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ABSTRACT Samples of supported planar lipid-protein membranes and actin filaments on mica were imaged by atomic force
microscopy (AFM). The samples were fully submerged in buffer at room temperature during imaging. Individual proteins
bound to the reconstituted membrane were distinguishable; some structural details could be resolved. Also,
surface-induced, self-assembling of actin filaments on mica could be observed. Monomeric subunits were imaged on
individual actin filaments. The filaments could be manipulated on or removed from the surface by the tip of the AFM. The
process of the decoupling of the filamentous network from the surface upon changing the ionic conditions was imaged in real

time.

INTRODUCTION

In recent years scanning probe microscopes have imaged
surface structures down to an atomic level (1-3). The
possibility of nondestructively imaging native, neither
stained nor decorated, surfaces opens applications in
functional as well as structural investigations of biologi-
cally relevant macromolecules (4). This paper (a) shows
that individual proteins and protein complexes can be
imaged with atomic force microscopy (AFM) down to a
resolution where even molecular details are visible under
physiological conditions of ionic strength and (b) demon-
strates the experimental boundary conditions within which
nondestructive imaging of proteins is possible now.

MATERIALS AND METHODS
Fab lipid

A proteolipid consisting of the antigen-binding fragment of a mono-
clonal antibody and a phospholipid was synthesized. In the following it
will be referred to as Fab lipid. The details of the preparation are given
clsewhere ( Egger et al., manuscript submitted for publication ). Briefly,
Fab'2 fragments of the monoclonal anti DNP antibody ANO02 (6),
prepared by standard methods, were selectively cleaved into monovalent
Fab' fragments by reduction with 20 mM dithiotreitol (DTT) at pH 4.5.
The freshly reduced Fab' fragments were immediately brought into
contact with lipid vesicles, prepared by ultrasonication, containing the
synthesized N-[4-maleimido]-benzoyl-DPPE spacerlipid. The coupling
reaction was performed for 6 h at 23°C. The conjugated proteolipid
vesicles were finally separated from unbound material by density
gradient centrifugation on metrizamide. The antigen-binding activity
was confirmed to be retained when reconstituted in a supported
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membrane (7). Al chemicals were purchased from Sigma Chemical Co.
(St. Louis, MO) unless otherwise indicated.

Supported planar membranes

A detailed description of the generation of supported planar membranes
from vesicles is given elsewhere (8). Briefly, a monolayer was allowed to
form at the air-water interface of the Fab lipid vesicle suspension and
separated from adherent vesicles. The isolated monolayer was com-
pressed in a home-built Langmuir trough (Heyn et al. manuscript
submitted for publication ) to 30 mN/m and transferred by horizontal
dipping onto a silanized quartz slide. The whole process was controlled
by fluorescence microscopy. Silanization of quartz slide with octadecyl-
trichlorosilane (OTS) was carried out as given in reference 10. The
contact angle of a progressing drop of water was measured to be 105°.

Actin

Freshly purified actin was a kind gift of M. Bdrmann. Details of the
isolation and purification are given elsewhere (11, 12). After sterile
filtration monomeric actin was stored in G-buffer (2 mM Tris-Cl [pH
7.5], 0.2 mM CaCl,, 0.5 mM DDT, and 0.2 mM adenosine 5'-
triphosphate [ATP]) on ice. The actin concentration was determined by
UV absorption at 290 nm (specific absorption: 0.65 cm?/mg). At a
concentration <1mg/ml, actin is known to stay in its monomeric state in
G-buffer (11). All experiments have been carried out within 1 wk after
isolation. The samples were diluted in G-buffer just before imaging.

Experimental setup

Our AFM has been described in detail in previous publications (3, 13-
15). A diamond tip attached to a microfabricated Si,N, cantilever (16)
was used to scan the sample surface. The cantilever is 100-um long and
has a spring constant of 0.9 N/m. Its deflection (when scanning the
sample surface) is measured by the deflection of a laser light beam
reflected off the back of the cantilever. Nanoscope feedback electronics
and software are used to keep this deflection constant (Digital Instru-
ments Inc., Santa Barbara, CA).
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RESULTS AND DISCUSSION

One of the major advantages of AFM is its ability to
image nonconducting samples in real time under physio-
logical conditions of ionic strength and temperature
making this technique ideally suited for imaging biologi-
cal samples. One major problem, however, is that these
samples are generally soft and flexible. Therefore the
molecules of interest must be immobilized at a solid
substrate. In our two cases this immobilization was done
either by chemically linking the molecule to a supported
lipid membrane or by electrostatic adhesion to the sub-
strate combined with lateral polymerization.

Membrane-bound protein

Most communicative processes that are relevant for the
function of cells occur at their plasma membrane. There-
fore the investigation of these membranes is of greatest
importance. Unfortunately, these membranes are two-
dimensional fluids. A native cell membrane will thus not
be rigid enough for molecular resolution when imaged
with the AFM. However, several techniques have been
developed in recent years to reconstitute and immobilize
protein-containing lipid membranes on solid supports
(17). Such systems have already been useful models for
the investigation of certain processes occurring on cell
membranes like molecular recognition (18). To study the
latter set of problems we have recently developed a
suitably designed lipid anchored receptor based on the
antigen-binding fragment (Fab) of a monoclonal anti-
body covalently linked to a phospholipid (5). For the
experiments reported here a monolayer of these molecules
together with excess phospholipid was allowed to form at
the air-water interface. The film was then compressed and
driven into a two-dimensional phase segregation resulting
in a protein rich phase embedded in an essentially pure
lipid phase. This film was then transferred by vertical
dipping onto an alkylated quartz slide resulting in an
asymmetric membrane with the lower monolayer being
chemically bound to the substrate.

Fig. 1 shows schematically the experimental setup used
for imaging and, grossly exaggerated in size, the molecu-
lar model of such a supported membrane containing our
Fab lipids. Fig. 2 a is an image of the membrane at low
magnification. At low applied force (<5 nN) longish
elevated surface structures were visible. The surface
structures were predominantly oriented perpendicular to
the fast scan direction. The image was stable for several
minutes of scanning. Only in areas where the proteins
were so dense that they were jammed into each other as in
Fig. 2 a, submolecular details were visible. In this case
four-leaved structures ~12 x 6 x 2 nm® (+15%) in size

Cantilever

2-Segment
Photodiode

FIGURE 1 In this schematic diagram of our AFM, laser light is focused
on a cantilever which reflects it toward a two-segment photodiode. The
photodiode senses the deflection of the cantilever by sensing the position
of the reflected beam. In operation, a feedback loop keeps the position of
the reflected beam and hence the force on the sample constant. Also
shown is a greatly magnified sketch of the type of sample that gave the
images in Fig. 2.

were observed (at about one-third of image size from the
right edge and one-third from the bottom). On areas
where the proteins were sparse, no submolecular structure
was resolved and the proteins appeared as blobs. Under
the same conditions no such surface structures could be
seen on a pure lipid membrane. It is well known that
antibodies are structured in domains (19) which have a
characteristic pattern of crossed beta-pleated sheets, a
structural feature which is conserved in a variety of
receptor molecules. This evolutionarily stable motive
might be reflected in the mechanical stability of the
molecule, too. It is therefore very likely that the four
leaves in Fig. 2 a represent individual immunoglobulin
domains of the Fab fragment. The apparent size of this
structure is ~30% bigger than expected. This is most
likely due to the fact that the image is a nonlinear
convolution of the real surface with the tip which leads to
an increase of the appearent lateral dimensions depending
on the tip shape (20). It is also possible that mechanical
deformations due to the tip/sample interaction lead to a
distortion of the image.

At a higher magnification and at somewhat higher
forces (on the order of 10~% N) the surface at the same
position showed a texture where row-like protrusions with
an average distance of ~0.4-0.5 nm were the dominant
pattern (Fig. 2 b). Under equivalent conditions the same
pattern could also be observed on a pure lipid membrane.
This pattern was stable for several minutes of scanning
but it disappeared upon increasing the force above 50 nN.
We know from lateral diffusion measurements (21) that
the lipids in this membrane are virtually immobile and in
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FIGURE2 AFM images of Fab fragments on a planar membrane. Quartz was used as substrate to support the membrane. The images were taken at
room temperature with the membrane submerged in Hepes buffer. (a) This image was recorded at low magnification showing the protein moiety of the
mixed membrane. The surface is crowded with structures which seem to be jammed into each other. The predominant motive is the four-leaved
structure outlined. Note that this surface structure was measured only at forces smaller than 5 nN (image size: 39.9 nm, height: ~2 nm). (b) This
image was recorded at a high magnification in the same area as above at a scanning force of 10 nN. The image was stable over minutes besides of a slow
lateral drift of the entire image (image size: 2.4 nm).
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FIGURE3 [Images of actin filaments formed on the surface of freshly cleaved mica by surface-induced polymerization. (a) This AFM image was
followed to appear after the mica surface was incubated with G-buffer containing monomeric actin. The filaments formed on the surface within <5
min. The force was always kept below 5 nN (image size: 454.5 nm, height: ~3.0 nm). (b) Same area as above but seen at a much higher magnification
showing an individual filament. Again the force was always kept below 5 nN (image size: 60.7 nm, height ~0.2 nm).
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FIGURE3 (c) Schematics of an actin filament assembled from its globulary subunits. Taken from reference 26. (d) TEM-image of actin filaments on
mica (image size: 100 nm). Actin was allowed to self-assemble on the freshly cleaved mica surface for 15 min. The sample was then rinsed with
deionized water, dried, and a platinum decorated carbon replica was made. For details see reference 29.

a solid phase. The predominant periodicity in such a
membrane is on the order of 0.4-0.5 nm, depending on the
tilt of the tightly packed hydrocarbon chains. It seems
therefore very likely that the surface structure shown in
Fig. 2 b represents the lipid moiety of our supported
membrane.

To understand the limits for the nondestructive imag-
ing of a supported membrane the following estimate
might be helpful. Provided the lipid is in its crystalline
state then the applied force from the tip would try to
squeeze the tightly packed hydrocarbon chains which
would eventually lead to a melting of the crystal. The
difference in thickness between a crystalline and a fluid
membrane is in the order of 10% (22). If we assume that
the lipid assembly would tolerate a 10% deformation as an
elastic load and above this limit it would melt, then one
can estimate the mechanical work per molecule and
compare it with the heat of melting known from calorime-
try (23). The force which is needed to melt one molecule is
then on the order of F(crit) ~ 30 kJ/(6.02 x 10% x 0.2
nm) =~ 0.3 nN. This value will be increased considerably
by the cooperativity (>100 units) of the fluid-solid phase
transition. Also due to a finite tip curvature the load will
be distributed over several molecules. This again will
reduce the effective force. This means that it is quite

plausible that nondestructive imaging of solid membranes
with forces <10 nN is possible.

Surface-induced polymerization of
actin filaments

Actin, the most abundant protein in vertebrates, is one of
the major components not only of the contractile elements
of muscles but also of the cytoskeleton (11). This intracel-
lular network of macromolecules maintains the shape and
internal organization of cells and is also responsible for
the motility of certain cells. It is obvious that for the
motility a dynamical structural rearrangement of this
network is required. The formation of certain structures
like stress fibers appears to be restricted to the vicinity of
the membrane, so that membrane properties might to
some extent be involved in the underlying regulatory
processes. This is one motivation to study the self-
assembly of actin filaments at interfaces.

Under certain conditions actin self-assembles in vitro to
form long filaments. We and others have shown that a
self-assembly of actin filaments may occur in the vicinity
of membranes under conditions where no polymerization
occurs in the bulk phase, provided that these membranes
are charged (23, 25). We have investigated this process
using mica as a substrate because mica is known to carry
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FIGURE4 (a) Before this image of actin filaments on mica was taken the magnification was increased and the surface was scanned with a tip force of
>30nN for some frames. Then the area was reexamined at low force and decreased magnification again, which showed a flat square area with no actin
in the middle of the picture. (image size: 748.0 nm, height: ~8.3 nm). (b) Same area as above but after 1M CaCl, was introduced and the surface has

been incubated for ~5 min (image size: 748.0 nm, height: ~10.4 nm).

1256 Biophysical Journal Volume 58 November 1990



a surface charge density comparable to the negatively
charged lipid membranes used in earlier studies (24).

Freshly cleaved mica was first imaged for calibrations
purposes. Then a solution of 1 ug/ml actin in G-buffer
was introduced. At scan rates of 40 lines per second (10 s
per image) the formation of actin filaments at the surface
was monitored. We did not observe the growth of individ-
ual filaments; they just appeared and the surface coverage
became denser and denser. Fig. 3 a shows the surface ~5
min after incubation at low magnification. The surface is
covered with thin filaments that in some cases exceed in
length the field of view. Some of the filaments seem to
cross over others. It is worth noting that the filaments are
predominantly oriented perpendicular to the fast scan-
ning direction. This was found to be true in several
experiments of the same type. As long as the scanning
force did not exceed 5 nN this image was found to be
stable. Only minor rearrangements occurred. At a higher
magnification individual filaments were scanned. The
resulting image is given in Fig. 3 b. It shows blobs of ~5
nm in diameter arranged in a zigzag pattern. This
structure is consistent with the generally accepted model
of actin filaments (26) (see Fig. 3 ¢). Structural details of
the filament are distinguishable. Only lowpass filtering
was used in image processing. The surface-induced actin
polymerization was also confirmed in a parallel experi-
ment, where the filaments were imaged with Transmis-
sion Electron Microscopy (TEM) (see Fig. 3 d).

It is important to note that the actin layer which has
formed at the surface is structured. So it is clearly not an
adsorption process of monomeric actin molecules but a
surface-induced polymerization process resulting finally
in a dense surface layer of filaments. Whether or not this
process plays any direct role in the structural reorganiza-
tion of cytoskeletal networks cannot be deduced from
these experiments, but these data show at least that there
is a simple mechanism which could provide the formation
of structures similar to those found in real cells. It is
known that the formation of a seed of three monomeric
subunits is the rate-limiting step for the actin polymeriza-
tion (30). So it is highly probable that if there is an
attractive interaction between the surface and actin, the
actual concentration at the surface is increased and so the
probability for the formation of a seed is increased. In
addition the nucleation could also be promoted by the
restricted mobility at the surface as well as orientational
effects. This would be the simplest explanation of such a
surface-driven polymerization.

To check the strength of the interaction of the actin
filaments with the mica substrate the applied force was
increased up to >30 nN in a smaller part of the field of
view. By means of this it was possible to compare altered
and unaltered areas in one scan by zooming out again at
low applied force. The surface appeared as if the mole-

cules would have been moved laterally and jammed into
the surface layer of the unscanned areas (Fig.4a). A
scan in the area where the molecules had been removed
showed the typical structure of mica. It would be desir-
able to be able to quantitate the applied shear stress and
compare it with known elastic properties of actin fila-
ments (28) but unfortunately the curvature radius of the
diamond tips are not known at present. Microfabricated
cantilevers carrying integrated tips (these cantilevers and
tips were developed by T. R. Albrecht and C. F. Quate
and are now sold by Park Scientific Instruments, Moun-
tain View, CA) will help to overcome this limitation. Thus
future work may give quantitative information about
mechanical properties of the filaments as well as about the
interaction with various substrates.

From other experiments it is known that no such
surface-induced polymerization occurs on membranes
formed from neutral lipids such as lecithins (24, 25). It
seems therefore likely that Coulomb interaction of actin
with the charged mica surface is the major contribution to
the effects shown above. To test for this hypothesis the
ionic strength of the medium and thus the Debey length
was altered. In a first step the ionic strength was drasti-
cally reduced by flushing with deionized water. In a bulk
actin gel this leads to a depolymerization of the filaments,
whereas in our case no disintegration of the filaments
could be observed. An increase of the ionic strength,
however, resulted in a degradation of the filaments
(Fig. 4 b). Molecule clusters formed, which after some
minutes disappeared from the surface, leaving behind a
clean mica surface. We think that surface-induced poly-
merization of the actin filaments is promoted by a charge
interaction of actin with the mica surface. This interac-
tion could be shielded drastically by the high ionic
strength which eventually led to a lift off from the surface.

CONCLUDING REMARKS

The AFM images of proteins in this report demonstrate
clearly the enormous potential of this technique for the
investigation of proteins in their functional environment.
They also demonstrate the limits imposed by the AFM;
the applied force involved in the imaging requires that the
protein be immobilized at a solid surface. For Fab
fragments this was accomplished by covalently binding to
a lipid membrane. Proteins immobilized on lipid mem-
branes can retain their functionality and still are re-
stricted enough in their mobility to allow submolecular
resolution using an AFM. Nevertheless an increase of the
applied force to above 10 nN pushed aside the proteins;
only the underlying membrane was then visible. The
immobilization of the protein actin was accomplished
with the much weaker Coulomb interaction to the surface
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but was accompanied by a lateral polymerization. Again
a force limitation for nondestructive imaging was found
and convincingly demonstrated. This value is at the
present very close to the technically practical minimal
force. Advances in cantilever fabrication to allow lower
forces together with the development of sample prepara-
tion techniques specifically for AFM studies will open up
a wealth of applications in biology and medicine.
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