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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 GM; 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, Tn, of the majority lipid component. At temperatures near Ty, 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 displacement[{20) with time (). This provides a convenient
- N L ) definition of the diffusion coefficient) as the constant of
The fluidity of cell membranes is critical to their biological proportionality: 2= 4Dt, in two dimension$516The diffusion

functions. Assembly of membrane proteins into signaling cqeficient represents an integrated measure of molecular
complexes and large scale reorganization of the cell surface aremobility through the surrounding environment. As such, it is

all mflut_ence_d_by _Iateral mobility of membrane lipidis! The_ intrinsically circumstantial. The diffusion of one species in a
gngeri:ymg “pr'1d b.llayerh.st;]ucture. of.;:.ell rv}emtiranes eXhI'b'tsl & mixture is reflective of the overall composition, as well as any
rich phase behavior, which can significantly influence molecular peteogeneities within the system. Measurements of diffusion

. o
movement within the membrarfe? The phase structure of cell  \parently depend on the length scales probed by the particular
membranes has attracted much attention, and diffusion measurezpoice of technique. Electron spin resonance (ESR)and

ments ha_ve peen widely _used as probes to fharacterize boﬂl:onventional nuclear magnetic resonance (NMRYye useful
simple lipid bilayers and live cell membrants: for probing lipid motions in membranes on the nanometer scale

Trajectories of unencumbered molecular Brownian motion of next neighbor interactions. Stimulated specho NMR may
exhibit a characteristic linear scaling of the mean square probe up to 100 nrd®2 For length scales larger than a micron,

fluorescence recovery after photobleaching (FRAP} along

lgnivefsi? °][ ga:i][()fn!av Berk_e|e)’- with single particl@526 and fluorophore trackirfg have been
niversity o alifornia, bavis. . . .

s Lawrence Berkeley National Laboratory. widely applied in membrane systems. In cell membranes,
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particularly important, and this scale is conveniently probed by
fluorescence cross correlation spectroscopy (FESS.

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 proteiA%3* and adsorption of
polymers® 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],,, of DMPC supported membrangswWe specif-
ically seek to resolve the ternary relationship among protein
binding, membrane phase, and long-range lipid mobility.

Above the membrane melting temperatufe, the Lg gel
phase gives way to the fluid, phase. This transition involves
a highly cooperative melting of the all-trans configuration of
the lipid acyl chains in the gel phase. Abolig, the methylene
groups can rotate about the-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®®~38 Since chain conformation and the degree of long-
range order are intimately relaté{°both 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 phaseé! A similar relation is likewise found in
cholesterol containing lipid mixtures that exhibit miscibility
phase separation into liquid orderdg) @nd liquid disordered
phaseslf). Lacking long-range orientational chain order, both
of these phases are liquidlik&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 structur
and organizatiof.1443

In the results described below, binding of cholera toxin
subunit B (CTB) to its membrane surface ligand, ganglioside
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Figure 1. Schematic of increased order due to CTB binding to,&Mse

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-GM; binding site.

GMg, is found to nucleate appreciable conformational lipid
ordering at temperatures as far as°CsaboveTy,. 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 % GM ganglioside were formed on a silicon
internal reflection element (IRE), (Figure 6A). Infrared absorption
spectra where taken in the presence and the absence pbiaing
Cholera toxin subunit B (CTB) protein as a function of temperature in
the range from 19 to 48C (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 % GMand 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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C).*8The solid line corresponds to measurements on SLB without CTB,
while the correlation curve, after CTB has bound to GM 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. Diffusion coefficients
of the Bodipy-FL HPC lipids in GMrdoped DMPC and
DMOPC membranes were measured using FCS in the presence
and absence of CTB or anti-GMntibody. DMPC membranes
exhibit a gel to the fluid phase transition within the investigated
temperature range, while DMOPC membranes remain exclu-
sively in the fluidL, phase and served as control.

In the absence of GMbinding proteins, the measured
diffusion coefficients for the fluorescent Bodipy-FL HPC lipid
probe (Figure 3A, circles) show good agreement with previously
published value&! As expected, lipids diffuse slowly in the
gel phase (0.9 0.1 um?/s), experience a sudden increase in
mobility with the onset of the main transition &, = 23 °C,
and steadily gain higher diffusivity upon further heating. When
CTB is bound to GM moieties (Figure 3A, squares), the onset
of rapid diffusion occurs at 25C, 2 °C aboveT. 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-
GM; antibody (500 nM) was allowed to bind to the GM
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 GMill 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 G be
accommodate by the antibody.

To confirm that the reduction in diffusivity nedr, due to

Figure 2. (A) Schematic of the FCS apparatus (for detailed description ROt e .
see main text). Fluorescently labled lipids diffusing through the focused Protein binding is indeed connected to the proximity to the main

laser spot, emitting photons while crossing the excitation area (A, inset). transition, we performed parallel experiments with DMOPC as

(B) Cross-correlation curves from membranes with (solid line) and without iavityg lini ; ;
bound CTB (dotted line) close to the melting transition. Their difference the majority lipid for comparison. DMOPC differs from DMPC

can be resolved, given the accuracy of the measurement indicated by the®Nly by @ double bond at thes(osition of each acyl chain,
error bars in the magnification of the boxed region (inset).

(44) Mayer, L. D.; Hope, M. J.; Cullis, P. RBiochim. Biophys. Actd986
858 161-168.
: : 45) Groves, J. T.; Ulman, N.; Boxer, S. Gciencel997 275 651-653.
absence of CTB are shown as examplfe§ in Flgurg 2B. They represen 46) Hull. M. C.. Cambrea, L. R.; Hovis, J. ®nal. Chem2005 77, 6096-
FCS measurements on the fluorescent lipid probes in DMPC membranes ~ 6099. )
doped with GM at a temperature of 238 0.3°C. At that temperature ~ 47) E{E"&e’}aé* McConnell, H. M.Proc. Natl. Acad. Sci. U.5.4984 81,
the membranes are close to the main transition of DMPL= 23° (48) Marsh, DHandbook of Lipid BilayersCRC Press: Boca Raton, FL, 1990.
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resulting in a gel-fluidT,, for DMOPC of approximately-65
°C52 Thus, over the experimental temperature range-@®
°C), DMOPC membranes are always in the fully conforma-
tionally disordered fluidL, 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,Dy, to Dy (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 Bruggerfdand Land-
auer®* This formalism allows calculation of an effective long-
range diffusion coefficient in the presence of diffusion ob-
stacles®®> We consider a phase, occupying an area fraction
with a diffusion coefficienDy, in which domains with diffusion
coefficientDy and an area fraction (+ x) are dispersed. Of
particular interest here is the case in which the domains are
impermeable obstacleD{ = 0), since the relative bulky
BODIPY probe lipid is not likely to enter the ordered liptés
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 mediDy,
is given by Der(T) = (2x — 1)Di(T).5% Using the diffusion
coefficients of protein-free DMOPC membraneszg(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-1x) 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 irD caused by protein binding in the case of
DMPC, and other mechanisms must be considered.

3.2. Concentration Dependent Diffusion Measurements
Next, Dy/Dg in DMPC membranes af,, 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,

(49) Benda, A.; Benes, M.; Marecek, V.; Lhotsky, A.; Hermens, W. T.; Hof,
M. Langmuir2003 19, 4120-4126.

(50) Widengren, J.; Mets, U.; Rigler, B. Phys. Cheml995 99, 13368-13379.

(51) Chen, Y.; Muller, J. D.; Eid, J. S.; Gratton, E. Mew Trends in
Fluorescence Spectroscopy: Applications to Chemical and Life Sciences
Valeur, B., Brochon, J. C., Eds.; Springer: Berlin, 2001; pp-2332.

(52) Cevc, G.Biochemistry1991, 30, 7186-7193.

(53) Bruggeman, D. A. GAnn. Phys. (Leipzig)l935 24, 636-664.

(54) Landauer, RJ. Appl. Phys1952 23, 779-784.

(55) Saxton, M. JBiophys. J.1982 39, 165-173.

(56) Burns, A. R.; Frankel, D. J.; Buranda, Biophys. J.2005 89, 1081~
1093.
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i

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 GMnolecule$’ The binding equilibrium
of the two-step process, which involves initial docking of CTB
to one GM and subsequent scavenging of a second, Gién (]
be described by an effective binding const&gt Hence, the c
concentration of free CTB in solution ([CTB, the initial GM;
concentration ([GM]) of 1.4 x 10~ nM/um?, andKq4 (= 30
nM, from?8) are related to the concentration of surface bound
CTB ([CTBy)) via [CTBp] = [CTB{([GM1% — 2[CTBy])/Kg. L+ —
Solving for [CTBy] and assuming an area cross-section of CTB . 2‘920 A 2880 5860 2840 2820 2800
of 25 nn? %°and equipartition of G between both membrane 3000 2980 2960 29"\'Lavenu mber in
leaflets yields the area fraction plotted in Figure 5 (gray line).

3.3. Temperature-Dependent IR Spectroscopy Measure-  Figure 6. (A) Schematic of AIR-FTIR spectroscopy, showing the Si internal
ments. To investigate the connection between long-range reflection element (IRE) and the IR beam undergoing total internal reflection.
diffusion behavior and conformational changes of the membraneA single membrane is deposited on one side of the IRE, allowing for IR

- ; o absorption of the lipids in the evanescent field (blow up). (B) AIR-FTIR
lipids and associated lipid phases, AIR-FTIR spectra om/GM  spectra of a GMdoped DMPC membrane in the temperature range-19.5
DMPC single membranéswere measured as a function of 44 °C in the absence of CTB (B) and with CTB bound to the membrane

temperature, before and after CTB-binding (Figure 6B and 6C). ©.

Thg two sets of absorption band§ can be stralghtforwardlly their full-width half-maxima, and relative intensity distributions
assigned to the methylene symmetric and asymmetric Stre'[Chmgare in good agreement with the earlier reports of infrared spectra
modes3® Their details including the exact location of peaks, 9 9 P P

absorbance in a.u.

of DMPC membrane® The exact locations of the methylene

(57) Lauer, S.; Goldstein, B.; Nolan, R. L.; Nolan, JBfochemistry2002 41, symmetric and asymmetric stretchingf-énd d-, modes are
1742-1751. - i i i inati in-
(58) Winter, E. M.: Groves, J. TAnal. Chem2006 78, 174-180. well-known diagnostic markers in the determination of chain

(59) Wang, R.; Shi, J.; Parikh, A. N.; Shreve, A. P.; Chen, L. H.; Swanson, B.
I. Colloids Surf., B2004 33, 45-51.

(60) Tamm, L. K.; Tatulian, S. AQ. Re. Biophys.1997 30, 365-429.

J. AM. CHEM. SOC. = VOL. 128, NO. 47, 2006 15225



ARTICLES Forstner et al.

conformational order. In solid crystalline phases, the symmetric A
methylene stretching (d) of alkyl chains absorbs between 2848 %
and 2850 cm?, and the asymmetric stretching—}i occurs 2852 % i §
between 2916 and 2918 cfFor a conformationally disordered ﬁ
liquid phase, however, absorptions due tb dnd d- modes %%%Ei E
it
Ei % % } < without CTB

-1

2851

2928 cn1l, respectively! The two sets of bandsdand d-, %
gradually shift toward higher frequencies as the temperature is
raised from 19.5C to 44°C for both the unbound and bound
states, suggesting that the membrane assembly was predomi- i
nantly in theLg gel phase below the transition temperature (23

°C) and gradually transformed into the flulg, state as the
temperature increased (Figure 6). The transition spans, in both
cases, an extended temperature range of more th&, kghich

wavenumber in cm

occur at distinctly higher ranges of 2858858 cnt! and 2924-
¢ with CTB bound

20 25 30 35 40
temperature in °C

isinaccord with recent studies on supported lipid membréhés. B
SLBs have, in general, a much broader main transition than 2923 ]
free lipid membranes. Although the positions of the IR absorp- 3 g g i
tion peaks follow a similar trend with increasing temperature, "e 2922 — §§§ 3
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 B 2921 — ¢ §§§
42°C as reflected by the difference in the peak locations (Figure E ¢ 3 $
7A and 7B). The & and d- frequencies observed within this g 2920 % 3
temperature range revealed relatively higher chain ordering in § 2919 — ig ¢ without CTB
the bound state, indicating that the CTBM; binding event § ¢ with CTB bound
triggered changes in the lipid phase state and chain organization. 2918 —
In addition, from the spectral changes the area fraction of the LN LN LR UL L
gel phase for membranes with and without bound CTB (Figure 20 25 30 35 40
7C) can be estimated as described in the Materials and Methods c temperature in °C
section. The maximal difference is on the order of 0.2, which,
interestingly, is significantly larger than the 0.09 area fraction 104¢
of membrane covered directly by CTB under these conditions. 5§ o8 _: % o without CTB
This suggests that the protein induced order extends beyond § o £ 3 & with CTB bound
the immediate binding site. At temperatures higher thah(38 = 06 §§ 3
the difference in gel phase area fractions vanishes. Thus, lipids £ ] 3 *
in the vicinity of bound protein will eventually undergo the e 0.4 3 55
conformational transition, but at higher temperatures. i::_ E §§§§
It is interesting to note that whereas the FCS data indicate 5 027 §§%
the largest impact of protein binding on lipid diffusion &, b . % g 5
no measurable increase in gel phase is observed by FTIR. This 0.0 ¢

excludes large changes in the gel and fluid lipid fractions as
the leading cause of the diffusion retardationTaf in the
presence of the protein. Since the maximal area fraction of _ . i i

tein is less than 0.1 in our experiments (Figure 5), the Figure 7. Positions of the absorption peaks of symmetric (A) and
pro A il p ” g_ ! asymmetric (B) methylene stretching vibrations with respect to temperature
retardation of the mobility due to viscous coupling of the for both the unbound) and the bound state®]. (C) Average gel phase
membrane to a continuous layer of proteins in proxiftigan area fraction as a function of temperature in the prese#geiid absence
be immediately ruled out. A mechanism in which lipids diffuse (¢) of CTB
together as patches that are organized by larger molecules . .
adsorbed at the membrane surf&ds also unlikely. Zangh et comparable reduction throughout the entire temperature range

al. find that in such cases of slaved diffusion the molecule needs2"d 0! .both DMPC and. DMOPC me:nbrane;s,. contrary to
to cover at least 80 lipid headgroups to cause a measurableobservanon. Furthermore, in the case of “slaved” diffusion, both
effect. The DMPC cross-section area is about 0.6 %none the slow diffusive process due to collective lipid motion and
CTB With an area of 25 nfcovers approximately. 3’5 lipids the fast diffusion of free lipids are detected. Our correlation

While CTB aggregation into larger clusters cannot be completely gf:#a’_ howe\(/jerl, Iare d;\.’?" discgtﬁgpvéng a one-comrp]) ont:]nt
ruled out>® the effect of slaved diffusion should lead to a Iffusion model. In addition, the ata suggest that the

CTB associated membrane is mostly impermeable to the lipid

20 25 30 35 40
temperature in °C
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channels of fluid lipid phase for#? 64 and probe lipids will largely governed by diffusive transport in interconnected fluid
preferentially partition into these leagfsAs long as the melting phase channels. Such a mechanism will sensitively depend on
lines do not interconnect, the observed averaged long-rangethe amount of membrane-bound protein, which is indeed seen
mobility will be dominated by the gel phase diffusion coef- in the concentration dependent FCS measurements. At higher
ficients. Once the fluid channels percolate, however, the majority temperatures, the protein associated membrane patches serve
of the transport observed by FCS will be governed by the faster as diffusion obstacles and account for the slight reduction in
diffusion in the fluid phase. As the IR data indicate, binding of D.

CTB to GM; organizes the lipids in the membrane beneath the

binding site. Since GM partitions into the gel phagé,this Acknowledgment. M.B.F. wants to thank Esther Winter,
additional order will be buried in the large gel phase fraction Nathan Clack, and Andrew DeMond for helpful discussions.
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Only a small change, not resolvable by AIR-FTIRS, in the
amount and organization of tHg, 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 alreadyJA064093H
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