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FIGURE 7.8 Images taken at the same location as those in Figure 7.7 a short time later. The normal
force was decreased from about 1 nN (bottom) until the tip retracted from the surface (top). Note
that in the central part of the image (Iow normal force) the tip does not scan in contact with the lipid
domain and the substrate, but about 2.5 nm over the substrate and 4 nm over the lipid domain.
Image size is 1.5 X 1.5,um2; the gray-scale corresponds to a corrugation of about 20 nm (A) and a
lateral force of about 30 nN (B).
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The complicance term ked] from the electrical double-layer interaction is positive.
From the measured values Fo and d we obtain ked](z) = 0.3 e-z/d nN. The com­
pliance term !4dw from the van der Waals interaction is negative (see the Appen­
dix for sign convention) and may produce an instability if the van der Waals
interaction is strong enough. The Hamaker constants across water between the
tip (Si3N,,) and the different materials in our experiment are Amica = 4.1 . to-20 j,
~rotein = 3.6 . to-20 j, and Alipid = 2.1 . to-20 J. Assuming a typical curvature
radius of 100 nm for the tip, we obtain from Eq. 7.1 a compliance kydW =
-0.2 nN/nm at a distance z = 2.0 nm over the mica substrate. At the same
distance ked] = +0.1 nN/nm, and, since the compliance of the cantilever was
0.2 nN/nm, it seems reasonable that the unstable point was about 2 nm over the
surface. Since the Hamaker constant ~rotein is only slightly lower than Amica , the
unstable point over the protein phase should also be at a height of about 2 nm.
However, experimentally we obtain a value of about 1 om. We attribute this to
an additional interaction, probably due to steric repulsion from the sugar trees
on the proteins.

The interpretation of the instabilities in the topographic images is somewhat
different. These images were taken at constant force with the feedback set to
repulsive imaging mode; therefore instability will occur whenever k.urface < 0 (see
Appendix). We therefore conclude that krurface is negative below 2.5 nm over the
mica substrate and below 4 nm over the lipid phase.

We think that we qualitatively understand the main features of the tip-sam­
ple interaction. However, further measurements with higher precision are
needed for quantitative results.

7.6.3 Friction

Figures 7.7 and 7.8 show a set of topography and lateral force images. For each
pair, topography and lateral force were measured simultaneously; Figure 7.7 was
taken with a force of 2.5 nN, and shortly thereafter Figure 7.8 was taken while
the imaging force was slowly reduced from 1 nN until the tip released from the
surface. The most evident feature in the lateral force images was the inhomoge­
neity of the substrate. The lateral force was low on the fragment as well as on the
debris that partly covered the substrate. This can be seen directly in Figure 7.8:
After the tip retracted from the substrate, no lateral force acted on the canti­
lever; therefore, this grey level of the image corresponded to zero lateral force.
Analyzing the data in Figure 7.7, we found lateral forces ranging from 40 to
25 nN on the dark regions of the substrate and about 3 nN on the protein phase
of the membrane fragments. Within our detection limit (about 1 nN for lateral
forces) we could not detect any lateral forces on the lipid phase of the membrane
fragment. Vanishing lateral forces have been observed also on some areas of the
protein phase. This is probably due to soft adsorbed material. When the force
normal to the surface was below 1 nN, we found lateral forces between 20 and
30 nN on the mica substrate and lateral forces below 1 nN on the membrane
fragment.
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Some of the bright structures on the substrate also appeared in the topo­
graphic images and showed a corrugation between 2 and 4 nm; therefore, we
think that these structures were composed of lipid debris from preparation.
Comparing Figures 7.7 and 7.8, we found that these structures were moved by
the scanning motion of the tip.

On the one hand, lateral forces on the mica substrate were surprisingly high
compared with the low imaging force. Under standard conditions the force
normal to the surface did not exceed 5 nN, even if the additional adhesion force
was taken into consideration. Therefore lateral forces on the substrate are higher
at least by a factor of four. On the other hand, the lateral forces on the lipid
phase are very small. This might be due to the fact that the lipid bilayer is a
two-dimensional liquid. While the lipids exposed to the mica substrate are
presumably bound, the lipid molecules facing the buffer may move freely across
the lipid phase of the membrane fragments. The lateral force on the tip is then
produced by the viscosity of the two-dimensional lipid phase and is considerably
smaller than conventional friction. Since SFFM is a very new field, no additional
data of SFFM in electrolytes are available for comparison.

7.6.4 Comparison of Preparations

A goal of the investigation of Na,K-ATPase - containing membrane fragments is
the determination of the protein shape as a function of external parameters.
Therefore, it is necessary to optimize the conditions for the membrane prepara­
tions to obtain the highest possible resolution. In the hitherto performed investi­
gations we focused our interest on crystalline preparations, since they are easier
to identify under nonoptimum circumstances. In the following section, the
effects of different preparations on the image performance are presented.

Figure 7.9 shows part of a freshly crystallized fragment imaged in standard
buffer containing 1 mM Mg2+ and 5 mM phosphate, pH 7.2. The size of the
scanned area was 250 X 250 nm2 and the dimensions of the unit cell of the
two-dimensional crystals were 8 X 10 mn2, with an angle of about 75 0 between
the rows. This angle compares reasonably well with the findings of Mohraz et al.
(1985). The buckling of the fragment in the upper right corner of the image was
caused by underlying debris adsorbed to the mica.

In Figure 7.lOA a similar fragment that had been imaged in distilled water
(scanned area 400 X 400 nm2) is shown. The lack of phosphate and Mg2+ made
the crystals instable, which gave rise to a larger distance of about 15 nm between
the protein rows. After replacing distilled water with standard buffer it was not
possible to resolve regular structures on the same fragments. This indicated that
the divalent cations were of crucial importance for the interaction between tip
and sample. If divalent ions are not necessary to maintain proper conditions for
the protein, they should be removed for the sake of higher resolution.

Fragments that have not been treated with phospholipase exhibited no
crystalline features on their surface in standard buffer. Na,K-ATPase could be
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FIGURE 7.9 Scanning force microscopy image of membrane fragments containing crystallized
Na,K-ATPase in buffer containing 1 mM Mg2+ and 5 mM phosphate, pH 7.2. The size of the
scanned area is 300 X 300 nm2, and the dimensions of the unit cell of the two dimensional crystals
were 8 X 10 nm2, with an angle of 75° between the rows. These structures are interpreted as dimers
of the Na,K-ATPase in accordance with Mohraz et al. (1985). The buckling of the fragment in the
upper right corner of the image has been caused by underlying debris adsorbed to the mica.

detected as single bumps in an almost smooth surface. These fragments were very
susceptible to imaging force~. However, when kept in buffers containing 10 mM
Ca2+, surface structures could be detected that were stable against the scanning
process. As presented in Figure 7.lOB, the fragment had domains showing some
order; the distance between the rows was about 15 nm. This finding indicated
that the phase separation and/or transition of lipids induced by divalent cations
seemed to be more significant for structural features than the imaging forces.
Another intriguing effect can be seen from Figure 7.lOB. The fragments in this
experiment were taken from a sample that had been frozen for a couple of weeks
at -74°C and then thawed before use. Almost all fragments exhibited irregular
shapes such as invaginations and holes. We attribute these structural artifacts to
the growth of ice crystals during the freezing process. Therefore, we normally
used only freshly isolated membrane preparations.

Storage of crystallized membrane fragments in buffer at 4°C for 1 week
reduced the image quality. Figure 7.11A shows part of a fragment taken from
such a preparation. To enhance the image quality by reducing the debris, the



FIGURE 7.10 Comparison of influences of different buffer conditions on the SFM images taken
from membrane fragments containing Na,K-ATPase. A: Crystallized protein structures scanned in
distilled water. The lack of phosphate and Mg2+ ions induces the disappearance of the crystalline
structure with time. Early effects of this process is an increase of the size of the unit c~lI (10 X
15 nm2). The size of the scanned area is 400 X 400 nm2• B: Membrane fragments stored and scanned
in buffer containing 10 mM Ca2+ ions, which induce a kind of order in the protein domains of the
membrane fragment. The tom appearance of the fragment at the upper right part was found rather
frequently in this frozen and thawed preparation. The size of the scanned area is 300 X 300 nm2 •
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membrane-containing solution was centrifuged and resuspended before scan­
ning. In spite of this treatment, the crystalline structure was obscured by an
adhering film of soft material. No crystalline structure was resolved at normal
interaction forces (1 nN); at higher forces the crystal structure could be revealed,
but was altered. Rescanning of the same area resulted in different structures. The
rows had a horizontal distance of 12 nm and a vertical distance of 11 nm (size of
the scanned area was 300 X 300 nm2). Compared with an image from freshly
prepared crystals, as shown in Figure 7.9, it is obvious that storage should be
avoided to maintain high resolution.

Removing sugar residues from the extracellular face of the protein by
neuraminidase treatment yielded crystals with enhanced contrast. Figure 7.11B
shows a (partially) deglycosylated fragment imaged with an average tip in Tris
buffer containing 4 mM phosphate and 1 mM Mg2+. The rows have a horizontal
distance of 11 nm and a vertical distance of 12 nm (size of the scanned area was
370 X 340 nm2). Even in a preparation that had been stored for more than 1
week and that contained much debris, nearly each fragment showed regular
patterns at a higher contrast than in a comparable preparation as presented in
Figure 7.11A. Apparently the debris adhered less readily to crystals without the
sugar tree containing neuraminic acid.

7.7 OUTLOOK

In SFM, image quality is determined by the mechanical properties of the sample,
by the tip-sample interaction, and by the geometry of the tip. The ionic strength
is a fundamental parameter for the total surface potential, since it determines the
strength and the range of the electrical double-layer interaction. By appropriate
choice of the ionic strength and the surface charge, the tip-sample interaction
can be minimized. Experimentally, the charge density on tip and sample can be
controlled in an electrochemical cell. Further experiments are needed to achieve
a better understanding and control of the processes governing tip-sample inter­
actions. These experiments should finally lead to improved imaging conditions.

Buffer composition, especially ionic strength, may affect tip-sample interac­
tion, as well as the physical properties of biomembranes, and thereby influence
image quality. In principle, SFM-related techniques such as force versus distance
curves, SFFM, and local stiffness measurements can determine whether the
effect on image quality is produced by changes in tip-sample interactions or by
modifications of the properties of membrane fragments. Moreover, we think
that these techniques will open new possibilities for locally characterizing the
biomembrane - buffer interface.

The interaction between tip and sample increases linearly with the tadius of
the tip (Eq. 7.1). Therefore sharper tips will not only increase the accessibility of
narrow corrugations but also lower imaging forces. Moreover, a substantial
reduction of the imaging forces should reduce sample damage. To resolve
crystals of Na,K-ATPase with a standard tip, imaging forces are necessary that
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are in the range of forces that are able to destroy the crystal structure. Tips with
a curvature radius of 10 nm have become available and open the opportunity to
improve resolution at lower forces.

Further enhancement of resolution should be achieved by cooling the mem­
brane fragments or cross-linking the proteins (on cost of their functionality).
Finally, image processing by averaging a large number of scans of the same area
will increase the signal-ta-noise ratio, which is rather high in our images. If we
can prove that the sample is not changed appreciably by the imaging forces, SFM
and SFFM will yield a realistic image of the surface of Na,K-ATPase-containing
membrane fragments. Our goal is to enhance the resolution to be able to
distinguish between the El and E2 conformations, which may lead to a better
understanding of the structure - function relation of the pump.

We hope that these investigations on Na,K-ATPase may provide basic
knowledge in the application of SFM and SFFM to other membrane-bound
proteins.

APPENDIX: MODEL OF THE TIP-SAMPLE INTERACTION

The interaction between tip and surface can be modeled as follows (see Fig.
7.12). The surface potential as well as the harmonic potential from the cantilever
act on the tip; therefore the effective potential is

c
VeIf(z, ~) = V(z) +2(~ - Z)2, (7.2)

where z is the tip-sample distance, ~ the distance between the sample and the
base of the cantilever, V(z) is the surface potential, and c is the compliance of the
cantilever. For a fixed distance ~, the net force on the tip has to vanish:

aVeIf av
- F = a;- (z, ~) = iJz (z) - c(~ - z) = 0 => Zeq(~). (7.3)

This is an implicit equation for the equilibrium distance Zeq and is a function of ~
If this is to be a stable point, the compliance (i.e., curvature) of this effective

FIGURE 7.11 Influence of different treatments of membrane fragments containing Na,K-ATPase on
the SFM images. A: Influence of the storage duration of crystallized membrane fragments in buffer.
The image was taken after 1 week in standard buffer at 4°C. At image forces as applied in Figure 7.9
no surface structure could be resolved. When increased to forces in the range of 10 nN u'nit cells of
the size of 11 X 12 nmI have been observed. The size of the scanned area is 300 X 300 nmI . B:
Influence of sugar removal from the extracellular face of the protein by neuraminidase treatment.
Although this preparation has been stored also for 1 week at 4°C, the crystal1ine structure could be
obtained clearly (the size of unit cells: 11 X 12 nmI ). The size of the scanned area is 370 X 340 nmI .
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z::, V(z)

FIGURE 7.12 Schematic model of an SFM setup: The tip is influenced by the hannonic potential of
the cantilever, ell d2 and by the surface potential V(z). The distance A between the sample and the
base of the cantilever is set experimentally. For each distance A, the tip-sample distance z and the
cantilever deflection d = A-z adjusts itself such that the total force on the tip is zero.

potential has to be positive:

iPVc/f <J2V
kc/f=~ (z, ~) = dZ2 (z) + c> O. (7.4)

For a logarithmic potential, V(z) = A • In(z), these equations can be solved
analytically as a model for an attractive potential:

c
Vc/f(z, ~) = A . In(z) + "2 (~ - z)2

A ~( ~A)-F =--c(~-z)=>z±(~)=-1 + I--
tot Z 2 - C~2

kc/f = - ~ + c> 0 => Zeq > fA = Zinst.
Z ~~

(7.5)

It can be shown that only the positive root z+ leads to a stable point. At a
distance less than Zinst the tip jumps toward the surface without finding a stable
point. For a physical potential with a long-range attractive and a short-range
repulsive interaction, the tip reaches a stable point on the surface. In this case the
minimum compliance kmin = <J2V/dZ2 of the potential V(z) does not exceed some
finite value, and no unstable point occurs for cantilevers with Ikminl<c. For softer
cantilevers the lever jumps and a hysteresis is observed in the F(~) curve. In this
case, Eq. 7.3 yields three physical meaningful equilibrium distances: Zt, Z2, and
Z3' The first two correspond to z± as described above, while Z3 corresponds to
the stable position on the surface.

We should note that, apart from the physical instability described above,
another type of instability might occur if images are obtained as usual with a
feedback loop. The sign of the feedback has to be set either for the attractive
mode (kruri < 0) or for the repulsive mode (kruri > 0). In the first case, the
feedback has to approach the tip toward the sample if the cantilever is berlt away
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from the sample; in the repulsive mode, however, the tip has to be retracted if the
cantilever is bent away from the sample to reestablish the preset force. For a
positive slope of Ftip-umplc = -aYjaz, the feedback has to be set to attractive
mode and for a negative slope, to repulsive mode. To summarize, the tip will be
physically unstable if kourf < - c, whereas the feedback will be unstable if
ksurl < 0 when set to the repulsive mode.

From a measured F(~) curve, an F(z) curve is calculated as follows (Fig.
7.13A,B): After contact on a hard surface, the tip-sample distance is approxi­
mately zero and barely changes with increasing load. Therefore piezoelongation
and the cantilever deflection are equal. The F(~) curve asymptotically ap­
proaches a line; this line defines the position z = 0 (see Fig. 7.13). If force is
measured by the deflection d of the cantilever (which means that the vertical axis
of the force vs. distance curve has a length scale), then the tip-sample position z
corresponds to the horizontal distance between this linez_o and the F(~) curve:

(7.6)

with d(~) = F(~). Force versus distance curves F(z) are now obtained from the
c

measured F(~) data by rescaling the horizontal axis with the calculated z-position
according to

F(z) = c . d[z(~)]. (7.7)

Mathematically this is a (nonlinear) transformation of the vertical axis, which
shifts each point {~,F(~)} to {z(~),F[z(~)]}.An instability of the system leads to a
discontinuity in the F(~) curve. This discontinuity corresponds to some jumping
distance, and no F(z) data are obtained in this region (Fig. 7.13B).
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