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Atomic force microscopy was used to study the structure of two membrane-associated proteins adsorbed to
various supported phospholipid bilayers in physiological buffer. The aim was (a) to develop a preparation for
the investigation of membrane-associated proteins at high resolution under native conditions and (b) to obtain
information about the factors that determine the adsorption process and the structure of adsorbed proteins.
Therefore, solid-supported membranes were formed on mica by spontaneous vesicle adsorption and spreading.
Once a homogeneous, pinhole-free bilayer was formed, solutions containing the proteins at appropriate
concentrations were applied. The two positively charged proteins chosen were myelin basic protein (MBP),
which plays an essential role in the formation of functional myelin, and cytochromec. On charged bilayers,
MBP applied at concentrations of 0.5-50 µg/mL formed aggregates of defined height (1.9( 0.2 nm on
negatively and 2.7( 0.2 nm on positively charged lipids), which at high concentration covered the entire
bilayer. These aggregates are probably monomolecular layers of MBP. On neutral lipid adsorbed MBP formed
irregular aggregates. Cytochromec showed a different adsorption: On negatively charged lipid it formed
aggregates of defined, monomolecular height (3.3( 0.2 nm). On neutral bilayers small aggregates were
observed. On positively charged lipid no adsorption was observed at all. These results indicate that (a) the
adsorption of cytomchromec can be interpreted in terms of a dominating electrostatic interaction; (b) MBP
adsorption to lipid bilayers is not exclusively electrostatically driven and depends on the specific lipid bilayer
composition; (c) the structure of adsorbed aggregates indicates a strong protein-protein interaction.

Introduction

Membrane-associated proteins play an essential role in many
processes in cells, such as respiration and regulation. Despite
their importance in many cases, detailed information about the
adsorption process and about the structure of proteins once they
are associated with membranes is lacking. Adsorption is usually
studied with optical techniques (e.g., ellipsometry, surface
plasmon spectroscopy1, X-ray or neutron reflectometry2, or the
quartz microbalance3). With these techniques the thickness of
adsorbed layers can be measured with subnanometer resolution.
The lateral resolution is, however, in the millimeter range. High-
resolution structural studies by electron microscopy are difficult
because lipid bilayers are only stable in aqueous environment.
Therefore it is desirable to have complementary techniques.

One such technique is atomic force microscopy (AFM).
Atomic force microscopes can be operated in liquid environ-
ment. Their potential resolution is better than 1 Å in thevertical
and roughly a few nanometers (for single objects) in the lateral
direction. A requirement for good resolution is a flat and smooth
substrate. For this paper we developed a preparation suitable
for AFM to study membrane-associated proteins on lipid
bilayers. Continuous, pinhole-free acidic, zwitterionic, and basic
lipid bilayers were formed on mica. Then the adsorption of two
membrane-associated proteins, myelin basic protein (MBP) and
cytochromec, was studied.

MBP is essential for the formation of the myelin sheath. The
myelin sheath of the nervous system consists of flat sheets
extending from oligodendrocyte cells that enwrap selected axons
multiple times. In this way they form compact multilamellar
lipid layers and provide for electrical insulation of the axon
which is necessary for saltatory signal transduction.4

The ability to express MBP is indispensable for myelin
compaction.5 Numerous MBP isomers and isoforms are created
by different exon splicing and various posttranslational modi-
fications6 with probably different roles in the myelin compaction
process.7 It is generally accepted that at least two MBP isoforms
act as intermembrane adhesion proteins; they help to form and
stabilize the major dense lines by cross-linking the cytoplasmic
membrane leaflets.8-10

The interaction mechanism between MBP and the myelin
membrane is important to understand the myelination process.
Because specific interaction between the transmembrane pro-
teolipid proteins and (the cytoplasmic) MBP could not be
established,11 and it is unlikely that MBP is anchored to the
membrane via phosphatidylinositol bisphosphate,12 attention has
turned to investigating direct interactions between MBP and the
lipid bilayer membrane.

MBP-induced vesicle aggregation has been intensively stud-
ied,9,13,14 providing evidence for MBP ability of lipid bilayer
(noncovalent) cross-linking. Although the importance of elec-
trostatic contributions in MBP-lipid bilayer interaction seems
well established, presence and magnitude of a hydrophobic
component are still debated.10,15-18

Of equal importance is information on MBP structure and
its localization on or within the bilayer. Efforts to crystallize
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MBP have so far not been successful.19 X-ray diffraction and
neutron scattering data were collected on MBP-lipid multilayers
transferred by the Langmuir-Blodgett technique20 to solid
substrates. Results indicate that MBP does not penetrate beyond
the headgroup region and extends approximately 1.5 nm above
the membrane surface.16,21 Small-angle X-ray diffraction and
nuclear magnetic resonance studies have shown MBP to exhibit
a flexible coil structure in aqueous solution.22 Differential
scanning calorimetry used to study the phase behavior of lipid
bilayers interacting with MBP showed MBP adsorption to
decrease the phase transition temperature and enthalpy in various
lipid bilayer systems.23,24 This was interpreted as some MBP
intercalation into the lipid bilayer. Whether negatively charged
and zwitterionic lipids demix on MBP binding is still dis-
cussed.18,25,26

From an electron microscopy study of randomly oriented
bovine 18.5-kDa MBP (C1 isoform) molecules adsorbed to a
lipid monolayer at the air-water interface, Beniac et al.27 report
a “C” shape for the MBP molecule of outer radius 5.5 nm and
4.7 nm height.

We have investigated the adsorption of MBP to planar lipid
bilayers of various compositions formed on mica by vesicle
fusion. Therefore, we used the most basic isoform (C1) of
bovine MBP of 18.5 kDa molecular mass, which elutes in the
last peak on an anion-exchange column. As simple models for
the myelin membrane, lipid bilayers consisting of zwitterionic
egg phosphatidylcholine (EPC) and 10-20% (weight) of acidic
dioleoylphosphatidylserine (DOPS) have been used before.18,28

We chose a lipid composition containing 14% (weight) DOPS,
56% EPC, and 30% cholesterol. The high cholesterol content
is typically found in myelin membranes.29 For comparison,
adsorption to purely zwitterionic bilayers (70% zwitterionic
lipids, 30% cholesterol) and to bilayers containing 14% basic
instead of acidic lipids was also studied. Direct information on
how MBP adsorbs to such planar lipid bilayers was obtained.
Furthermore, the mechanical properties of the bilayer with and
without adsorbed MBP were studied by force-versus-distance
measurements with the AFM cantilever. Thus it was possible
to investigate the effect of MBP adsorption on the mechanical
properties of the lipid bilayer.

Cytochromec is a basic peripheral membrane protein that
shuttles electrons between cytochromebc1 and cytochromec
oxidase in the mitochondrial respiratory chain. Its structure has
been determined by X-ray diffraction.30 Just like MBP, much
work has been dedicated to elucidate the interaction of cyto-
chrome c with lipid bilayers. At least the initial step in
cytochromec adsorption is of electrostatic nature.31 Results from
more recent experiments have been interpreted in such a way
that after adsorption, cytochromec changes its conformation
and can partly or completely penetrate into the hydrophobic
core of the bilayer,32,33although some spectroscopic and X-ray
diffraction studies argue against such a penetration.16,34 In this
work, cytochromec adsorption served as a useful comparison
with MBP adsorption because cytochromec is also a basic
peripheral membrane protein with a function different from
MBP, and a known structure.

For comparison, we also studied the adsorption of bovine
serum albumin (BSA) to those lipid bilayers. BSA is a typical
water-soluble protein of 66.5 kDa molecular mass and consti-
tutes approximately half of the total mammalian blood serum
protein. It serves as a complex former with fatty acids to
facilitate their transport in the circulatory system.35

Materials and Methods

Reagents.All chemicals were of analytical grade and were
used without further treatment except chloroform used for
solvation of lipids, which were IR grade (Merck, Darmstadt,
Germany). Potassium chloride, potassium hydroxide, and potas-
sium dihydrogen phosphate were also purchased from Merck.
Sodium chloride was purchased from Fluka, Neu-Ulm, Ger-
many. EPC, DOPS, and cholesterol were purchased from Avanti
Polar Lipids, Alabaster, AL. BSA (order no. A-2153), horse
heart cytochromec (C-7752), and dioleoyl triammonium salts
(DOTAP) were purchased from Sigma, Steinheim, Germany.
Cholesterol, EPC, and DOPS were dissolved in IR-grade
chloroform and stored at-20 °C. DOTAP was dissolved in
IR-grade chloroform and stored at-80 °C. Buffer 1 (150 mM
NaCl, 5 mM KH2PO4, pH 7.4 titrated with KOH) was used as
a standard buffer for AFM measurements. Buffer 2 [5 M NaCl,
pH ∼6 (uncontrolled)] was used as a high ionic strength buffer.
MBP was purified from bovine brain as described before27,36

and kept at-80 °C until use.
Atomic Force Microscopy.Measurements were carried out

with a commercial AFM (NanoScope 3, Digital Instruments,
Santa Barbara, CA) and Si3N4 cantilevers (Digital Instruments,
length 200µm, width 40µm, estimated thickness 0.6µm, radius
of tip curvature∼20-60 nm37). Cantilever spring constants were
individually determined by moving them against a reference
cantilever. The reference cantilever was calibrated by a method
described by Cleveland et al. and Preuss and Butt.38 Spring
constants were in the range of 0.06-0.14 N/m. Horizontal
scanner calibration was performed by imaging 10µm grids
supplied by the manufacturer. In the vertical direction the
scanner was calibrated as described by Jaschke and Butt.39

Images were taken in contact mode in buffer, using a standard
fluid cell. The setup allows the recording of deflection images
and height images. For height images, displacement of thez
piezo through a feedback loop using tip deflection as an input
is recorded. These data supply information on sample height.
For deflection images, the deflection of the tip is recorded at
low feedback. No height information can be deduced from these
data. We use deflection images when we want to emphasize
sample shape, because contrast in deflection images is usually
better than in the corresponding height images. Recording one
image took approximately 2 min.

Force-versus-Distance Measurements.A detailed explana-
tion of force-versus-distance measurements carried out at
individual points on the surface can be found in Mueller et al.36

Briefly, the tip with cantilever is positioned above a defined
point on the surface. Then the surface is moved periodically
toward and away from the tip by applying voltage ramps to the
z piezo displacement. If surface forces are present, they will
cause a cantilever deflection before the tip is in contact with
the surface. To obtain a force-versus-distance curve (from now
on called a force curve), cantilever deflection as a function of
piezo displacement is recorded. From this, a force curve is
calculated by multiplying cantilever deflection with the spring
constant of the cantilever to obtain the force, and addingzpiezo
displacement and cantilever deflection to obtain the distance
from contact. Recording a force curve took 1 s. Analysis of
force curves yields information on local surface forces,40 which
is valuable for interpretation of surface processes.

Often, an offset of 0.5-1 nm between the point of contact
for approaching and retracting force curves was observed. This
is probably caused by a friction effect.41 In these cases we have
separately calibrated the z origins for approach and retraction.
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Sample Preparation. Lipid vesicles for vesicle fusion on
mica were prepared as follows: the dissolved lipids were mixed
in the desired proportions (Table 1) and the solvent evaporated
under N2. Buffer 1 was added to the obtained lipid film to
produce a 5 mg/mL suspension that was thoroughly sonicated
(G112SP1T sonicator, Laboratory Supplies Co., Hicksville, NY)
until the suspension became opalescent. Bilayers formed from
vesicles that spontaneously spread on solid substrates have been
described before.42,43We used the following protocol: the AFM
head equipped with a standard fluid cell (Digital Instruments)
was mounted on freshly cleaved mica (Plano, Wetzlar, Ger-
many) and the fluid cell was flushed with buffer 1. After 15-
60 min, a 20µm image of the mica surface was taken to ensure
that it was clean. Then 100µL of vesicle suspension briefly
heated to 50°C was injected. After 30-60 min, remaining
vesicles in the bulk phase were rinsed away with 400µL of
buffer 1. After 10 min, another image and force curves at various
points on the surface were taken to ascertain homogeneous
coverage of the mica with the lipid bilayer (seeResults).
Afterward, 100µL of MBP solution (0.5-50 µg/mL, ∼30
nM-3 µM) were injected. AFM images at various adsorption
times were taken at room temperature (∼30 °C in the fluid cell
after thorough equilibration). During scanning, the imaging force
was adjusted to the smallest possible value while the image
remained stable and clear. Such minimal imaging forces were
typically 0.2 nN. In some instances the buffer was changed
during the experiment. In these cases, at least 5 min passed
before a new image could be taken because of drift of the
deflection offset.

Results and Discussion

Lipid Bilayer Formation. Before vesicle injection, images
of the mica surface were flat and showed no adsorbed material
(Figure 1a). After vesicle adsorption times greater than 30 min,
a flat surface was observed, with usually few specks on top
(Figure 1b). The specks could not be rinsed away. The actual
presence of the bilayer after vesicle adsorption was verified by
taking force curves at different points on the surfaces. On mica,
only a very short range repulsion (decay length approximately
0.2 nm, Figure 1c, inset) was observed before, and a small
adhesion after contact (Figure 1c). After vesicles had been
present, the tip experienced short-range repulsion (Table 2,
Figure 1d), but at forces between 4 and 12 nN, the tip suddenly
jumped onto the sample (Figure 1d). Jump-in distances and
decay lengths of the repulsions on the studied surfaces are shown
in Table 2. On retraction, adhesion was often (but not always)
present.

Short-range repulsive forces have been observed between flat
hydrophilic surfaces and between lipid bilayers before,44-47 and
they were termed hydration forces.48 The origin of these forces
is, however, controversial. On mica, the repulsion is probably
due to the tip penetrating the thin layer of water and ions on
the mica surface.45 On the bilayer, an additional repulsive force
could be caused by the fluctuating, protruding lipid mol-

ecules.46,49The fact that we observe different decay lengths on
mica and on lipid bilayers indicates that indeed for lipid bilayers
an additional effect has to be considered.

We believe the jump-in is a penetration of the lipid bilayer
by the tip (observed by Ducker and Clarke50 on zwitterionic
surfactants). From X-ray scattering experiments, the thickness
of a fully hydrated pure EPC bilayer was determined to be 6.3
nm and a headgroup-headgroup distance of 4 nm has been
reported.47 This is consistent with the punch-through distances
we have observed (Table 2). Because images of bilayers were
flat, and identical characteristic force curves (Figure 1d) were
found at any random position of the sample, we conclude that
the mica was homogeneously covered by a lipid bilayer.

Mou et al.43 were able to induce defects into dipalmitoylphos-
phatidylcholine (DPPC) bilayers by fast (200 Hz) scanning at
high (30 nN) forces. We could not induce such defects into our
EPC/cholesterol bilayers. The DPPC bilayers of Mou et al. were
in the condensed phase (transition temperatureTm ) 41 °C),
whereas for EPC,Tm is approximately 5°C.51 Thus our mixed
lipid bilayers were in the fluid phase and no stable defects could
be formed.

For the bilayers containing fractions of lipids with positively
or negatively charged headgroups (type I and type III bilayers),
the question arises whether the negatively charged mica substrate
causes an asymmetry in the distribution of charged lipid
headgroups. In type I bilayers, one would expect to find more
negative DOPS headgroups oriented toward the solution rather
than the mica, whereas for type III bilayers, more positive
DOTAP headgroups are expected to face the mica rather than
the solution. Indeed, such an asymmetric distribution of charged

TABLE 1: Composition of Three Types of Bilayers
Investigateda

acidic (I) zwitterionic (II) basic (III)

cholesterol 30 30 30
EPC 56 70 56
DOPS 14 - -
DOTAP - - 14

a Numbers in the table indicate the weight percentage of the
phospholipid that was used for bilayer types I, II, and III.

Figure 1. (a) Height image of freshly cleaved mica in buffer 1 and
(b) after deposition of a lipid bilayer (type I). Both surfaces are flat,z
scale is 5 nm black to white. (c) Typical force curve on bare mica.
The insetzooms in onto the repulsion observed during approach. An
exponential fit of the data (decay length: 0.2 nm) is also depicted. (d)
Typical force curve after deposition of a type I lipid bilayer. The
approaching tip first experiences exponential repulsion (decay length:
1.2 nm, not depicted), followed by a jump across 3.7 nm.

TABLE 2: Jump Distances (Corresponding to Bilayer
Thickness) and Decay Lengths of Repulsion Observed
during Approach on Each Bilayer and on Bare Mica

lipid mix jump (nm) decay length (nm)

I (acidic) 3.5( 0.2 1.20( 0.08
II (neutral) 3.9( 0.2 0.62( 0.04
III (basic) 4.4( 0.2 1.08( 0.09
bare mica 0.32( 0.03
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headgroups could be inferred from a series of experiments using
a number of different methods by Ka¨sbauer et al.52 Their results
showed that in low ionic strength buffer (20 mM HEPES, 20
mM NaCl, 0.5 mM EDTA, pH 7.0), the amount of anionic lipid
in the bilayer leaflet facing the mica had decreased by 30%
over 12 h. In buffer containing 500 mM NaCl, no asymmetries
were found. Because our experiments usually lasted up to 5 h
maximum and were carried out in 150 mM NaCl buffer, the
effects of such an asymmetry in our system are probably small.

MBP Adsorption. The adsorption of MBP to lipid bilayers
was studied in two ways: First, the adsorption time after which
images were taken was kept constant and MBP solution of
different concentrations was injected. Second, MBP adsorption
was followed in time, keeping the concentration constant.

Five minutes after injecting MBP solution at concentrations
between 0.5µg/mL and 500µg/mL into the fluid cell onto an
acidic lipid bilayer (type I), elevations were observed that
became more numerous and larger with increasing MBP
concentration (Figure 2). These elevations could not be removed
by rinsing with buffer 1. They had a defined height of 1.9(
0.2 nm, often with smaller protrusions in the center (Figure 3
top, Figure 4a, Figure 5a). These protrusions disappeared after
a few scans. We interpret the elevations as MBP aggregates of
monomolecular thickness attached to the lipid bilayer. The
protrusions probably consisted of loosely bound material, which
was later on distributed by the AFM tip in subsequent scans.
At MBP concentrations higher than 20µg/mL, image contrast
was only obtained in rare cases. In the bottom image of Figure
2, contrast disappears during the scan. The reason for not being
able to image MBP at high concentration is probably the strong
adherence of MBP to the tip.

Images recorded at different times after adding MBP to the
solution (5 µg/mL) showed that aggregates grow in lateral
dimensions, eventually unite (Figure 3), and fill the entire area.
The fact that full coverage of type I lipid bilayers could be
achieved indicates that a complete lipid demixing (MBP
exclusively binding to the negative DOPS lipids) does not occur.

To compare MBP adsorption with lipid bilayers containing
differently charged headgroups, we have investigated adsorption
to bilayers consisting of lipid mixtures according to Table 1.
Figure 4 a-c shows a comparison of features recorded 15 min

Figure 2. Deflection images of elevations observed on an acidic (type
I) lipid bilayer 5 min after injection of MBP solution at different
concentrations. The undulations to the right of the aggregates in the
second and third image are scanning artifacts probably caused by
contamination of the tip with protein, which is then amplified through
the feedback loop. The artifacts did not disappear when scanning at
slower speed. In the bottom image, contrast disappears during the scan,
probably due to contamination of the tip with MBP. At concentrations
greater than 20µg/mL, contrast could usually not be obtained any more.

Figure 3. Deflection images of elevations observed on an acidic (type
I) lipid bilayer at various times after injection of MBP solution
(concentration: 5µg/mL). Elevations can be observed to grow laterally
and eventually fuse with their neighbors. Theinsetin the bottom image
shows the relative coverage as a function of adsorption time. A function
of type A(1 - e-x/λ) was fitted to the data, yielding a time constantλ
) 23 min. Scale bars are 5µm in each image.
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after injection of 100µL of MBP solution (5µg/mL) on each
lipid bilayer surface. MBP aggregate morphology was strikingly
different on different lipid bilayer surfaces. On acidic lipid
bilayers (type I), flat and almost circular aggregates of radii
between 0.2 and 1.5µm with a height of 1.9( 0.2 nm were
observed (Figure 4a, Figure 5a,b). The aggregates showed sharp
edges and were of constant height over several micrometers
(Figure 5a). On many aggregates, additional elevations varying
in height (2.5-5 nm) were present near the center (inset, Figure
4a). In some cases, larger aggregates exhibited a considerable
amount of irregularly adsorbed material in their center, giving
these aggregates a “fried egg”-like appearance (Figure 7a).

On purely zwitterionic lipid bilayers consisting of EPC and
cholesterol (type II), aggregates were irregular in height (1.7-

10 nm) and two-dimensional morphology (Figure 4b, Figure
5c,d). On basic bilayers (type III), aggregates were large (>2
µm in radius), usually elongated, and 2.7( 0.3 nm high (Figure
4c, Figure 5f). MBP aggregate height and morphology observed
on the bilayers containing charged headgroups (type I and III)
suggest that under the given conditions MBP forms monolayers
on these surfaces. This was not the case on zwitterionic bilayers
(type II).

Force Curves.Force curves of MBP-covered lipid bilayers
have been reported earlier.36 A major caveat in that work was
that images of MBP adsorbed to the bilayer could not be
obtained. Here we report on spatially resolved force spectros-
copy by carrying out force scans on bare lipid bilayer and on
MBP aggregates during the same experiment. Recording
consecutive force curves on bare bilayers, the characteristic jump
was observed at a force of approximately 5 nN and force curves
did not change over time (Figure 6b). They were indistinguish-
able from force curves taken on bare bilayers in the absence of
MBP.

Force curves taken on MBP aggregates changed with time
(Figure 6c). In the first force curve, a jump was always present,
although at considerably lower force than on the bare bilayer.
This jump disappeared during the following force scans and

Figure 4. Height images of different lipid bilayer surfaces 15 min
after injection of solutions of MBP and cytochromec. Adsorption was
investigated on acidic (type I, first column: a, d), purely zwitterionic
(type II, second column: b, e), and basic (type III, third column: c, f)
lipid bilayers. Protein concentrations were MBP (5µg/mL (a-c), and
cytochromec (d: 0.5µg/mL; e: 0.5µg/mL; f: 50 µg/mL). Scan rate
was 5 Hz.Z scales are 0-10 nm (a-c) and 0-5 nm (d-f).

Figure 5. Analysis of MBP aggregate height on acidic, zwitterionic,
and basic lipid bilayers. Cross-sections through typical MBP aggregates
are given in the left column, distribution of aggregate height is shown
in the right column. On acidic and basic lipid bilayers, aggregates
exhibited constant height, whereas aggregate height distribution on
zwitterionic bilayers is broadly distributed.

Figure 6. Spatially resolved force spectroscopy on an acidic (type I)
bilayer with adsorbed MBP aggregates. (a) Height image of a type I
lipid bilayer 15 min after injection of 2µg/mL MBP solution. (b)
Column of four consecutive force curves taken at the indicated position
in the flat area of the image. Force curves exhibited behavior as on a
bare bilayer (Figure 1d). (c) Column of four consecutive force curves
taken on the indicated MBP aggregate. The penetration force was
smaller than in (b), the jump vanished during the force scans, and an
adhesion of approximately 0.5 nN was observed.
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then reappeared randomly (not shown). An adhesion higher than
that observed on the pure bilayer was always present.

The same force curve behavior was observed for MBP on
acidic (type I) and basic (type III) lipid bilayers. The behavior
is also consistent with earlier results36 where force curves with
and without the jump were observed at the same position, given
that in those experiments the lipid bilayer was completely
covered with MBP. Force curves observed on MBP aggregates
on purely zwitterionic (type II) surfaces were irreproducible,
probably because of the irregular adsorption of MBP.

The fact that the characteristic jump disappears upon record-
ing several force curves on an MBP aggregate indicates that
the original structure of the phospholipid/MBP layer is locally
destroyed by the tip in a force scan. Subsequent force scans
would then probe the defect created by the first scan and no
bilayer jump could be seen. Over time (in the order of several
seconds), the defect healed out so that the jump appeared again
in the force curves. This means that the mobility of the MBP/
bilayer assembly is reduced as compared with the bare lipid
bilayer. This could be termed a “freezing” of the lipid molecules
associated with the MBP aggregates. At the same time, the
penetration force required to punch through the bilayer during
the first approach is reduced by at least 50% as compared with
the bare bilayer, resulting from a reduced mechanical stability
of the MBP/bilayer assembly toward vertical deformation.

Simple Model for MBP Adsorption to Lipid Bilayers. It
has been observed that MBP could be released from myelin by
incubation in salt solution.13 To investigate the effect of a high

salt concentration on the aggregates after adsorption in buffer
1, the fluid cell was rinsed with 400µL of 5 M NaCl solution.
This resulted in extensive removal of the aggregates on all
bilayer types while the bilayer itself remained intact (Figure 7
on a type I bilayer). Such an observation is usually interpreted
as an indication of electrostatic binding. We would, however,
like to point out that this should not be understood as a simple
reduction of the electrostatic force between MBP and the bilayer,
as described by Poisson-Boltzmann continuum theory.53 The
high concentration of ions rather seems to change the structure
of ions and water at the interfaces54 or maybe even the structure
of MBP itself. This changed structure leads to an MBP
desorption.

The formation of largely continuous monolayers might be
explained by a simple model (Figure 8). We assume an attractive
interaction between the solvated MBP molecules and the lipid
bilayer such that adsorption is favorable. Once adsorbed, the
individual MBP molecules are able to diffuse randomly on the
bilayer because at room temperature the bilayers were in the
fluid phase. Furthermore, we postulate a lateral attraction
between the adsorbed MBP molecules. Then randomly diffusing
molecules form aggregates. The initial presence of small
protrusions in the center of the aggregates suggests that the
molecules diffuse until they hit an obstacle and get stuck. This
idea is supported by the finding that we could sometimes
artificially grow aggregates in designated positions by penetrat-
ing the lipid bilayer with the tip several times. Nuclei for
spontaneous adsorption were either present before MBP adsorp-
tion or might be MBP in a different state from the rest of the
patch. The different shapes of the aggregates on different lipid
layers could thus be due to (a) different interaction between
MBP and the various lipid compositions or (b) a different
attractive interaction between the diffusing molecules. The fact
that MBP forms monolayers with a defined height on acidic
and basic bilayers indicates that on these bilayers the interaction
between adsorbed MBP molecules is stronger than between an
adsorbed and a free MBP molecule in solution. In addition, the
MBP molecules have to assume a certain defined structure on
the lipid bilayer. In contrast, on neutral bilayers MBP adsorbed
in a comparatively random and unspecific fashion.

These observations agree with the finding that solvated MBP
has a different conformation than MBP being in contact with
lipid molecules.21,23 This fact might explain the notion that
MBP-MBP interaction of MBP molecules attached to the lipid
bilayer should be stronger than that between solvated MBP
molecules. Otherwise, MBP could aggregate in solution and
adsorb to the bilayer as a three-dimensional aggregate.

The fact that the positively charged MBP molecules adsorb
to the like-charged basic (type III) bilayers means that in this

Figure 7. Treatment of MBP aggregates formed on a type I lipid
bilayer with 5 M NaCl: the elevations present after 15 min adsorption
(a) disappeared after replacement of buffer 1 with 5 M NaCl (b). After
14 h, almost no material was left on the bilayer (c). In contrast, thorough
rinsing with buffer 1 did not lead to any changes of the aggregates
(not shown).

Figure 8. Suggested model for MBP adsorption on acidic lipid bilayers.
Solvated MBP molecules adsorb to the lipid bilayer and refold. The
adsorbed molecule can diffuse on the bilayer. An attractive interaction
between the adsorbed molecules leads to formation of MBP monolayers
on the lipid bilayer. Smaller aggregates drift until they hit an obstacle
and get stuck. Thus, large, immovable monolayer aggregates form.
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adsorption process, a nonelectrostatic interaction is dominant.
This is probably not a simple van der Waals attraction because
the structure of MBP adsorbed to mica is different from the
structure of MBP adsorbed to basic lipid bilayers. On mica,
force-versus-distance measurements showed that MBP behaves
like a randomly coiled polymer.36 MBP on lipid bilayers showed
a completely different behavior. Thus the lipid bilayer must
exhibit some property that allows MBP to adsorb and refold.
This property could be involved with some specific interaction
between MBP and lipid headgroups or, alternatively, hydro-
phobic interaction with the bilayer core. Because to our
knowledge no specificity for MBP interaction with lipid
headgroups has been reported, we believe that it is the presence
of the hydrophobic core that causes the MBP refolding. To
“feel” the bilayer core, the molecule must penetrate the
headgroup region of the bilayer.

The ability of MBP to interact nonelectrostatically with
zwitterionic and basic lipid bilayers does not necessarily mean
that such an interaction is also dominant in the adsorption
process to acidic (type I) lipid bilayers. If, as suggested above,
the presence of the hydrophobic core is indeed causing MBP
to refold upon adsorption, we think it is very likely that MBP
adsorption to acidic (type I) lipid bilayers also involves a
nonelectrostatic component.

Weak interaction between phosphatidylcholine and MBP has
been reported by Roux et al.55 Our observations confirm that
such an interaction is present, because MBP does adsorb to an
EPC/cholesterol bilayer. Unlike Roux et al., we did not observe
a fragmentation of bilayers upon MBP binding. A possible
reason could be that in our case the bilayers were supported by
the solid substrate, whereas Roux et al. did experiments on
lamellar dispersions. Furthermore, the presence of 30% cho-
lesterol in our bilayers adds to bilayer stability and may thus
prevent rupture.

Adsorption of BSA and Cytochromec to Lipid Bilayers.
For comparison, experiments with BSA, and cytochromec
instead of MBP were carried out. For bulk concentrations of
BSA up to 500µg/mL, no aggregate formation was observed
on either type of bilayer (not shown).

Cytochromec formed extensive, ring-shaped aggregates with
a defined thickness on type I bilayers even at concentrations as
low as 0.5µg/mL (Figure 4d). Hence, it adsorbs more strongly
than MBP. Aggregate height was 3.3( 0.2 nm. Because the
aggregate height is consistent with the known structure of the
protein (about 3.4 nm for the longest dimension30), we found
no indication that cytochromec penetrates significantly into the
lipid bilayer. This is in contrast to conclusions of other authors.
To explain results of differential scanning calorimetry, surface
plasmon resonance spectroscopy, and cyclic voltammetry, it has
been suggested that after electrostatic adsorption to the mem-
brane, the cytochromec molecule is able to penetrate partly or
completely into the hydrophobic core of the bilayer.33 A possible
explanation for the discrepancy is the different experimental
conditions. We used a lower protein concentration and our
bilayers contained a significant amount of cholesterol.

The aggregates were difficult to image and were easily
deformed or destroyed by scanning, even at low imaging forces
of 0.2 nN. Because of this, reliable spatially resolved force
curves could not be obtained. On type II lipid bilayers, that is,
in the absence of negatively charged lipid headgroups, only
small aggregates of the same constant height were observed
(Figure 4e). On basic type III lipid bilayers no cytochromec
aggregates could be found, even in the presence of cytochrome
c concentrations of up to 50µg/mL (Figure 4f). In contrast to

MBP behavior, the amount of adsorbed cytochromec decreased
continuously over the three systems comprised of acidic,
zwitterionic, and basic bilayers. The cytochromec aggregates
disappeared upon rinsing with 5 M NaCl. These results are
consistent with the observations of Kimelberg et al.,31 who
suggested an electrostatic mechanism for cytochromec adsorp-
tion to the membrane.

Domain formation of cytochromec adsorbing to acidic lipid
bilayers has already been observed by Haverstick and Glaser56

at low salt concentrations using fluorescence/optical microscopy
on vesicle suspensions. These authors reported aggregation of
the negatively charged lipids in those regions where cytochrome
c had adsorbed. When the low-salt buffer was replaced with
100 mM NaCl buffer, the lipid demixing remained but adsorbed
cytochromec could not be detected any more. The authors also
reported that cytochromec binding and lipid demixing did not
occur when they used 100 mM NaCl solution as the starting
buffer. In this work, we have directly shown that cytochromec
does adsorb to an acidic lipid bilayer also at an ionic strength
of 150 mM NaCl. It is probable that Haverstick and Glaser were
not able to detect cytochromec monolayers because of insuf-
ficient light attenuation by absorption of the cytochromec heme
group.

Conclusion

We have demonstrated that adsorption of MBP and cyto-
chrome c to supported lipid bilayers in the liquid/liquid
crystalline state can be investigated by AFM in physiological
buffer. The morphology of MBP aggregates on lipid bilayers
depends on the specific bilayer composition. On negatively
charged bilayers used as simple models for the native myelin
membrane, MBP formed monolayers of 1.9( 0.2 nm height.
If a sufficient concentration of MBP was present (10-20 µg/
mL), the MBP monolayer covered the entire lipid bilayer. MBP
aggregates could be removed from the lipid bilayers in 5 M
NaCl. The binding of MBP to lipid bilayers is not only
dominated by electrostatic forces, but other interactions must
also be significant.

Cytochrome c adsorbed to acidic lipid bilayers at low
concentrations (approximately 0.5µg/mL) under physiological
ionic strength and formed extensive monolayers of 3.3( 0.2
nm height that were sensitive to mechanical distortion by the
scanning tip. The higher rigidity of MBP aggregates toward the
scanning tip is consistent with the different physiological roles
of the proteins. Cytochromec must be able to diffuse on the
membrane to be able to act as a carrier of electrons between
cytochromebc1 and cytochromec oxidase in the mitochondrial
respiratory chain. In contrast, MBP is thought to stabilize the
apposing cytoplasmic membranes in myelin. The adsorption of
cytochromec to lipid bilayers can be explained by a dominating
electrostatic interaction.
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