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Advances in imaging and microscopy have driven many
discoveries in biology over the past century. Electron-micro-
scopy-based techniques (for example, freeze-fracture, freeze-
etching, and/or immunogold labeling!!l) have provided a
wealth of evidence that cell plasma membranes are organized
into structural and functional microdomains.” However,
these techniques are only applicable to fixed or frozen cells,
thereby precluding live imaging of functionally important
membrane structures in living cells. Lower-resolution optical
methods such as fluorescent-molecule video imaging® and
single-particle tracking of gold-conjugated ligands¥ have
been used successfully to follow the dynamics of specific
molecules in the plasma membrane of living cells. The
disadvantage of these tracking methods is that they require
labeling and hence do not image the relative position of the
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tagged reporter with respect to the A
surrounding proteins and other mem-
brane structures.

In contrast to the techniques
above, scanning probe microscopy
(SPM) does not require extensive
specimen preparation and potentially
could be used for high-resolution
imaging in living cells. The most
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developed version of these techni-
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ques, atomic force microscopy
(AFM), can image proteins on hard
substrates and has also been success-
fully applied for imaging living
cells,>®! but so far it has not been
possible to achieve molecular resolu-
tion on the surface of living cells. This
is due to difficulties in controlling the
probe-sample separation over the
soft and responsive cell surface. How-
ever, a special form of SPM, scanning
ion conductance microscopy (SICM),
originally developed by Hansma and
co-workers,”! has been successfully
adapted by us for living-cell imag-
ing

SICM is based on a scanned
nanopipette and uses the ion current
that flows between an electrode in
the pipette and a bath electrode for
feedback control of the pipette—
sample distance. This distance is
maintained at the pipette inner
radius during the scan, thereby allowing noncontact imaging
of the cell surface in physiological buffer with a resolution
determined by the pipette inner radius.””' Essentially there is
a hemisphere, with the same radius as the pipette inner radius,
centered at the pipette tip that senses the surface by reduction
in the flow of ion current. Unlike the situation in AFM, this
means that the sensing is both vertically under the pipette and
also laterally, thereby helping to prevent the pipette walls
from touching the cell surface.

Herein, we describe scanning that utilizes very narrow
quartz pipettes with an inner diameter of the tip of about
13 nm. The extremely small diameter of the pipettes, custom-
designed software, and enhanced mechanical stability of the
system have allowed us to improve the resolution of SICM®!
by an order of magnitude. We demonstrate this by imaging
individual proteins crystallized on a flat surface or protruding
at the external surface of the plasma membrane of a living cell
(spermatozoon), whilst maintaining the noncontact advant-
age of SICM. These advances have made it possible to directly
image protein complexes in the membrane of a living cell.

Figure 1 A shows a schematic diagram of the experimental
setup. The scanning nanopipette is mounted on a computer-
controlled piezo device that provides motion in the vertical
direction. The position of the pipette relative to the sample
strongly influences the ion current flowing through the
pipette; this is then measured by a current amplifier. The

3.4x133.4n

Angew. Chem. Int. Ed. 2006, 45, 22122216

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

0.00 nm

0.00 nm

133.4 x 133.4 nm

pipette’s vertical position is then readjusted by the computer
to maintain constant nanopipette tip-sample separation, at
approximately one pipette radius from the surface, by using
the amplified ion current as the feedback signal. The topo-
graphical image is generated by measuring the movements of
the pipette in the z direction, as the sample is raster-scanned
under the pipette in the x and y directions. A quantitative
analysis shows that the opening of an ion channel underneath
the pipette has a negligible effect on the topography
measured (see the Supporting Information).The apparent
outer diameter of the tip of the typical quartz nanopipette
used for SICM imaging was about 30 nm (including a 2.5-nm
platinum coating), as observed by scanning electron micro-
scopy (SEM; Figure 1A, inset). Assuming that the inner/
outer diameter ratio of the capillary template is preserved
during the pulling process, we estimate the inner diameter of
the quartz pipette tip to be about 12.5 nm.

The SICM resolution was determined by imaging a
monolayer of S-layer (cell surface layer) proteins from
Bacillus sphaericus CCM 2177 on a mica surface (Figure 1B).
The monolayer consists of identical 120-kDa protein subunits,
13.1 nm apart, arranged in a square lattice. Individual protein
molecules are clearly identifiable in the unprocessed SICM
image and we could also detect the occasional protein missing
from the array. Repeated scans of the sample gave identical
images, a result indicating that the nanopipette is not
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Figure 1. Verification of the SICM resolution by direct imaging of single proteins. A) Schematic diagram of
the high-resolution SICM experimental setup (I: ion-current amplifier; II: scanner control). For details see
text. The inset shows an SEM image of the tip of a typical nanopipette used for SICM imaging. B) A typical
raw SICM image of the S-layer protein of Bacillus sphaericus on a mica surface. C) S-layer protein width and
height distributions based on SICM measurements. D) Smaller-range SICM scan of the S-layer protein.

E) 2D FFT of the image in (D). F) FFT-filtered image produced from (D) by selecting nine pairs of spots in
the power spectrum in (E). The inset shows the correlation-averaged image of S-layer proteins calculated
from the FFT-filtered data.
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disrupting the protein layer. A statistical analysis of the width
and height of the proteins showed a narrow distribution of
widths centered at (13.19 £0.04) nm (Figure 1C). This is in
good agreement with previous measurements of 13.1 nm for
the S-layer protein lattice spacing.!"'” The pipette is too wide
to enter the holes in the lattice and hence it can only record
the tops of the protein subunits, thereby measuring a height
change of (1.058 & 0.013) nm.['!

A higher-resolution unprocessed SICM image is shown in
Figure 1D and a computed two-dimensional fast Fourier
transform (FFT) of this image is shown in Figure 1 E. The
dashed-line quarter circles mark spatial frequencies corre-
sponding to 12, 6, and 3 nm resolution, respectively. The
spatial frequency at which it is still possible to see distinct
features can be used to estimate the SICM resolution. Since
there are discrete spots between the 3 and 6 nm rings this
indicates that the lateral resolution is 3-6 nm. After FFT
filtering (Figure 1F) and correlation averaging (Figure 1F,
inset), it is possible to also identify some structural features of
individual S-layer proteins. Similar triangular structures have
been observed in processed AFM images by Wetzer et al.l'’!

Having established that the technique has sufficient
resolution to image individual protein molecules, we then
applied it to the plasma membrane of a living specialized cell,
a boar spermatozoon. Spermatozoa were chosen as an
example of a highly polarized cell whose plasma membrane
is compartmentalized into functionally and topographically
different domains, known as the anterior acrosome, equato-
rial segment, equatorial subsegment, postacrosome, midpiece,
and principal piece.' In order to first characterize the

specimen by a proven technique, an SEM image of the
equatorial segment of a boar spermatozoon, after a sponta-
neous acrosome reaction in physiological buffer, was taken,
along with a high-resolution image of the subsegment (see the
Supporting Information).

Figure 2 A shows an SICM image of the head and anterior
midpiece of a living boar spermatozoon that has initiated a
spontaneous acrosome reaction in physiological buffer. The
boxed area in Figure 2A, shown at higher resolution in
Figure 2B, corresponds to the equatorial segment and its
contained subsegment. SICM images at this resolution are
similar to SEM and AFM images and reveal protrusions of
similar size. The topographical features shown were not
observed in non-acrosome-reacted spermatozoa (Figure 2 C),
a result that is in good agreement with the fact that the
equatorial segment only becomes fusogenic after the acro-
some reaction when new antigenic epitopes appear as a result
of membrane reorganization.'>'! At higher resolution, how-
ever, on the acrosome-reacted sperm, these protrusions
appear as small projecting particles (Figure 2D). There are
stable regions that are clearly identifiable in the two scans
taken 10 min apart (Figure 2D, examples highlighted with
dashed lines).

Analysis of the distribution of the width (Figure 2E) and
height (Figure 2F) of the particles revealed two populations.
The diameter of the small particles was ~14 nm and of the
large particles was =30 nm (Figure 2E). The heterogeneous
nature of the particles is reflected in the frequency distribu-
tion of their heights (Figure 2F). The densities of the small
and large complexes were 380 and 220 per pum?, respectively.
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Figure 2. Changes in the organization of protein complexes on the surface of living spermatazoa imaged by SICM. A) Low-resolution SICM image
of a boar spermatozoon undergoing a spontaneous acrosome reaction. B) A higher-resolution image of the equatorial segment (EqS) region of
the sperm marked in (A) reveals flat and more convoluted areas (subsegments) of the membrane. C) A low-resolution SICM image of a boar
spermatozoon prior to the spontaneous acrosome reaction reveals a featureless surface. D) Two consecutive images of the area boxed in (B)
recorded 10 min apart. The distribution of E) the widths and F) the heights of individual proteins calculated from various SICM topographical

images.
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The particles that we have imaged here are reminiscent of
the intramembranous particles (IMPs) described in freeze-
fracture studies of boar sperm plasma membranes.''¥! Two
types of IMPs, ~8 nm and > 10 nm in diameter, were present
on both the protoplasmic (P) and external (E) faces of the
bilayer and were most numerous over the anterior acrosomal
and equatorial segment domains. The densities of the smaller
and larger IMPs were 670 and 270 per um? respectively,
values that are close to the coverage of the proteins estimated
by our SICM measurements. IMPs are generally thought to
represent transmembrane proteins or protein complexes.!’
Many have been identified as ion channels (for example, the
band 3 anion transporter in erythrocytes®) or multisubunit
receptors (for example, acetylcholine receptors®?l) and found
to interact with the cytoskeleton. In this respect, it may be
significant that voltage-dependent Ca’* ion channels and
actin have been localized to the equatorial segment of boar
and human sperm.*%! On the basis of their size, density, and
distribution, it is likely that most of the features shown in
Figure 2D are the topographical images of the external
portions of proteins or protein complexes. The differences in
size of the IMPs detected by freeze-fracture studies!'” and the
proteins seen in the SICM images may reflect the effects of
fixation or instrumentation, or both, while the differences in
density could be due to the fact that some IMPs do not extend
a sufficient distance beyond the outer leaflet of the bilayer to
be detectable in the SICM image.
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Figure 3 A presents topographical images, taken 10 min
apart, of an area of membrane where the vast majority of
proteins are stable and only two small areas exhibit aggrega-
tion (marked with dashed lines). To facilitate visualization of
these changes, artificial color was applied to both images, the
early one in red and the later image in green. In the overlay
image (Figure 3B), yellow color appears in those places
where the position and shape of the proteins did not change.
Figure 3C and D show areas with fewer stable proteins and
provide examples of what appear to be structural (large
circle) and orientational (small circle) changes. In Figure 3E
and F, lateral shift of a relatively large horseshoe-shaped
protein complex (top left, uncircled) is apparent, along with
evidence for disassembly (top-right circle) and appearance
de novo of other components or fast diffusion (central circle).
Note that the majority of proteins remained largely
unchanged (yellow color in the overlay images), a result
indicating that the illustrated dynamics are not a measure-
ment artifact. Also, in control experiments in which sperma-
tozoa were fixed in 4 % formaldehyde, no structural changes
or rearrangements were observed over a similar timeframe
(data not shown).

Thus, by imaging a living spermatozoon at different time
intervals, we have found that some proteins are remarkably
stable in position, possibly because they are anchored to the
cytoskeleton which permits only reorientation and structural
changes. Other proteins disappear from or appear on the
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Figure 3. Direct imaging by SICM of the dynamics of single proteins and protein complexes in the membrane overlying the equatorial subsegment
(representative zoomed images from Figure 2 D). For details of what is shown in A-F, see text.
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external surface of the membrane, thereby suggesting
removal, insertion, or very fast diffusion® that is beyond
the current temporal resolution of SICM. Immobile mem-
brane proteins have been postulated as diffusion barriers on
cell surfaces.”) Our measurements provide evidence for these
immobile proteins. These experiments demonstrate that
SICM can follow changes in the structure of the surface of
living cells at the resolution of individual protein complexes.
There is a trade-off between scan speed and image quality in
these experiments; hence, imaging of smaller regions and
improvements such as modulation at higher frequency should
allow faster events to be imaged.

In summary, we have shown that SICM can be performed
at a sufficient resolution on living cells to image fixed or
slowly diffusing individual protein complexes in the plasma
membrane and to follow their reorganization over time. In
general such proteins are likely to be present on highly
structured cells where specific functions are associated with
particular specialized regions or domains. The capability to
image living cells at a resolution sufficient for the identifica-
tion of protein complexes, directly and without labeling,
opens up a wealth of new possibilities in membrane biology,
such as the spatial mapping of slowly diffusing proteins (for
example, ion channels) and the direct imaging of the
organization of microdomains or diffusion barriers.
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