Biophysical Journal ——
physical / Biophysical Society

Membrane Curvature Revisited—the Archetype of
Rhodopsin Studied by Time-Resolved Electronic
Spectroscopy

Steven D. E. Fried," James W. Lewis,” Istvan Szundi,” Karina Martinez-Mayorga,' Mohana Mahalingam,”
Reiner Vogel,® David S. Kliger,” and Michael F. Brown'*

"Department of Chemistry and Biochemistry, University of Arizona, Tucson, Arizona; 2Department of Chemistry and Biochemistry, University of
Callifornia, Santa Cruz, Santa Cruz, California; ®Biophysics Section, Institute of Molecular Medicine and Cell Research, Albert-Ludwigs-
University, Freiburg, Germany; and “Department of Physics, University of Arizona, Tucson, Arizona

ABSTRACT G-protein-coupled receptors (GPCRs) comprise the largest and most pharmacologically targeted membrane pro-
tein family. Here, we used the visual receptor rhodopsin as an archetype for understanding membrane lipid influences on confor-
mational changes involved in GPCR activation. Visual rhodopsin was recombined with lipids varying in their degree of acyl chain
unsaturation and polar headgroup size using 1-palmitoyl-2-oleoyl-sn-glycero- and 1,2-dioleoyl-sn-glycerophospholipids with
phosphocholine (PC) or phosphoethanolamine (PE) substituents. The receptor activation profile after light excitation was
measured using time-resolved ultraviolet-visible spectroscopy. We discovered that more saturated POPC lipids back shifted
the equilibrium to the inactive state, whereas the small-headgroup, highly unsaturated DOPE lipids favored the active state.
Increasing unsaturation and decreasing headgroup size have similar effects that combine to yield control of rhodopsin activation,
and necessitate factors beyond proteolipid solvation energy and bilayer surface electrostatics. Hence, we consider a balance of
curvature free energy with hydrophobic matching and demonstrate how our data support a flexible surface model (FSM) for the
coupling between proteins and lipids. The FSM is based on the Helfrich formulation of membrane bending energy as we previ-
ously first applied to lipid-protein interactions. Membrane elasticity and curvature strain are induced by lateral pressure imbal-
ances between the constituent lipids and drive key physiological processes at the membrane level. Spontaneous negative
monolayer curvature toward water is mediated by unsaturated, small-headgroup lipids and couples directly to GPCR activation
upon light absorption by rhodopsin. For the first time to our knowledge, we demonstrate this modulation in both the equilibrium
and pre-equilibrium evolving states using a time-resolved approach.

SIGNIFICANCE Lipid composition plays a key regulatory role in membrane biochemistry including viral budding, fusion,
and signaling by G-protein-coupled receptors (GPCRs). Previous descriptions of membrane lipid-protein interactions
cannot explain strong in- and out-of-plane coupling governed by lipid structure. The flexible surface model (FSM) alters this
paradigm via formulation of the membrane as a mechanical stress field. We show empirically that membrane curvature
stress tightly modulates a significant biochemical process, i.e., signaling by the canonical GPCR rhodopsin. Pump-probe
spectroscopy affords high-time-resolution insights confirming strengths of the FSM over previous models.

INTRODUCTION increasing traction in the biochemical literature (1-8). The
critical finding to pave the way for these theories has been
the initial observation that membrane lipid composition is
governed by precise biological regulation and is frequently
a unique, defining feature of diverse tissue and organelle
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and membrane fusion or fission, this observation gives rise

The concept of nonspecific, mechanical interactions driving
physiological processes at the membrane level has gained
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to key questions about the functions of lipids within the
membrane—do lipids primarily act as an inert scaffold to
more significant proteins embedded in the bilayer, or do
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they play an active role in membrane biochemistry? One
possibility is a signaling function as detailed for prostaglan-
dins and other lipids that act as secondary messengers
within the cell (12,13). Still, the high abundance of some
lipids, such as those with unsaturated groups within retinal
rod disk membranes (RDMs), is unnecessary for purely
signaling purposes. The alternate viewpoint is that lipids
play a biophysical role in membrane function, an idea that
has gained prominence with the concept of rafts (14,15)
and functional membrane “patchiness” (16). Although
cholesterol typically is implicated in the chemistry of lipid
rafts, it is strikingly reduced or absent in RDMs and micro-
bial membranes, which also have tightly regulated lipid
compositions (17,18). Moreover, the major features of a sci-
entific problem are often captured by simplified continuum
models that may be further refined at the local level. Hence,
we turn instead to nonspecific mechanisms of lipid-protein
coupling (19) related to the material properties of the
membrane.

In this work, we compare alternate biophysical models of
lipid-protein interactions with time-resolved experimental
data describing lipid influences on the activation of the vi-
sual receptor rhodopsin. The fluid mosaic model (FMM)
has long permeated biochemistry textbooks through its
depiction of the membrane as a largely inert, two-dimen-
sional solvent in which “phospholipids and proteins of
membranes do not interact strongly” and “appear to be
largely independent” (20). Despite the FMM’s long-held
popularity, its assumption of protein-lipid independence
poses significant problems. For instance, the visual receptor
rhodopsin holds a preeminent position in the development
of the FMM as the first membrane protein for which rota-
tional (21,22) and translational (23,24) diffusion in the
membrane was observed. Yet, it also provides a counterex-
ample to the FMM, as its activation depends strikingly on
the membrane lipids (4,5,25). The bilayer properties causing
these effects have been initially characterized by fluores-
cence depolarization measurements (26,27), as well as order
parameters determined using solid-state “H NMR spectros-
copy (28,29). Various lipid-protein coupling mechanisms
have been proposed to describe these membrane effects,
including hydrophobic mismatch (30), deformation (4),
lipid phase domains (16), and curvature (31). No matter
the precise mechanism, clearly the dependence of rhodopsin
on its membrane environment is a noteworthy strike against
the accuracy of the fluid mosaic model.

Here, we argue that a new biomembrane model is neces-
sary to replace the FMM that has long been a mainstay of
biochemistry. We hypothesize that both strong out-of-plane
and in-plane couplings are involved in functional lipid-pro-
tein interactions (1,5), formulated by a curvature force field
(Fig. 1). As an archetypal system, we assess lipid influences
on the function of visual rhodopsin, a canonical member of
the highly pharmacologically targeted G-protein-coupled re-
ceptors (GPCRs) (33,34). Using time-resolved ultraviolet
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FIGURE 1 Flexible surface model (FSM) and hydrophobic matching
descriptions of lipid-protein interactions consider out-of-plane and in-plane
deformations of the bilayer. (A) In the FSM (1), protein expansion or
compression is coupled to deformation of the bilayer curvature, formulated
as bending of a neutral plane where the area per lipid is constant. Changes
in Gaussian curvature may also occur. Individual lipid pressure profiles cause
specific membrane geometries to be energetically favored or disfavored
yielding curvature mismatch (frustration). (B) In the mattress model
(MM), the membrane deformation free energy (32) increases with hydropho-
bic mismatch between the protein and lipids, driving bilayer expansion or
compression at the proteolipid boundary. To see this figure in color, go
online.

(UV)-visible spectroscopy, we observe a strong yet reversible
coupling between the membrane-bound receptor and the
lipids. Strikingly, our discoveries indicate that both acyl chain
unsaturation and polar headgroup size are interchangeable in
determining proteolipid coupling. Our data consistently
imply strong lipid-protein interactions and demonstrate the
insufficiency of the fluid mosaic model. Instead, our experi-
ments point to a flexible surface model (FSM) for the
coupling between deformation of a continuous membrane
surface (5,31) and protein function (Fig. 1 A). The FSM is
based on the Helfrich formulation of membrane bending en-
ergy (35) as we applied for the first time, to our knowledge, to
lipid-protein interactions (1,25). Through its introduction of
membrane curvature strain, the FSM differs from previously
considered hydrophobic matching (32) between Hookean
lipid molecules and the protein hydrophobic domains
(Fig. 1 B). The concept of biomembrane curvature energy
applied to protein coupling (1,5) is exemplified here by evi-
dence from time-resolved electronic spectroscopy. Viewing
future challenges on the horizon in biochemistry, the FSM
framework should enable innovations in pharmaceutical sci-
ences and bioengineering with regard to membrane-bound re-
ceptors, channels, virus budding, and fusion.

MATERIALS AND METHODS

Time-resolved and steady-state electronic
spectroscopy

All time-resolved spectroscopic measurements were recorded at 30°C af-
ter laser photolysis with a 7-ns (80 uJ/mm?), 477-nm light pulse from a
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Quanta Ray DCR-2 Nd-YAG pumped dye laser. Bovine rod disk mem-
branes were isolated (Fig. S1), and rhodopsin was exchanged into
recombinant membranes as described (36), which were suspended in a
low-salt buffer of 10 mM 2-(N-morpholino)ethanesulfonic acid
(MES) or 1,3-bis(tris(hydroxymethyl)methylamino)propane (BTP) with
30 mM NaCl at pH 5.5, pH 6.5, and pH 8. Each recombinant system en-
tailed a lipid/protein ratio of 100:1. The sample aliquot size was 1 uL in
each experimental trial, and the total rhodopsin concentration in each
sample was 0.5 mg/mL. At time intervals of 10 us—50 ms after the
pump laser pulse, a 5-us-duration white light pulse was emitted from
a Perkin-Elmer FXQ-856 flashlamp (Waltham, MA). This probe beam
was polarized at the magic angle (54.7°) relative to the excitation laser
polarization before sample illumination to avoid kinetic artifacts due to
rotational diffusion. Optical path lengths were 2 mm for the white light
from the flashlamp and 0.5 mm for the laser light. After passing through
the sample, the probe light was dispersed and detected using an Andor
DHS520 intensified CCD detector (Belfast, Northern Ireland, UK)
(Fig. S2). Exposed photographic film was used to balance the intensities
in different regions of the spectrum so that roughly equal numbers of
photoelectrons were produced at all wavelengths during the ~500 ns
gate period. Besides time-resolved electronic spectroscopy of recombi-
nant rthodopsin membranes, we conducted steady-state UV-visible mea-
surements of the metarhodopsin equilibrium (Fig. S3). Sandwich
samples were prepared with 0.5 nmol of rhodopsin at ~0.8 mg/mL in
200 mM MES or BTP buffers in overlapping pH ranges. These elec-
tronic spectra were collected by a Hewlett-Packard 8453 diode array
spectrometer (Palo Alto, CA) using a neutral density filter with 10%
transmission. Spectra were collected for both the dark-state sample
and a metarhodopsin mixture induced by excitation from an array of
520-nm LEDs operating at 16 cd and 20 mA current. Measurements
were recorded over a broad range between pH 5 and pH 9.2.

Reduction and analysis of electronic spectral data

Electronic spectra were quantitatively analyzed for metarhodopsin I (MI) and
metarhodopsin II (MII) fractions by fitting a linear combination of MI and
MII basis spectra to the experimental spectrum, giving the fraction of MII de-
noted as 6. To account for light scattering changes after bleaching, the exper-
imental difference spectrum was subjected to an inverse-square wavelength
scattering correction using the following equation (37): dAcor = 4A — C/
22 4 k. Here, 4A.y is the corrected amplitude of the difference spectrum,
4A is the experimental difference amplitude, C is the fitting constant, A is
the wavelength, and & is an additive constant to correct for baseline shifts.
Values of C and k were determined to make the average absorbance change
4A near 300 nm equal to the average absorbance change near 610 nm. After
the scattering correction, a basis spectral fitting method was utilized to deter-
mine the relative fractions of the MI and MII states. Experimental basis
spectra were collected by varying pH and temperature conditions to
completely favor either the MI or MII state for 10 uM rhodopsin in RDMs
(see Supporting Materials and Methods). As an additional confirmation, sin-
gular value decomposition was performed on a number of difference spectra
collected at varying pH conditions to mathematically extract the MI and MII
basis components (see Supporting Materials and Methods). The MI-favoring
conditions were pH 9.2 and 5°C, whereas the MII-favoring conditions were
pH 5.0 and 15°C (Fig. S3). A linear combination of these basis spectra was
fitted by the method of least squares to the experimental difference spectrum:
AAR) = 1 dAvi(A) + c24Anm(A). The positive coefficients ¢; and ¢, reflect
the relative contributions of either MI or MII to the total photoactivated
rhodopsin system. The total MII fraction 6 was therefore calculated as 6 =
col(cy + ¢3), which was plotted as a function of both bulk solution pH and
the local membrane surface pH (Figs. S4 and S5). The random spectral errors
were estimated as = 4% with this method. For time-resolved experiments,
these uncertainties were propagated with variations from pH fluctuations
due to the low-salt buffer conditions to obtain the = 4-6% error bars shown
in the data figures.
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RESULTS

To determine the role of membrane composition in rhodopsin
activation, we monitored the (inactive) metarhodopsin
I-(active) metarhodopsin II equilibrium (38) using time-
resolved UV-visible spectroscopy (Figs. S1 and S2). This
pump-probe method has been experimentally applied to
elucidating critical aspects of the photoactivation mechanism
(39-43) in terms of kinetics and thermodynamics. The use of
time-resolved UV-visible spectroscopy affords extraordinary
control in observing this metastable equilibrium, because of
instability at high temperatures that induces rapid conversion
to metarhodopsin III (44) or opsin over a timescale of sec-
onds. Moreover, on the fast timescale that the measurements
are made, the progress of the reaction from the earlier photo-
intermediates to the development of an equilibrium fraction
of metarhodopsin II can be determined.

Photoactivation of rhodopsin is affected by
nonlamellar-forming lipids

Spectral changes of rhodopsin in recombinant lipid mem-
branes after A = 477-nm actinic photoexcitation were
measured using a multichannel detector in time increments
spanning 10 us—50 ms (Fig. 2). Time-resolved spectroscopic
measurements were made for rhodopsin in a variety of lipid
systems, including 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine (POPC), 1,2-dioleoyl-sn-glycero-3-phosphocho-
line (DOPC) (Fig. 2 A), a 3:1 mixture of 1,2-dioleoyl-sn-
glycero-phosphoethanolamine (DOPE) with DOPC (Fig. 2
B), and the native rod disk membranes (Fig. 2 C). Lipids
were chosen to represent a diversity of acyl chain types
(i.e., saturated palmitoyl groups versus unsaturated oleoyl
groups), to distinguish between effects of large (i.e., phospho-
choline) and small (i.e., phosphoethanolamine) headgroups,
and to represent lipid systems with nonlamellar phase transi-
tions in the low-temperature regime (45,46). A 100% DOPE
mixture could not be used because of the formation of an in-
verted cubic phase under standard conditions (47). Our mea-
surements enabled the construction of pH titration curves
describing rhodopsin activation in each recombinant lipid
membrane studied.

By carrying out the spectroscopic measurements at three
different pH values for each system, we measured how the
pH-dependent titration curves for rhodopsin activation shift
in the variable presence of RDM, POPC, DOPC, or DOPE
lipids (Fig. 3). Rhodopsin (Rh) activation depends on a pro-
ton uptake by Glu'** of the E(D)RY motif according to the
reaction mechanism Rh + hv — MI = MII, = MII, +
H;0" = MII,H", in which the MII substates are denoted
by MII, and MII,, (40,48,49). The fraction of metarhodopsin
II (0) as a function of pH was determined by fitting the exper-
imental light minus the dark difference spectra with basis
(reference) spectra of the MI and MII forms (Fig. S1).
A phenomenological Henderson-Hasselbalch pH titration
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FIGURE 2 Time-resolved UV-visible spectroscopy reveals influences of neutral lipid substitutions on the light-activated metarhodopsin II (MII) state. Dif-
ference spectra (light minus dark) monitor rhodopsin activation at various pH values in (A) DOPC, (B) DOPE/DOPC (3:1), and (C) native RDM lipid en-
vironments (30°C). The recombinant lipid/protein ratio was 100:1. Samples contained 10 mM MES or BTP buffer with 30 mM NaCl. The pump-probe delays
were 10, 20, 50, 100, 200, 500 us, 1,2, 5, 10, 20, 50 ms in ascending order at 380 nm. Note that low pH and increasing phosphatidylethanolamine lipids cause
a shift to the MII state (A,,,x = 380 nm). To see this figure in color, go online.

curve was fitted to the data points (48): 8 = (fux +
10PKa—PH) /(1 4 10PKA~PH) Here, the measured pK, value
corresponds to the protonation of Glu'** in the second of
two ionic-lock switches that govern rhodopsin activation,
and 0, denotes the MII fraction observed in the alkaline
limit of the pH titration curve because of higher-enthalpy
substates MII, and MII,, that persist at greater temperatures
independently of the protonation of Glu'**.

We observed that the Glu'** pK, was highly regulated
by the lipid environment, in agreement with a modulation
of the metarhodopsin conformational equilibrium that cou-
ples directly to the acid-base chemistry of Glu'**. The
highest-value pK was observed for the native RDMs, indi-
cating lipid conditions that reversibly favor the MII state.
This was followed by the 3:1 DOPE/DOPC lipid environ-
ment, pure DOPC, and then pure POPC (Fig. 3 A). In rela-
tion to the lipid structures, the bulky methylated PC
headgroups back shift the equilibrium to the inactive MI
state relative to the smaller PE headgroups. A separate
trend is observed for the lipid unsaturation: highly unsatu-
rated (1,2-dioleoyl) lipids favored the active MII more than

saturated palmitoyl acyl chains. This trend continues to the
native RDM lipids, known for their abundance of polyun-
saturated w-3 fatty acids such as docosahexaenoic acid
(19,25,50). A variety of models have been proposed to
describe lipid-protein interactions that we analyze here
for their relation to our new experimental data.

How can we formulate lipid-protein interactions in
cellular biomembranes?

Our development is strongly grounded in principles of surface
chemistry and physics. A number of mechanisms for lipid-
protein coupling may exist in a lipid membrane, making the
adoption of a unified, self-consistent model challenging. How-
ever, we show here that abandoning the molecular view of
membranes in favor of a macroscopic, surface depiction is ad-
vantageous toward describing the major types of lipid-protein
interactions. In the FSM, the membrane is viewed through the
lens of differential geometry as an elastic surface capable of
bending and stretching according to the Helfrich free-energy
model (35). We consider two primary energetic contributions
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FIGURE 3 Membrane curvature and electrostatics both govern MII for-
mation and may be distinguished from one another. (A) Fraction of MII
state versus bulk solution pH for various lipid environments at 30°C
(lipid/protein ratio of 100:1) is shown. (B) Linear dependence of In K on ab-
solute monolayer spontaneous curvature for the MI-MII equilibrium at
each pH is consistent with the FSM (1,5). (C) Titration curves versus local
pH at the membrane surface calculated with the Gouy-Chapman model are
shown. (D) An illustration of how negatively charged groups of lipids or
proteins yield formation of an electrical double-layer of hydronium ions
at the membrane surface is given. Uncertainties in the MII fraction ()
and In K were propagated from estimated errors in the spectral measure-
ments (= 4%) and pH measurements (* 0.1 pH unit). Error bars represent
experimental uncertainties of = 4-6% for the MII fraction. Note that
higher local hydronium concentration drives protonation of Glu'**, yielding
formation of the active MII state. To see this figure in color, go online.

of lipid-protein coupling: the membrane elastic deformation
energy, 4Gy, and solvation energy arising from the proteoli-

pid interfacial tension, 4Gy, (1,51). The sum of both contri-
butions gives the total lipid-protein coupling energy: 4Gy, =
AGY + 4Gy, We demonstrate how both of these terms arise

logically from the FSM framework and may be quantified by a
continuum mechanics approach.

The flexible surface model describes reversible
lipid-protein interactions by a curvature elastic
force field

In the FSM, the elastic energy of the membrane is attributed
exclusively to membrane curvature (bending) (Fig. 1 A).
Any point on a two-dimensional surface is characterized
by two principal curvatures along either axis, expressed as
¢y and ¢,, where ¢ = 1/ry and ¢, = 1/r, for radii of curvature
ry and r,. Both principal curvatures may be combined into a
mean curvature H, where H = (1/2)(c| + ¢»), and a Gaussian
curvature K = c;c, that is invariant to bending on a simply
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connected surface free of stretching. Hence, the elastic en-
ergy describing curvature deformation of a surface is ex-
pressed in terms of both the Gaussian curvature and the
displacement of the mean curvature H from the spontaneous
curvature H, at the energy minimum (35). By modeling
the elastic bending energy with a harmonic (Hookean)
approximation and making these variable substitutions, the
curvature free energy describing the bending of a surface
S into a shape described by (rq, r,) is given by the integral
(5,35)

%ﬁgch = 926[(,</2)(1/r1 +1/m)+&/ (rr)]dA. (1)

Here, the free-energy density g. is related to the mean cur-
vature H through the bending modulus « and to the Gaussian
curvature K by the modulus of Gaussian curvature k. One
can separate the Gaussian curvature term 1/rir, to arrive
at the following simple expression for the free-energy den-
sity at any point (5,35):

g = k(H — Hy)* + K. )

The natural consequence of this equation is a tendency of the
surface to deform to a mean spontaneous curvature H, to
minimize the free energy. A bilayer exhibiting frustration or
nonminimized free energy is capable of performing work on
protein-lipid systems through coupling between membrane
deformation and protein conformational changes (1).

According to the FSM, the free energy of curvature plays
a principal governing role in the modulation of protein
chemical equilibria that involve changes in membrane
deformation. If one considers a transition from a state
with mean curvature H, to a state with mean curvature Ho,
the free-energy density change of the deformation is calcu-
lated as dg. = k(H, — Ho)* — k(H; — Hy)*. Rearranging
this expression then yields dg. = —2x(H, — H\)Hy +
k(H? — H?). Taking a first-order approximation and
assuming that the curvature of the initial state H; is zero
(a feature of the metarhodopsin I state), then we determine
the following term for the molar elastic free-energy change
per protein molecule (1,5):

4Gy /Ny = 4G} /Ny = —2k(ALH:NU)Hy. — (3)

In this formula, Ay describes the cross-sectional area per lipid,
N the Avogadro constant, and NV;, the number of lipids per pro-
tein. We make the simplifying assumption that the value of H
is approximately given by the inverse of the water radius of cur-
vature (Ry) of the hexagonal phase (Hy) nanotubes of the
lipids under conditions of dual solvent stress (52). For a confor-
mational change of a membrane protein, the equilibrium con-
stant is K = exp(— A4G°/RT). It follows that a linear relationship
exists between In K and the spontaneous curvature H, of a
membrane system, with a positive slope given by the



expression 2k(Ap HoNp )NA/RT. Indeed, such a relationship is
observed experimentally for rhodopsin at each pH tested
(Fig. 3 B). Varying the membrane spontaneous curvature
(53) by altering the recombinant lipid bilayer composition of
POPC, DOPC, and DOPE/DOPC (3:1) systematically adjusts
the metarhodopsin equilibrium in accordance with the linear
model of Eq. 3. Using the above expression for the slope, we
may estimate the final monolayer curvature H, corresponding
to the MII state for each pH value. To make a heuristic calcu-
lation, we assume that A;, = 70 Az, N = 50 lipids per
rhodopsin per monolayer, and k = 10 kgT (51). Close to the
membrane isoelectric point (p/ = 4.3 for RDMs and 7.3 for re-
combinant membranes), we calculate a final radius of curva-
ture of ~700-800 A. Under more alkaline conditions (pH 8),
the monolayer takes on a greater negative charge (54), causing
a larger radius of curvature in the final MII state (Fig. 3 B).

The proteolipid solvation energy
counterbalances the elastic energy of membrane
deformation

Additionally, the energy of hydrophobic packing interac-
tions at the lipid-protein interface (1,55) is governed by
both the strength of the protein-lipid interactions at the inter-
face (i.e., surface tension <y p) and the surface area Ap of the
protein interacting with the lipids. Given a change in state
that alters the protein surface area by 4Ap = Ap, — Apy,
the molar free-energy change due to solvation is

4GS, /Na = v1pdAp. 4)

Another way of viewing this type of protein-lipid interfacial
tension, responsible for sealing the protein into the mem-
brane, is through the concept of a Laplace pressure. A curved
interface exists between the protein and membrane lipids,
causing a surface tension-induced pressure differential
similar to that responsible for capillary action and related
phenomena (1). The pressure differential between the protein
and lipids will then be given by 4P = Pp — Py = ypp(1/r| +
1/r,), where vy p describes the proteolipid surface tension and
ry and r, describe the two principal radii of curvature. For the
sake of illustration, one can assume a cylindrical transmem-
brane protein shape, wherein one of the radii of curvature be-
comes infinite and the Laplace pressure becomes 4P = vy p/r.
Integrating this pressure over the surface area displacement
undergone during a protein conformational change gives a
surface work term equivalent to a free energy change (1).
Hence, for a change in state of a protein with intramem-
branous surface area Ap, to a state with area Ap,, the free-en-
ergy contribution due to chain packing is given by Eq. 4.
Equivalently, this same term has been expressed through a
dependence on hydrophobic mismatch: A4Gy,, =
01.8misd|Ly — Lp| (55). Here, a1 describes the lipid width
(related to lipid cross-sectional area A; by o; = \/AL),
Zmis corresponds to the free-energy density of hydrophobic
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mismatch, L; denotes the lipid length, and Lp is half the pro-
tein hydrophobic length. As a result, 4|L; — Lp| describes
the difference in hydrophobic mismatch between the two
states of the protein-membrane system. Note the equiva-
lence to Eq. 4, in which g,;s is a descriptor of the surface
tension 7y p and in this term oy A|L; — Lp| = 4Ap, assuming
longitudinal expansion in the protein and negligible defor-
mation of the lipids themselves.

Combining both membrane curvature and solvation inter-
facial tension contributions, we thus obtain the following
expression for lipid-protein coupling energies (5):

AGEP/NA = — 2K(ALH2NL)H0 + ,YLPAAP‘ (5)

By considering membrane surface properties in the flexible
surface model, we determine two major energetic contribu-
tions to protein-lipid interactions: the curvature elastic en-
ergy 4Gy, described by the bending modulus « and chain
packing (solvation) energy 4Gy, described by the surface
tension vy p at the proteolipid interface. A balance exists be-
tween these two terms for transitions such as the conversion
of MI to MII, which entails a structural expansion of
rhodopsin. The first (elastic) term is negative and corre-
sponds to a favorable driving force for the conformational
change because the membrane lipids adopt a structure closer
to their inherent, spontaneous curvature. The second (solva-
tion) term, on the other hand, is positive because hydropho-
bic mismatch at the proteolipid interface increases upon MII
formation. Consequently, a balance of both elastic and sol-
vation energies modulates rhodopsin activation in the FSM.

In hydrophobic matching, the membrane elastic
energy is due to thickness or area deformation

Alternatively, elastic energy may exist in the form of mem-
brane thickness or area deformation (1,25). By maintaining
the continuum mechanics view outlined in the FSM, it is
possible to take a further step by allowing stretching of
the continuous membrane surface, treated with a harmonic
approximation described by an area elastic modulus, K.
For incompressible materials, a correspondence exists be-
tween area deformation (25) and thickness deformation
(32), which has been described in the literature as hydropho-
bic mismatch (30,55). Following Gibson and Brown (25),
the molar free energy per individual lipid in a monolayer
due to elastic area deformation is formulated in an analog
of Hooke’s law as

G/Na = (1/2)Ka(AL — Aro)’ /Avo. (6)

The free-energy density is given in terms of the area elastic
modulus K (56), which is related to the surface tension v w
at the lipid-water interface (25) by 2w for a monolayer
and 4y;w for a bilayer (25,51). In addition, Ay, describes
the perturbed surface area per lipid and Apy the
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nonperturbed area, where it is assumed the deformations to
the lipid area are sufficiently small that a harmonic approx-
imation is applicable. By relating this type of membrane
deformation to the area per lipid and area elastic modulus,
we obtain an expression that is closely tied to experimental
observables, namely the lipid order parameters that are
measurable by solid-state “H NMR spectroscopy (56).

An equivalent formulation is the frequently discussed
mattress model (MM), based on a thickness elastic strain due
to stretching or compressions of individual lipids (Fig. | B)
in response to hydrophobic mismatch (30,32,55,57). Here
again, we recognize that lipid bilayer area deformation must
be accompanied by a corresponding deformation in thickness.
Deformation of a material is generally described by Young’s
modulus and Poisson’s ratio (56). Assuming the lipids are
incompressible, then the area and thickness deformation
must be inversely proportional, with the relationship between
transverse and longitudinal strain given by the Poisson ratio v
= 1/2 (56). Using a harmonic approximation, one may then
consider individual lipids as Hookean objects whose longitudi-
nal stretching or compression give a thickness-mediated elastic
energy G, proportional to the square of the lipid displacement
(55):

G/Na = (1/2)KAwo(L — Lo)* /Lo. (7

In this formula, K, is the thickness elastic modulus (or
Young’s modulus) describing longitudinal compression of
individual lipids in a monolayer, where L denotes the per-
turbed lipid length and L, the unperturbed length (55).
The thickness modulus is related to the area extension
modulus K by K, = 41*K A/Ly, where v is Poisson’s ratio.
For an incompressible yet deformable material, v = 1/2
and K, = K,/L, for a monolayer, or equivalently K; = K/
Dg for a bilayer. In the latter case, we make the substitu-
tions of Dg = 2L and Dgg = 2L, for the thickness of two
opposed lipids in place of L and L, obtaining an isomor-
phous form of Eq. 7 whose free energy is twice that of the
monolayer (55,56).

It follows that for small deformations, a direct correspon-
dence exists between Eqs. 6 and 7 formulated in terms of
lipid length (55), bilayer thickness (56), or cross-sectional
area (25). In the hydrophobic mismatch or mattress model
(32), free energy inherent to either area (25) or thickness
(55,56) deformation of a lipid bilayer (Eqs. 6 and 7) is the
sole elastic energy term in the coupling to conformational
equilibria of the membrane protein. Then, if we consider a
change in state from a membrane of lipid length L, to L,,
the molar free-energy change per protein is given by

AGY /Ny = AG] [Ny = KiNiAw[ (412 /2Lo) — AL],
@®)

in which Ny is the number of lipids per protein. Here, we define
AL =13 — L} and AL = L, — L,. Asin Eq. 7, for a bilayer
we substitute Dy and Dgg in place of L and Ly, giving a free-
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energy change whose value for the same Ny is twice that of
the corresponding monolayer—as it must, because free energy
is extensive. To first order, this free-energy change due to
membrane thickness deformation is most nearly given by
AGY = —K\NaAN A oALin terms of the lipid length and equiv-
alently for the bilayer thickness. By consequence, the hydro-
phobic matching framework of the mattress model (32)
produces an alternate term describing membrane elastic en-
ergy based on thickness or area deformation (25,30,55), and
is dependent on membrane lipid length. The combination of
this elastic term and the solvation contribution 4Gy, yields
the total free energy of lipid-protein coupling (32,55).

Note that thus far in the hydrophobic matching or MM
treatment of lipid stretching, only the free energy of the
individual lipids has been considered. In a simplified case,
the concept of a persistence length may be introduced to
describe the effective range over which lipids deform because
of hydrophobic mismatch (57). The introduction of a persis-
tence length brings us back to the concept of a membrane cur-
vature. As individual membrane lipids compress or extend,
determined by their proximity to a transmembrane protein,
the membrane surface undergoes a continuous deformation
that can be described by the language of differential geome-
try. Rather than introducing this curvature through a persis-
tence length, however, we have proposed an FSM that is
directly formulated on the basis of curvature elastic strain,
rather than purely thickness elastic strain (1,25,68).

At this juncture, we conclude that there exist at least three
possible coupling interactions between the bilayer and inte-
gral membrane proteins: curvature, lipid-protein interfacial
tension, and thickness or area deformation, which is also
related to the lipid-water interfacial tension (1,25). When
comparing the various proposed models, we note the
FMM assumes independent protein and lipid behavior; it in-
cludes none of these terms (20). The MM contains 4G, and
4Gy, terms in accordance with a hydrophobic mismatch
and longitudinal tension on the lipids (32). The FSM, by
considering membrane curvature as a source of elastic en-
ergy, contains the 4G? and 4GY,,, terms. Notably, by virtue
of its consideration of bending energy (5,31), only the FSM
describes both in- and out-of-plane coupling interactions in
the membrane (Table 1).

TABLE 1 Free-Energy Terms Considered in each Model of
Protein-Lipid Interactions

Contributions to
Lipid-Protein Coupling

4G, =0
4G, = AG® + 4G

solv

Model

Fluid mosaic model (FMM)
Hydrophobic matching/Mattress
model (MM)

Flexible surface model (FSM) AGYp = AG? + 4G,

solv

Standard Gibbs free-energy changes due to lipid-protein interactions (LP)
are designated as follows: membrane thickness deformation (t); lipid solva-
tion of intramembranous protein surface (solv); and lipid monolayer curva-
ture deformation (c) (see text).



Rhodopsin activation depends on the local
hydronium ion concentration at the membrane
surface

Besides membrane curvature effects on rhodopsin activa-
tion, electrostatic properties of the membrane can also
modulate rhodopsin conformational dynamics. Membrane
electrostatics influence local pH-buffering at the bilayer sur-
face (Fig. 3 C) because of titratable groups of rhodopsin and
the lipid headgroups, which may recruit hydronium ions to
protonate Glu'** of the E(D)RY motif (Fig. 3 D). Specif-
ically, charged phosphoserine (PS) and zwitterionic phos-
phoethanolamine (PE) headgroup lipids are predominantly
located in the cytoplasmic leaflet of the rod disk mem-
branes, whereas charge-neutral phosphocholine (PC) lipids
and sphingomyelin (SM) mainly reside in the extracellular
leaflet (54,58). Thus far, we have dealt with apparent pKa
values in terms of the bulk solution pH. Yet, for a surface
containing titratable groups, the pH will be locally buffered
according to Poisson-Boltzmann statistics, leading to a
shifting and broadening of the titration curve in terms of
the bulk pH.

As a result, we can calculate a local pH from the surface
potential to yield a Henderson-Hasselbalch titration curve
in terms of the intrinsic pK value. To take into account the
electrostatic influences of the protein, lipids, and aqueous
buffer on the MI-MII equilibrium (59), we use the Poisson-
Boltzmann equation for a planar surface to calculate the
surface (local) pH of the membrane. This treatment can
be further extended in terms of the electrochemical potential
u; by including the electrostatic potential v, leading to i, =
w; + us', where u¢' = z;Fy is the electrical energy, z; is the
ion charge, and F is Faraday’s constant. Because the electro-
chemical potential for hydronium atoms must be equal at the
membrane surface (¢ = ) as in the bulk solution (y = 0),
the potentials are equated to yield the Nernst equation:

pH = pHyu + zF¥,/2.303RT. )

surface

Even though the electrostatic surface potential of the mem-
brane is not directly measurable in these experiments, it can
be related to surface charge density by the Poisson-Boltz-
mann equation, which for a planar surface gives the
Gouy-Chapman result,

o = (C'? / A)sinh(zFy, / 2RT). (10)

Here, ¢ is the membrane surface charge density, ¥ is the
membrane surface potential, C is the molarity of cations
in the BTP or MES bulffer, z is the charge of the respective
cations, and A = 134.8 M, the Gouy-Chapman parameter.
Note that in the Gouy-Chapman formula, the electrical po-
tential Y, is not an additive function, whereas the surface
charge density ¢ can be decomposed into ¢ = g1, + gp for
the lipid and protein components. The surface charge den-
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sity for the lipids is negligible in the case of neutral
POPC, POPE, and DOPE lipids. For native rod disk mem-
branes, however, it is significant because of the presence
of charged phosphoserine headgroups (54,60), as well as
the protein rhodopsin (see Supporting Materials and
Methods). Because surface charge density ¢ is dependent
on local pH encountered by titratable groups, a nonlinear
system of equations results between the Gouy-Chapman
model with directly calculated charge density ¢, and the
Nernst equation relating the hydronium electrochemical po-
tential at the membrane and in the bulk solution. The two in-
dependent variables are the local pH and surface potential
Yo Such a system can be iteratively solved (61) for a given
bulk pH to yield the local pH at the membrane surface (Figs.
S4 and S5).

Membrane lipid influences on rhodopsin
photoactivation are observed with time-resolved
electronic spectroscopy

Coming back to our experimental findings, a significant
impact of the membrane lipid composition on rhodopsin
function is seen: increasing either lipid saturation or the pro-
portion of phosphatidylcholine lipids back shifts the equilib-
rium to the inactive MI state, compared to the native rod
disk membranes (Fig. 4). For the first time to our knowl-
edge, the results of time-resolved UV-visible spectroscopy
indicate how membrane lipids influence attainment of the
metarhodopsin equilibrium (Fig. 4 A). In comparison with

A

i Photographic
FXQ-856 e

Flashlamp A Polarizer,
S
— | \/

MII Fraction (6)

MII Fraction (6)

3 4 5 6 7 8 9 3 4 5 6 7 8 9

Surface pH Surface pH

FIGURE 4 Time-resolved electronic (UV-visible) spectra reveal pH- and
lipid-dependent attainment of the metarhodopsin equilibrium. (A) Sche-
matic of the apparatus used for data collection with microsecond resolution
is shown. (B—E) Time evolution of the MII state from MI is plotted showing
MII fraction () versus local (surface) pH. Rhodopsin activation depends on
both pH and time, according to the mechanism Rh + hv — MI = MII[, =
MII, + H;0" = MII,H". To guide the eye, Henderson-Hasselbalch curves
are plotted through the data. To see this figure in color, go online.
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the native RDM lipids (Fig. 4 B), the smallest pK4 shift is
observed in the case of the small-headgroup, unsaturated
DOPE lipids (Fig. 4 C), which most resemble the native
environment. By substituting these small headgroups with
larger, methylated PC groups, the pK, shift increases in
the case of DOPC lipids (Fig. 4 D). The largest pK shift
is observed in the case of POPC membranes, whose phos-
pholipids include one saturated palmitoyl (16:0) and one un-
saturated oleoyl (18:1) fatty acid, together with a
phosphocholine headgroup (Fig. 4 E).

Although some of these differences may be attributed to
local variations in hydronium concentration, the same signif-
icant trend occurs when these surface pH effects are ac-
counted for with the Gouy-Chapman model (51,61). The
negatively charged PS headgroup lipids increase the apparent
pKa of rhodopsin in the rod disk membranes because of an
increased local concentration of hydronium ions near the
bilayer surface that drives forward the rhodopsin activation
to protonated MII (50,54,61,62). Yet this effect can only
partially explain the RDM results, and it has no bearing for
membranes with zwitterionic headgroups, such as those
with POPC, DOPC, and DOPE lipids. Even if the localized
variations in hydronium concentration are accounted for,
i.e., as when MII fraction is plotted against calculated surface
pH rather than against bulk pH, differences in the pK, of
greater than two pH units still persist between rhodopsin in
the POPC and RDM systems. Electrostatic properties of the
membrane are hence insufficient to account for the variations
in rhodopsin activation observed between POPC, DOPC,
DOPE, and RDM lipids. Instead, we turn to a mesoscopic,
mechanical explanation of these observations based on the in-
dividual lipid geometries unique to each membrane system
(e.g., headgroup size and unsaturation).

DISCUSSION

Is a new biomembrane model necessary because
of strong proteolipid coupling?

Our results are consistent with a picture in which cellular
membrane function is influenced by mechanical properties
of the membrane lipid bilayer (3-8,63—67). They point to
strong in- and out-of-plane coupling interactions governing
the activation of rhodopsin, which supersede the previous
interpretation in terms of the fluid mosaic model (FMM).
Notably, the FMM does not consider this strong proteolipid
coupling, but rather the in-plane fluidity that affects rota-
tional and translational diffusion of membrane proteins
such as rhodopsin (21-24). One should nonetheless keep
in mind that membranes are complex fluids, and are known
to have a polymorphism that entails additional components
of the stress tensor corresponding to shape transitions
formulated in terms of principal curvatures (1,5). The pre-
sent discoveries thus illuminate the insufficiency of the clas-
sical FMM, which allows only weak in-plane proteolipid
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coupling (20). In contrast to the FMM, we do not consider
planar couplings in isolation that govern the gel to liquid-
crystalline transition. Rather, we include the out-of-plane in-
teractions giving rise to monolayer curvature associated
with lamellar to nonlamellar phase transitions of the lipids.

In the case of rhodopsin, the evidence in favor of this view is
the following. First, the shifting of the pH titration curve
describing MII formation through protonation of Glu'** indi-
cates areversible modulation of the metarhodopsin equilibrium
by membrane lipids. The bilayer lipid environment shifts the
pKa of Glu'** by over two pH units, meaning a lower pH is
required to reversibly shift the metarhodopsin equilibrium to
MII in the absence of native nonlamellar-forming lipids (25).
Second, the modulation of the metarhodopsin equilibrium in
response to a variety of lipid substitutions indicates a lack of
chemical specificity to lipid type. Small lipid headgroups can
be substituted for unsaturated acyl chains and vice versa
(1,5). We hence eliminate the possibility of specific proteolipid
interactions, such as those in lipid rafts (16,66), as the dominant
governing factor. Both alterations to lipid headgroup (i.e., PE
versus PC) and degree of unsaturation (i.e., 1-palmitoyl-2-
oleoyl-sn-glycero- versus 1,2-dioleoyl-sn-glycerophospholi-
pids) have similar effects on the metarhodopsin equilibrium,
with the combined influences of both of these together having
the greatest impact on rhodopsin energetics and strongly indi-
cating the involvement of spontaneous curvature (1,5).

‘We next consider the implications of our results for the hy-
drophobic matching framework, wherein stretching or
compression of the lipid chains increases the membrane poten-
tial energy to drive protein conformational changes (32). Here,
the proteolipid coupling is strong and is only directed out of the
plane. Because membrane expansion or compression requires
aninput of energy that can be modeled by Hooke’s law, varying
the equilibrium length of the lipid chains will affect the stability
of expanded or contracted protein conformations. Yet, although
hydrophobic matching can account for effects of acyl chain
length (e.g., number of carbons) on rhodopsin activation (68),
it predicts no effects of spontaneous monolayer lipid curvature
on rhodopsin activation, a property arising from the combined
effects of both lipid unsaturation and headgroup bulkiness on
lipid-protein interactions (25). As an alternate explanation,
we consider the lamellar versus nonlamellar polymorphisms
for lipid bilayers (63,69,70). Among the canonical nonlamellar
forms of lipids is the inverted hexagonal (Hy) phase, favored by
unsaturated and small-headgroup lipids, in which pure DOPE
can be found under standard biochemical conditions (69).
The tendency of the membrane to adopt a nonlamellar poly-
morphism may couple to conformational changes within mem-
brane proteins and is consistent with the results herein (5,31).
Both increasing lipid unsaturation and decreasing lipid head-
group size, which lower the free energy inherent to the Hyy
phase, independently drive the conformational change of
rhodopsin to the MII active state for the same reason—a ten-
dency of the membrane to adopt a negative spontaneous mono-
layer curvature.



Flexible surface model for membrane lipid-
protein interactions

In light of these observations, we next consider how our
data align with the flexible surface model (1,5,25) of
lipid-protein interactions (Fig. 1 A). The FSM predicts
that conformational changes involved in rhodopsin activa-
tion should be governed by the elastic energy of curvature
of the lipid membrane (31), as described for a neutral plane
using differential geometry (5). Lipid composition gives
rise to a spontaneous (intrinsic) curvature of the membrane
describing the free-energy minimum. In turn, bending of
the membrane to adopt the spontaneous curvature couples
to protein conformational changes (1,2,4,51) and biochem-
ical catalytic events (9,17,63) at the membrane level.
Formulated in terms of the bending of a neutral plane
with constant area per lipid, the FSM takes into account
the lateral forces between lipids in addition to longitudinal
(vertical) stresses. The FSM thus considers a Hookean,
elastic behavior in two directions (both in plane and out
of plane), as opposed to the mattress-model assumption
of purely out-of-plane Hookean behavior (Fig. 1B). The
FSM can account for the same phenomena, such as lipid
length effects, detailed in the hydrophobic matching frame-
work through the inclusion of a proteolipid solvation term
that balances the elastic energy term contained in the
monolayer curvature (5,31).

The current experimental findings show that greater
lipid saturation and size of the phospholipid headgroups
back shifts the rhodopsin equilibrium to the inactive MI
state (Fig. 5). According to the FSM, both lipid saturation
and headgroup size modulate the free energy of MII

MII Fraction (g)

® POPC
B DOPC
v DOPE/DOPC (3:1)

T
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~
<o
©
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o

Surface pH

FIGURE 5 Rhodopsin activation in various membrane environments can
be understood by frustration of the elastic curvature free energy. The meta-
rhodopsin II fraction (#) with protonated Schiff base is plotted versus sur-
face pH at 10°C. Error bars correspond to uncertainties in the MII
fraction propagated from the estimated errors in the spectral measurements
(£ 4%). Note that the rhodopsin activation equilibrium undergoes a pKx
shift depending on both the lipid headgroups and acyl chains. Decreasing
headgroup size (PE versus PC) or increasing acyl chain unsaturation (oleoyl
versus palmitoyl groups) increases the active metarhodopsin II population.
To see this figure in color, go online.
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formation by changing the intrinsic, or spontaneous, cur-
vature (Hy) of the membrane due to imbalances in the
lateral pressure profiles of the lipids (31,71,72). Highly
unsaturated lipids experience stronger lateral repulsive
forces between the acyl chains, leading to an intrinsic
negative curvature of a monolayer leaflet toward water.
In a similar vein, decreasing the size of the phospholipid
headgroup also produces a lateral pressure imbalance,
in which the headgroup repulsions are smaller in magni-
tude than the acyl chain repulsions. Hence, both unsatu-
rated acyl chains and small phospholipid headgroups
contribute to a tendency of the membrane to adopt a nega-
tive monolayer curvature deformation (H < 0) toward
water.

Combined influences of lipid acyl chains and
polar headgroups reveal a fundamental
connection to lipid polymorphism

As a general principle, we find that neutral DOPE lipids,
which are both highly unsaturated and possess smaller phos-
phoethanolamine headgroups, provide a more conducive
environment to rhodopsin activation than the larger-head-
group methylated DOPC and POPC lipids (51,73). In terms
of the FSM, it therefore follows that the formation of active-
state MII is facilitated by a negative membrane curvature of
deformation. Altering the lipid composition to increase
lateral pressure between the lipid acyl chains and decrease
lateral pressure between headgroups will lower the free en-
ergy of membrane deformation, driving the metarhodopsin
activation equilibrium forward. By contrast, increasing lipid
saturation and headgroup size decreases absolute membrane
intrinsic curvature, such that the free-energy cost of MII for-
mation is high. We can use these trends to predict and assess
the mechanisms of diverse lipid types on rhodopsin activa-
tion (25), with future work aimed at a deeper understanding
of how electrostatic contributions to curvature balance other
known surface charge effects (54,74).

At the protein level, the reason for the coupling be-
tween rhodopsin activation and negative bilayer curvature
can be attributed to an overall expansion of rhodopsin dur-
ing formation of the MII state, mediated by an outward
movement of helix H6 by 5 A and an extension of helix
HS5 compared with the dark state (75,76). This volumetric
expansion has been experimentally shown by the effects
of hydrostatic pressure (77,78), and osmotic pressure
(37,79), as well as neutron scattering studies (80,81). It
follows that a combination of mesoscopic-scale bilayer
deformation properties in addition to specific lipid inter-
actions modulates rhodopsin activation (63-67,82,83). In
contrast to the standard biochemical view of GPCR acti-
vation governed completely by agonists and antagonists,
we show how mechanical properties of the membrane
(84) play equally important roles in rhodopsin modula-
tion. We expect that the results acquired herein for the
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FSM will have applicability in describing the protein-lipid
interactions of other GPCRs and potentially other mem-
brane proteins and peptides, as well (65).

CONCLUSIONS

The flexible surface model that we describe here supersedes
the fluid mosaic model as a more accurate and inclusive
paradigm of lipid-protein interactions (1,5). The FSM is a
useful framework that is well poised to address a number
of key unanswered questions in membrane biochemistry.
On the side of expanding biophysical theory, we may use
the stress field formulation of the FSM to consider the
significance and causes of spatial organization at the mem-
brane, including the interplay between membrane asymme-
try and curvature-mediated lipid-protein interactions (85).
Membrane protein oligomerization may be affected (68),
as well as the formation of lipid microdomains and mem-
brane fusion as it occurs in endo- and exocytosis and
budding of enveloped viruses including HIV or coronavirus
(10,11). Moreover, by formulating mechanisms of mem-
brane-bound receptors and enzymes, as well as bilayer
deformation involved in cytokinesis, phagocytosis, and viral
budding in terms of the membrane stress field, we anticipate
a breadth of physiological processes to be understood and
engineered in terms of these concepts. How membrane cur-
vature can be harnessed for biotechnological or biomedical
applications represents a significant question for future
research.
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