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Force Measurements on Myelin Basic Protein Adsorbed to Mica and
Lipid Bilayer Surfaces Done with the Atomic Force Microscope

Henning Mueller,* Hans-Jiirgen Butt,” and Ernst Bamberg*

*Max-Planck-Institut fiir Biophysik, D-60596 Frankfurt(Main) and *Institut fir physikalische Chemie, Universitat Mainz,
D-55099 Mainz, Germany

ABSTRACT The mechanical and adhesion properties of myelin basic protein (MBP) are important for its function, namely the
compaction of the myelin sheath. To get more information about these properties we used atomic force microscopy to study
tip-sample interaction of mica and mixed dioleoylphosphatidylserine (DOPS) (20%)/egg phosphatidylcholine (EPC) (80%) lipid
bilayer surfaces in the absence and presence of bovine MBP. On mica or DOPS/EPC bilayers a short-range repulsive force
(decay length 1.0-1.3 nm) was observed during the approach. The presence of MBP always led to an attractive force between
tip and sample. When retracting the tip again, force curves on mica and on lipid layers were different. While attached to the
mica surface, the MBP molecules exhibited elastic stretching behavior that agreed with the worm-like chain model, yielding
a persistence length of 0.5 = 0.25 nm and an average contour length of 53 = 19 nm. MBP attached to a lipid bilayer did not
show elastic stretching behavior. This shows that the protein adopts a different conformation when in contact with lipids. The
lipid bilayer is strongly modified by MBP attachment, indicating formation of MBP-lipid complexes and possibly disruption of
the original bilayer structure.

INTRODUCTION

The myelin sheath of the nervous system provides electricakndom coil formation when dissolved in water (Smith,
insulation of the axon necessary for functional saltatory1992; Krigbaum and Hsu, 1975; Mendz et al., 1984), but
signal transduction (Huxley and Stampell, 1949). Myelinshows significanta-helical and 8-sheet structure in the
basic protein (MBP), located on the cytoplasmatic side ofpresence of lipids (Keniry and Smith, 1979, 1981; Mendz et
myelin membranes (Crang and Rumsby, 1978), is essentiall., 1990) with which it appears to interact hydrophobically
for the compaction of nervous system myelin to form the(Boggs et al., 1986; Smith, 1992).
insulating myelin layer (Readhead et al., 1987). It is widely Beniac et al. (1997) have used MBP attachment to a lipid
believed that MBP stabilizes opposing cytoplasmatic surmonolayer to determine MBP structure in this environment.
faces of membranes (Boggs et al., 1981; Fraser et al., 1989 hey report a planar distribution of MBP on the monolayer
The protein occurs in a number of different forms caused bywith a toroidal shape of the MBP molecule ofl1 nm in
different exon splicing (see Campagnoni, 1988 for a reviewriameter. MBP interaction with bilayers of different lipid
and various posttranslational modifications with possiblycompositions has been reported to be primarily ionic. Ex-
different roles in myelin formation (Staugaitis et al., 1996; jstence and magnitude of a hydrophobic electrostatic com-
Zand et al., 1998, and references therein). The most abufyonent in the interaction of MBP with bilayers are still
dant variant in bovine central nervous system is termed 18.gnder debate (Reinl and Bayerl, 1993; Cheifetz and
kDa/C1 for its molecular mass and position of its chroma-Moscarello, 1985; Lampe and Nelsestuen, 1982; Nezil et
tography peak during purification. It is the subject of this g]., 1992; Surewicz et al., 1987; Boggs et al., 1981; Nabet et
Investigation. al., 1994). It has been proposed that MBP links two appos-
The interaction between MBP and the lipids in the mem-ing |ipid bilayers together (Smith, 1977; Boggs et al., 1981).
brane of cells forming the myelin sheath is important toyhether the protein just sticks to the bilayer surface, pen-
understand the process of myelin compaction and has begfrates into the head-group region, or penetrates deeper into
studied using a variety of experimental techniques. Lipidihe hydrophobic core of the bilayer has to be clarified yet
vesicles and micelles have been reported to aggregate, fus&mith, 1992; Reinl and Bayerl, 1993; Beniac et al., 1997).
or hemifuse in the presence of MBP (Lampe and Nelses- pyying the last years the atomic force microscope (AFM)

tuen, 1982; Sedzik et al., 1984; ter Beest and Hoekstraginnig et al., 1986) has turned out to be a valuable tool to
1993; Jo and Boggs, 1995; Cajal et al., 1997). MBP exhibit;,qy the properties of individual macromolecules (for a
review see Manne and Gaub, 1997). Biological applications
have included the determination of specific forces between
Received for publication 17 August 1998 and in final form 9 November”gands and receptors (Lee et al., 1994b; Moy et al., 1994;
i?j?iiss reprint requests to Henning Mueller, Max-Planck-Institut fu Florin et. al., 1994), antigens and amlqules (Allen et al.,
Biophysik, Kennedyallee 70, D-60596 Frankfu’rt(Main), Germany. Tel.: 1996; Hinterdorfer et al., 1996; Brownmg_Ke”ey et al.,
49-69-6303-351: Fax: 49-69-6303-305; E-mail: mueller@wintermute.1997), complementary strands of DNA (Lee et al., 1994a)
chemie.uni-mainz.de. and between-cell adhesion proteins (Dammer et al., 1995),
© 1999 by the Biophysical Society unfolding structural domains (Rief et al., 1997), the inves-

0006-3495/99/02/1072/08  $2.00 tigation of entropic exclusion in maintaining interfilament




Mueller et al. AFM of MBP-Covered Surfaces 1073

spacing (Brown and Hoh, 1997), or measuring changes in

the interaction between a chaperonin and proteins (Vinckier M.W. 2
(kDa) 1 3
et al., 1998).

Our goal was to determine the mechanical and adhesion 94.0 -
properties of MBP. This might help to understand the phys- 67.0 ..,.'
icochemical basis of the myelination process in which two
apposed membranes adhere in the presence of MBP. There- 43.0 N
fore, we measured the force between the tip of an AFM and '

a mica or lipid surface in the presence and absence of MBP. 30.0 -
MATERIALS AND METHODS 20.1 . -
Reagents

All chemicals were of analytical grade and were used without further 14.4

treatment. Chloroform, methanol, acetone, ethanol, hydrochloric acid, sul-
phuric acid, potassium chloride, potassium hydroxide, and sodium azide
were obtained from Merck (Darmstadt, Germany). Glycine (ROTH,

Karlsruhe, Germany), urea, phenylmethylsulfonyl fluoride (Sigma, Stein-FIGURE 1 Sodium dodecy! sulfate-polyacrylamide gel electrophoresis
heim, Germany), sodium hydroxide, and sodium chloride (Fluka, Neu-of myelin basic proteinLane  mixture of all charge isomers of MBP, this
Ulm, Germany) were also used. Buffer 1 (150 mM NacCl, 5 mMJRE,, extract was loaded onto the CM-52 anion exchange coluname 2

pH 7.4, titrated with KOH) was used for AFM measurements except whereviarker proteins.Lane 3 C1 containing fraction after chromatography.

specifically indicated. Buffer 2 (80 mM glycingé M urea, pH 9.5, titrated  Basic proteins in this gel system run more slowly than predicted by their
with NaOH), buffer 3 (80 mM glycine2 M urea, pH 10.5, titrated with  molecular mass (Beniac et al., 1997).

NaOH), and buffer 4 (80 mM glycine, pH 7.5, titrated with NaOH, 0.75
mM NaN,) were used during protein purification.

Instruments, length 20@m, width 40 um, estimated thickness 06m,

radius of tip curvature-20—60 nm (Siedle et al., 1993)). Cantilever spring
MBP was purified following Beniac et al., 1997. Briefly;30 g of bovine ~ constants were individually determined by moving them against a refer-
brain white matter (obtained immediately after death and stored in liquidence cantilever according to Cleveland et al. (1993) and Preuss and Butt
nitrogen until use) were homogenized in 280 ml of ice-cold chloroform/ (1998), yielding values in the range of 0.06—-0.14 N/m. Horizontal scanner
methanol (2:1, v/v). The homogenate was stirred overnight at 4°C andalibration was performed by imaging the hexagonal crystal lattice of mica.
filtered through Whatman #1 filter paper under gravity in the fume hood atIn the vertical direction the scanner was calibrated as described by Jaschke
room temperature. The residue was washed twice with 130 ml of ice-coldnd Butt (1995).

chloroform/methanol, followed by 170 ml of ice-cold acetone. Then it was

air dried and resuspended in 130 ml of 100 myS&),, 0.1 mM phenyl- .

methylsulfony! fluoride and stirred gently overnight at 4°C. The suspen-Sample preparation

sion was centrifuged at 6008 g, 4°C for 1 h, the supernatant collected,

Protein purification

Lipid vesicles for adsorption on mica were prepared as follows: dio-

and the pellet resuspended in 50 ml of the same buffer and again centrll- . . ) . .
o . eoylphosphatidylserine (DOPS) and egg phosphatidylcholine (EPC) dis-
fuged at 6000x g at 4°C for 30 min. Supernatants were pooled and the solved in chloroform (Avanti Polar Lipids, Alabaster, AL) were mixed

protein precipitated by adding an equal volume of ice-cold ethanol. The
mixture was left overnight at-20°C. The protein was recovered by (1:4, vIv), and the solvent evaporated under Buffer 1 was added to the

centrifugation at 6000< g for 30 min at—10°C. The pellet was resus- obtained lipid film to produce a 2-mg/ml suspension that was thoroughly

pended in 10 ml of buffer 2 and dialyzed overnight against 500 ml of buf_fersonlcated (G112SP1T sonicator, Laboratory Supplies Co., Hicksville, NY)

) ) - until the suspension became opalescent. Mica (Plano GmbH, Wetzlar,
2 at room temperature. Insoluble material was removed by centrifugatio
) o . ermany) was freshly cleaved and mounted onto the AFM scanner. The
at 6000X g for 15 min at 4°C. The pH of the supernatant was adjusted to _. = ) -
silicone O-ring of the liquid cell was placed on top. An amount of.50f

9.5 with NaOH. : . . LT
A preswollen and preequilibrated (buffer 2) Whatman CM-52 (sc What_vesmle suspension was pipetted onto the freshly cleaved mica inside the
man, Maidstone, UK) anion exchange column (401 cm) was loaded O-ring. After 10 min, the AFM head with liquid cell and tip was mounted
with ’10 ml of thé extract at a rate of 6 ml/h at room temperature Afteramd the cell volume {200 yl including pipes) was rinsed with 1 ml of
sample loading, the column was washed with 60 ml of buffer 2 at 1'2 mI/hbuﬁer 1 to remove vesicles not adsorbed to the mica. The system was left
' for 1-2 h to wait for the drift of the AFM signal offset to settle.

for 5. h. The bound protein was eluted by 200 ml of buffer 3 In alinear After taking data with the pure mica or lipid bilayer surface, 18%f
gradient of 0—200 mM NaCl at 12 ml/h. The eluate was monitored at 280 . . ) )
. ) o MBP solution (0.8 mg/ml) were injected into the glass cell. After 10 min,
nm and collected in 3-ml fractions. Under these conditions, the C1 com; } S
the cell was rinsed again with 1 ml of buffer 1. The system was left for 30

ponent of MBP eluted last.

L . . . min to wait for the drift of the AFM signal offset to settle. Force-versus-
The C1 containing fractions were dialyzed two times agaln$ of iezo displacement-plots were collected with NanoScope 3 Software v
buffer 4 at 4°C for 24 h. We estimated the protein content by the method’ P P P '

of Lowry et al. (1951) and controlled the purity of the C1 component by 4.22r.
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Fig. 1). The

solution was stored in aliquots of 14 at —80°C until use.
q W Force curves

Atomic force microscopy In a force measurement, the sample is moved up and down by applying a
voltage to the piezoelectric translator onto which the sample is mounted

Measurements were carried out with a commercial AFM (NanoS¢ébpe while measuring the cantilever deflection. The result of such a measure-

Digital Instruments, Santa Barbara, CA) andNgj cantilevers (Digital ment is a force-versus-piezo displacement plot (Fig), 2vhich shows the
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FIGURE 2 a: Sketch of a force-versus-piezo displacement plot for an -1.0 . : : . .
attractive interaction and adhesion between tip and surface. A cycle in the 10 : , : .
force measurement starts at a large tip-surface separat)orA{ large ' 02y
distances no force acts between tip and surface; the cantilever is not —
deflected while the surface moves. At smaller separations the assumed T e _—
attraction pulls the cantilever toward the sam@p At a certain point the 05t 0o T‘ﬁ—%"#‘?“*f A
tip often jumps onto the sample surface. This jump-in occurs when the approach L
gradient of attractive forces exceeds the spring constant plus the gradient of — F
possibly present repulsive forces. Moving the sample further causes a %
deflection of the cantilever of the same amount as the sample is moved g 00r
(constant compliance regioB). Finally, the surface is withdrawn to its g
starting position. During retraction the tip often sticks to the surface upto /
large distances because of adhesi@nafd then snaps out of contact. To 05} retract B |
obtain force-versus-distance curvé the original force-versus-piezo dis-
placement-plots have to be converted by the relatfors kAz, andD = C
Az +Az, ks the spring constant of the cantilever. WLC fit
1 ’0 L L f \ L
0 20 40 60 80
cantilever deflectiorAz, versus position of the piezdz, To obtain a Distance (nm)

force-versus-distance curve (Figblfrom now on called “force curve”)

from these data)z. andAz, have to be converted into force and distance FIGURE 3 Force curves for bare mica)(and MBP adsorbed from

according to Fig. 2. Taking one force curve toekl s. This leads to  splution f andc). The inset ob is a magnification of the approach up to

approaching/retracting speeds ofuin/s. 10 nm from contact. The extra lines show the zero force line and the
Several numbers are derived from force curves, such as decay lengths gpntact line. The data for andb was taken in buffer 1, whereaswas

detachment forces. Then we report the error of a single measurement, ngiken with a low ionic strength buffer (1 mM KCI). The insetdrshows

that of the mean value. This is to indicate typical fluctuations from force that a repu|sive interaction is present in the approach because of electro-

curve to force curve. We do not report the random error of the meangtatic double layer forces that are shielded by the high ionic strength of

because we did many experiments, it is negligible. It is also not relevanpyffer 1 inb. A double exponential fit X,y acive = 3.5 NM, Agoublelayer=

because the most significant uncertainty is probably of systematic nature3 5 nm) for attraction and double layer repulsion is depicted imse).

WLC fits for the stretching processes linandc are also given.

RESULTS AND DISCUSSION

MBP adsorbed to a mica surface : .
no long-range forces acting over distances larger than 1 nm
A force curve taken on bare mica before adding MBP iswere observed. At close proximity, the tip was repelled

shown in Fig. 3&. In the approaching part of the force curve, (decay length<l nm). Such a short-range repulsion was
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observed earlier between two mica surfaces (Pashley artébns are playing a role in MBP-MBP attraction has already
Israelachvili, 1981). It probably reflects the penetration ofbeen proposed by Afshar-Rad et al. (1987) based on surface
the tip into the thin layer of structured water and ions on theforce apparatus experiments. Afshar-Rad et al. found the
mica surface. attraction range to be larger than 17 nm. This can be
Upon retraction, a small adhesion was detected. It wasttributed to different effective spring constants. Because of
probably caused by van der Waals forces. The electrostatithese, in the surface force apparatus the interacting surfaces
double layer force was negligible because of the high ionigump into contact at a larger distance than in the AFM. In
strength. The small hysteresis ef0.5 nm between the addition, heterogeneities like protruding proteins on the
loading and unloading part in the contact regime is probablysurface might play a role. Because of the large interaction
caused by a friction effect (Hoh and Engel, 1993). areas in the surface force apparatus compared with the
When adding MBP at a concentration between 0.01 and\FM, such heterogeneities could have a more drastic effect.
0.8 mg/ml, the force between tip and sample changed (Fig. An alternative explanation for the attractive component
3 b). Upon approach, an attractive interaction was observedould be a bridging effect or an attractive osmotic interac-
starting~8 nm from contact and leading to a jump-in at ation between polypeptide segments protruding from the
distance of~4 nm. After this jump-in, a repulsive force of surface (see Patel and Tirell, 1989 for a review). Such
~1 nm decay length was observed (Figh,3nse). attractive forces have been observed between polymer
Before discussing the two force components, we wouldcoated surfaces. However, we do not think that these effects
like to point out that both the mica and the tip surface wereplay a significant role because the same attraction is ob-
coated with adsorbed MBP. Hence, we measured an MBPFserved with MBP on lipid bilayers (see below). For MBP on
MBP interaction rather than MBP-silicon nitride interac- lipid bilayers we conclude from the retracting force curves
tion. Two observations support this view. First, when takingthat MBP adopts a relatively compact structure. Hence, any
force curves in buffer of low ionic strength (1 mM KCI), an bridging force should be significantly different.
additional repulsive interaction was observed upon ap- Retracting the tip, significant adhesion was observed that
proach. This is caused by electrostatic double-layer forcegradually decreased in strength over the first 20 nm. Reced-
that disappeared in buffer 1 because of shielding effects ang the tip further, the force increased again, and one or
high ionic strength. The MBP-coated mica surface is posiiore adhesion peaks were observed. This behavior provides
tively charged because of the high positive charge of MBPevidence for the adsorption of MBP to the mica surface and
Silicon nitride is negatively charged because of oxidationthe SN, tip. The adhesion peaks are interpreted as detach-
(Harame et al., 1987; Grattarola et al., 1992) (Although ament processes of individual MBP molecules that were
study of Tsukruk and Bliznyuk (1998) reports a pK betweenpicked up by the tip during contact. During retraction, the
7 and 8 for SiN,, we have observed a clearly electrostaticmolecules were stretched until the applied force exceeded
repulsion at low ionic strength between the silicon nitridethe adhesion between molecule and substrate and the mol-
tip and a mica surface at pH between 6.0 and 10.5 (data netcule detached, leading to a sudden decrease of the force
shown). This proves that uncoated silicon nitride is negaexerted on the cantilever. The elastic properties of these
tively charged in our system.) This would lead to an elec-stretching events can be described with the worm-like chain
trostatic attraction. In order to explain a repulsion, silicon(WLC, also known as the Porod-Kratky chain (Flory,
nitride also needs to be coated by the positively charged989)) model for entropic elasticity. According to the WLC
MBP. Second, when using silicon nitride as a substratenodel, the force needed to stretch a linear polymer in a
instead of mica, the same force curves were observedolvent to a lengthx is given by (Bustamante et al., 1994):
Hence, the silicon nitride surface of the tip is also coated by
a layer of adsorbed MBP. F(x) = (KT/b)[0.251 — x/L) "2 — 0.25+ /L]
The two force components observed in the presence of
MBP, long-range attraction, and short-range repulsion, arén which b is the persistence length (length of a stiff seg-
discussed separately. The long-range attraction is probablyent of the chain) ant is the contour length (length of the
not a van der Waals force. The formifa= —RH/6D? can  completely stretched chain). Our experiments yielded val-
be used to estimate the strength of the van der Waalgesb = (0.50% 0.25) nm and. = (53 £ 19) nm. The errors
attraction between a sphere of radiRiat a distanc® from  given are the ones of a single measurement, i.e., the width
a flat surface (Israelachvili, 1991). Using a Hamaker con-of the distribution of measured values.
stantH = 2 X 1072°J and a radiu® = 60 nm, calculated These results agree with what is expected when stretching
forces were much smaller than measured forcedD At 3 a polypeptide chain. The average distance between tywo C
nm the calculated van der Waals force is only 0.02 nN.atoms of a polypeptide chain is 0.38 nm. This is the minimal
Therefore, the observed attraction is too strong to be attribsize of a stiff element in a polypeptide chain and corre-
uted to van der Waals forces alone. sponds tob in the WLC model. A completely stretched
We believe that hydrophobic interactions are responsiblehain of 169 amino acids (Eylar et al., 1971) has a length
for the long-range attraction. Although MBP does not con-(contour length) of 64.2 nm.
tain extensive hydrophobic domains, it contains a high It must be distinguished between contour length of the
number of hydrophobic residues. That hydrophobic interacpolypeptide chain and that of a stretching process. The
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contour length of the chain is a property of the molecule andjuantity depending on which part of the polypeptide chain
therefore constant. In the experimental setup, a polypeptidis picked up in a single measurement. This leads to the large
chain is adsorbed to mica at a random positlorand is  fluctuations around the mean that we have observed. The
picked up by the tip at a random positidh and then average detachment force was found to be :1@.06 nN.
stretched. The contour length of the stretching process thebetachment forces for single molecules have been reported
is the contour length of the chafa-B, which is also random for specific bonds (Florin et al., 1994; Moy et al., 1994;
and smaller than that of the full chain. This leads to a broaddammer et al., 1995) and were comparable with ours.
distribution of measured contour lengths. Reported strength for unspecific interaction was usually
For evaluation, only stretching processes in the secondligher (1-10 nN) (Radmacher et al., 1994; Vinckier et al.,
half of the retraction curve were selected to avoid superpoi1998), but those humbers were based on the full adhesion
sition of stretching forces from simultaneously attachedobserved immediately upon retraction. This corresponds to
polypeptide chains. In those cases in which more than onthe lowest point in the retraction curve (e.g., Figb)3and
detachment in a single force curve was evaluated, the alzan involve a large number of molecules.
solute force at the start of the first stretching process had to In our case, the strength of the unspecific interaction is
be equal to that at the start of the subsequent ones ([E)g. 3 probably the adhesion between tip and a single molecule,
This means that the contour lengths of the different stretchF g, in Fig. 3b andc. The adhesion to mica is stronger than
ing processes were far from each other. For multiple stretchthe adhesion to silicon nitride because detachment forces
ing processes, this was almost always the case. observed in experiments with silicon nitride as a substrate
The distribution of the maximum distances of the lastshowed the same result. If binding of MBP to mica were
rupture process are shown in Fig.a4 the average value weaker than to silicon nitride, we would have expected
being 46= 15 nm. This maximal distance is also a randomlower detachment forces in the mica experiments. That
binding of MBP to mica is stronger than to silicon nitride is
expected because of the high surface energy and strong
negative surface charge of mica.

Lipid bilayer on mica

A A A
o N A~ OO
L ) L 1

Vesicle adsorption forming bilayers on a solid substrate has
been described by Brian and McConnell, 1984 and McCo-
nnell et al., 1986. On mica prepared with a vesicle suspen-
sion, the approaching tip experienced a repulsive force in
buffer 1 (Fig. 5a). This repulsion could be fitted with an
exponential function and a decay length of 2.2 nm. It

can be electrostatics as well as the so-called hydration force
(Marra and Israelachvili, 1985; Mclintosh et al., 1987;
Leikin et al., 1993; Israelachvili and Wennefstrp1996).
The two effects lead to comparable decay lengths at this
ionic strength.

On loads between 1 and 5 nN, the tip suddenly jumped
b onto the sample. The jump-in distance was either4 @.2
nmor 7.2* 0.4 nm.

From x-ray scattering experiments (Mcintosh et al.,
1987) the thickness of a fully hydrated EPC bilayer is
known to be 6.3 nm and the headgroup-headgroup distance
was determined to be 4:0 0.04 nm. This is consistent with
the 4.2 nm we have observed.

We believe that the jump-in is a penetration of the lipid
bilayer by the tip (Ducker and Clarke (1994) on zwitterionic
surfactants). This is supported by the observation that at
high imaging forces, images of the underlying mica struc-
ture could be obtained, whereas at low forces this was not

Distance of last detachment (nm) possible. Imaging the bilayer at minimum load showed a
o . largely homogenous surface (up to65 um images were
FIGURE 4 Distribution of the d!stances qf the last detachment. peaktaken) with deposited material in some areas that could not
from contact for MBP on bare mica) and in the presence of a lipid :
bilayer (). Values are significantly smaller in the presence of a lipid D€ rinsed away (Ohlsson et al., 1995; our data not shown).
bilayer. The deposited material disappeared at high imaging forces.
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5 . . . . . MBP binding to a EPC/DOPS lipid bilayer
4+ . Addition of MBP to the solution and subsequent flushing
with buffer 1 resulted in significant changes to the force
3r ’ curves (Fig. % andc). Two types of approach curves could
ol _ be observed: type 1 was identical to the approach curve for
% MBP on mica without the presence of a lipid layer (Fig. 5
> approach ] b). Type 2 showed a long-range attraction followed by a
5 oL T shorter-range repulsion and then a jump through a distance
- of ~3 nm (Fig. 5c). Both types of curves appeared during
-1 i one session of data collection at the same point of the
ol -~ | surface (a possible piezo drift disregarded). Type 1 made up
retract a ~70%, and type 2 made up30% of all recorded curves.
-3 : ) : : : Both types were randomly distributed during data collec-
10 . . . R tion, an aging effect that caused one type to appear more
often could not be inferred. In both cases, MBP present on
lipid bilayer leads to an attractive force between tip and
surface, which starts at5—8 nm.
05t 1 . . .
We interpret the force curves in the following way. In
. approach type 2, the MBP is probably mainly on top of the bilayer.
Z -— Hence, first the attraction caused by the lipid modified MBP
Tg’ 00r /' y is detected and at closer distance the tip penetrates the
5 ret;;:t bilayer.
Type-1 force curves were probably obtained on bilayer
057 ] that was destabilized by MBP. In other words, mica was
covered with lipid-associated MBP. This is supported by the
b fact that the approaching force curves on a lipid bilayer
-1.0— : : : : : equal those observed for MBP adsorbed on pure mica. In
1.0 . . . . . addition, a part-wise disruption of the DOPS/EPC layer has
been reported for EPC bilayers by Roux et al. (1994),
although in that study it did not occur when anionic lipids
05k were present.
' Alternatively, type-1 force curves could also be explained
N approach by the opposite effect, a stabilization of the bilayer by MBP.
Z — However, we do not think that this is the case because even
§ 0.0r ~ at maximal forces of 23.5 nN, no jump-in was observed, and
o it is unlikely that a bilayer can withstand such high forces.
L retract - . .
Summarizing, we believe that in the presence of MBP,
05+ two types of layers exist: a bilayer with MBP on top and
MBP adsorbed to mica and associated with lipid. These two
c types are supposed to be in a dynamic equilibrium to ac-
-1.0 6 10 0 30 0 50 50 count for the fact that even at one single position both types

of force curves were observed.
Imaging the MBP-lipid bilayer surface with sufficient
FIGURE 5 Force curves off mica after bilayer depositiorb) type-1 resolution was not successful up to now. Consequently, a

curve and ¢ type-2 curve after MBP adsorption to the bilayer. All curves dependence of f(_)rce'diSta_nce'Curve type. on Surface. topol-
were recorded in buffer 1. ogy could not be inferred directly. Adsorption/desorption of

material on the tip during the experiment might also be
the cause for observation of the two different approach
Even in those areas in which no deposit was detected, fordeehaviors.
curves as in Fig. @ were always observed regardless of the Retraction of the tip resulted in the same force-distance
position of the tip on the mica. Therefore, the surfacebehavior regardless of the type of approach curve (Fig. 5
seemed to be covered by a homogenous layer with occandc). The detachment processes were, in any case, differ-
sionally additional lipid present on top. ent from those on mica (Fig. B andc). Elastic stretching
The jump-in distance of 7.2 nm that we have observedvas rarely observed. Detachment forces were @:08.02
was probably caused by the presence of lipid on the silicomN, and the average distance of the last detachment peak
nitride tip. Then, the tip penetrated both layers in one jumpfrom contact was found to be 2t 7 nm (Fig. 4b). All of

Distance (nm)



1078 Biophysical Journal Volume 76 February 1999

these values were considerably smaller than those measur@awn, H. G., and J. H. Hoh. 1997. Entropic exclusion by neurofilament
in the absence of lipids side arms: a mechanism for maintaining interfilament spa&@mghem-

i . .., . istry. 36:15035-15040.
This shows that the structure of MBP without lipids is Browning Kelley, M. E.. K. Wadu-Mesthrige, V. Hari, and G. Y. Liu.

different from its structure in the presence of lipids. Without 1997 Atomic force microscopic study of specific antigen/antibody bind-
lipids, MBP behaves like a polymer chain in a good solvent. ing. Langmuir.13:343-350.

When lipids are present, it adopts a more compact structur@ustamante, C., J. F. Marko, E. D. Siggia, and S. Smith. 1994. Entropic
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