid
binding sites and stable membrane association. As this
membrane-bound domain diffuses on the bilayer surface, it
likely undergoes multiple exchanges of PS molecules at its
CMBL site, and both PS and PIP2 at its �3-�4 hairpin site.
The ability of one binding site to maintain membrane
association during lipid exchange at the other site would
significantly extend the bound state lifetime of the membrane-
docked C2 domain, thereby allowing the activated PKCR
kinase to phosphorylate more target proteins.

Finally, in the full-length PKCR protein the C2 domain
lies between (i) the N-terminal pair of DAG-binding C1
domains and (ii) the C-terminal protein kinase domain. It is
possible that the geometry change observed when PS is
replaced by PIP2 in the lysine cluster could modulate the
biological activities of the other domains, thereby regulating
DAG binding or protein phosphorylation. Such a possibility
must be tested in the full-length protein, but, in principle, it
is possible that the regulation provided by the PIP2-induced
tilting of the C2 domain could lead to different average PKC
activities in regions of the plasma membrane containing
different local densities of the target lipids PS and PIP2.
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