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ABSTRACT X-ray reflectivity is used to study the interaction of C2 domains of cytosolic phospholipase A2 (cPLA2a-C2) with
a Langmuir monolayer of 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine (SOPC) supported on a buffered aqueous solution
containing Ca21. The reflectivity is analyzed in terms of the known crystallographic structure of cPLA2a-C2 domains and a slab
model representing the lipid layer to yield an electron density profile of the lipid layer and bound C2 domains. This new method of
analysis determines the angular orientation and penetration depth of the cPLA2a-C2 domains bound to the SOPC monolayer,
information not available from the standard slab model analysis of x-ray reflectivity. The best-fit orientation places the protein-
bound Ca21 ions within 1 Å of the lipid phosphate group (with an accuracy of63 Å). Hydrophobic residues of the calcium-binding
loops CBL1 and CBL3 penetrate deepest into the lipid layer, with a 2 Å penetration into the tailgroup region. X-ray measurements
with andwithout theC2 domain indicate that there is a loss of electrons in the headgroup region of the lipidmonolayer upon binding
of the domains. We suggest that this is due to a loss of water molecules bound to the headgroup. Control experiments with a non-
calcium buffer and with domain mutants confirm that the cPLA2a-C2 binding to the SOPCmonolayer is Ca21-dependent and that
the hydrophobic residues in the calcium-binding loops are critical for membrane binding. These results indicate that an entropic
component (due to water loss) as well as electrostatic and hydrophobic interactions contributes to the binding mechanism.

INTRODUCTION

It has been shown that a large number of cellular proteins

reversibly translocated to cell membranes are involved in

lipid-protein and protein-protein interactions. These periph-

eral membrane proteins play an important role in cell signal-

ing and membrane trafficking. A large number of peripheral

proteins contain one or more modular domains specialized

in lipid binding. These lipid binding structural modules, also

known as membrane-targeting domains, include protein

kinase C (PKC) Conserved 1 (C1), PKC Conserved 2 (C2),

Pleckstrin Homology (PH), Fab1, YOTB, Vac1, EEA1

(FYVE), Phox (PX), Epsin Amino-Terminal Homology

(ENTH), AP180 Amino-Terminal Homology (ANTH), Bin

Amphiphysin Rvs (BAR), Band 4.1, Ezrin, Radixin, Moesin

(FERM), and tubby domains (1–12). The C2 domain is a

Ca21-dependent membrane-targeting domain that is present

in many peripheral proteins involved in signal transduction

and membrane trafficking (3,4). Structural analysis of

multiple C2 domains have shown that all C2 domains share

a common fold, with an eight-stranded antiparallel b-sandwich
connected by variable loops (13–16). Prototype Ca21-de-

pendent C2 domains have multiple sites for Ca21 ions that

are composed of three Ca21 binding loops (i.e., CBL1-3)

(13–16).

Since the function and regulation of a majority of periph-

eral proteins depend on their interactions with membranes,

extensive studies have been performed to determine the

structural arrangement of peripheral proteins and membrane-

targeting domains at the membrane, including their mem-

brane-bound orientation and depth of membrane penetration.

Unfortunately, high-resolution structures of bilayer-bound

peripheral proteins have not been determined to date because

of difficulties encountered in crystallizing peripheral proteins

in the presence of lipid bilayers for x-ray diffraction studies.

Other techniques, including fluorescence microscopy, elec-

tron paramagnetic resonance (EPR), and x-ray reflectivity,

have been used to probe the orientation and depth of mem-

brane penetration of these proteins (17–27). In particular, the

EPR analysis of peripheral proteins with a site-specific spin

probe has been used to gain structural insight into mem-

brane-bound peripheral proteins and membrane-targeting

domains, including the C2 domains of group IVA phospho-

lipase A2 (cPLA2a), protein kinase Ca, and synaptotagmin

as well as the intact MARCKS protein (19–21,28,29).

Although the EPR approach has been successfully applied

to these proteins, the method requires chemical modification

of the protein that may have a significant effect on its struc-

ture and membrane binding. Also, the precision of the EPR

measurement greatly depends on the number of protein

residues investigated by spin probe substitution, which ne-

cessitates extensive spin label incorporation. To circumvent

the potentially perturbing effect of spin probe incorporation,

an x-ray reflectivity analysis of an unmodified peripheral

protein interacting with a lipid monolayer at the air-water

interface has been developed (22–27). This technique de-

termines a one-dimensional electron density profile along the

surface normal. This electron density profile describes theSubmitted February 18, 2005, and accepted for publication June 21, 2005.
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lipid monolayer and the bound proteins. In the present study,

we introduce the use of protein crystallographic informa-

tion into the analysis of x-ray reflectivity to obtain high res-

olution structural information on C2 domains of cPLA2a
(cPLA2a-C2) bound to a lipid monolayer of SOPC. This

new method allows for determination of the angular ori-

entation and depth of penetration of the protein bound to the

lipid monolayer, as well as changes in the electron density of

the lipid layer upon protein binding. This structural infor-

mation provides important new clues to the membrane-binding

mechanism of the domain, including the close proximity of

bound Ca21 to the lipid phosphates, the deep membrane

penetration of hydrophobic residues in the Ca21 binding

loops, and the loss of lipid-bound water molecules upon

protein binding. We also demonstrate that x-ray reflectivity

can be used to study the interaction of proteins with mono-

layers of unsaturated lipids that resemble the biological

membrane better than those of saturated lipids, but have been

seldom used in x-ray reflectivity measurements because of

their fragility (22).

MATERIALS AND METHODS

Materials

KCl, CaCl2, and HEPES from Fisher Scientific (Hampton, NH) and EGTA

from Sigma (St. Louis, MO) were used as obtained. The stock solution of

1-Stearoyl-2-oleoyl-sn-glycero-3-phosphocholine (SOPC) and 1-Palmitoyl-

2-[6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl]-sn-glycero-3-
phosphocholine in chloroform were purchased from Avanti Polar Lipids

(Alabaster, AL) and used without further purification. Spreading solution

was made by diluting the stock solution with chloroform from freshly opened

bottles (Sigma). The expression and purification of the C2 domains of

cPLA2a-C2 and mutants were performed as described previously (30).

Pressure, radioactive labeling, and fluorescence
microscopy measurements

The change in surface pressure (p) upon protein adsorption onto the lipid

monolayer was measured at constant surface area using a 10-ml circular

Teflon trough and Wilhelmy plate connected to a Cahn microbalance, as

described previously (30). A lipid monolayer containing SOPC was spread

onto the subphase (0.1 mM KCl, 0.1 mM CaCl2, and 20 mM HEPES buffer,

pH 7.0) until the desired initial surface pressure (p0) was reached. After the

signal stabilized (�30 min), cPLA2a-C2 was injected into the subphase,

and the surface pressure (p) was monitored for 45 min while stirring the

subphase at 60 rpm with a Teflon stir bar. Typically, p stabilized after

30 min. The maximal change in surface pressure Dp (Dp ¼ p – p0) value

depended on the protein concentration and reached a saturation value for a

protein concentration of 6 mg/ml. Protein concentration in the subphase was

maintained above this value to ensure that the observed Dp represented a

maximal value. The uncertainty on the Dp measurement was 60.5 mN/m.

The amount of monolayer-adsorbed protein at a given p0 was measured

using radio-labeled cPLA2a-C2 domains and a hydrophobic Whatman 1PS

phase-separation filter paper (Whatman, Mainstone, Kent, United King-

dom), as described previously (31,32).

Fluorescence microscopy was used to verify the absence of domains in

both the SOPCmonolayer and the SOPC/cPLA2a-C2 system. Using 1mol%

fluorescent dye (1-Palmitoyl-2-[6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)ami-

no]hexanoyl]-sn-glycero-3-phosphocholine) in SOPC solution, no domain

formation was detected before or after cPLA2a-C2 injection into the

subphase.

X-ray reflectivity measurements

In this section we describe the conditions required to measure x-ray reflec-

tivity from a Langmuir monolayer of SOPC with negligible x-ray damage

for a period of up to 8 h. This is a long enough time to measure reflectivity

from the SOPC, inject cPLA2a-C2 domains into the subphase, allow the

domains to bind to the SOPC monolayer, and remeasure the reflectivity to

determine the structural arrangement of the domains bound to the SOPC

monolayer.

X-ray reflectivity experiments were conducted at beamline X19C at

the National Synchrotron Light Source (Brookhaven National Laboratory,

Upton, NY) with a liquid surface spectrometer described in detail elsewhere

(33). Reflectivity is measured as a function of the wave vector transfer, Qz,

by varying the incident angle, a (measured from the plane of the buffer

surface), and measuring the intensity of scattered x rays at the reflected angle

a (see Fig. 1). The wave vector transfer of the reflected x rays,Q~, is solely in
the z-direction normal to the buffer surface with its z component given by Qz

¼ (4p/l) sin(a), where l¼ 1.546 0.003 Å is the x-ray wavelength used in

these measurements. Therefore, reflectivity probes variations in structure as

a function of depth into the surface.

The reflectivity, R(Qz), represents the scattered intensity normalized by

the x-ray intensity measured immediately in front of the sample. In addition,

background scattering is measured and subtracted as described elsewhere

(33). To make the features of the reflectivity curve more evident, R(Qz) is

divided by RF(Qz), the Fresnel reflectivity predicted for an ideal, smooth, and

flat interface (34). Deviations of the measured reflectivity, R(Qz), from the

Fresnel reflectivity, RF(Qz), reveal the presence of interfacial structure as a

function of position along the normal to the surface. In this case, the structure

is due to the lipid monolayer supported on the buffer surface and to cPLA2a-

C2 bound to the lipid monolayer. Reflectivity data were analyzed using the

Parratt recursive algorithm (35). The models chosen to describe the pure lipid

monolayer and the lipid-protein system are discussed in the next section.

To prepare a typical sample for study by x-ray reflectivity, ;10 ml of 1

mM SOPC in chloroform was added dropwise onto the surface of 20 mM

HEPES buffer, pH 7.0, containing 0.1 mM KCl and 0.1 mM CaCl2 in a 72-

mm-diameter circular Teflon trough (;40 ml total volume). The resulting

lipid monolayer (at a surface pressure p � 24 mN/m) was equilibrated for 2

h and the reflectivity was measured. An amount greater than the saturated

amount (i.e., .240 mg of cPLA2a-C2 or one of the mutant domains) was

injected into the subphase, the system was equilibrated for 1 h with con-

tinuous slow stirring, and the reflectivity was measured. The surface pressure

was monitored to ensure the integrity of the monolayer during the x-ray

experiment. Typical variations in surface pressure were ,1 mN/m during

the period of the measurement.

FIGURE 1 Schematic diagram of the experimental setup at x-ray

beamline X19C, National Synchrotron Light Source (Brookhaven National

Laboratory): (A) focusing mirror, (B) monochromator, (C, E, H, and J) slits,

(D) aluminum absorbers, (F) x-ray monitor, (G) sample trough, (I) detector

absorbers, and (K) scintillation x-ray detector. The reflected angle is equal to
the incident angle a and the reflected x rays are in the plane of incidence. The

only nonzero component of the wave vector transfer is its z-component

(z axis is normal to the buffer surface), which is given byQz¼ (4p/l) sin(a),

where l is the wavelength of the incident x rays.
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Due to its unsaturated nature, SOPC lipid is prone to oxidation and

radiation damage. Even without x-ray exposure, there is a small decrease of

the surface pressure if monitored for a long time (on the order of 1 mN/m

over 24 h). X-ray reflectivity measurements of the SOPC monolayer and the

SOPC monolayer with bound cPLA2a-C2 had to be completed before the

SOPCmonolayer deteriorated. To decrease the total time for the experiment,

the initial measurement of the SOPC monolayer can be taken with a low

density of points. Our experience shows that the lipid reflectivity curve has

a well-defined shape; therefore, a small number of data points at carefully

chosen values of Qz determines the whole curve. Measurements of the lipid-

protein system were performed with a higher density of points. To further

decrease radiation exposure, we reduced the x-ray intensity by placing

aluminum absorbers in the beam path in front of the sample (see Fig. 1).

Since the presence of absorbers also increases the measurement time, the

optimal total absorber thickness was determined. This resulted in a maximum

x-ray exposure of 4 3 107 photons/(s mm2) over an x-ray footprint of ;3

mm 3 2 mm. A typical data acquisition time for the whole experiment

(the lipid plus lipid-protein reflectivity curves) was 6–8 h. With the data

acquisition procedure described above, no radiation damage was detected

during the measurements, as indicated by the surface pressure stability and

the reproducibility of the x-ray reflectivity data after repeated measurements

on the same sample. An example of this reproducibility can be seen in Fig. 8,

to be discussed later.

DATA ANALYSIS AND RESULTS

SOPC monolayer

X-ray reflectivity data from Langmuir monolayers of lipids

are typically analyzed using a model for the electron density

profile that consists of two slabs sandwiched between bulk

aqueous buffer and bulk air (36). One slab represents the

average electron density in the headgroup region of the lipids

and the other slab represents the electron density in the

tailgroup (acyl group) region (see dashed line in Fig. 2 b).
Each slab is characterized by a constant electron density

r throughout its thickness L. The density is smeared at the

slab borders to provide a smooth crossover between slabs.

This is a physical effect due to thermal fluctuations of the

water surface, known as capillary waves, which result in

a time-averaged smearing of the profile as measured by x-ray

reflectivity. This smearing is characterized by an interfacial

roughness (or width) s. The electron density is determined

by fitting the measured data to reflectivity calculated for this

model profile.

X-ray reflectivity data for a pure SOPC monolayer at a

surface pressure of 24 mN/m are shown in Fig. 2 a. Although
this measurement has only a small number of data points, it is

consistent with other measurements we have taken with

a larger number of data points and is adequate to characterize

the lipid monolayer (as described in Materials and Methods,

above). The measurement shown in Fig. 2 a is the mea-

surement that preceded the measurement of the bound pro-

tein illustrated in Fig. 2 c that will be discussed later. The

data for the pure SOPC monolayer are analyzed by a two-

slab model for the electron density, given by

ÆrðzÞæ ¼ rair 1 rbuffer

2
1

rair � rtail

2
3 erf

zffiffiffiffiffiffiffiffi
2s

2
p

� �

1
rtail � rhead

2
3 erf

z1 Ltailffiffiffiffiffiffiffiffi
2s

2
p

� �

1
rhead � rbuffer

2
3 erf

z1 Ltail 1 Lheadffiffiffiffiffiffiffiffi
2s

2
p

� �
; (1)

where erfðzÞ ¼ ð2= ffiffiffiffi
p

p Þ R z

0
expð�t2Þdt; Lhead and Ltail are the

thickness of the headgroup and tailgroup; rhead and rtail
represent the average electron densities (normalized to the

electron density of the subphase, rbuffer ¼ 0.338 e�/Å3) of

the headgroup and tailgroup; rair, the electron density of the

air, is equal to zero; and s is the roughness of the surface

calculated by capillary wave theory using the measured tem-

perature and surface pressure.

Note that interfacial roughness used in the fits was fixed to

the value calculated from the capillary wave theory using the

measured temperature and surface pressure (37,38). The

dependence of the fit parameters for the SOPC monolayer on

the uncertainties of the surface pressure (61 mN/m) yielded

values within the quoted error bars. The contribution of the

bending rigidity was not included in calculating the in-

terfacial roughness because the bending rigidity for an SOPC

FIGURE 2 (a and b) The normalized x-ray reflec-

tivity and the interfacial profile of the pure SOPC

monolayer at p ¼ 24 mN/m. (c and d) The normalized

x-ray reflectivity and the interfacial profile of the SOPC

monolayer-bound cPLA2a-C2 system. Open circles in

a and c represent the experimental x-ray reflectivity

data and solid lines represent the best fit of the data

using models described in the text. The corresponding

fitting parameters are shown in Table 1. Solid lines in

b and d represent the normalized electron densities of

the interfaces along the axis normal to the interface.

Dashed lines in b and d represent the same electron

density profiles as the solid lines with the roughness

parameter, s, set to zero for illustrative purposes.
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monolayer has not been measured. To test the influence of

including the bending rigidity, we reanalyzed our data using

a typical value of 10 kT as measured for bilayers (39,40).

The lipid parameters for both the pure SOPC monolayer and

the SOPC/cPLA2a-C2 system changed slightly (within the

quoted error bars), but there was no effect on the protein

orientation and penetration.

The air-tailgroup, tailgroup-headgroup, and headgroup-

buffer interfaces are located at z ¼ 0, z ¼ � Ltail, and z ¼ �
(Ltail 1 Lhead), respectively. The Parratt algorithm is used to

calculate the reflectivity from the electron density profile

given by Eq. 1. Fitting the data to the calculated reflectivity

yields values for the fitting parameters: Lhead, Ltail, rhead, and
rtail. The fit is shown in Fig. 2 a (solid line) and the resulting
electron density profile is shown in Fig. 2 b. The fit param-

eters are listed in Table 1 and are very similar to parameters

we measured several times for SOPC monolayers, including

measurements with a much higher density of points. The

thickness of the tailgroup region, Ltail, and the electron den-

sity in this region, rtail, indicate that the acyl chains are dis-
ordered. The high electron density in the headgroup region

is due to the presence of the phosphate group. The total

thickness of the monolayer adds up to 21 Å, consistent with

the dimensions of a phospholipid monolayer.

These values are consistent with previous measurements

(found in literature) of SOPC and similar lipids in bilayers or

Langmuir monolayers. There is not much information about

the structural parameters of SOPC monolayers and bilayers

in the literature, but similar lipid monolayers and bilayers,

such as 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC),
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),

and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)were
more extensively studied. Vogel et al. (40) determined the

bilayer thickness of POPC to be 39 Å, corresponding to 19.5

Å single monolayer thickness, consistent with our results.

Thoma et al. (41) used x-ray reflectivity to study the structure

of DPPC monolayers for various lipid monolayer pressures.

Their values of the headgroup thickness are in the range from

7.3 Å to 10.8 Å. Petkova et al. (42) studied DOPC bilayers

by x-ray reflectivity and reported the value of 11.8 Å for the

headgroup thickness. DOPC, DPPC, and POPC bilayers

were studied by Liu and Nagle (43), Nagle and Tristam-

Nagle (44), and Pabst et al. (45), respectively. The headgroup

thickness determined by these studies was 9 Å, which is

slightly smaller than the value we report here for the SOPC

monolayer headgroup thickness (10.5 Å). To determine the

variation of the thickness parameters with the roughness

value, we fit our reflectivity data with a roughness slightly

larger than the value calculated from the capillary wave

theory. If the capillary wave roughness (3.3 Å) was increased

to 3.5 Å, and 3.6 Å, respectively, then the headgroup thick-

ness decreased to 9.3 Å, and 8.7 Å, respectively, and the

overall monolayer thickness decreased to 20.2 Å, and 19.8

Å, respectively.

SOPC monolayer with bound cPLA2a-C2

Surface pressure data

The change in surface pressure Dp after cPLA2a-C2 adsorp-
tion onto the SOPC monolayer is plotted in Fig. 3 as a func-

tion of the initial surface pressure p0 of the SOPC monolayer

(see Materials and Methods). These data were taken on

samples without prior x-ray exposure. The value of Dp was

then measured at the synchrotron, after x-ray reflectivity

TABLE 1 Parameters for pure SOPC monolayer and SOPC

bound cPLA2a-C2

SOPC/cPLA2a-C2

SOPC d a g

Ltail [Å] 10.6 6 0.1 10:510:5
�0:4 10:310:3

�0:2 11:010:3
�0:4

Lhead [Å] 10.5 6 0.5 9:910:9
�1:0 10:510:8

�1:1 9:810:8
�0:9

CEN [Å] 3413
�2 3812

�4 3812
�3

rtail 0.62 6 0.01 0:6210:02
�0:03 0.62 6 0.03 0:5710:04

�0:05

rhead 1.25 6 0.01 1:1310:05
�0:04 1:2110:04

�0:07 1.11 6 0.04

COV 0.69 6 0.07 0.9 60.1 0.66 6 0.07

s [Å] 3.3 3.6 3.6 3.6

Abox [Å
2] 1323 1978 1200

CENcryst [Å] 43.9 38.2 39.0

L.CEN [Å] 25.6 28.3 34.5

Aprotein

[6 300 Å2]

1900 2200 1800

PEN [6 3 Å] 12 11 17

x2 10.5 15.4 12.2

x2
Qz,0:2 8.4 9.6 9.5

The parameters for cPLA2a-C2 orientations shown in Fig. 7, d, a, and g,

are shown. Fig. 7 d is the best fit, and Fig. 7 g is inconsistent with EPR

measurements. The items Ltail, Lhead, CEN, rtail, rhead, and COV are fitting

parameters, whereas s is calculated from the capillary wave theory, Abox;

CENcryst and L.CEN are parameters extracted from Cerius2; and Aprotein and

PEN are calculated from the other parameters, as described in the text.

Normalized electron densities must be multiplied by 0.338 e�/Å3 to get

absolute electron densities. x2 is the statistical measure of goodness of fit

for the entire range of Qz; x
2
Qz,0:2 is for a smaller range of Qz (,0.2 Å�1)

that is most sensitive to the protein ordering.

FIGURE 3 Change of surface pressure upon cPLA2a-C2 adsorption to

the SOPC monolayer as a function of the initial monolayer pressure before

adsorption. Dots indicate the data measured without x-ray exposure of SOPC

monolayers as described in Materials and Methods. The open circle repre-

sents the value measured at the synchrotron immediately before measuring

the x-ray reflectivity shown in Fig. 2 c.
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Biophysical Journal 89(3) 1861–1873



measurement of pure SOPC monolayer and before the x-ray

reflectivity measurement of the lipid-protein system. The ob-

tained value (Dp ¼ 8 mN/m) is consistent with the value

measured without prior x-ray exposure.

X-ray data and reflectivity model that incorporates protein
crystallography structure

X-ray reflectivity from cPLA2a-C2 domains bound to an

SOPC monolayer is shown in Fig. 2 c. It is similar in form to

that of the pure SOPC monolayer in Fig. 2 a, except for an
additional peak located in the lowQz region. This peak is due

to the C2 domain bound to the SOPC monolayer.

The standard method of analysis, previously applied to

reflectivity data measured from proteins bound to Langmuir

monolayers of lipids, consists of a three-slab model similar to

the two-slab model we used to analyze the data from the

SOPC monolayer. In this case, the third slab would represent

the bound proteins. The fit to the data and resultant electron

density profile from this analysis are very similar to those

shown in Fig. 2, c and d. However, the fit parameters to this

slab model (not shown) do not directly determine the angular

orientation of the protein or the penetration depth of the

protein into the region of the lipid monolayer. To extract this

information, we have modified the reflectivity analysis to uti-

lize the protein structure determined from x-ray crystallog-

raphy.

The x-ray crystallography structure of cPLA2a-C2 (PDB

ID:1RLW) (14) was used to model the electron density

distribution of the cPLA2a-C2 domain. This structure is not

a complete representation of the domain we studied because

1), there are 16 residues not resolved by x-ray diffraction;

and 2), a 19-residue amino-terminal tail containing a His-tag

was attached to the domain for affinity purification. These

additional 35 residues are located at the end of the domain

opposite to the calcium-binding loops and have no effect on

the binding of this domain to the lipid monolayer. The addi-

tional residues are required to fit our data, but the results of

our analysis are not sensitive to sensible variations of the con-

formation of these additional residues. Molecular simula-

tions were used to model these additional residues.

This N-terminal extension was analyzed as follows: The

35-residue N-terminal extension was predicted to have ran-

dom coil conformation by protein fold recognition programs

(46,47). A potential structural template was detected, but the

similarity was due to the inclusion of an identical His-tag.

The 20 models consistent with the NMR data for this struc-

ture (PDB ID:1JDQ) (48) gave very different conformations

for the N-terminal segment. Hence, no suitable structural

templates for the N-terminal extension were found in the Pro-

tein Data Bank (49). An ab initio-like model was constructed

with the HMMSTR/Rosetta structure prediction server (50).

A composite model for the experimental construct was built

with the homology-modeling protein Nest (51) and consists

of two pieces: 1), the HMMSTR model for the 35-residue

N-terminal portion, and 2), the experimentally determined

structure of cPLA22a-C2 domain. This model predicts that

the N-terminal extension is unstructured and points away

from the rest of the C2 domain. Note that our initial analysis

using the results of this simulation for the N-terminal ex-

tension was not fully satisfactory. A slight modification of

this simulation was based upon a simple analytical form for

the extra residues of the cPLA22a-C2. This modification fit

the data well and is consistent with the range of conforma-

tions that can be produced by the simulation.

The cPLA2a-C2 domain studied by x-ray reflectivity is

shown in Fig. 4. As will be demonstrated, the orientation

shown in Fig. 4 is the best fit from our analysis and will be

referred to as the basic orientation.

In this geometry the lipid monolayer is in the xy plane and
the z axis is perpendicular to the monolayer. We use the same

coordinate system and rotations about the same axes as

described by Malmberg et al. (20) to define the basic domain

orientation. This allows for a direct comparison of orienta-

tions determined by our x-ray data and those determined by

EPR measurements. Three atoms were chosen as the ref-

erence points. The first and the second atoms are located in

the longest b-strand of the domain and the third atom is

located in the furthest strand in the same sheet. The selected

atoms are the a-carbons in residues F20, A27, and K118.

Two molecular vectors are then defined, a z9 vector ex-

tending from the first atom (in F20) to the second atom

(in A27) and an x9 vector passing through the third atom

(in K118) and perpendicular to the first vector. A molecular

FIGURE 4 Crystal structure of cPLA2a-C2. Green spheres represent

calcium ions. The protein is in the basic orientation, the z axis is indicated,

and the solid white line represents an xy plane separating the bottom of the

lipid layer and the buffer. The part of the protein above the solid white line

penetrates into the SOPC monolayer.
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coordinate system is then defined, with its center at the first

a-carbon, the z9 axis parallel to the z9 vector, and the x9 axis
parallel to the x9 vector. The orientation of the y9 axis (per-
pendicular to the x9z9 plane) is defined by the requirement of

a right-handedness of the x9y9z9 coordinate system.

The domain is oriented relative to an imaginary planar

membrane surface in two different ways. First, the domain is

placed in a common starting orientation with its z9 axis nor-
mal to the membrane. This places the calibration b-sheet
perpendicular to the membrane surface. Second, the domain

is placed in its final bound orientation. Last, the transfor-

mations needed to change the starting orientation into the final

orientation are calculated as a rotation about the x9 axis by
angle u followed by a rotation about the z9 axis by angle f.
Our basic (and best fit) orientation is defined by angles

u ¼ 48� and f ¼ 104�.
To use the structure shown in Fig. 4 in the reflectivity

analysis, a one-dimensional electron density profile along the

z axis, averaged over the xy directions, must be determined.

This profile is referred to as Ærprotein_layer(zp)æ, where zp is a z
axis shifted by an amount to be discussed. This protein

profile, modified for the presence of buffer, is then situated

between the profile for the bulk aqueous buffer and the two

slabs that describe the lipid monolayer. An additional degree

of freedom allows the protein profile to penetrate into the

region of the monolayer. This combined profile is then used

to fit the x-ray reflectivity data. The fitting determines the

penetration depth of the protein into the lipid monolayer and

the fraction of lipid monolayer with bound protein, as well as

the lipid parameters, for the domain orientation shown in Fig.

4. The same procedure is undertaken for different angular

orientations of the protein to determine if other orientations

can fit the data and, if so, the fitting parameters for these ori-

entations.

To account for the presence of buffer that surrounds the

protein (i.e., buffer at the same surface depth as the protein),

the electron density profile of the protein layer is modeled by

enclosing a single protein in the smallest possible rectangular

box. Since part of each protein is in the buffer environment,

while the rest penetrates inside the lipid region that does

not contain buffer, the electron density of the protein in the

box Ærprotein_box(zp)æ is determined for both protein in a box

filled with buffer (Ærprotein(buffer)(zp)æ) and protein in an empty

box (Ærprotein(empty)(zp)æ). The interface then consists of these

boxed proteins, possibly separated by additional buffer if the

protein coverage is less than 1, adjacent to the lipid

monolayer (see Fig. 5).

The electron density profile of this protein in a box is

determined by slicing the box into 2 Å thick slices parallel to

the lipid monolayer (xy plane). The electron density of each 2
Å thick slice was calculated by dividing the number of

electrons in the slice by its volume. The program Cerius2 was
used to determine the number of electrons in each slice as

follows. Cerius2 is capable of listing the occupancy of

individual atoms in the part of the slice occupied by a protein

and calculating the volume of the part of the slice occupied

by a protein. The number of electrons in each slice is the sum

of the number of electrons in the part of the slice occupied by

the protein and the number of electrons in the part of the slice

not occupied by the protein (either buffer or empty). The

number of electrons in the part occupied by a protein was

calculated from the occupancies of atoms obtained by

Cerius2. The number of electrons in the volume not occupied

by the protein (and thus filled with buffer or empty) was

calculated from the known volume of this area (slice’s

volume minus volume of the slice occupied by protein) and

the known electron density (either the electron density of the

buffer in case of a box filled with buffer, or zero in case of an

empty box). Resulting electron density was normalized to

the electron density of the buffer.

The electron density profile of the slices for the case of

protein in a box with buffer is shown in Fig. 6 (circles). It
is convenient for the data-fitting algorithm to have an an-

alytic parameterization of the discrete set of points in Fig. 6

with a (piecewise) continuous function. We found that a

Gaussian function was not a good approximation to the

entire Ærprotein_box(zp)æ because the electron density near the

calcium-binding loops drops off quickly. Therefore, we

parameterized the part of Ærprotein_box(zp)æ near the calcium-

binding loops with a fourth-power Gaussian and the rest

of Ærprotein_box(zp)æ with an ordinary Gaussian. The analytic

form of Ærprotein(buffer)(zp)æ is given by

FIGURE 5 (a) Schematic view of the lipid monolayer with the adsorbed

proteins enclosed in the smallest possible rectangular boxes. Yellow circles

and red curves represent the lipid headgroups and tailgroups, respectively;

proteins enclosed in boxes are schematically shown as green objects in black

rectangles (the real structure of the protein in its smallest box is shown in

Fig. 4). The parameters appearing in Eq. 6 are indicated in b, which is an

enlarged version of one of the boxed proteins together with adjacent lipids.
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ÆrproteinðbufferÞðzpÞæ ¼ 11AMPLbuffer exp �ðzp � CENcrystÞ2
GWIDTH2

� �

for zp #GBORDER

ÆrproteinðbufferÞðzpÞæ ¼ 11AMPLbuffer exp �ðzp � CENcrystÞ4
WIDTH

4

� �

for zp .GBORDER

ÆrproteinðbufferÞðzpÞæ ¼ 1 for zp , ðCENcryst � L,CENÞ or

zp . ðCENcryst 1 L.CENÞ; (2)

where L,CEN, L.CEN, AMPLbuffer, WIDTH, GWIDTH,
GBORDER, and CENcryst are described in Fig. 6. These

parameters are orientation-specific and stay fixed for a given

orientation. L,CEN and L.CEN characterize the protein length

along the zp axis (the total protein length projected onto the zp
axis is L,CEN 1 L.CEN). GBORDER identifies where the

Gaussian switches to the fourth-power Gaussian. CENcryst is

the center of the Gaussian and of the fourth-power Gaussian

functions.

The same procedure is followed for the protein in an empty

box, yielding

ÆrproteinðemptyÞðzpÞæ ¼ AMPLempty exp �ðzp � CENcrystÞ2
GWIDTH

2

� �

for zp # GBORDER;

ÆrproteinðemptyÞðzpÞæ ¼ AMPLempty exp �ðzp � CENcrystÞ4
WIDTH

4

� �

for zp .GBORDER;

ÆrproteinðemptyÞðzpÞæ ¼ 0 for zp , ðCENcryst � L,CENÞ or

zp . ðCENcryst 1 L.CENÞ; (3)

where all the parameters (except AMPLempty) are the same, as

in the case of the protein in a box with buffer. The electron

density of a single protein in a box, Ærprotein_buffer(zp)æ, is then
composed of two functions:

Ærprotein boxðzpÞæ ¼

ÆrproteinðbufferÞðzpÞæ for the protein part in

the buffer beneath the lipid

ÆrproteinðemptyÞðzpÞæ for the protein part

penetrating into the lipid region:

8>>><
>>>:

The electron density profile of a single protein in a box

Ærprotein_box(zp)æ is then used to model the electron density

profile of a protein layer Ærprotein_layer(zp)æ by introducing the

coverage parameter COV, the fraction of surface area oc-

cupied by the protein boxes, as

Ærprotein layerðzpÞæ ¼ COV 3 Ærprotein boxðzpÞæ: (4)

Since the electron density of the buffer has been nor-

malized to unity, this expression for Ærprotein_layer(zp)æ ac-

counts for the presence of buffer between the protein boxes if

the surface is not fully covered by the protein boxes. The area

per protein (Aprotein) can then be calculated as

Aprotein ¼ Abox=COV; (5)

where Abox is the area of the side of the box in the xy plane

(parallel to the lipid monolayer).

The final model for the electron density profile of the lipid-

protein system is the sum of the electron density profile of

the protein layer (Ærprotein_layer(zp)æ) and the electron density

of the lipid layer described by two slabs. The coordinate sys-

tem is chosen to place the air-tailgroup interface at z ¼ 0 and

the buffer-protein interface at z , 0. The position of the

protein with respect to the lipid layer is given by the param-

eter CEN, where CEN is the distance between the protein

center and the air-tailgroup interface at z ¼ 0 (see Fig. 5). In

this geometry, the penetration (PEN) of the protein into the

lipid layer (measured from the headgroup/buffer interface)

can be calculated as

PEN ¼ L.CEN � ½CEN � ðLtail 1 LheadÞ�: (6)

Lengths appearing in Eq. 6 are indicated in Fig. 5 b, and zp is
related to z via

zp ¼ z1CENcryst 1CEN: (7)

Interfacial roughness is incorporated into the model by

convoluting the electron density profile with a Gaussian of

width s, where s is calculated from capillary wave theory.

The x-ray reflectivity data are fit with the reflectivity

calculated by the Parratt algorithm applied to the above

model. There are six fitting parameters—four for the lipid

layer (Lhead, Ltail, rhead, and rtail) and two for the protein layer
(CEN and COV). The fit is shown in Fig. 2 c, the electron

density profile in Fig. 2 d, and fit parameters are listed in

Table 1, column d. The fit to the reflectivity data is good

throughout the entire range of Qz. Note that the region of low

Qz is most sensitive to the protein and the region of higher

Qz is sensitive to the lipid structure. This indicates that the

protein orientation shown in Fig. 4 is consistent with our

FIGURE 6 Electron density along the zp axis of the protein in a box with

buffer obtained by slicing the protein in the basic orientation (Fig. 4). Open

circles indicate the electron density of each slice for the case of the protein in

a box with buffer. The solid line represents the best fit of these electron

densities using a model function described in the text. The parameter values

are: L,CEN ¼ 53.9 Å, L.CEN ¼ 25.6 Å, CENcryst ¼ 43.9 Å, AMPLbuffer
¼ 0.19, AMPLempty ¼ 0.47, WIDTH ¼ 21.7 Å, GWIDTH ¼ 32.4 Å, and

GBORDER – CENcryst ¼ 0 Å.
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data, though it does not imply that other orientations are in-

consistent with our data. Although this protein orientation

provides the best fit to our data, fits to the data for a variety of

other orientations are discussed in the next section to illustrate

the dependence upon orientation.

The parameters describing the SOPC monolayer are simi-

lar to those of the monolayer without bound protein with

the exception that the electron density in the headgroup

region is lower. This indicates that the number of electrons

attributable to the headgroup region of the lipid monolayer

changed upon protein binding. We speculate that some water

molecules hydrated to the headgroup are removed upon pro-

tein binding.

The amount of water can be estimated by counting the

electrons in the lipid region as follows. The total number of

electrons in the lipid region (per lipid) will be the total num-

ber of electrons in SOPC (436 electrons) plus the number of

electrons in hydrated water molecules (10 nw, where nw is

the number of hydrated water molecules per lipid). The area

per lipid, A, can be written in terms of this total number of

electrons as A ¼ (436 110 nw)/[(Lhead 3 rhead 3 rbuffer) 1
(Ltail 3 rtail 3 rbuffer)], where rbuffer ¼ 0.338 e�/Å3. For

the measurement of the SOPC monolayer without protein

(see Table 1), A¼ 65.51 1.5 nw. Similarly, for the measure-

ment of cPLA2a-C2 bound to SOPC (Table 1, analysis d),
Ap ¼ 72:9 1 1:7 nwp

, where the subscript p refers to the

presence of the bound protein. Since the tail parameters do

not change upon protein binding, it is sensible to assume that

the area per lipid does not change significantly with protein

binding. Therefore, Ap ¼ A and nw � nwp
� 4:9 1 0:1 nwp

,

where nw � nwp
represents the number ofwatermolecules lost

from the headgroup region upon protein binding. The amount

of lost water depends upon the value of nwp
, which we do not

measure accurately. However, this analysis indicates that

a minimum of five water molecules per lipid is lost upon

protein binding. Literature values of ;30 hydrated waters

(nw ¼ 30) lead to a slightly larger value of eight water mol-

ecules per lipid lost upon protein binding (43,44,52).

Approximately two-thirds of the lipid layer is covered by

protein (COV ¼ 0.69). Equation 5 yields the area per protein

as 1900 Å2, similar to the result of the radioactive labeling

method (see Materials and Methods) that yielded the value

2110 Å2. Equation 6 yields a value of 12 6 3 Å for the

penetration of the protein, in this orientation, into the lipid

layer. This places the Ca21 ions within 1 Å of the lipid phos-

phate groups.

Protein orientation and penetration

To investigate other protein orientations that may be con-

sistent with the x-ray data, the protein in the orientation shown

in Fig. 4 was rotated to eight additional orientations. Since

rotations around the z axis change only the viewing angle, but
not the orientation with respect to the membrane, only

rotations around the x and y axes can give new orientations.

The orientations chosen are shown in Fig. 7. These ori-

entations were analyzed by repeating the procedure described

in the previous section. This determined new electron density

profiles Ærprotein_layer(zp)æ, which were then used to fit the

reflectivity data. Only the two orientations shown in Fig. 7,

a and g, in addition to that shown in Fig. 4 (or, equivalently,

Fig. 7 d), provide adequate fits to the data. The protein

orientation in Fig. 7 a is obtained by rotating the protein by

25� around the y axis from the orientation in Fig. 7 d and the
orientation in Fig. 7 g is obtained by rotating the protein by

�25� around the y axis and 25� around the x axis from the

orientation in Fig. 7 a. The fitting parameters for the three

orientations that fit the data are listed in Table 1. Two of the

three rotations (d and a) that provide adequate fits to the data
can be compared by the statistical measure of goodness of fit

x2. Two different values of x2 were considered, one that

measures the goodness of fit over the entire range of Qz

(denoted x2) and the other that measures the goodness of fit

over a smaller range of Qz (,0.2 Å�1, denoted x2
Qz,0:2) that

is most sensitive to the protein ordering. The values of x2

and x2
Qz,0:2 for nine orientations shown in Fig. 7 and for

orientations predicted from earlier EPR studies (19,20) are

FIGURE 7 Protein orientations selected for analysis. The basic orienta-

tion is shown on d. The orientation obtained from the basic orientation (d) by
rotating it by 25� around the y axis is shown on a. Orientations obtained from
the orientation (a) by rotating it by (b)�25� around the x axis; (c) 25� around
the x axis; (e) 25� around the y axis; (f) �25� around the y axis and �25�
around the x axis; (g) �25� around the y axis and 25� around the x axis; (h)

25� around the y axis and �25� around the x axis; and (i) 25� around the y

axis and 25� around the x axis, are shown. Shaded spheres represent two

calcium ions. The white solid lines in a, d, and g indicate the border between
the lipid headgroups and the buffer. The positions of the white lines were

calculated for each orientation via Eq. 6. The part of the protein above the

lines penetrates into the SOPC monolayer.
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shown in Table 2. Orientation d has the lowest values of x2

and x2
Qz,0:2. The statistical significance of the difference

between these values for orientations d and a is ;2�sigma.

Although orientation g also provides an adequate fit to the

data, we do not consider this orientation further because it is

inconsistent with the depth parameters from the EPR mea-

surements determined by Malmberg et al. (20) and because it

places hydrophilic residues of theCBL1 as deep or deeper into

the lipid monolayer as hydrophobic residues of the CBL3.

The fits to orientations d and a indicate that the thick-

ness and electron density of the SOPC tailgroup layer did

not change upon binding of the cPLA2a-C2 (Table 1). The

thickness of the headgroup layer did not change either, but

the electron density of the headgroup decreased upon bind-

ing of the cPLA2a-C2 to the SOPC monolayer. The area per

protein for these orientations is within error bars of the

value of 2110 Å2 from radioactive labeling (Materials and

Methods). The orientation in Fig. 7 a determines a penetra-

tion of 11 Å, similar to the 12 Å determined for the orientation

in Fig. 7 d. Although the orientation in Fig. 7 g determines

a much higher penetration, 17 Å, there are good reasons to

disregard this fit, as just discussed.

Control experiments: buffer without Ca21

and mutants

An experiment with non-Ca21 buffer was conducted to

investigate the effect of Ca21 on cPLA2a-C2 binding. A 20-

mM HEPES buffer, pH 7.0, containing 0.1 mM KCl and 0.1

mM EGTA, was used instead of the Ca21 buffer previously

described. Protein injection under the SOPC monolayer did

not result in any change of the 27 mN/m initial lipid pressure.

X-ray reflectivity from the pure SOPC monolayer supported

on the non-Ca21 buffer and the reflectivity after the protein

injection are the same (see Fig. 8). Two-slab-model fits to

both sets of data have nearly identical fitting parameters

(Table 3) that model a lipid layer without cPLA2a-C2
adsorption. This measurement confirms earlier proposals that

Ca21 is required for binding cPLA2a-C2 domains to lipids

(30,53–59). Importantly, this measurement illustrates our

ability to measure a Langmuir monolayer of SOPC over an

extended period of time (8 h from the beginning of x-ray

exposure) without noticeable deterioration from radiation

damage or other effects.

The role of the hydrophobic residues on the putative

binding sites was studied by measuring x-ray reflectivity

from the system with mutated cPLA2a-C2. Two calcium-

binding loops of cPLA2a-C2, CBL1, and CBL3, have a

cluster of hydrophobic residues on the tips of their structure

(see Fig. 9). According to our best-fit model (Fig. 7, d), the
two residues L39 and V97 penetrate most deeply into the

lipid layer by penetrating 2 Å into the tailgroup region of the

lipids (see Table 1). It has been proposed that these residues

are involved in membrane binding (18,30,58). To test this

idea, we performed two experiments, in which we mutated

two hydrophobic residues: L39 in CBL1 and V97 in CBL3

to alanine (L39A and V97A). The initial surface pressures

for the experiments with L39A and V97A mutants were 25.3

mN/m and 25.8 mN/m, respectively; and the corresponding

pressure changes after the mutant injections were Dp ¼ 0.6

6 0.5 mN/m and Dp ¼ 1.0 6 0.5 mN/m, respectively. The

reflectivity data before and after injecting the mutants are

similar (see Fig. 10); therefore, these data do not indicate any

binding of the mutants onto the SOPC monolayer at these

pressures. The reflectivity data were fit with a two-slab

model, with fitting parameters very similar to those of pure

lipid monolayers (Table 4).

These results are in a good agreement with studies by

Bittova et al. (30) on the effects ofmutations in themembrane-

binding residues on the membrane binding affinity and

monolayer penetration. They reported that the binding af-

finities of L39A and V97A mutants were four times lower

than that of the wild-type. They also measured the critical

surface pressure (pc), which specifies an upper limit of p0 for

protein penetration into a monolayer. They reported critical

surface pressures, 27 mN/m and 26 mN/m for L39A and

V97Amutants, respectively, that are significantly lower, than

the 34 mN/m measured for the wild-type cPLA2a-C2. Based
on mutational effects of hydrophobic residues L39 and V97

on activity such as membrane binding and monolayer pen-

etration, Bittova et al. (30) reported that L39 and V97 are

directly involved in membrane penetration and hydrophobic

interaction, and should be fully inserted into the hydrophobic

core of the membrane.

TABLE 2 Comparison of v2 and v2Qz\0:2

Orientations shown in Fig. 7 EPR studies

a b c d e f g h i EPR1 EPR2

u [�] 56 79 36 48 70 73 23 90 52 68 52

f [�] 74 86 54 104 51 108 94 66 31 66 53

x2 15.4 27.9 13.0 10.5 46.2 18.6 12.2 60.1 24.3 23.8 17.1

x2
Qz,0:2 9.6 24.9 19.6 8.4 39.9 13.8 9.5 60.5 36.1 17.0 14.3

The values of x2 and x2
Qz,0:2 for orientations shown in Fig. 7 and orientations predicted by Frazier et al. (19) (denoted by EPR1) and Malmberg et al. (20)

(denoted by EPR2) are given. Orientations a, d, and g provide adequate fits to the data. Orientation d has the lowest values of x2 and x2
Qz,0:2. The statistical

significance of the difference between these values for orientations d and a is ;2�sigma. Orientation g is inconsistent with the depth parameters from the

EPR measurements determined by Malmberg et al. (20) and it places hydrophilic residues of the CBL1 as deep or deeper into the lipid monolayer as

hydrophobic residues of the CBL3.
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DISCUSSION

In this work, synchrotron x-ray reflectivity was used to in-

vestigate the orientation and position of cPLA2a-C2 domain

bound to an SOPC monolayer at the air-water interface.

X-ray reflectivity from the monolayer was measured before

and after injecting protein solution into the subphase. The

SOPC layer is modeled by a two-slab model with one slab

corresponding to the headgroup region and the other to the

tailgroup region of the SOPC. Although a third slab can be

used to model cPLA2a-C2 domains bound to the SOPC

monolayer, this simple model is incapable of directly

determining the orientation and penetration of the domains.

To determine this information from the reflectivity measure-

ments, a model that utilizes the reported crystal structure of

cPLA2a-C2 was developed. The use of the crystal structure

for the modeling of SOPC monolayer-bound cPLA2a-C2 is

justified by the following observations. First, the crystal

structure of cPLA2a-C2 (PDB ID:1RLW) (14) is similar to

the solution structure determined by NMR (PDB ID:1BCI)

(17). Second, EPR measurements indicate that the average

conformations of the calcium-binding loops undergo only

subtle changes upon membrane binding (20).

Four fitting parameters characterized the SOPC layer, and

an additional two parameters were used to model the protein

domain. These two parameters are CEN, which determines

the cPLA2a-C2 penetration depth into the SOPC monolayer

and COV, which characterizes the fraction of the SOPC

monolayer covered by proteins. The orientation shown in

Fig. 4 (also Fig. 7 d) provided the best fit to the reflectivity

data. Eight additional orientations, obtained by 25� rotations
around the y and/or x axes, were investigated. Of these eight
orientations, six resulted in significantly worse fits than the

FIGURE 8 Normalized x-ray reflectivity data for a pure SOPC layer and

the SOPC/cPLA2a-C2 system with no Ca21 present in the buffer. Solid

circles indicate the data for a pure SOPC monolayer, and open diamonds

represent the data for the system after the protein solution was injected into

the subphase. Dashed and solid lines represent the best fits for the pure

SOPC monolayer and the SOPC/cPLA2a-C2 system, respectively. The

fitting parameters for the pure SOPC monolayer and the SOPC/cPLA2a-C2

system are shown in Table 3.

TABLE 3 Fitting parameters for experiment with

non-calcium buffer

SOPC SOPC/cPLA2a-C2

Ltail [Å] 10.43 6 0.04 10.2 6 0.1

Lhead [Å] 11.1 6 0.4 11.1 6 0.5

rtail 0.63 6 0.01 0.63 6 0.02

rhead 1.246 6 0.007 1.257 6 0.009

s [Å] 3.4 3.4

Fitting parameters for the SOPC monolayer before and after addition of

protein solution to the non-calcium buffer. Normalized electron densities

must be multiplied by 0.338 e�/Å3 to get absolute electron densities.

FIGURE 9 Crystal structure of cPLA2a-C2. Two calcium ions are shown

as green spheres. Mutated hydrophobic residues L39 in CBL1 and V97 in

CBL3 are represented by magenta and yellow spheres, respectively.

FIGURE 10 Normalized x-ray reflectivity data for pure SOPC layers and

SOPC/cPLA2a-C2 systems with mutations (a) L39A in CBL1, and (b)

V97A in CBL3. Solid circles indicate the data for a pure SOPC monolayer,

and open diamonds represent the data for the system after the protein

mutants (a) L39A and (b) V97A were injected into the subphase. Dashed

and solid lines represent the best fits for the pure SOPC monolayer and the

mutant-SOPC system, respectively. The corresponding fitting parameters

are shown in Table 4.
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basic orientation and one led to an unrealistic penetration. An

additional orientation, in Fig. 7 a, provided an adequate fit

though not as good as Fig. 7 d. The protein penetration value
of 12 6 3 Å, that indicates the distance from the headgroup-

buffer plane to the residue that penetrates most deeply, places

two hydrophobic residues, L39 and V97, just within the lipid

tailgroups.

Two previous EPR measurements of the penetration and

orientation of the cPLA2a-C2 domain bound to lipid vesicles

were compared to our results by fitting our x-ray reflectivity

data with the predictions for the orientations from these

earlier studies (see Table 5) (19,20). Although our results

generally agree with two previous EPR studies on the lipid

vesicle-bound cPLA2a-C2 domain, some important differ-

ences have been noticed (19,20). The orientation proposed

by Frazier et al. (19) does not fit our data well, and yields

values of x2 and x2
Qz,0:2 that are approximately twice as large

as our best-fit x2 values (Fig. 7 d, and see Table 2). The

orientation proposed by Malmberg et al. (20) is similar to the

orientation shown in Fig. 7 a; however, Malmberg’s ori-

entation also yields a value of x2 ;60% larger and a value of

x2
Qz,0:2 approximately twice as large as our best fit values

(Fig. 7 d and see Table 2). In addition, our best fit orientation
of cPLA2a-C2 (Fig. 7 d) places the Ca21 ions 4.4 Å above

the headgroup-buffer interface, i.e., within 1 Å of the lipid

phosphates (see Ref. 51 for a determination of the distance

between the phosphates and the headgroup). This is in

agreement with the Malmberg’s model, which places the

Ca21 ions at the depth of the membrane phosphates (20).

However, the x-ray data reveal an inconsistency between the

orientation and penetration proposed by Malmberg et al. If

we analyze our x-ray data with the orientation proposed by

Malmberg et al. (20), the Ca21 ions are positioned just above

the headgroup-buffer interface, ;5 Å away from the phos-

phates and, therefore, 5 Å away from the position determined

by Malmberg et al. (see Table 5).

Recent electrostatic potential calculations have indicated

that nonspecific electrostatic interactions can explain the

calcium-induced binding of C2 domains such as Sytl-C2A,

PKCb-C2, and PLCd1 that preferentially bind to membranes

containing anionic phospholipids in the presence of Ca21

(60). These calculations were less successful in explaining

the binding of cPLA2a-C2 domains that can bind to mem-

branes containing only zwitterionic phospholipids. In this

case, it was shown that the electrostatic free energy of in-

teraction between cPLA2a-C2 domains and the surface of

phospholipid bilayers is always unfavorable and does not

explain the binding. Nevertheless, these calculations dem-

onstrated that the presence of Ca21 can enhance the mem-

brane-binding affinity of the domains.

Our results display several structural features not ac-

counted for in the electrostatic potential calculations because

these calculations model the interior of the membrane as a

structureless dielectric continuum (60). The electron density

in the region of the SOPC lipids reveals a reduction in the

electron density of the headgroup upon binding of the

cPLA2a-C2 domain whereas the thickness of both head-

group and tailgroup and the electron density of tailgroup

remain unchanged. This indicates that the number of elec-

trons attributable to the headgroup region of the lipid changes

upon cPLA2a-C2 domain binding. Calculations from our

electron density profiles of the total number of electrons per

lipid lead to the speculative conclusion that at least five water

molecules previously hydrated to the headgroup leave the

headgroup upon protein binding in the best-fit orientation d.
This will provide an entropic contribution to the free

energy that favors protein binding. Furthermore, the near

TABLE 4 Fitting parameters for experiments with mutants

L39A mutant V97A mutant

SOPC SOPC/cPLA2a-C2 SOPC SOPC/cPLA2a-C2

Ltail [Å] 10.49 6 0.08 10.2 6 0.1 10.78 6 0.08 10.4 6 0.1

Lhead [Å] 10.6 6 0.5 10.4 6 0.5 10.3 6 0.4 10.8 6 0.5

rtail 0.58 6 0.01 0.62 6 0.02 0.62 6 0.01 0.61 6 0.02

rhead 1.217 6 0.009 1.23 6 0.01 1.248 6 0.008 1.222 6 0.009

s [Å] 3.3 3.3 3.3 3.4

Fitting parameters for the SOPC monolayer before and after addition of mutated protein solution to the calcium buffer. Normalized electron densities must be

multiplied by 0.338 e�/Å3 to get absolute electron densities.

TABLE 5 Comparison of various models

Model u [�] f [�] Ca21 [Å] Deepest residue Ca [Å]

Fig. 7 d, best fit 48 104 4.4 L39 8.2

Fig. 7 a 56 74 0.7 V97 6.4

(20) 52 53 5.3 (�0.1) L39 12.0 (6.6)

(19) 68 66 8.1 V97 14.8

A comparison of four models for the cPLA2a-C2 domain orientation is

shown. Three atoms were used to define a starting position in which

a calibration b-strand is perpendicular to the membrane. The first rotation

(u) is about the molecular x9 axis, which is perpendicular to the calibration

b-strand and lies in the plane of the calibration b-sheet. The second rotation

(f) is about the molecular z9 axis, co-linear with the calibration b-strand.

Also shown for each model is the average depth of the Ca21 ions, and the

depth of its most deeply buried a-carbon. The depths are given relative to

the headgroup-buffer interface. The depths determined by Malmberg et al.

(20) and Frazier et al. (19), originally given relative to the headgroup

phosphate plane, were converted to distances from the headgroup-buffer

interface by adding 5 Å to them. The depths determined by our analysis

applied to the orientation determined by Malmberg et al. (20) are shown in

the parentheses.
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vicinity of the C2 domain-bound Ca21 to the phosphate

groups of the lipids and the location of the hydrophobic

residues L39 and V97 just within the region of the lipid

tailgroups will lead to favorable enthalpic contributions to

the free energy of binding. In conclusion, our new method of

analysis of x-ray reflectivity leads to detailed structural in-

formation that lends new insight into the mechanism and

energetics of cPLA2a-C2 membrane interactions.
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25. Möhwald, H., H. Balts, M. Schwendler, C. A. Helm, G. Brezesinski,

and H. Haas. 1995. Phospholipid and protein monolayers. Jpn. J. Appl.
Phys. 34:3906–3913.

26. Gidalevitz, D., Z. Huang, and S. A. Rice. 1999. Protein folding at the

air-water interface studied with x-ray reflectivity. Proc. Natl. Acad. Sci.
USA. 96:2608–2611.

27. Gidalevitz, D., Y. Ishitsuka, A. S.Muresan, O. Konovalov, A. J.Waring,

R. I. Lehrer, and K. Y. C. Lee. 2003. Interaction of antimicrobial

peptide protegrin with biomembranes. Proc. Natl. Acad. Sci. USA.
100:6302–6307.

28. Kohout, S. C., S. Corbalan-Garcia, J. C. Gomez-Fernandez, and J. J.

Falke. 2003. C2 domain of protein kinase Ca: elucidation of the mem-

brane docking surface by site-directed fluorescence and spin labeling.

Biochemistry. 42:1254–1265.

29. Qin, Z., and D. S. Cafiso. 1996. Membrane structure of protein kinase

C and calmodulin binding domain of myristoylated alanine rich C

kinase substrate determined by site-directed spin labeling. Biochemis-
try. 35:2917–2925.

30. Bittova, L., M. Sumandea, and W. Cho. 1999. A structure-function

study of the C2 domain of cytosolic phospholipase A2. J. Biol. Chem.
274:9665–9672.

31. Momsen, W. E., and H. L. Brockman. 1997. Recovery of monomolecu-

lar films in studies of lipolysis. Methods Enzymol. 286:292–305.

32. Stahelin, R. V., F. Long, K. Diraviyam, K. S. Bruzik, D. Murray, and

W. Cho. 2002. Phosphatidylinositol 3-phosphate induces the mem-

brane penetration of the FYVE domains of Vps27p and Hrs. J. Biol.
Chem. 277:26379–26388.

33. Schlossman, M. L., D. Synal, Y. Guan, M. Meron, G. Shea-McGarthy,

Z. Huang, A. Acero, S. M. Williams, S. A. Rice, and P. J. Viccaro.

1997. A synchrotron x-ray liquid surface spectrometer. Rev. Sci. In-
strum. 68:4372–4384.

34. Born, M., and E. Wolf. 1980. Principles of Optics. Pergamon Press,

Oxford, UK.

1872 Málková et al.
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