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Abstract: Using a combination of fluorescence correlation and infrared absorption spectroscopies, we
characterize lipid lateral diffusion and membrane phase structure as a function of protein binding to the
membrane surface. In a supported membrane configuration, cholera toxin binding to the pentasaccharaide
headgroup of membrane-incorporated GM1 lipid alters the long-range lateral diffusion of fluorescently labeled
probe lipids, which are not involved in the binding interaction. This effect is prominently amplified near the
gel-fluid transition temperature, Tm, of the majority lipid component. At temperatures near Tm, large changes
in probe lipid diffusion are measured at average protein coverage densities as low as 0.02 area fraction.
Spectral shifts of the methylene symmetric and asymmetric stretching modes in the lipid acyl chain confirm
that protein binding alters the fraction of lipid in the gel phase.

1. Introduction

The fluidity of cell membranes is critical to their biological
functions. Assembly of membrane proteins into signaling
complexes and large scale reorganization of the cell surface are
all influenced by lateral mobility of membrane lipids.1-4 The
underlying lipid bilayer structure of cell membranes exhibits a
rich phase behavior, which can significantly influence molecular
movement within the membrane.5-8 The phase structure of cell
membranes has attracted much attention, and diffusion measure-
ments have been widely used as probes to characterize both
simple lipid bilayers and live cell membranes.9-14

Trajectories of unencumbered molecular Brownian motion
exhibit a characteristic linear scaling of the mean square

displacement (〈r2〉) with time (t). This provides a convenient
definition of the diffusion coefficient (D) as the constant of
proportionality: 〈r2〉 ) 4Dt, in two dimensions.15,16The diffusion
coefficient represents an integrated measure of molecular
mobility through the surrounding environment. As such, it is
intrinsically circumstantial. The diffusion of one species in a
mixture is reflective of the overall composition, as well as any
heterogeneities within the system. Measurements of diffusion
inherently depend on the length scales probed by the particular
choice of technique. Electron spin resonance (ESR)17,18 and
conventional nuclear magnetic resonance (NMR)19 are useful
for probing lipid motions in membranes on the nanometer scale
of next neighbor interactions. Stimulated spin-echo NMR may
probe up to 100 nm.20,21For length scales larger than a micron,
fluorescence recovery after photobleaching (FRAP)22-24 along
with single particle25,26 and fluorophore tracking27 have been
widely applied in membrane systems. In cell membranes,
molecular movements on the 100-1000 nm length scale are
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particularly important, and this scale is conveniently probed by
fluorescence cross correlation spectroscopy (FCS).28-32

Here, we combine structural information from attenuated total
reflection Fourier transform infrared spectroscopy (ATR-FTIRS)
and mesoscopic diffusion measurements, obtained with FCS,
to characterize the effects of protein binding on the membrane
surface. Experiments were performed in the supported bilayer
configuration, which is widely utilized as a model membrane
system for biophysical studies. Lipid diffusion has been studied
in relation to the binding of proteins33,34 and adsorption of
polymers35 on the supported membrane surface. The present
investigation is stimulated by unusually large changes in lipid
mobility that have been observed at low protein coverage
densities (0.02 area fraction) near the gel-fluid transition
temperature,Tm, of DMPC supported membranes.33 We specif-
ically seek to resolve the ternary relationship among protein
binding, membrane phase, and long-range lipid mobility.

Above the membrane melting temperature,Tm, the Lâ gel
phase gives way to the fluidLR phase. This transition involves
a highly cooperative melting of the all-trans configuration of
the lipid acyl chains in the gel phase. AboveTm, the methylene
groups can rotate about the C-C bonds, allowing the chains to
assume gauche configurations as well. While acyl chains are
orientationally ordered over many lipids in the gel phase, no
long-range correlation in chain alignment exists in the fluid
phase.36-38 Since chain conformation and the degree of long-
range order are intimately related,39,40both can be inferred from
infrared spectra of the vibrational stretching modes of the acyl
chains methylenes. The structural difference between the two
phases is also mirrored in their respective diffusion properties,
with slow diffusion in the gel phase and faster diffusive transport
in the fluid phase.41 A similar relation is likewise found in
cholesterol containing lipid mixtures that exhibit miscibility
phase separation into liquid ordered (lo) and liquid disordered
phases (ld). Lacking long-range orientational chain order, both
of these phases are liquidlike.13,42While interrelations between
structure and dynamic properties have been well studied on the
molecular scale in pure phases, many questions remain concern-
ing long range transport in membranes exhibiting phase coexist-
ence. This is especially pertinent as molecular mobility obser-
vations are increasingly used as probes of membrane structure
and organization.9,14,43

In the results described below, binding of cholera toxin
subunit B (CTB) to its membrane surface ligand, ganglioside

GM1, is found to nucleate appreciable conformational lipid
ordering at temperatures as far as 15°C aboveTm. Diffusion of
probes, which are not involved in the binding, however, exhibits
a different response. Away from the transition, only a marginal
change in mobility is observed between the bound and unbound
scenarios; protein binding has little influence on lipid mobility
in fully fluid membranes. In this case, the effective long-range
diffusion is well described by a model based on protein induced
impermeable diffusion obstacles. In contrast, near the transition,
a significant reduction in lipid mobility results from protein
binding down to coverage densities as low as 0.02 area fraction.

These structural and dynamical observations can be reconciled
by a cooperative mechanism in which protein binding nucleates
nanometer scale gel phase domains that propagate beyond the
immediate binding site, as illustrated schematically in Figure
1. In order for these localized regions of gel phase to strongly
influence long-range lipid mobility, they must modify the gel-
fluid coexistence regime. Comparison of FCS and ATR-FTIRS
results presented below support this model and provide evidence
for nonlocal effects of protein binding on membrane phase
structure. These observations underscore the extremely respon-
sive nature of lipid membranes near phase transitions and
illustrate the ease with which proteins may modulate such
structures.

2. Materials and Methods

Detailed descriptions of the materials, the methods, the techniques,
and the data analysis of the experiments are contained in the Supporting
Information. In brief, for the attenuated total reflection Fourier transform
infrared (ATR-FTIR) spectroscopy, single bilayer DMPC membranes
doped with 0.5 mol % GM1 ganglioside were formed on a silicon
internal reflection element (IRE), (Figure 6A). Infrared absorption
spectra where taken in the presence and the absence of GM1 binding
Cholera toxin subunit B (CTB) protein as a function of temperature in
the range from 19 to 45°C (Figure 6B and 6C).

The basic experimental configuration of the fluorescence correlation
spectroscopy (FCS) set up is schematically depicted in Figure 2A.

To enable FCS experiments, membranes containing the main lipid
(DMPC or DMOPC), 0.5 mol % GM1 and also 0.005 mol % of a
Bodipy FL labeled lipid analogue were supported on glass cover slides
(Figure 2A, inset). Resulting average correlations in the presence and
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Figure 1. Schematic of increased order due to CTB binding to GM1 close
to the lipid melting transition. (A) Without the ordering effect of membrane
bound protein, the fluid phase can develop freely. (B) CTB binding retards
the formation of the fluid phase by extending the ordered gel phase beyond
the CTB-GM1 binding site.
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absence of CTB are shown as examples in Figure 2B. They represent
FCS measurements on the fluorescent lipid probes in DMPC membranes
doped with GM1 at a temperature of 23.3( 0.3°C. At that temperature
the membranes are close to the main transition of DMPC (Tm ) 23°

C).48 The solid line corresponds to measurements on SLB without CTB,
while the correlation curve, after CTB has bound to GM1, is drawn
with a dashed line. In the magnification of the boxed region of the
curves (Figure 2B inset), where the standard deviations are represented
as error bars on each point, the separation of the two curves including
their error bands is distinct. Hence, it is assured that the changes in
mobility for different conditions can be resolved given the accuracy of
our FCS measurements. The diffusion coefficients of the fluorescent
lipid probe were obtained by fitting the experimental correlation curves
to the appropriate analytical expression as described in the Supporting
Information.

3. Results and Discussion

3.1. Temperature-Dependent Diffusion Measurements.
Below we present measurements of the effect of protein binding
on the mobility of lipids in the membrane as a function of
temperature in the range from 19 to 45°C. Diffusion coefficients
of the Bodipy-FL HPC lipids in GM1-doped DMPC and
DMOPC membranes were measured using FCS in the presence
and absence of CTB or anti-GM1 antibody. DMPC membranes
exhibit a gel to the fluid phase transition within the investigated
temperature range, while DMOPC membranes remain exclu-
sively in the fluidLR phase and served as control.

In the absence of GM1 binding proteins, the measured
diffusion coefficients for the fluorescent Bodipy-FL HPC lipid
probe (Figure 3A, circles) show good agreement with previously
published values.41 As expected, lipids diffuse slowly in the
gel phase (0.9( 0.1 µm2/s), experience a sudden increase in
mobility with the onset of the main transition atTm ) 23 °C,
and steadily gain higher diffusivity upon further heating. When
CTB is bound to GM1 moieties (Figure 3A, squares), the onset
of rapid diffusion occurs at 25°C, 2 °C aboveTm. Beyond the
transition region, lipid diffusion in the CTB-bound membranes
remains slightly lower than that in protein-free DMPC mem-
branes. A qualitatively similar behavior was observed when anti-
GM1 antibody (∼500 nM) was allowed to bind to the GM1-
containing DMPC membrane (Figure 3A, diamonds). However,
antibody binding results in a less pronounced retardation of lipid
mobility. This most likely results from less stringent constraints
imposed by bound antibodies on the arrangement of the proximal
lipids at the binding site. The y-shaped IgG allows for variable
spacing of its two binding sites and covers a smaller area upon
binding, whereas the rigid disc-shaped CTB protein possesses
five binding sites at fixed locations. The latter would suggest
that CTB will be able to impose more order on the membrane
underneath, since the bound GM1 will be held at fixed relative
distances. In contrast, in the case of the antibody the lipids
underneath should be able to rearrange with much more ease,
since a range of distances between the two bound GM1 can be
accommodate by the antibody.

To confirm that the reduction in diffusivity nearTm due to
protein binding is indeed connected to the proximity to the main
transition, we performed parallel experiments with DMOPC as
the majority lipid for comparison. DMOPC differs from DMPC
only by a double bond at the C9 position of each acyl chain,
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Figure 2. (A) Schematic of the FCS apparatus (for detailed description
see main text). Fluorescently labled lipids diffusing through the focused
laser spot, emitting photons while crossing the excitation area (A, inset).
(B) Cross-correlation curves from membranes with (solid line) and without
bound CTB (dotted line) close to the melting transition. Their difference
can be resolved, given the accuracy of the measurement indicated by the
error bars in the magnification of the boxed region (inset).
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resulting in a gel-fluidTm for DMOPC of approximately-65
°C.52 Thus, over the experimental temperature range (19-45
°C), DMOPC membranes are always in the fully conforma-
tionally disordered fluidLR phase. FCS measurements reveal
that lipid diffusion accelerates steadily with increasing temper-
ature in DMOPC membranes regardless of whether CTB is
bound or not (Figure 3B). While lipid diffusion is slowed by
CTB-binding to DMOPC membranes, temperature-dependent
discontinuities were not observed.

Differences in the diffusive behavior in DMPC and DMOPC
membranes under different protein binding scenarios can be
observed most clearly in the ratio of the diffusion coefficient
with protein bound,Db, to D0 (no protein) (Figure 3C). A
disproportional decay in lipid diffusion occurs upon protein
binding near the phase transition temperature.

Protein binding to the membrane surface creates obstacles
to long-range motion, and the diffusion data can be analyzed
using the effective medium theory of Bruggeman53 and Land-
auer.54 This formalism allows calculation of an effective long-
range diffusion coefficient in the presence of diffusion ob-
stacles.55 We consider a phase, occupying an area fractionx,
with a diffusion coefficientDm, in which domains with diffusion
coefficient Dd and an area fraction (1- x) are dispersed. Of
particular interest here is the case in which the domains are
impermeable obstacles (Dd ) 0), since the relative bulky
BODIPY probe lipid is not likely to enter the ordered lipids56

immediately under the bound protein. In this limit of imperme-
able obstacles the effective medium theory is valid for an
obstacle area fraction up to 0.2. In this range, the effective
diffusion coefficient through the heterogeneous medium,Deff,
is given by Deff(T) ) (2x - 1)Dm(T).55 Using the diffusion
coefficients of protein-free DMOPC membranes asDm(T) at
different temperatures, we perform a one-parameter fit of the
above expression to the diffusion coefficients obtained from
DMOPC membranes with bound CTB (Figure 4). The fit gives
an area fraction of impermeable domains (1- x) of 0.07 (
0.03, which is in agreement with the 0.09 area fraction of the
membrane covered by CTB in these experiments (the details
of the latter estimate are described below). Unlike DMOPC,
DMPC membranes are, for the most part, composed of a mixture
of gel and fluid phases throughout the investigated temperature
range, regardless of the presence of protein (see IR spectroscopy
results below). Hence, the effective medium theory, based on
protein associated diffusion obstacles, is not capable of describ-
ing the reduction inD caused by protein binding in the case of
DMPC, and other mechanisms must be considered.

3.2. Concentration Dependent Diffusion Measurements.
Next, Db/D0 in DMPC membranes atTm is determined as a
function of bound protein concentration. We find that long range
lipid diffusion through the DMPC membrane is sensitively
dependent on the amount of CTB present, and as little as 5 nM
CTB in solution, corresponding to an area coverage of 0.02,
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Figure 3. (A) Diffusion coefficientsD in DMPC membranes as function
of temperature with CTB bound (9), with anti-GM1 antibody bound ([)
and without ligand (b). (B) D for membranes of DMOPC with (1) and
without CTB bound (2) as function of temperature. (C) The ratio ofD0

(no protein bound) toDb (protein bound) exhibits different dependence on
temperature for DMPC (b (CTB), [ (antibody)) and DMOPC (9).
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already leads to a 15% reduction in probe mobility (Figure 5,
black line). The area fraction of the membrane surface covered
by bound CTB is computed in the following way: One CTB
binds, on average, 2 GM1 molecules.57 The binding equilibrium
of the two-step process, which involves initial docking of CTB
to one GM1 and subsequent scavenging of a second GM1, can
be described by an effective binding constantKd. Hence, the
concentration of free CTB in solution ([CTBf]), the initial GM1

concentration ([GM1]) of 1.4 × 10-11 nM/µm2, andKd () 30
nM, from58) are related to the concentration of surface bound
CTB ([CTBb]) via [CTBb] ) [CTBf]([GM1

0] - 2[CTBb])/Kd.
Solving for [CTBb] and assuming an area cross-section of CTB
of 25 nm2 59 and equipartition of GM1 between both membrane
leaflets yields the area fraction plotted in Figure 5 (gray line).

3.3. Temperature-Dependent IR Spectroscopy Measure-
ments. To investigate the connection between long-range
diffusion behavior and conformational changes of the membrane
lipids and associated lipid phases, AIR-FTIR spectra on GM1/
DMPC single membranes46 were measured as a function of
temperature, before and after CTB-binding (Figure 6B and 6C).
The two sets of absorption bands can be straightforwardly
assigned to the methylene symmetric and asymmetric stretching
modes.39 Their details including the exact location of peaks,

their full-width half-maxima, and relative intensity distributions
are in good agreement with the earlier reports of infrared spectra
of DMPC membranes.60 The exact locations of the methylene
symmetric and asymmetric stretching, d+ and d-, modes are
well-known diagnostic markers in the determination of chain-
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Figure 4. Diffusion coefficients of DMOPC membranes with CTB induced
obstacles (Deff) as a function of the protein-free diffusion coefficient (Dm).
The dashed line represents the one-parameter fit to the effective medium
theory by Bruggeman and Landauer, yielding an obstacle area fraction of
0.07 ( 0.03.

Figure 5. Diffusion coefficient ratioDb/D0 for the DMPC membrane at
23.3°C (black) depends on the solution concentration of CTB and exhibits
a monotonic increase with the area fraction occupied by CTB (gray).

Figure 6. (A) Schematic of AIR-FTIR spectroscopy, showing the Si internal
reflection element (IRE) and the IR beam undergoing total internal reflection.
A single membrane is deposited on one side of the IRE, allowing for IR
absorption of the lipids in the evanescent field (blow up). (B) AIR-FTIR
spectra of a GM1 doped DMPC membrane in the temperature range 19.5-
44 °C in the absence of CTB (B) and with CTB bound to the membrane
(C).
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conformational order. In solid crystalline phases, the symmetric
methylene stretching (d+) of alkyl chains absorbs between 2848
and 2850 cm-1, and the asymmetric stretching (d-) occurs
between 2916 and 2918 cm-1. For a conformationally disordered
liquid phase, however, absorptions due to d+ and d- modes
occur at distinctly higher ranges of 2856-2858 cm-1 and 2924-
2928 cm-1, respectively.61 The two sets of bands, d+ and d-,
gradually shift toward higher frequencies as the temperature is
raised from 19.5°C to 44°C for both the unbound and bound
states, suggesting that the membrane assembly was predomi-
nantly in theLâ gel phase below the transition temperature (23
°C) and gradually transformed into the fluidLR state as the
temperature increased (Figure 6). The transition spans, in both
cases, an extended temperature range of more than 15°C, which
is inaccordwith recentstudiesonsupported lipidmembranes.62-64

SLBs have, in general, a much broader main transition than
free lipid membranes. Although the positions of the IR absorp-
tion peaks follow a similar trend with increasing temperature,
the degree of chain order in the protein bound state is observed
to be different from that in the unbound state in the range 25-
42°C as reflected by the difference in the peak locations (Figure
7A and 7B). The d+ and d- frequencies observed within this
temperature range revealed relatively higher chain ordering in
the bound state, indicating that the CTB-GM1 binding event
triggered changes in the lipid phase state and chain organization.
In addition, from the spectral changes the area fraction of the
gel phase for membranes with and without bound CTB (Figure
7C) can be estimated as described in the Materials and Methods
section. The maximal difference is on the order of 0.2, which,
interestingly, is significantly larger than the 0.09 area fraction
of membrane covered directly by CTB under these conditions.
This suggests that the protein induced order extends beyond
the immediate binding site. At temperatures higher than 38°C,
the difference in gel phase area fractions vanishes. Thus, lipids
in the vicinity of bound protein will eventually undergo the
conformational transition, but at higher temperatures.

It is interesting to note that whereas the FCS data indicate
the largest impact of protein binding on lipid diffusion atTm,
no measurable increase in gel phase is observed by FTIR. This
excludes large changes in the gel and fluid lipid fractions as
the leading cause of the diffusion retardation atTm in the
presence of the protein. Since the maximal area fraction of
protein is less than 0.1 in our experiments (Figure 5), the
retardation of the mobility due to viscous coupling of the
membrane to a continuous layer of proteins in proximity65 can
be immediately ruled out. A mechanism in which lipids diffuse
together as patches that are organized by larger molecules
adsorbed at the membrane surface35 is also unlikely. Zangh et
al. find that in such cases of slaved diffusion the molecule needs
to cover at least 80 lipid headgroups to cause a measurable
effect. The DMPC cross-section area is about 0.6 nm2;66 one
CTB with an area of 25 nm2 covers approximately 35 lipids.
While CTB aggregation into larger clusters cannot be completely
ruled out,59 the effect of slaved diffusion should lead to a

comparable reduction throughout the entire temperature range
and for both DMPC and DMOPC membranes, contrary to
observation. Furthermore, in the case of “slaved” diffusion, both
the slow diffusive process due to collective lipid motion and
the fast diffusion of free lipids are detected. Our correlation
data, however, are well described with a one-component
diffusion model. In addition, the DMOPC data suggest that the
CTB associated membrane is mostly impermeable to the lipid
probe.

4. Conclusion

All our experimental findings can be reconciled by the
following picture: Below the phase transition all diffusion must
occur through the gel phase. With the onset of the transition,
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Figure 7. Positions of the absorption peaks of symmetric (A) and
asymmetric (B) methylene stretching vibrations with respect to temperature
for both the unbound (]) and the bound states ([). (C) Average gel phase
area fraction as a function of temperature in the presence ([) and absence
(]) of CTB.
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channels of fluid lipid phase form62-64 and probe lipids will
preferentially partition into these leads.56 As long as the melting
lines do not interconnect, the observed averaged long-range
mobility will be dominated by the gel phase diffusion coef-
ficients. Once the fluid channels percolate, however, the majority
of the transport observed by FCS will be governed by the faster
diffusion in the fluid phase. As the IR data indicate, binding of
CTB to GM1 organizes the lipids in the membrane beneath the
binding site. Since GM1 partitions into the gel phase,56 this
additional order will be buried in the large gel phase fraction
present at the onset of the transition. Thus, it will not be visible
in the IR spectra in the proximity ofTm. However, these strongly
ordered domains should have a significant impact on long-range
diffusion by suppressing the formation and interconnection of
theLR phase channels at the initial stages of the main transition.
Only a small change, not resolvable by AIR-FTIRS, in the
amount and organization of theLR phase would be necessary
to prevent sufficient percolation of the melting lines. Hence, in
the proximity of the transition, long-range mobility in the
presence of protein will still be dominated by diffusion through
the gel phase, whereas, in the absence of protein, it is already

largely governed by diffusive transport in interconnected fluid
phase channels. Such a mechanism will sensitively depend on
the amount of membrane-bound protein, which is indeed seen
in the concentration dependent FCS measurements. At higher
temperatures, the protein associated membrane patches serve
as diffusion obstacles and account for the slight reduction in
D.
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