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Configuration of membrane-bound proteins by x-ray reflectivity
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In this presentation we review our recent work using x-ray reflectivity to determine the configuration
of membrane-bound proteins. The reflectivity data is analyzed in terms of the known crystallo-
graphic structure of proteins and a slab model representing the lipid layer to yield an electron density
profile of the lipid/protein system. Our recent modified analysis methodology for the lipid/protein
system is concisely described in this report. In addition, some results of the configuration of the
membrane-bound proteins cPLA,x-C2, p40P"*-PX, and PKCu-C2 are highlighted. © 2011

American Institute of Physics. [doi:10.1063/1.3661985]

. INTRODUCTION

Peripheral membrane proteins that are important for cell
signaling and vesicle trafficking are specifically targeted to
cell membranes. Because the function and regulation of a ma-
jority of peripheral proteins depend upon their interactions
with membranes, it is essential to determine the structural
arrangement of peripheral proteins and membrane targeting
domains at the membrane, including their membrane-bound
orientation and depth of penetration. These structural parame-
ters have been studied by mutational studies, electron spin
resonance (EPR), MD simulations, and x-ray reflectivity
measurements.'

A common method of analysis that has been applied pre-
viously to reflectivity data measured from proteins bound to
lipid monolayers relies upon modeling the electron density
profile as three distinct slabs, each of uniform density, sand-
wiched between a bulk aqueous buffer and bulk air.”” The
first two slabs represent the average electron density in the
tailgroup (acyl group) and headgroup regions of the lipid
monolayer and the third slab describes the protein. Two
problems arise as a result of treating the protein as an addi-
tional slab of uniform electron density. The first is that this
model does not provide direct insight into the bound configu-
ration of the protein, that is, its angular orientation and depth
of penetration of the protein into the region of the lipid
monolayer. The second is that information is lost by model-
ing the protein as rectangular and this lost information may
lead to an incorrect interpretation of the reflectivity.

We used the known crystallographic structure of the
protein and a two-slab model representation of the lipid
monolayer in order to quantitatively extract the orientation
and penetration of the protein into the monolayer. Initially,
the commercial crystallography software cerius was used to
compute the protein’s electron density profile.>” Recently,
we wrote custom software that uses the protein’s Protein
Data Bank (PDB) file as input.1 Current evidence indicates
that the proteins that we have studied do not undergo signifi-
cant conformational rearrangement upon interacting with the

¥ Author to whom correspondence should be addressed. Electronic mail:
schloss@uic.edu.

0021-8979/2011/110(10)/102215/4/$30.00

110, 102215-1

lipid layer.'®™"* As a result, it is sensible to model these pro-
teins with their crystallographic structure. However, it should
be emphasized that this analysis methodology is not limited
to treating reflectivity data from proteins that do not change
their conformation upon binding. For example, the crystal
structure itself may indicate a plausible rearrangement of the
protein structure upon binding, or molecular dynamics simu-
lations or other observations may suggest such rearrange-
ments. These rearrangements can be incorporated into the
current methodology by modifying the input PDB file. This
analysis technique will then allow the proposed rearrange-
ments to be tested against x-ray reflectivity data.

In Sec. II the data analysis method is outlined. Applica-
tion of this method to x-ray reflectivity from PKCoa-C2
domains bound to mixed SOPC(1-stearoyl-2-oleoyl-sn-glyc-
ero-3-phosphocholine)/SOPS(1-stearoyl-2-oleoyl-sn-glycero-
3-phosphoserine) (7:3 molar ratio) lipid monolayers indicates
that the domain is bound in a perpendicular orientation with
a well-defined penetration depth.' Under the assumption that
the protein conformation has not changed upon binding, the
determined orientation and penetration of the protein pre-
dicts the location of amino acid residues of the protein with
respect to average positions of chemical moieties on the lip-
ids, though it should be emphasized that the locations of the
residues are not determined directly. We have shown that
these locations compare favorably with the results of bio-
chemical mutational studies." We also discuss briefly our
earlier studies of the bound configuration of cPLA,x-C2
domains® bound to SOPC lipid molecules and p40”"**-PX
domains® interacting with DPPtdIns(3)P. These studies of
monolayer-bound configurations of proteins provide insight
into the contributions of electrostatic and hydrophobic inter-
actions, as well as the role of entropy in the binding
mechanism.

Il. EXPERIMENTAL METHODS
A. X-ray reflectivity

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 scattering instrument described in detail elsewhere.'*
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Reflectivity is measured as a function of the wave vector
transfer, Q,, by varying the incident angle, o, and measuring
the intensity of scattered x-rays at the reflected angle o.. The
wave vector transfer of the reflected x-rays, Q, is solely in
the z-direction normal to the buffer surface with Q, = (47//)
sint, where A=1.54+0.003 A is the x-ray wavelength;
therefore, x-ray reflectivity probes variations in electron den-
sity as a function of depth into the surface. Deviations of the
measured reflectivity, R(Q,), from the Fresnel reflectivity
calculated for an ideal, smooth and flat interface, Rr(Q,),
reveal the presence of interfacial structure as a function of
surface depth.

lll. DATA ANALYSIS

A. Electron density profile of a protein in a box at an
arbitrary orientation

Here, we present a general method that underlies a com-
putationally fast calculation of the electron density profile
for a protein bound to a lipid monolayer supported on water.
Additional details can be found in Ref. 1. The protein is
rotated as a rigid body by two of the Euler angles, i.e., 0 and
¢. The angle 0 measures the angle between the protein’s -
axis and the surface normal, whereas the angle ¢ is an azi-
muthal rotation about the direction of the z’-axis. Rotation of
the protein by the angle i, which corresponds to an azi-
muthal rotation within the plane of the surface, does not
change the electron density profiles of the protein along the
surface normal. For each orientation, the smallest possible
rectangular box with sides parallel to the x-, y-, and z-axes is
constructed for the protein.

The electron density profile along the z,-axis of a box
was computed by partitioning the box into a cubic grid of
cell dimension ~0.5 A. We assume that the electrons associ-
ated with each atom are spread uniformly and continuously
throughout the van der Waals spherical volume of that atom.
Electrons from an atom are assigned to a given cell if the
van der Waals sphere of that atom overlaps a pre-chosen cor-
ner of the cell (where the set of pre-chosen corners form
a rectangular, though nearly square, lattice). The number
of assigned electrons is determined by the ratio of the cell
volume to the atomic volume. The total number of electrons
in a given cell n,; is determined by the sum of overall atoms
k whose van der Waals volume V) overlaps the pre-chosen
corner of that cell,

Vcell
Neell = E Ny, ey
1l - Vk k

where 7, is the number of electrons in atom k and V. is a
cell volume. The total number of protein electrons in a single
layer of cells at height z, is computed by summing the elec-
trons in all cells at a given height z,. The electron density
pep(zp) (at height z, in the empty box with protein, see
Fig. 1(a)) is then computed by dividing this total by the vol-
ume of a grid layer. In a buffer box, otherwise empty cells
are assigned the value of the buffer’s electron density. When
the number of electrons from the buffer at height z, is added
to the number of electrons from the protein at the same
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height, the electron density pyp(zp) (of the buffer box with
protein, see Fig. 1(b)) can be calculated. The connection of
7, and z can be related via z=z,+d,, where the displace-
ment of the protein d,, is the distance from the surface.

B. Electron density profile of the whole system

The electron density profile along the z-axis for the lipid
monolayer with bound proteins (Fig. 1(c)) is constructed by
combining the electron densities pep(z,) and ppy(z,) with the
electron density of the lipid tailgroup and headgroup (charac-
terized by Liail, Prails Lheads and Preaq)- The electron density in
the region of the lipid monolayer on the interface is given by,

,Di(Z) =COV % pep(zp) + Prail for —Lui <z< 0, @
pi(z) = COV x pep(zp) + Phead

for — (Luit + Lhead) < z < —Luil. 3)

The protein coverage, COV, is the fraction of surface area
occupied by protein-filled boxes. In the buffer region below
the lipid monolayer:

pi(z) = COV x pyy(zp) + (1 = COV) poyprer
for — Lprotein + dp <z< _(Ltail + Lhead)a (4)

where Ly;oein 18 the height of the protein box for a given ori-
entation. In the region of bulk buffer for z < —L, opein + d,
the electron density is given by ppugfer-

Capillary wave thermal fluctuations of the water surface
smear the average electron density p(z). This effect is calcu-
lated by convoluting the intrinsic profile p;(z) with a Gaus-
sian function of width o, the capillary roughness, by using

p(z) = jw Gz — Opi(O)dL

e -
xp [ —
P\ 202
The continuous electron density profile p(z) of the interface

is then sliced into M layers of thickness 1 A for the purpose
of calculating the reflectivity using the Parratt formalism.

®)

C. Reflectivity fitting procedure

A total of eight fitting parameters, i.e., 0, ¢, d,, COV,
Liaits Praits Lheads and Preaq, are used to produce an electron
density profile for the lipid-protein system. In the fitting
algorithm, the x-ray reflectivity data is fit by non-linear least
square fitting using six of these parameters (d,, COV, Ly,
Ptail> Lheads and ppeaq) for a given orientation. The six-
parameter fitting is then repeated by stepping through a large
range of orientations in 0-¢ space. The density of orienta-
tions is varied in order to precisely locate the best-fit value in
0-¢ space. The goodness of fit parameter % is computed for
each eight-parameter set.

IV. RESULTS

This data analysis method was applied to determine the
membrane-bound configuration of PKCx-C2 on a mixed
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lipid monolayer (7:3 SOPC:SOPS) supported on the surface
of a buffered aqueous solution that contains PKCa-C2 do-
main (see Fig. 1)."' The orientation of the monolayer-bound
protein is characterized by 0=35°*10° and ¢ =210°
#* 30°. In this configuration the protein penetrates a distance
of 75+2 A into the lipid headgroup. Our analysis shows
that the PKCa-C2 domain does not insert into the hydropho-
bic region of the lipid layer and that the calcium binding
loops CBL1 and CBL2 penetrate into the lipid headgroup
while CBL3 is located adjacent to the headgroup. Residues
that penetrate into the headgroup region are predominantly
polar or charged, which indicates that electrostatic interac-
tions significantly contribute to the free energy of PKCu-C2
bound to lipid monolayers.

In earlier studies that used a somewhat restricted version
of the current analysis methodology, the configuration of
p40°"*.PX domain bound to SOPC/SOPS/PtdIns(3)P(1,2-
dipalmitoylphosphatidylinositol ~3-phosphate) monolayers
requires the out of plane migration of PtdIns(3)P.> This is an
important clue to the interaction of phosphotidylinositols
with membrane proteins. In another earlier study, the bound
configuration of cPLA20-C2 domain adsorbed onto Langmuir
monolayers of SOPC indicated that both electrostatic and
hydrophobic interactions are relevant for the mechanism of
binding.? Electrostatic interactions are relevant because anal-
ysis of the reflectivity indicated that Ca®" ions that are bound
to the C2 domain are situated near the negatively charged
lipid phosphate groups in the bound configuration. Hydropho-
bic interactions are relevant because hydrophobic residues
L39 and V97, located in the calcium-binding loops, penetrate
into the region of the lipid tailgroup. Importantly, calculation
of the electron density profiles of the total number of elec-
trons per lipid suggested that at least five water molecules
leave the lipid headgroup upon protein binding, thereby pro-
viding an entropic driver to the binding process.

FIG. 1. (Color online) Protein structure
in (a) an empty box and (b) a buffer
box; (c) the fitting docking model of the
lipid monolayer-protein.

V. CONCLUSION

The analysis methodology for x-ray reflectivity
described in this paper allows for quantitative characteriza-
tion of the configuration of membrane-bound proteins, which
provides an essential understanding of the interaction
between lipid molecules and proteins in a molecular scale.
This characterization provides insight into the interactions
that control protein binding to biomembranes, as well as
their catalytic function.
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