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Configuration of PKCa-C2 Domain Bound to Mixed SOPC/SOPS Lipid
Monolayers
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ABSTRACT X-ray reflectivity measurements are used to determine the configuration of the C2 domain of protein kinase Ca (PKCa-
C2) bound to a lipid monolayer of a 7:3 mixture of 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine and 1-stearoyl-2-oleoyl-sn-glyc-
ero-3-phosphoserine supported on a buffered aqueous solution. The reflectivity is analyzed in terms of the known crystallographic
structure of PKCa-C2 and a slab model representation of the lipid layer. The configuration of lipid-bound PKCa-C2 is described by two
angles that define its orientation, § = 35° = 10° and ¢ =210° = 30°, and a penetration depth (=7.5 = 2 A) into the lipid layer. In this
structure, the §-sheets of PKC«-C2 are nearly perpendicular to the lipid layer and the domain penetrates into the headgroup region
of the lipid layer, but not into the tailgroup region. This configuration of PKC«-C2 determined by our x-ray reflectivity is consistent
with many previous findings, particularly mutational studies, and also provides what we believe is new molecular insight into the
mechanism of PKCa enzyme activation. Our analysis method, which allows us to test all possible protein orientations, shows that

our data cannot be explained by a protein that is orientated parallel to the membrane, as suggested by earlier work.

INTRODUCTION

Peripheral membrane proteins that are important for cell
signaling and vesicle trafficking are specifically targeted to
different cell membranes in response to various stimuli,
including calcium and lipid mediators (1). Because the func-
tion and regulation of these proteins depends on their inter-
action with the membrane (2,3), recent work has focused
on determining their membrane-bound orientation and depth
of membrane penetration (4—7). These structural parameters
have been determined by mutational studies, fluorescence
measurements, electron spin resonance (EPR) measure-
ments, and x-ray reflectivity measurements of peripheral
membrane proteins bound to model membranes, such as
lipid bilayer vesicles or lipid monolayers (4,8—10). In partic-
ular, we have shown recently that x-ray reflectivity can
provide a direct, detailed, and quantitative determination of
the membrane bound configuration of lipid binding domains,
including C2 and PX domains (9,11). We show that an
improved method of analysis of the x-ray reflectivity allows
us to efficiently analyze the entire space of all protein
orientations. This yields a more complete and accurate deter-
mination of the bound configuration. Application of this
technique to the C2 domain of protein kinase Ca (PKCa-C2)
bound to mixed lipid monolayers resolves a controversy
about the bound configuration of this domain.

PKCa is a member of the classical PKC family that is
important in cell signaling (12-14). The C2 domain of
PKCa« is an independent membrane-targeting module that
is composed of an eight-stranded § sandwich with flexible
loops on either end (Fig. 1 A). Three Ca*" binding loops
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(CBL1, CBL2, CBL3), located at one end of the domain
structure, bind two or three calcium ions in a highly cooper-
ative manner due to the presence of five highly conserved
Asp residues (5,6,15). The coordination of calcium ions
alters the electrostatic potential of the C2 domain (16), which
accelerates its association to the plasma membrane where it
recognizes phosphatidylserine (PS) (6,17,18) and phosphati-
dylinositol-4,5-bisphosphate (PIP,) (19-21). Wonhwa Cho
reported recently that the interaction of the Ca®" binding
loops of PKCa-C2 with Ca®" and PS drives its membrane
binding whereas the interaction of its cationic 3-groove resi-
dues with PIP, augments the membrane binding (22). These
findings indicate that the direct interaction of PKCa-C2 with
PS is a critical step in the mechanism of cellular plasma
membrane translocation of PKCa.

The CBLs of PKCa-C2 domain have been recognized as
a critical docking region that interacts with anionic PS mole-
cules in the membrane (16,23,24). It has been suggested that
PKCa-C2 domain can bind to PS-containing lipid bilayers
by two distinct orientations, i.e., perpendicular and parallel
to the membrane surface (25). Both are consistent with the
critical role of the PKCa-C2 CBLs as a PS docking region.
In the perpendicular model (Fig. 1 A), the docking surface is
localized to the CBLs and the §-strands lie nearly perpendic-
ular to the membrane surface. In contrast, in the parallel
model (Fig. 1 B), the B-strands are oriented approximately
parallel to the membrane surface, which allows Lyszos, as
well as Ca*>" ions, to interact with PS headgroups (6).

A crystallographic study of PKCa-C2 complexed with
a short-chain PS, 1,2-dicaproyl-sn-phosphatidylserine
(DCPS) and Ca®" ions led to the suggestion that PKCa-C2
would orient in the parallel model when bound to a mem-
brane (6). Two recent EPR measurements of site-specific
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FIGURE 1

PKCa—C2 domain with Ca*" (spheres (green)) bound to
a lipid layer (52) (color online). (A) In a perpendicular model, the §-strands
orient essentially perpendicular to the membrane surface and the Ca*"
binding pocket provides the primary interaction between the domain and
the lipids. (B) In a parallel model, the B-strands are essentially parallel to
the membrane surface. This allows interactions between lipids and other
residues, such as those in ($3-B4-sheets, in addition to interactions with
the Ca>" binding pocket.

spin-labeled PKCa-C2 have also suggested that PKCa-C2 is
oriented parallel to the membrane (25,26). However, the
parallel model is not consistent with many mutational studies
(15,17,27), as described in further detail in the Discussion
section. Collectively, the existing studies do not determine
unambiguously the membrane bound orientation of the
PKCa-C2 domain. Because the reported discrepancy
between EPR and mutational studies may derive from the
introduction of bulky unnatural spin labels that may disturb
the system, we carried out a detailed structural analysis of
membrane bound orientation of unlabeled PKCa-C2 by
our x-ray reflectivity analysis.

To determine the membrane-bound configuration of
PKCa-C2, we carried out x-ray reflectivity measurements
(9,28,29) from a mixed lipid monolayer (7:3 SOPC/SOPS,
see Materials) supported on the surface of a buffered aqueous
solution that contains PKCa-C2 domain. X-ray reflectivity
determines the variation of electron density with depth
through the surface that, in this case, consists of a layer of
lipids along with bound PKCa-C2 domains. This electron
density is then interpreted in terms of the arrangement of PS
lipids and PKCa-C2 domains. Significant conformational re-
arrangement of the internal structure of the C2 domain on
binding to phospholipids is not expected (6,7,10,30). There-
fore, we incorporated the known structure of PKCa-C2
from the Protein Data Bank (PDB) (ID 1dsy) (6) into our anal-
ysis of the x-ray reflectivity. Our results show that the reflec-
tivity data are consistent with two slightly different bound
configurations, both falling within the confines of the perpen-
dicular model. Parallel orientations of PKCa-C2 (6,25,26) are
not consistent with our x-ray reflectivity measurements. The
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preferred configuration has an orientation given by § =35° +
10° and ¢ = 210° = 30° and penetrates a distance of 7.5 =+
2 A into the lipid headgroup. The PKCa-C2 domain does not
insert into the hydrophobic region of the lipid layer.
The calcium binding loops CBL1 and CBL2 penetrate into
the lipid headgroup whereas CBL3 is located adjacent to the
headgroup. Furthermore, this configuration allows us to
postulate a mechanism for the activation of protein kinase Ce.

MATERIALS AND METHODS
Materials

KCl, CaCl,, and HEPES (N-(2-hydroxyethl)piperazine-N'-2-ethanesulfonic
acid) from Fisher Scientific (Hampton, NH) and EGTA (ethyleneglycol-O,
O'-bis(2-aminoethyl)-N, N, N', N'-tetraacetic acid) from Sigma (St. Louis,
MO) were used as obtained. Stock solutions of 1-stearoyl-2-oleoyl-sn-glyc-
ero-3-phosphocholine (SOPC) and 1-stearoyl-2-oleoyl-sn-glycero-3-phospho-
serine (SOPS) (7:3 molar ratio) in chloroform and 1-palmitoyl-2-{ 6-[(7-nitro-
2-1,3-benzoxadiazol-4-yl)amino]-hexanoyl }-sn-glycero-3-phosphocholine
(NBD PC) in chloroform were purchased from Avanti Polar Lipids and
used without further purification. Spreading solutions were prepared by
diluting the stock solution with freshly opened bottles of chloroform (Sigma).
Expression and purification of the C2 domain of PKCa were carried out as
described previously (15). The domain sequence of the purified protein is
composed of M'>>DHH'® (additional residues from purification protocol),
T'* to N**’ (from 1DSY PDB file (6)), and L***EHHHHHH** (additional
residues from purification protocol). The method for modeling the additional
residues was described in the previous work (9). A PDB file of the com-
position of additional residues and 1DSY is provided in the Supporting
Material.

Sample preparation and surface pressure
measurements

To prepare a sample for study by x-ray reflectivity ~10 uL of 1 mM SOPC
and SOPS (7:3) in chloroform was added dropwise onto the surface of a
pH 7.0 aqueous solution containing aqueous 20 mM HEPES buffer, 0.1 M
KClI, and 0.1 mM CaCl, in a circular Teflon trough of 72 mm diameter and
~40 mL total volume. The ratio of 7:3 SOPC/SOPS was chosen to be consis-
tent with earlier biochemical measurements on similar systems (31).The
resulting lipid monolayer was equilibrated for 2 h and the reflectivity was
measured. An amount of PKCa-C2 slightly greater than the amount required
to saturate the lipid layer (i.e., >240 ug; see the Supporting Material) was
then injected into the subphase, the system equilibrated for 1 h with contin-
uous slow stirring, the stir bar stopped, the system allowed to briefly relax,
and the reflectivity was measured. The surface pressure was monitored
throughout the experiment, including equilibration and x-ray measurement,
with a filter paper Wilhelmy plate and a Nima surface pressure sensor PS-4.
Typical variations in surface pressure were +0.5 mN/m and appeared as
random fluctuations during the period (i.e., 6-8 h) of the measurement of
the lipid layer with and without bound PKCa-C2. We report on data from
three separate experiments on monolayers with similar initial surface pres-
sures (24.6, 26.7, and 24.9 mN/m) and similar changes in pressure on adding
PKCa-C2 (At =2.0 £ 0.5,2.6 £ 0.5,and 3.1 = 0.5 mN/m, respectively).
Note that fluorescence microscopy was used to verify the absence of
micrometer-scale or larger domains (see the Supporting Material).

X-ray reflectivity measurements

X-ray reflectivity experiments were carried out at beamline X19C at the
National Synchrotron Light Source (Brookhaven National Laboratory,
Upton, NY) with a liquid surface reflectometer described in detail elsewhere
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(32). Reflectivity is measured as a function of the wave vector transfer Q, by
varying the incident angle o and measuring the intensity of x-rays reflected
at the angle «. The wave vector transfer of the reflected x-rays, Q, is solely in
the z-direction normal to the buffer surface with Q, = (4m/A) sin«, where
A =1.54 = 0.003 A is the x-ray wavelength. Reflectivity probes variations
in electron density as a function of depth into the surface.

The reflectivity R(Q,) represents the reflected x-ray intensity divided by
the x-ray intensity measured before the sample. In addition, background
scattering is measured and subtracted as described elsewhere (32). To
make the features of the reflectivity curve more evident, R(Q,) is divided
by Rr(Q,), the Fresnel reflectivity calculated for an ideal, smooth, and flat
interface (33). Deviations of the measured reflectivity, R(Q,), from the Fres-
nel reflectivity, Rg(Q,), show the presence of interfacial structure as a func-
tion of surface depth. In this case, the structure is due to the lipid monolayer
supported on the buffer surface and the PKCa-C2 domains bound to the
lipid monolayer. No radiation damage was detected during the measure-
ments, as indicated by the surface pressure stability and the reproducibility
of the x-ray reflectivity data after repeated measurements on the same sample
(data not shown) (9).

Data analysis

We outline our analysis methodology (see the Supporting Material for
details). X-ray reflectivity measurements as a function of the reflection angle
are usually analyzed by 1), assuming a model (a functional form) for the
electron density as a function of depth z into the surface, but averaged
over the in-plane x-y direction (the so-called electron density profile); 2),
computing the reflectivity from this model; and 3), comparing the computed
reflectivity to the measured reflectivity by the use of a nonlinear least-
squares fitting procedure that adjusts parameters in the model to yield
a best fit to the data (33-35).

‘We model the electron density profile of the lipid monolayer as consisting
of two slabs of uniform electron density that correspond to the lipid
tailgroups and headgroups (33). In studies of a monolayer plus protein
system (Fig. 2), other authors have described the protein as an additional
slab of uniform electron density (8,29,36—40). However, a protein like
PKCa-C2 has a robust structure with a well-defined arrangement of atoms
and, therefore, a specific electron density profile for a given orientation.
Describing this protein electron density profile as a single slab of uniform
electron density results in a loss of information when reflectivity is analyzed.
Previously, we introduced the use of the protein structure, taken from crys-
tallography or NMR studies of protein domains, into the analysis of x-ray
reflectivity from cPLA,a-C2 and p40P"**-PX domains adsorbed onto Lang-
muir monolayers of lipids (9,11). The use of a crystal structure has been
applied recently to a neutron reflectivity study of hemolysin channels,
although the orientation was fixed (41).

The purpose of our analysis is to determine the orientation of the protein
with respect to the plane of the lipid layer, the penetration depth of the
protein into the lipid layer, the fraction of interface covered by the protein,
as well as to characterize the thickness and electron density of the lipid
tailgroup and headgroup (Liail, Praits Lhead> @a0d ppead, respectively). Fig. 2
illustrates a PKCa-C2 domain at a particular orientation that has penetrated
partially into the headgroup region of the lipid monolayer, but not into the
tailgroup region. It also illustrates N layers, each of uniform electron density
in the x-y plane that is used to describe the electron density profile of the
interface. The first layer is used to model the electron density of the tailgroup
with two fitting parameters—its average electron density p,;; and thickness
Li,ii- The tailgroup is located between the interfacial positions z = 0 and
z = —L,;1- The second layer models the top part of the headgroup that is
not penetrated by the protein. Subsequent layers that extend down to the
position of the headgroup/buffer interface (at z = —L;; — Lpeag) model
aregion of the interface occupied by both the top part of the protein and lipid
headgroups. The remaining layers model a region occupied partially by the
bottom part of the protein and partially by the aqueous buffer, although we
do not exclude the possibility that the protein can fully cover the interface.
Our model also allows for the possibility that the protein domain penetrates
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FIGURE 2 Tllustration of the model for protein-membrane binding (color
online). The intrinsic electron density profile p;(z) consists of N + 2 layers
with N + 1 interfaces. Two of these layers are the bulk air and buffer; the
remaining N layers describe the lipids and proteins. The positive z axis
is above the lipid layer; depths within the lipid layer, protein, or buffer are
indicated by negative values of z. Protein penetration into the lipid layer
PEN is positive in this drawing. See Supporting Material for a description
of parameter d,.

into the tailgroup region or does not penetrate the lipid monolayer at all,
although we have discussed only the case illustrated in Fig. 2 because it is
most relevant to the analysis of our data on PKCa-C2.

The protein is characterized by using coordinates from the PDB file (6) of
the PKCa-C2 domain (1DSY) plus additional residues from the purification
protocol (see Materials and Methods). The software Molprobity was used to
restore the hydrogen atoms onto the protein (42). We chose three atoms in
the protein to define a protein coordinate system, then rotated the protein
with respect to a coordinate system defined by the lipid layer (equivalently,
the buffer/air surface). To account for the fact that part of the protein is
located in the buffer and part in the lipid layer, a confining mathematical
box is drawn around the protein. In practice, two boxes are used. In one
the empty space in the box is filled with aqueous buffer by assigning to
that volume the electron density of the buffer, in the other it is left empty.
Part of the box with buffer is used to describe the corresponding part of
the protein that is in the buffer below the lipid layer. The remainder of the
protein that inserts into the lipid layer is described by the corresponding
part of the box whose empty space was left empty; our analysis method fills
this empty space by electron density from the lipid layer (e.g., the headgroup
in the case illustrated in Fig. 2).

For a given orientation, the electron density profile of the box with protein
is calculated by slicing the box into thin layers along the surface normal
(Fig. 2), then counting the number of electrons in each layer and dividing
by the layer volume. These profiles are produced for a complete range of
protein orientations. The protein profile for a given orientation is combined
with a two-slab model of the lipid monolayer in a nonlinear least squares
fitting to the x-ray reflectivity data in which six parameters are fit (Lyai1, Prail
Liead, and pheqd, the distance penetration (PEN) that the protein penetrates
into the lipid layer (Fig. 2), and the coverage COV, i.e., the fraction of
surface covered by the protein-filled boxes). This procedure yields a good-
ness of fit parameter x” for each protein orientation. Comparison of these x>
values determines the best-fit orientation and the accompanying best-fit
values for the six fitting parameters.
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FIGURE 3 Euler angles used to describe the orientation of PKCa-C2
domain (attached to x’-y'-Z coordinate system) with respect to the lipid
monolayer in the x-y-z coordinate system (positive z axis points upward,
away from the aqueous buffer). The orientation of the PKCx-C2 domain
is characterized by two Euler angles, 6 and ¢. The angle 6 is a polar rotation
of the protein z’ axis from the surface normal and the angle ¢ is an azimuthal
rotation about the protein z’ axis. The angle ¥/, between the x axis and the line
of nodes N, represents an azimuthal rotation of the domain about the z axis
and within the plane of the monolayer. This rotation does not change the
electron density profile averaged over the surface x-y plane, therefore
x-ray reflectivity is insensitive to variations in .

X-ray reflectivity data were fit to the entire range of orientational angles of
the PKCa-C2 domain. The angle # measures the angle between the protein’s
7' axis and the surface normal z axis, whereas the angle ¢ is an azimuthal
rotation about the direction of the 7’ axis (Fig. 3). Initially, fitting was carried
out for values of § spaced by 10° over the range from O to 7 and for values of
¢ spaced by 30° over the range from O to 27r. This procedure determined the
approximate location of the best-fit orientations. Then, a finer 1° spacing of ¢
and ¢ values was used to locate the best-fit orientations precisely. Contour
plots of the goodness of fit parameter x> as a function of # and ¢, similar
to that shown in Fig. 4 (discussed below), were produced for the three
data sets.

RESULTS

Analysis of the x-ray reflectivity data was carried out for
measurements from three separate samples, which differed
slightly in the initial value of the surface pressure of the
monolayer and in the change in surface pressure on adsorp-
tion of the protein domain (see Materials and Methods).
Fig. 4 shows the x> contour plot that results from averaging
the x> contour plots from analyses of the three separate
measurements. Two best-fit orientations were obtained
whose x* values were within one statistical standard devia-
tion (SD) of each other. These orientations are given by
0 = 35° £ 10°, ¢ = 210° £ 30° and 6 = 35° 43°/-8°,
¢ = 0° +10°/—5°. The fitting parameters for each of these
two orientations are listed in Table 1, where the uncertainties
were computed by the appropriate mapping of x*-space (43).
Fits to the reflectivity data for the two best-fit orientations for
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FIGURE 4 Contour plot of the goodness of fit parameter x> (by grayscale
or color) of fits to the x-ray reflectivity data for the PKCa-C2 domain
oriented at angles 6 and ¢ (color online). This plot was produced by aver-
aging the x? contour plots from measurements of three samples. The best
fits were excellent (see Fig. 5) with a x> = 5.9 as determined by our use
of counting statistics to calculate error bars on individual data points. The
two best-fit orientations are indicated by the position of the numbers “1”
(0 = 35° and ¢ = 210°) and “2” (0 = 35° and ¢ = 0°). The position of
the numbers “3” (§ = 68° and ¢ = 300°) and “4” (§ = 90° and ¢ =
300°) indicate models proposed in Malmberg and Falke (26) and Verdaguer
et al. (6), respectively. The four lowest bands of ¥ (see legend) correspond
to deviations of one to four standard deviations (SD) from the best fits. For
example, the literature conformation whose angles are indicated by position
3 (6 = 68° and ¢ = 300°), is more than four SD away from the best fit. This
means that if the angles § = 68° and ¢ = 300° are fixed, but the other free
parameters are fit to the data, the resultant fit is more than four SD away from
the best fit (43).

one of the samples are shown in Fig. 5, which shows that
they are nearly identical. This is a consequence of the fact
that the electron density profiles for the two best-fit orienta-
tions, one of which is shown in the inset to Fig. 5, are essen-
tially identical.

Representations of the two best-fit monolayer-bound
structures of the PKCa-C2 domain are shown in Fig. 6. In

TABLE1 Parameters that describe the adsorption of PKCa-C2
domain to a mixed lipid layer of SOPC and SOPS for the two
best-fit orientations determined from x-ray reflectivity
measurements

6 =35 % 10° 0 = 35°(+3°/—8°)
@ =210° * 30° ¢ = 0°(+10°/—5°)
Penetration (PEN) (A) 75 2 58 £ 1.5
Coverage (COV) 0.44 = 0.04 0.46 = 0.04
Lt (A) 10.7 = 0.1 10.8 = 0.1
Liead (A) 104 + 04 109 + 0.4
Prait (electrons/A%) 0.21 + 0.01 0.23 + 0.01
Phead (electrons/A%) 0.44 + 0.01 0.45 + 0.01
Roughness (o) (A) 3.38 3.38
Apox (A% 1663 1815
A, area per protein (A% 3800 + 350 4000 + 350

Parameters PEN, COV, Ly, Lieads Prail, @0d preaq are fitting parameters.

Biophysical Journal 97(10) 2794-2802
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FIGURE 5 X-ray reflectivity normalized to the Fresnel reflectivity from
one sample. Lines represent fits to the two best-fit orientations, (f = 35°,
@ = 210°) and (6 = 35°, ¢ = 0°), where the latter was displaced by +0.5
for clarity. Inset shows the electron density profile as a function of interfacial
depth for the § = 35°, ¢ = 210° orientation. The dashed line represents the
intrinsic electron density profile (with zero interfacial roughness) for this
orientation to illustrate the underlying features of the model.

the § = 35°, ¢ = 0° orientation (Fig. 6 B), the residues
Asp'®, Pro'®® Asn'® and Gly' in CBLI penetrate into
the lipid headgroup. The residue Pro'®® penetrates most
deeply into the lipid monolayer. The location of polar and
charged residues of the PKCa-C2 domain with respect to
polar or charged regions of the lipids can be judged approx-
imately by assuming an average orientation of the lipids in
the monolayer. This orientation is given by x-ray and
neutron diffraction studies of multilamellar DOPC bilayers
(44,45) and is assumed to be similar to the average orienta-
tion of the SOPC and SOPS lipids that are used in this study.
This orientation places the lipid phosphate groups ~5 A
(44-46) above the lipid/buffer interface, as indicated by
the dashed line in Fig. 6. Under the assumption that the
region of the protein that penetrates the lipid layer does not
change its conformation from that given by crystallography,

Fig. 6 B shows, for example, that the polar residue Asn'® is

close to the phosphate plane. Similarly the residues Thr*>°
and Thr*>! are close to the lipid/buffer interface. The Ca>"
ion Ca2 also is very close to the lipid-buffer interface,
placing it near the negatively charged COO™ of the lipid.
The Ca’" ion Cal is further away by several angstroms.
The approximate relative locations that we have identified
allow for hydrogen bonding and favorable electrostatic inter-
actions between the C2 domain and the SOPS headgroups.

In the = 35°, ¢ = 210° orientation (Fig. 6 A), the resi-
dues that penetrate into the lipid headgroup region are
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FIGURE 6 Backbone representations of the two best-fit configurations
(color online). The dashed line indicates the average level of the lipid phos-
phates that lies close to the mid-plane of the lipid headgroup. (A) § = 35°,
@ = 210° orientation with a protein penetration of 7.5 = 2 A, and (B)
6 = 35°, ¢ = 0° orientation with a protein penetration of 5.8 = 1.5 A.
Calcium binding loops CBL1 consists of residues 187-193, CBL2 consists
of 216-219, and CBL3 consists of 245-254 (15). In configuration A CBL1
and CBL2 penetrate the lipid layer, but in configuration B only CBL1 pene-
trates the layer. Residues R252, F255, and E282 are involved in interdomain
interactions with C1A domain (47) and labeled in blue. The residues K197,
K199, K209, and K211, in red, are a lysine-rich cluster (48). Residue K205
is in purple. The spheres (green online) indicate the Ca®" ions.

Asp187, Prolss, Asn]89, Glylgo, and Leu'! in CBL1 and
Arg216, Ser217, Thr218, and Leu?' in CBL2. The deepest
penetrating residue is Asn'® from CBL1. Again, we identify
approximate locations of atoms that may lead to favorable
interactions such as H-bonding or electrostatic interaction.
Residues Asn'® and Ser®'” lie close to the phosphate plane.
The 7-nitrogen atoms in Arg”'® and Arg®*® might reach to
the lipid phosphate although the a-carbon of these residues
seems to be at the lipid-buffer interface. The polar Thr?'®
is located between the lipid phosphate and the lipid/buffer
plane. The calcium ions Cal and Ca2 are located slightly
closer to the negatively charged COO™ of the seryl group
near the lipid-buffer interface than in the conformation
shown in Fig. 6 B.

The structures in Fig. 6 and the description of the relative
positions of the lipids and residues in the PKCa-C2 domain
indicate that these two monolayer-bound structures interact
differently with the lipid layer. These differences provide
a qualitative basis to suggest that the PKCa-C2 domain in
the § = 35°, ¢ = 210° orientation is likely to have a more
favorable interaction with the lipids because of the greater
number of possibilities for hydrogen bonding and attractive
electrostatic interactions. In support of this, the area of the
docking surface for the § = 35°, ¢ = 210° orientation
(600 AZ) is almost twice as large as that for the § = 35°,
¢ = 0° orientation (340 AZ), which also indicates a greater
potential to interact with the lipids. On the basis of these
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considerations, and biochemical mutational studies de-
scribed below in the Discussion section, we have chosen
the 0 = 35°, ¢ = 210° orientation to describe the lipid-bound
structure of the PKCa-C2 domain. In this orientation, the
three CBLs dominate the membrane docking surface and
among them CBLI1 penetrates most deeply into the lipid
monolayer.

DISCUSSION
Comparison to other results

In the proposed orientation (f = 35°, ¢ = 210°) the angle ¢
between the ($2-strand vector and the membrane normal is
35°, which indicates that the monolayer-bound PKCa-C2
domain is oriented essentially perpendicular to the lipid layer
as illustrated in Fig. 6 A. This orientation is inconsistent with
the parallel orientation model proposed by crystallography
and EPR measurements of PKCa-C2 domain binding to
PC/PS membranes (Fig. 1 B) (6,25,26). X-ray crystallog-
raphy studies of the PKCa-C2 domain bound to a short-
chain PS, DCPS, suggested that only the central part of
CBL3, i.e., the side chains from residues Trp247 and
Arg®®, is inserted into the lipid bilayer (6). This study also
suggested that the (3-84 connection of the PKCa-C2
domain, especially the residue Lys**®, approaches the mem-
brane surface, but does not penetrate. Based on these crystal-
lography results, Verdaguer et al. (6) proposed the parallel
model in the docking of PKCa-C2/Ca*"/DCPS complex.
EPR studies (25,26) determined that the polar and charged
Asn'® Arg?, and Arg®> side chains interact with polar
and anionic groups inside the headgroup layer, but CBL2
does not penetrate the membrane. Results of the EPR study
were used to suggest that the PKCa-C2 domain lies nearly
parallel to the lipid layer with the longest ($2-strand tilted
at 68° =7° from the membrane normal (26).

As discussed, our analysis of the x-ray reflectivity allows
us to consider all orientations of the PKCa-C2 domain and,
in particular, allows us to test if the orientations of the PKCa-
C2 domain proposed by other authors would be compatible
with our x-ray reflectivity data. In our notation, the orienta-
tion of the model proposed from x-ray crystallography is
0 = 90°, ¢ = 300° and the orientation proposed from the
EPR measurement (26) is # = 68°, ¢ = 300°. As shown in
Fig. 4, these two orientations fit our x-ray reflectivity data
unacceptably poorly, with their values greater than four stan-
dard deviations away from our best fits. In general, any
approximately parallel orientation of the PKCa-C2 domain
cannot provide an adequate fit to our data.

Although our proposed orientation for PKCa-C2 docking
disagrees with that proposed from the x-ray crystallography
and EPR studies, a number of important observations from
the crystallography and EPR measurements agree with our
proposed orientation. For example, the x-ray crystallography
study observed that Asn'®® and Arg?'® residues interact with
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the lipid headgroup (6), which is consistent with our mea-
surements. EPR measurements indicated that the polar and
charged side chains of Asn'® and Arg?*’, respectively,
interact with polar and anionic groups inside the headgroup
(25), also consistent with our measurements. Furthermore,
our proposed docking model (6§ = 35°, ¢ = 210°, PEN =
7.5 A) is supported by many mutational studies. In our model
CBL1 penetrates deeply into the lipid headgroup, whereas
CBL3 is positioned immediately adjacent to the lipid head-
groups, but on the buffer side, as opposed to the parallel
models for which the inverse is true. Our result is in agree-
ment with a previous report showing that mutations of
CBL1 ligands that coordinate to Cal had a more significant
effect on vesicle binding than did mutations of CBL3 ligands
that coordinate to Ca2 (15). Our result that CBL2 also pene-
trates the lipid headgroup, although to a lesser extent than
CBL1, is consistent with the mutational study by Conesa-
Zamora et al. (27) that observed that R216A of CBL2
affected both membrane binding and enzyme activation.
CBL2 is not expected to interact with the membrane in the
parallel models. The results of Conesa-Zamora et al. (27)
that R249A and T251A of CBL3 affected both membrane
binding and enzyme activation are also consistent with our
results because these residues are located immediately adja-
cent to the lipid layer in our model. An important distinction
between our model and the parallel models is the role of
Lyszos. In our model, the Lys205 located in (3-34 is far
from the lipid monolayer and, therefore, is not important
for the Ca®"/PS-dependent binding. This arrangement is
consistent with recent EPR (26) and mutagenesis (27)
studies. For example, Conesa-Zamora et al. (27) concluded
that Lys>* is essential neither for in vitro cellular membrane
interaction of PKCa« nor for PS-dependent enzyme activa-
tion.

It is sensible to expect that polar and charged residues that
penetrate into the region of the lipid headgroup, and are
therefore in direct contact with the headgroup, will have
a stronger interaction with the membrane than those in the
aqueous phase even if they are close to the lipid-water inter-
face. In the § = 35°, ¢ = 210° orientation, Asn'® in CBL1
penetrates into the lipid layer, indicating that it is likely to
play some role in either the binding or the activation of the
protein. In fact, Conesa-Zamora et al. (27) found that
N189A mutant inhibited enzyme activity of PKCa. Bolsover
et al. (17) showed that mutations of the side chains of Asn'®’
and Arg®'® to Ala led to a weaker membrane association of
the protein than did the same substitutions in Arg*** and
Thr®!. An independent mutational study also showed that
Asn'® plays a critical role in PS selectivity of PKCa (18).
In addition, Arg?'®, Arg®*’, and Thr*®! are also involved in
PS binding (18,27). Later studies indicated that the mutation
of Arg**® to Ala had no significant effect on the monolayer
penetration (47). These results are all consistent with our
bound structure shown in Fig. 6 A, which places Asn'®
and Arg®'® within the headgroup region and Arg**® and
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Thr*®! just outside. The importance of Arg?'® provides fur-
ther support for our choice of the bound structure shown in
Fig. 6 A over that in Fig. 6 B because Arg”'®, along with
the rest of CBL2, does not penetrate the lipid layer in the
configuration shown in Fig. 6 B.

Enzyme activation

PKCua contains three lipid binding domains, C1A and C1B,
in addition to C2. A recent computational docking study of
ClA and C2 interdomain interactions revealed a highly
complementary interface that consists of Asp>-Arg®>* and
Arg*-Glu®™? jon pairs and a Phe’*-Phe’> aromatic pair
(47) (where the first residue of each pair is in C1A and the
second is in C2). Mutation of Arg252, Phe® 5, and Glu*%?
to Ala suggested that these residues do not bind directly to
the membrane, although they are involved in the interdomain
interaction (47). As seen in Fig. 6 the backbone positions of
Arg25 2, Phe?>? , and Glu?®*? (labeled in blue) do not penetrate
into the lipid layer and are in a favorable position to interact
with the C1A domain. As suggested by Stahelin et al. (47)
this juxtaposing of the C1A domain with the membrane by
the C2 domain should allow for further interaction of the
C1A domain with the membrane and subsequent enzyme
activation. Such arrangement is not achieved easily with
parallel models.

A lysine-rich cluster, consisting of Lys'®”, Lys'??, Lys®®,
and Lys*'! located in the area formed by the 33-84-strands,
has been recognized as a nonspecific binding site for phos-
phoinositides including PIP2 (22,48-50). Fig. 6 shows that
this lysine-rich cluster is located on the periphery of the
PKCa-C2 domain slightly more than halfway down its
side. If the C2 domain would bind to PIP2 in the membrane,
then it is expected that the angle ¢ would change from 35°
(without PIP2) to ~50° (20,51) to yield a tilted orientation.
The importance of this rotation is the possibility that it will
push the C1A domain further into the lipid layer, allow
Cl1A domain binding to DAG in the membrane, and lead
to enzyme activation. In the § = 35°, ¢ = 210° orientation,
the C1A-C2 complementary pair that will interact first with
the membrane as a result of the C2 rotation is likely to be
Asp™’-Arg®? because it is located closest to the lipids. Inter-
action of the Asp>> and/or Arg?? with the membrane may
lead to the untethering of the C1A domain and consequent
enzyme activation. This is consistent with an earlier compu-
tational and mutational study (22,47). Direct evidence for
such rotation could be provided by future x-ray reflectivity
studies in which both PIP2 and PS are incorporated into
the lipid layer.

SUMMARY

We have used x-ray reflectivity to determine the configura-
tion of PKCa-C2 domains bound to a mixed monolayer of
SOPC and SOPS lipids. A modification of our methodology
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introduced recently for analysis of x-ray reflectivity, that
incorporates information from crystallographic studies, al-
lowed us to consider efficiently all orientations of the protein
domain in the analysis of the reflectivity data. This analysis
led to two different bound structures illustrated in Fig. 6.
Both are oriented nearly perpendicular to the lipid layer and
penetrate partially into the lipid headgroup. Although these
two configurations cannot be distinguished by x-ray reflectiv-
ity, qualitative consideration of the number and type of likely
favorable interactions between the protein and the lipid head-
group led us to propose that the configuration in Fig. 6 A is the
better representation of the two. The configuration shown in
Fig. 6 A is consistent with many details of earlier EPR, crys-
tallographic, and mutational studies, albeit in disagreement
with the parallel bound orientation proposed from earlier
studies. This configuration also exposes a lysine-rich cluster
and other residues in a favorable location for further interac-
tions with membrane PIP2 and the C1A domain, which would
lead to tighter membrane binding and activation of PKCa.
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