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Abstract: In this study, two-photon fluorescence microscopy on giant unilamellar vesicles and tapping-
mode atomic force microscopy (AFM) are applied to follow the insertion of a fluorescently (4,4-difluoro-4-
bora-3a,4a-diaza-s-indacene, BODIPY) labeled and completely lipidated (hexadecylated and farnesylated)
N-Ras protein into heterogeneous lipid bilayer systems. The bilayers consist of the canonical raft mixture
1-palmitoyl-2-oleoylphosphatidylcholine (POPC), sphingomyelin, and cholesterol, whichsdepending on the
concentration of the constituentssseparates into liquid-disordered (ld), liquid-ordered (lo), and solid-ordered
(so) phases. The results provide direct evidence that partitioning of N-Ras occurs preferentially into liquid-
disordered lipid domains, which is also reflected in a faster kinetics of incorporation into the fluid lipid bilayers.
The phase sequence of preferential binding of N-Ras to mixed-domain lipid vesicles is ld > lo . so.
Intriguingly, we detect, using the better spatial resolution of AFM, also a large proportion of the lipidated
protein located at the ld/lo phase boundary, thus leading to a favorable decrease in line tension that is
associated with the rim of the demixed phases. Such an interfacial adsorption effect may serve as an
alternative vehicle for association processes of signaling proteins in membranes.

Introduction

Ras proteins belong to the Ras superfamily of low-molecular-
weight GTPases that serve as GDP/GTP-regulated relay switches.
Ras function is known to be crucially dependent on its
association with the inner leaflet of the plasma membrane. Three
isoforms of Ras, H-Ras and N-Ras, which traffic through the
Golgi to the plasma membrane, and K-Ras, which traffics via
a cytosolic pathway, are expressed in mammalian cells.1,2 They
generate distinct signal outputs, despite interacting with a
common set of activators and effectors. The Ras signaling
pathway is central to the regulation of cell growth and
differentiation, and impaired Ras function can be one of the
critical steps leading to cell transformation. The importance of
the correct functioning of the Ras cascade is illustrated by the
fact that point mutations in the Ras oncogenes, usually in N-
or K-Ras, are found in approximately 30% of all human
cancers.3

To perform their normal and oncogenic functions, Ras
proteins must be membrane-associated. Their membrane target-
ing and membrane binding is controlled by posttranslational
covalent attachment of lipid groups. Lipidation is believed to
play an important role in regulatory functions, for example, by
mediating protein-protein and protein-lipid interactions. The
association with different membrane microenvironments is
proposed to further regulate Ras signaling mechanisms. In this
context, it has also become clear that the differential lateral
segregation of Ras isoforms, namely, N-, H- and K-Ras, would
offer a plausible mechanism for the distinct signal outputs of
these highly homogeneous proteins.2 The membrane anchors
of H-, N-, and K-Ras comprise a common C-terminal S-
farnesylcysteine carboxymethyl ester, operating in concert with
one or two adjacentS-palmitoylcysteine residues in N- and
H-Ras, and with a polybasic domain of six lysines in K-Ras.

Specific lipid modifications of proteins are believed to be
sufficient to sequester them in certain microdomains, such as
lipid rafts and caveolae. Measurements of green fluorescent
proteins with different types of lipid anchors indicated that the
myristoyl and palmitoyl groups promote clustering in rafts
whereas isoprenyl groups do not.4 Additionally, not only the
structure of lipid modifications but also the position of their
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attachment seems to influence the affinity for specific membrane
domains, at least in small model peptides.5 Therefore, the
question arises how the lipidation pattern of palmitoylated and
farnesylated Ras proteins affects their localization to different
membrane microdomains. Furthermore, the importance of
domain boundary effects for partitioning of the lipidated protein
has to be explored. The importance of such effects has been
raised by computer simulation studies.6-8

The multicomponent character of biomembranes leads to
strong membrane heterogeneity and phase segregation origi-
nating from compositional fluctuations. In the state of equilib-
rium, lipid phase separation leads to the formation of macro-
scopically large domains (phases), whereas out of equilibrium,
the phase separation process may produce small-scale domains
and extended compositional fluctuations may be observed. An
interesting issue is related to the existence of lipid domains on
the nanometer (1-100 nm) to micrometer (1-30µm) scale and
the relationship between lipid-domain formation and the con-
formation and functional properties of membrane-associated
proteins.9-17 There has been considerable interest in the pos-
sibility that the plasma membrane contains lipid “rafts”,
microdomains enriched in cholesterol and sphingolipids, and it
has been suggested that such rafts could play an important role
in many cellular processes including signal transduction, cell
adhesion, apoptosis, and sorting and transport of lipids and
proteins (for a critical account, see, for example, the review by
Munro13). The domain organization and the connectivity proper-
ties of different domain regions will certainly have consequences
for the diffusional properties of membrane-bound molecules,
such as receptors, and may hence control the kinetics and
reaction yields of the associated biochemical reactions. Possible
scenarios include accumulation and colocalization of receptors
and ligands in the same membrane compartments via coopera-
tive domain-organization processes. To what extent domains
actually exist in vivo remains still controversial, however.13,14

To understand the role of lipid complexes and (probably
transient) clusters or domains in regulating membrane properties,
ternary mixtures containing cholesterol and a saturated and an
unsaturated phospholipid are often chosen in model studies of
rafts. Along with a number of techniques used to address
questions on rafts, important contributions have come from
different microscopic approaches such as two-photon excited
fluorescence microscopy18-27 and, more recently, atomic force

microscopy (AFM)28-35 for studying solid-supported mem-
branes. The fluorescence microscopy experimentsswith a spatial
resolution on the micrometer scaleson giant unilamellar vesicles
(GUVs) prepared from particular three-component lipid raft
mixtures indicate the coexistence of two fluid phases [liquid-
disordered (ld) and liquid-ordered (lo)]. However, in natural cell
membranes, there are a variety of factors (e.g., membrane
proteins) that limit the size of rafts to considerably smaller
dimensions than those reported in model membranes by use of
fluorescence microscopy. Various biophysical techniques were
used to measure the size of lipid rafts in vivo, yielding values
as low as about 5 nm.36 In a recent work we have demonstrated
the existence of small- and intermediate-scale compositional
fluctuations and domains of “canonical” raft mixtures, using
small-angle neutron scattering (SANS) with H/D contrast
variation.37,38 The data clearly indicate the existence of micro-
domains in the model raft mixtures, not only in the micrometer
range as revealed by fluorescence microscopy but also over a
large length scale down to the biologically more relevant range
of several tens of nanometers. Lipid-lipid interactions obviously
can originate lipid rafts on very different length scales. Domains
in the range of several tens of nanometers have been detected
by AFM studies on canonical raft mixtures as well,28-35 an
approach for high-resolution imaging of membrane heterogene-
ity on a length scale of tens of nanometers. Hence, by combining
both methods, we are able to cover the full range of domain
sizes from micrometers to nanometers.

Recently, we studied the effects of a fluorescent peptide
containing a farnesyl (Far) and palmitoyl (Pal) anchor, BODIPY-
Gly-Cys(Pal)-Met-Gly-Leu-Pro-Cys(Far)-OMe, which repre-
sents a membrane recognition model system for Ras proteins,
on model membranes consisting of the binary phospholipid
mixture DMPC (dimyristoylphosphatidylcholine)/DSPC (dis-
tearoylphosphatidylcholine) and varying levels of cholesterol.39

Here, we present for the first time data on the partitioning of a
fluorescently (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene, BO-
DIPY) labeled and completely lipidated N-Ras protein in giant
unilamellar vesicles of model raft mixtures. To observe the
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heterogeneous membrane structure, two-photon excitation fluo-
rescence microscopy techniques are used, complemented by
atomic force microscopy (AFM) measurements to additionally
probe the partitioning on the nanometer length scale. We worked
with three different lipid compositions of the system POPC/
BSM/Chol to analyze the protein binding properties in various
coexisting lipid phase regions. A phase diagram of the ternary
system POPC/SM/Chol at room temperature is given in De
Almeida et al. (Figure 1A).22

Materials and Methods

Sample Preparation: (a) Lipids.1-Palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC) and brain sphingomyelin (BSM) were
purchased from Avanti Polar Lipids (Birmingham, AL), and cholesterol

(Chol) was from Sigma-Aldrich (Deisenhofen). Stock solutions of the
lipids POPC/BSM/cholesterol in 50:25:25, 43:43:14, and 25:65:10 (mol
%) ratios were mixed in 0.2 mg/mL chloroform/methanol (4:1). The
fluorescent probeN-Rh-DPPE (Lissamine rhodamine B, 1,2-dihexa-
decanoyl-sn-glycero-3-phosphoethanolamine) was obtained from Mo-
lecular Probes (Eugene, OR).

(b) N-Ras.Fluorescently labeled N-Ras protein1 was synthesized
as described previously.40 Briefly, the lipid-modified peptide derivatized
at the N-terminus with a maleimidocaproic acid (MIC) amide and at
the C-terminus with a 2-aminoethyl amide was synthesized on a
chlorotrityl resin. The BODIPY-FL label was then introduced by
acylation of the primary amine at the C-terminus. Finally, the maleimido
peptide was coupled to a bacterially expressed truncated N-Ras protein

(41) Reents, R.; Wagner, M.; Schlummer, S.; Kuhlmann, J.; Waldmann, H.
ChemBioChem2005, 6, 86-94.

Figure 1. (A) POPC/BSM/cholesterol phase diagram atT ) 23 °C (adapted from ref 22). Circles a-c denote lipid compositions where experimental data
have been taken: (a) POPC/BSM/Chol (50:25:25), ld + lo phase coexistence region; (b) POPC/BSM/Chol (25:65:10), ld + lo + so phase coexistence region;
(c) POPC/BSM/Chol (43:43:14), lo + so phase coexistence region. (B) Schematic synthesis of the semisynthetic N-Ras protein.
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(amino residues 1-181) carrying a cysteine at the C-terminus. Coupling
was achieved by conjugate addition of the only surface-accessible
cysteine-SH group to the maleimido function.41

To ensure that the replacement of the natural carboxymethyl group
at the C-terminal cysteine by the BODIPY-FL label did not influence
the partitioning of the N-Ras lipoprotein in the lipid vesicles, we
generated an additional labeled protein construct, with an identical MIC
lipopeptide differing only in the fact that it did contain the original
carboxymethyl function. Here, the fluorescent label was introduced into
the protein corpus prior to MIC coupling. For this purpose 12 mg of
truncated N-Ras (N-Ras1-181) was incubated with a 5-fold molar
excess of NHS-BODIPY in 0.1 M Na2CO3/NaHCO3, pH 8.5, at 4°C
for 30 min, resulting in the reaction with surface-exposed lysine side
chains at statistical positions. Free dye was separated from the labeled
protein by intensive dialysis against 20 mM Tris and 5 mM MgCl2,
pH 7.4. The labeling efficiency was calculated by determining the ratio
of BODIPY (absorption at 504 nm) to protein (Bradford assay) and
was estimated to be around 20-30%. The different samples showed
the same partitioning pattern (data not shown), as could be expected
from the distant location of the fluorophore from the lipid anchor
system.

Fluorescence Microscopy: (a) Vesicle Preparation.For preparing
giant unilamellar vesicles (GUVs), we followed the electroformation
method developed by Angelova and Dimitrov and co-workers.42,43

GUVs provide a free-standing bilayer, without potential substrate
effects. To grow the GUVs, a special temperature-controlled chamber
was used, which was described previously.44 The experiments were
carried out in the same chamber after vesicle formation, by use of an
inverted microscope (Axiovert 35; Zeiss, Thornwood, NY). The
following steps were used to prepare the GUVs: (1) The lipid solution
(2 µL) was spread on each platinum (Pt) wire under a stream of N2.
To remove residues of the organic solvent, the samples were lyophilized
for 1 h. (2) To add the aqueous solvent into the chamber (Millipore
water, 17.5 MΩ‚cm), the bottom part of the chamber was sealed with
a coverslip. Water previously heated at 61°C (2 mL) was added to
cover the Pt wires. After this step, the Pt wires were connected to a
function generator (Hewlett-Packard, Santa Clara, CA), and a low-
frequency AC field (sinusoidal wave function with a frequency of 10
Hz and an amplitude of 2 V) was applied for 90 min. After vesicle
formation, the AC field was turned off and the temperature scan (from
high to low temperatures) was initiated. A charge-coupled device color
video camera (CCD-Iris; Sony, Tokyo) attached to the microscope was
used to follow the vesicle formation and to select a target vesicle. The
temperature was measured inside the sample chamber with a digital
thermocouple (model 400B; Omega, Stamford, CT) with a precision
of 0.1 °C. The fluorescent probe was premixed with the lipids in
chloroform. TheN-Rh-DPPE/lipid ratio used was 1:400 (mol/mol) in
the two-channel experiment.

(b) Experimental Setup. The two-photon excitation microscopy
experiments were performed at the Laboratory for Fluorescence
Dynamics (University of Illinois at Urbana-Champaign). The high
photon densities required for two-photon absorption are achieved by
focusing a high peak power laser light source on a diffraction-limited
spot through a high numerical aperture objective. Therefore, in the areas
above and below the focal plane, two-photon absorption does not occur
because of insufficient photon flux. This allows a sectioning effect
without the use of emission pinholes as in confocal microscopy. Another
advantage of two-photon excitation is the low extent of photobleaching
and photodamage above and below the focal plane. For our experiments,
we used a scanning two-photon fluorescence microscope45,46 with an

LDAchroplan 20× long working distance air objective (Zeiss, Homldale,
NJ) with a numerical aperture of 0.4. A titanium-sapphire laser (Mira
900; Coherent, Palo Alto, CA), pumped by a frequency-doubled
Nd:vanadate laser was used as excitation light source. The excitation
wavelength was set at 780 nm. The laser was guided by a galvanometer-
driven x-y scanner (Cambridge Technology, Watertown, MA) to
achieve beam scanning in both thex and y directions. The scanning
rate was controlled by the input signal from a frequency synthesizer
(Hewlett-Packard, Santa Clara, CA), and a frame rate of 25 s was used
to acquire the images (256× 256 pixels). The fluorescence emission
was observed through a broad band-pass filter from 350 to 600 nm
(BG39 filter; Chroma Technology, Brattleboro, VT). For detecting both
fluorophore emissions simultaneously in two channels, a fluorescein/
Texas red filter set was used to collect fluorescence in the green and
red regions, respectively. The green emission filter was a Chroma
HQ525/50 (500-550 nm), the red was a Chroma HQ610/75 (573-
648 nm), and the dichroic was a Q560LP. Both of the emission filters
were coated for multiphoton work. A miniature photomultiplier (R5600-
P; Hamamatsu, Bridgewater, NJ) was used for light detection in the
photon counting mode.

Atomic Force Microscopy: (a) Sample Preparation.For the AFM
studies, the protein was lyophilized in 20 mM Tris buffer and 5 mM
MgCl2. Stock solutions of 2 mg/mL lipid (POPC, BSM, and cholesterol)
in chloroform (Merck, Darmstadt) were prepared and mixed to obtain
2 mg of total lipid with the desired compositions. After the majority
of the chloroform was evaporated with a nitrogen stream, all solvent
was removed by drying under vacuum overnight. The dry lipid mixture
was then hydrated with 1 mL of 20 mM NaCl, vortexed, and kept in
a water bath at 70°C for 1 h. After five freeze-thaw cycles, large
multilamellar vesicles were formed and transformed to small unilamellar
vesicles (SUV) by use of an extruder (Avanti Polar Lipids. Alabaster,
AL) with polycarbonate filter of 0.1µm pore size at 70°C. Supported
lipid bilayers for AFM measurements were produced by depositing 20
µL of the lipid vesicle solution with 50µL of N-(2-hydroxyethyl)-
piperazine-N′-2-ethanesulfonic acid (HEPES) buffer (pH 7.4) on freshly
cleaved mica for 15 min. After the incubation time, the sample was
rinsed carefully with HEPES buffer and placed on the AFM stage.

(b) AFM Setup. Measurements were conducted on a multimode
scanning probe microscope (Digital Instruments, Santa Barbara, CA)
with an E-scanner (15µm). Images were obtained applying the tapping
in liquid method with oxide-sharpened silicon nitride probes (NP-S,
Veeco Instruments) mounted in a fluid cell (MTFML and MMTMEC,
Veeco Instruments). Tips with nominal force constants from 0.06 to
0.32 N/m were used at driving frequencies ranging from 7 to 10 kHz
corresponding to the softness of the sample. Height and phase images
of sample regions between 0.5 and 5.0µm were acquired with
resolutions of 512× 512 pixels and scan frequencies between 0.4 and
2.0 Hz. All measurements were carried out at room temperature (∼25
°C).

Results and Discussion

Two-Photon Excited Fluorescence Microscopy.Confocal
fluorescence microscopy has enabled the direct observation and
analysis of phase domains in giant unilamellar vesicles (GUVs).
Phases can be identified as ordered or fluidlike disordered on
the basis of the known partition behavior of appropriate
fluorescence probes. We studied GUVs formed from ternary
mixtures of the lipids 1-palmitoyl-2-oleoylphosphatidylcholine
(POPC), bovine sphingomyelin (BSM), and cholesterol (Chol).
Sphingomyelin and cholesterol enrich in an ordered lipid phase
with short-range order, whereas POPC prefers a disordered (ld)
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phase. The phase diagram of this lipid mixture at physiologically
relevant temperatures shows a large binary coexistence region
of liquid-disordered (ld) and liquid-ordered (lo) domains, such
as for the composition POPC/BSM/Chol 50:25:25 (mol %)
(Figure 1A).22 By varying the lipid composition, further phase
coexistence regions can be prepared, such as a lo + so phase
coexistence region from POPC/BSM/Chol 25:65:10 and a lo +
ld + so three-phase region from POPC/BSM/Chol 43:43:14.

We prepared vesicles mixing the lipids withN-Rh-DPPE and
added to the solution containing GUVs at∼30 °C a 7 mol %
(with respect to lipid) solution of the hexadecylated and
farnesylated N-Ras in 1 mM phosphate buffer (pH 7). The Ras
lipoprotein was equipped with a hexadecyl thioether instead of
the labile native palmitoyl thioester to prevent hydrolysis of
the acyl function during the experiments.N-Rh-DPPE serves
as a well-known marker of the POPC-rich liquid-disordered
phase (red channel),39 and the BODIPY label attached to the
protein reports on the location of the protein within the lipid
assembly (green channel). To reveal ifN-Rh-DPPE partitions
into a lo + so lipid mixture, we measured the partitioning of
this dye with respect to that of Prodan, which is known to
preferentially partition into the more disordered, lo phase in such
mixtures.47,16 As expected,N-Rh-DPPE inserts into the same
domains as Prodan does (data not shown), indicating thatN-Rh-
DPPE is also suitable for detecting lo domains if no liquid-
disordered phase is present.

The GUV images, taken after the protein binding process to
the various lipid vesicle systems was completed, are shown in
Figure 2. Panels A and B exhibit the round-shaped domains
typical for coexisting liquidlike phases.18,20,27The bright areas
with embeddedN-Rh-DPPE correspond to liquid-disordered (ld)
domains; the dark domains mainly consist of lo lipid. The
domain shapes seen in panels C and D have different patterns,
pointing to the presence of some solid-ordered gel phases. Please
note that differences in the qualities of images A, B and C are
due to experimental factors, such as the momentary laser power,
the number of integrations used for collecting the data, and the
state of the dye, that is, the degree of photobleaching. We are
able to follow directly how the protein binds to the lipid
microdomains through the simultaneous comparison of the
images shown in the rhodamine and BODIPY channels. As we
can clearly see from the GUV images of both channels, the
spatial distribution of the inserted N-Ras coincides with that of
the N-Rh-DPPE in all cases. Both are preferentially localized
in the ld domains of the mixed ld + lo system (Figure 2A,B).
The same holds true for the ld + lo + so phase coexistence region
(Figure 2D). In the mixed-domain lo + so region, however,
preferential partitioning occurs in the lo phase (Figure 2C).

The fluorescence technique can also be applied to yield kinetic
data on the insertion process of the protein into GUVs. An
example is given in Figure 3. We show fluorescence microscopy
images of the GUVs in the two channels taken after the injection
of N-Ras solution into the dispersion of lipid vesicles being in(48) Bagatolli, L. A.; Gratton, E.J. Fluoresc.2001, 11, 141-160.

Figure 2. Two-photon excitation fluorescence intensity images (false color representation) of GUVs (size∼30 µm) consisting of (A, B) POPC/BSM/Chol
(50:25:25)+ 7 mol % N-Ras atT ) 25 °C (ld + lo phase), (C) POPC/BSM/Chol (25:65:10)+ 7 mol % N-Ras atT ) 30 °C (lo + so phase), and (D)
POPC/BSM/Chol (43:43:14)+ 7 mol % N-Ras atT ) 29 °C (ld + lo + so phase). Fluorescence intensity was collected in two channels: the green channel
detects the BODIPY fluorescence intensity; and the red channel, theN-Rh-DPPE fluorescence intensity. Images were taken at the top part of the GUVs.

A R T I C L E S Nicolini et al.

196 J. AM. CHEM. SOC. 9 VOL. 128, NO. 1, 2006



the lo + so mixed-domain region (POPC/BSM/cholesterol
25:65:10). Before the insertion at timet ) 0, the green channel
detects few counts, leading to a low fluorescent background
only. After about 7 min, it is possible to detect the spherical
form of the vesicle in the BODIPY channel as well. The last
image was taken after∼30 min, when the binding process of
N-Ras to the lipid vesicle is fully completed. The images in
both channels coincide, indicating, first, that the protein binds
preferentially to the fluidlike domains. However, part of the
N-Ras binds, to a much lesser extent, to the so domains as well.
Second, we notice that the domain shapes do not alter
significantly upon incorporation of the dual-lipidated protein.

The rate of the insertion process significantly depends on the
type of domains present. The graph also shown in Figure 3
reveals normalized BODIPY fluorescence intensity data taken
at 30°C for lipid systems in the lo + ld (POPC/BSM/cholesterol
50:25:25) and in the lo + so (POPC/BSM/cholesterol 25:65:10)
phase coexistence regions. The data clearly demonstrate that
the binding process is much faster if the lipidated N-Ras
partitions into liquid-disordered domains. Embedding N-Ras in
the lo + so mixed-domain system is a factor of about 6 slower
than that in ld + lo mixed-domain vesicles.

Furthermore, we examined and compared the partitioning of
N-Ras into the various domains as a function of time (Figure
4). From the equilibrium data, the relative partition coefficient
of the lipidated protein in the various phases can be determined
by measuring the green channel fluorescence intensity values
(I) of the different domains and normalizing them to the mean
intensity value of each phase (Iheq). As background, we consid-
ered the fluorescence intensity of the channel before the protein

was added. Hence,I/Iheq can be considered a measure of the
partition coefficient of the protein between different domains.
We found that, in the ld + lo mixed-domain system, partitioning
of N-Ras into ld domains is a factor of 1.3 larger than into lo

domains, whereas for the mixture POPC/BSM/cholesterol
25:65:10, representing a lo + so mixed-domain system, binding
to lo domains is favored by a factor of∼2 over solidlike (so)
domains.

Hence, the phase sequence of preferential binding of N-Ras
to mixed-domain lipid vesicles is ld > lo . so. The binding
kinetics follows a similar order: Binding to lo domains is about
60% slower than to ld regions, and binding of N-Ras into so

domains is∼40% slower than into lo domains.
AFM Microscopy. AFM measurements on the formation of

supported lipid bilayers comprising raft domains have been
conducted on different lipid mixtures. After the detection of
distinct lo and ld domains, the insertion and partitioning of N-Ras
in these model biomembranes was studied. Figure 5 shows the
AFM images of N-Ras incorporated in a 43:43:14 POPC/BSM/
Chol sample, which exhibits ld and lo domains (so domains,
which might also be present in this mixture, cannot be seen, as
their contribution is probably too small). Figure 6 shows the
corresponding AFM images of N-Ras incorporated in a 2:1:1
POPC/BSM/Chol sample, which, according to the phase dia-
gram presented in Figure 1A should comprise ld and lo domains
only. The vertical color scale of the images from dark brown
to white corresponds to an overall length scale of 20 nm in
Figure 5 and 10 nm in Figure 6. Small amounts of the
lyophilized lipoprotein was dissolved in 1 mL of H2O and
further diluted 1:10. The samples were removed from the AFM,

Figure 3. Time-dependent fluorescence intensity images of the system POPC/BSM/cholesterol (25:65:10, lo + so phase region)+ N-Rh-DPPE with added
BODIPY-labeled N-Ras, collected in two channels (T ) 30 °C). The BODIPY channel monitors the insertion of N-Ras in the GUV (∼30 µm); theN-Rh-
DPPE is a marker for the POPC-rich fluid phase of the system. The first image was taken before the injection of the protein; the other two images were taken
7 and 30 min after the injection of N-Ras to the solution, respectively. The curves shown in the graph represent the kinetic insertion datasin terms of relative
changes in BODIPY fluorescence intensitysof N-Ras in different domain-coexisting regions: lo + ld (POPC/BSM/Chol 50:25:25) and lo + so (POPC/
BSM/Chol 25:65:10), respectively.
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and buffer solution was withdrawn and replaced by 20µL of
protein solution and 50µL of added H2O. After an incubation
time of 30 min, the samples were rinsed with H2O and replaced
in the AFM apparatus. Due to the preparation procedure needed
to conduct the AFM measurements, it is not possible to observe
the very same region of the lipid bilayer before and after
incorporation of N-Ras, and no kinetic measurements could be
conducted. Hence, only equilibrium data are presented here. The
shape and size of raft domains as well as the loci of incorporated
N-Ras appeared to be stable throughout the measurement. In
the height image (Figure 5A), raftlike (lo) protruding domains
with sizes from about 50 to 400 nm are clearly visible in light
brown above a dark-brown background of ld phase, and the
protein particles appear as white dots. As the lateral resolution
is not as high as the vertical one, the existence of some small
oligomers cannot be totally ruled out. As has been previously
observed, the lo domains have a thickness about 1 nm larger
than that of ld domains (Figures 5B and 6B).28 Hence, the
location of the protein particles can be efficiently assigned to
either ld or lo domain areas. The contrast between both lipid
domains is enhanced in the phase image of the 43:43:14 POPC/
BSM/Chol sample (Figure 5A, right), so that the corresponding
areas of the domains can be nicely separated and their relative
amounts can be determined. Positions of the protein in either ld

or lo domains appear differently in the phase image.
By use of image analysis and processing software (ImageJ),

the partitioning of the lipidated protein in the various domains
was analyzed. Three different regions of protein partitioning
were distinguished, with the lateral resolution of the AFM
experiment taken into account: ld bulk, ld/lo boundary (width

40 nm), and lo bulk. The number of protein particles in all
regions was counted and normalized to the areas of the
corresponding regions. The average ratio of the lipidated protein
in bulk ld domains to protein in lo domains was found to be 2.9
( 1.5; that is, the lipidated protein is clearly preferentially
incorporated in the liquid-disordered lipid environment. Interest-
ingly, the overall majority of protein particles associated with
raftlike lo domains is located at the boundaries of the lo/ld
domains, however (see, e.g., Figure 5A). The average ratio of
area-normalized numbers of protein particles located at these
raft boundaries to those in bulk raft domains areas was found
to be 2.4( 1.0. The analysis of the corresponding AFM images
of N-Ras incorporated in the 2:1:1 POPC/BSM/Chol sample,
which comprises ld and lo domains only, also reveals that the
protein is essentially located in ld domains, and very few (<2%)
protein molecules have been observed within bulk lo domains
only. About 50-60% (area-normalized) of the protein molecules
were found to be located at the lo/ld domain boundaries.

A significant modulation of the fluorescence intensity in the
boundary region is not observed, which is probably due to the
low spatial resolution of the fluorescence microscopy method.
A quantification of minor intensity changes is also difficult,
because owing to the low spatial resolution of the fluorescence
image, one can also not rule out the existence of smaller domains
within the large micrometer domains. In principle, minor
differences between the results of the AFM and fluorescence
method could also be attributed to the different preparation
methods: free-standing GUV of 30µm diameter containing raft
domains of several micrometers size on the one side, and
supported bilayers on a mica surface (with mica-bilayer
interaction and entropy suppression from reduced membrane
undulations) with 10-300 nm sized domains on the other side.
In fact, changes in phase transition temperatures and a decou-
pling of the two opposing leaflets (with the distal monolayer
being only slightly affected by the presence of the mica support)
have been detected for supported lipid bilayer films
recently.35,54

Though the lateral resolution of the soft lipid bilayers by AFM
is limited to the range of several nanometers, the vertical scale
is much better resolved. Figures 5B and 6B show vertical section
profiles of the AFM images shown in Figures 5A and 6A,
respectively. The protein can be targeted protruding in lo raft
domains as well as in ld domains, showing the expected height
difference of about 3-4 nm, which roughly corresponds to the
linear dimension of N-Ras.

Taken together, the AFM results clearly indicate that exog-
enously added N-Ras spontaneously inserts into canonical raft
mixtures and preferentially into liquid-disordered domains, with
a large contribution of the lipidated peptide residing in the ld/lo
boundary region, however. The AFM images locating protein
particles at the boundary between both domains thus confirms
the proposition from computer simulation work stating that
incorporation can be favorable at the domain boundaries as to
the possibility to decrease the unfavorable line tension energy.6,8

A similar patchy localization has been observed for GM1 in
DOPC-DPPC monolayers. Insertion of a glycosylphosphatid-
ylinositol- (GPI-) anchored alkaline phosphatase (AP) into raft
mixtures showed spontaneous insertion of AP through its GPI
anchor into liquid-ordered domains.33,34

Figure 4. Time-dependent partitioning of hexadecylated and farnesylated
N-Ras in the different domains of GUVs composed of (A) POPC/BSM/
Chol 50:25:25 (lo + ld phase coexistence region) and (B) POPC/BSM/Chol
25:65:10 (lo + so phase coexistence region). As background, the fluorescence
intensity of the channel before addition of the protein was taken, and the
BODIPY fluorescence intensity values of the different domains were
normalized to the mean intensity values of each phase.

A R T I C L E S Nicolini et al.

198 J. AM. CHEM. SOC. 9 VOL. 128, NO. 1, 2006



Conclusions

Membrane binding proteins utilizing long, saturated acyl
chains, such as GPI-anchored proteins and certain Src family
kinases, are able to associate with lipid rafts.48,49Myristoylation
and palmitoylation of heterotrimeric GTP-binding proteins (G-
proteins) was found to be sufficient for association with
liposomes and partitioning into rafts.50 By fluorescence quench-
ing results it has been shown that peptides incorporating
isoprenyl groups, by virtue of their branched hydrocarbon
chains, or multiply unsaturated phosphatidylcholine, show
negligible affinity for lo domains in mixed-phase lo + ld bilayers.
Prenylated peptides partition at least 10-fold more weakly into
lo-phase than into ld-phase lipid vesicles at physiological
temperatures.5,51 By contrast, peptides incorporating multiple
S- and/or N-acyl chains, or a cholesterol residue plus an
N-terminal palmitoyl chain, show significant partitioning into
lo domains. Lipid-modified peptides with a S-palmitoyl/S-
isoprenyl dual-lipidation motif do not seem to promote signifi-
cant association with lo domains in (lo + ld) phase-separated

lipid bilayers. Furthermore, it has been shown that the affinity
of a lipidated peptide for lo domains can be strongly influenced
not only by the conformation of the lipid substituents but also
by the nature and positions of their attachment to the peptide
chain.5,51 In H-Ras, the lipid anchor, comprising a processed
CAAX motif and two palmitoyl residues, is assumed to generate
affinity to lipid rafts, while the adjacent hypervariable linker
region (HVR) provides an attractive force for nonraft plasma
membrane domains.52,53 Upon GTP loading, the interaction
between linker domain and elements of nonraft microdomains
exceeds the raft preference of the (palmitoyl) lipid anchors,
driving the protein to the primary site of H-Ras signaling.53

Obviously, the GTP/GDP state of H-Ras determines its lateral
segregation on the plasma membrane. By contrast, K-Ras is
located outside rafts irrespective of bound nucleotide.

The partitioning properties seem to be much less clear in the
case of N-Ras, however. Here, only one palmitoyl group is
present in the completely processed protein that might be
antagonized by the nonraft preference of the isoprenoid group
at the C-terminal cysteine.4 In this spirit, a fraction of partially
palmitoylated H-Ras is discussed to prefer cholesterol-indepen-
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D. A. J. Biol. Chem. 1999, 274, 3910-3917.
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Figure 5. (A) AFM images of N-Ras in POPC/BSM/Chol 43:43:14 (composition c in Figure 1A) supported lipid bilayers (T ) 25 °C). A few vesicles (e.g.,
one on the lower left side), which had not fused on the mica surface, appear as big bright spots; (a) height image and (b) phase image. The vertical color
scale from dark brown to white corresponds to an overall length of 20 nm. (B) Concomitant section profile of the AFM image. The horizontal black line in
the left figure is the localization of the section analysis shown on the right. Vertical distances between pairs of arrows (black, green, red) are given on the
right-hand side and are, from left to right, 9.4 nm (black arrows), 1.1 nm (green arrows), and 5.9 nm (red arrows), respectively.
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dent clusters.36 Hence, after having accomplished the synthesis
of the full construct, we decided to investigate insertion of a
dual-lipidated N-Ras construct into model raft mixtures of
various compositions covering a wide range of length scales
by a set of independent techniques.

By combining two-photon excited fluorescence microscopy
and tapping-mode AFM, we were able to detect partitioning of
a N-Ras lipoprotein in lipid domains of canonical raft mixtures,
for the first time, at length scales from the micrometer to the
nanometer range. By preparing different lipid mixtures of the
system palmitoyloleoylphosphatidylcholine, sphingomyelin, and
cholesterol, various coexisting lipid phases (lo + ld, lo + so,
and ld + lo + so) could be prepared. Interestingly, whatever the
time of incubation, no significant modifications of the surface
and shape of the domains were observed during N-Ras insertion
in the fluorescence microscopy pictures. The results provide
direct evidence that partitioning of hexadecylated and farnesy-
lated N-Ras occurs preferentially in fluidlike liquid-disordered
lipid domains, which is also reflected in about 60% faster
kinetics of incorporation into the fluid lipid bilayer membrane.
To a much lesser extent, the lipidated protein is also embedded
in bulk liquid-ordered, raftlike domains. In a lo + so mixed-
domain lipid system, binding to lo domains is taking place as
well and is favored by a factor of∼2 over solidlike (so) domains.
This suggests that the property of the branched farnesyl chain
to avoid interactions with cholesterol overrules the preference
of long saturated chains, owing to their better packing properties,
which leads to stronger van der Waals attraction, for the

interaction with Chol and SM in ordered domains. Hence, the
phase sequence of preferential binding of N-Ras to mixed-
domain lipid vesicles is ld > lo . so. Intriguingly, however, as
revealed by the better spatial resolution of the AFM data, to a
large extent the lipidated protein is located in the boundary
region of the domains in mixed-phase liquid-ordered/liquid-
disordered bilayers. This might lead to a favorable decrease in
line energy (tension), which is associated with the rim of the
demixed phases.

Such an interfacial adsorption effect of inserting proteins can
generally be expected in many-phase lipid systems that have
no particular preferences for any particular phase6,8sfor example
due to hydrophobic mismatchsso that the proteins are expelled
to the boundary. It is clear that the localization and accumulation
of proteins in the interfaces of a lipid bilayer with domains may
provide particularly strong direct protein-protein interactions
and hence may serve as a vehicle for protein association.
Whereas protein-protein interactions maintain many signaling
complexes, specific modifications are believed to be sufficient
to sequester proteins in lipid rafts and caveolae. A possible
mechanism for effective protein-protein interactions could
hence also be a collective association in the interfacial regions
of lipid domains.
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