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Abstract The atomic force microscope acquires topo-
graphs of single native membrane proteins at subna-
nometer resolution. Owing to the high signal-to-noise
ratio, such images allow the conformational space
of membrane protein surfaces to be sampled. This is
demonstrated by topographs of porin OmpF, aquapo-
rin-Z, and bacteriorhodopsin, all recorded at a lateral
resolution of <7 Å and a vertical resolution of �1 Å.
The amplitudes of the domain movements were esti-
mated from a large number of single molecule topo-
graphs and the corresponding energy landscapes
calculated. To visualize the motion of protein domains,
movies were generated by similarity ranking of the
observed protein configurations. Electronic supplemen-
tary material to this paper can be obtained by using the
Springer Link server located at http://dx.doi.org/10.1007/
s00249-001-0197-8.
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Abbreviations AFM: atomic force microscopy Æ AqpZ:
aquaporin-Z Æ bR: bacteriorhodopsin Æ EM: electron
microscopy Æ FWHM: full width half maximum Æ OmpF:
outer membrane protein F Æ SD: standard deviation

Introduction

The atomic force microscope (AFM) (Binnig et al. 1986)
allows surface topographs of protein complexes to be
acquired under native conditions at a resolution of
5–10 Å (Schabert et al. 1995; Mou et al. 1996; Miles
1997; Czajkowsky and Shao 1998; Scheuring et al. 1999;
Seelert et al. 2000). In order to achieve high resolution,
the pH and ionic strength of the buffer solution should
be adjusted to balance the van der Waals and electro-
static interactions between the tip and sample, resulting
in net sample loading forces of 100 pN (Müller et al.
1999b). The quality of such topographs has been
assessed by comparison with 3D structures from X-ray
and electron crystallography (Karrasch et al. 1994;
Schabert et al. 1995; Müller and Engel 1999; Müller et al.
2000; Scheuring et al. 2000). Accordingly, the AFM
allows polypeptide loops connecting transmembrane
a-helices or antiparallel b-strands of membrane proteins
to be identified (Scheuring et al. 1999; Müller et al. 2000).

To corroborate loop assignments, the volume of
surface protruding structures can be compared to to-
pology predictions (Scheuring et al. 1999, 2001). Owing
to the high signal-to-noise ratio of topographs, the sto-
ichiometry of oligomeric complexes can be determined
from unprocessed images (Mou et al. 1995; Reviakine
et al. 1998; Czajkowsky et al. 1999; Seelert et al. 2000;
Scheuring et al. 2001; Stahlberg et al. 2001) and defects
of individual molecules visualized (Müller et al. 1999a).

Here we examine large numbers of topographs of
individual membrane protein oligomers recorded with
an AFM under physiological conditions [outer mem-
brane protein F (OmpF); aquaporin-Z (AqpZ); bacte-
riorhodopsin (bR) (�200 pN and �100 pN)]. Standard
image processing algorithms demonstrate that these
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topographs contain surface contour information at a
lateral resolution of <7 Å and a vertical resolution of
�1 Å. The positions of surface protruding domains of
each particle were determined; from the resulting posi-
tion, probability maps and energy landscapes were cal-
culated. Finally, the particles were aligned and ordered
by their similarity and merged into movies (http://
www.mih.unibas.ch/movies.html). Since the number of
surface features is low (�10) and the number of indi-
vidual images high, the smoothly moving movies rep-
resent a random walk through the possible surface
conformations and thereby a sampling of the surface
conformation energy landscape.

Materials and methods

Sample preparation

2D crystals of AqpZ and OmpF were grown by dialysis of protein-
lipid-detergent mixtures (Hoenger et al. 1990; Ringler et al. 1999).
Before AFM imaging, samples were checked by negative stain
electron microscopy for their crystallinity and by gel electropho-
resis for their purity. Purple membranes were prepared as described
(Oesterhelt and Stoeckenius 1974).

Atomic force microscopy

Mica prepared as described (Schabert and Engel 1994) was used as
support. High-resolution topographs were acquired in buffer so-
lution (Müller and Engel 1999; Müller et al. 1999c; Scheuring et al.
1999), where the pH and ionic strength of the recording buffers
were adjusted to achieve high resolution (Müller et al. 1999b). All
buffers were prepared using nanopure water (18 MW/cm) and
analytical grade chemicals. Imaging was performed with a com-
mercial Nanoscope III AFM (Digital Instruments, Santa Barbara,
Calif., USA) equipped with a 120 lm scanner (J-scanner) and ox-
ide-sharpened pyramidal Si3N4 tips mounted on triangular 100-lm-
long cantilevers (k=0.09 N/m) (Olympus, Tokyo, Japan). The
AFM was operated in contact mode applying minimal forces
(100 pN, unless specified) at a scan frequency of 4–6 Hz. The
pixel size was 2.4–3.4 Å.

Image processing

Topographs of individual proteins were aligned using the SEM-
PER image processing system (Saxton et al. 1979). To assess the
resolution, phase residuals and spectral signal-to-noise (Unser et al.
1987) were calculated by comparing two independent averages
from aligned single molecule images.

The position r of each protrusion peak was determined within
a search radius equal to the resolution limit. We have then
extracted the probability distributions pd (r) that the protrusion
peak of domain d is at position r. Because of the thermal motion
of the domains, each domain configuration with energy E is
realized with a probability proportional to the Boltzmann factor.
However, there might be several domain configurations that have
a protrusion peak at the same position. Then, the probability
distribution pd (r) is proportional to the partition function
ZðrÞ ¼

P
expf�E=kTg, where the sum is taken over all domain

configurations with peak position r (note that we take r as a
thermodynamic parameter). Thus, the (effective) free energy can
be calculated by Fd ¼ �kT ln pdðrÞ, which represents the energy
landscape within which the domains are moving. Here, we have
assumed that the probability distributions pd of different domains
are uncorrelated, i.e., that the individual loops move indepen-
dently from each other.

To generate the protein motion movie, the average image was
used as a first reference (and first frame in the movie) and cross-
correlated with all particles. The particle image with the highest
cross-correlation value was labeled particle 1 (second frame in the
movie), and was used as the new reference to select particle 2 (third
frame in the movie) which shows the highest similarity to particle 1
from the rest of the molecules. This was repeated to similarity rank
all particle images to produce Quicktime movies using Quick-
timePro (http://www.quicktime.com). We have analyzed the posi-
tions within the similarity ranking of the same particle in
subsequent AFM scans, recorded in time steps of 1.5 min. The
average distance and its standard deviation (SD) of the particle
positions indicate a random distribution. Thus, there is no time-
correlation of the domain configurations in subsequent scans, i.e.,
the protein motion cannot be resolved. However, this limitation is
overcome by reconstructing a motion sequence by similarity
ranking.

All images displayed were rendered as 15� tilted surface
representations using the Image SXM program (Steve Barrett,
http://reg.ssci.liv.ac.uk/).

Results and discussion

Highly ordered 2D crystals of OmpF, AqpZ, and bR
were firmly attached to atomically flat mica surfaces
through physisorption (Müller et al. 1995b; Schabert
et al. 1995; Müller and Engel 1999; Scheuring et al.
1999). After adsorption, the forces between the biolog-
ical membranes and the AFM tip were electrostatically
balanced by adjustment of pH and ionic strength of the
buffer solution to achieve minimal sample loading
(Müller and Engel 1999; Müller et al. 1999c; Scheuring
et al. 1999).

The topograph quality was assessed by calculating
the phase residual and the spectral signal-to-noise ratio
(Schabert and Engel 1994). Unprocessed topographs
recorded from OmpF, AqpZ, and bR (Figs. 1a, 2a, 3a,
b) are essentially ‘‘noise-free’’, and thus allow features of
individual particles to be resolved to better than 7 Å
lateral resolution, as indicated by different resolution
criteria (Figs. 1b, c, 2b, c, 3c, d). From such AFM im-
ages, typically 1500 high-resolution topographs of single
oligomers were extracted, aligned, and ordered (see
Materials and methods). We have analyzed these topo-
graphs by calculating averages, SD maps, and by de-
veloping and applying two new methods. Firstly, we
extract the probability distribution of the protrusion
peaks. This allows us to gain further statistical infor-
mation about the domain configuration, which is not
accessible in SD maps. Further, the thermal motion of
the protein probes its configuration space which allows
the free energy landscape of the domains to be extracted.
Secondly, we reconstruct the motion of the proteins by
similarity ranking of individual configurations. Analysis
of time sequences resulting from multiple scans of
identical areas demonstrates that identical particles are
randomly positioned in similarity ranked particle se-
quences. Hence, by similarity ranking of large numbers
of particles we can reconstruct protein dynamics that are
faster than the time resolution obtained by subsequent
AFM scans.
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Analysis of the OmpF surface

OmpF is a b-barrel protein that forms stable trimers
(Cowan et al. 1992). High-resolution topographs of 2D
crystals (Fig. 1a) reveal details of the periplasmic OmpF
surface at 6.6 Å resolution (Fig. 1b, c). The b-turns
connecting the b-strands can be distinguished on the

averaged AFM topograph from 1477 particles of the
periplasmic surface (Fig. 1d) (Müller and Engel 1999).
Two strongly protruding b-turns are seen close to the
three-fold symmetry center of each monomer (‘‘1’’ and
‘‘2’’ in Fig. 1d). The three peripheral protrusions 3–5

Fig. 2 a High-resolution raw data AFM image of an AqpZ 2D
crystal. Circles indicate individual extracellular protein surfaces
imaged at a loading force to the tip of �80 pN (scale bar: 100 Å;
full gray scale: 10 Å). b Phase residual analysis from averaging 1447
topographs of the AqpZ extracellular surface. The Nyquist
frequency is 1/(6.8 Å). c Spectral signal-to-noise ratio analysis
from averaging the 1447 AqpZ topographs. The Nyquist frequency
is 1/(6.8 Å). d Average topograph calculated from a total of 1447
aligned tetramers (scale bar: 10 Å; full gray scale range: 0.1–0.7 Å).
e Standard deviation map corresponding to average d (scale bar:
10 Å). f Position probability map calculated from the peak position
distribution of 1447 aligned tetramers (see Materials and methods)
(scale bar: 10 Å). g Energy landscape as function of protrusion
peak position (full image size: 108 Å; DkT=6.6). h Overlay of the
FWHM outline and a model of the AQP1 structure (Murata et al.
2000). The crosses indicate the highest probability positions, the red
line the top probability tracing line of loop C. Transmembrane
helices are numbered in italics (helices 1 and 2 connected by loop A
(FWHM: A1); helices 3 and 4 connected by loop C (FWHM: A3);
the end of helix 3 protrudes from membrane surface, yielding the
stable domain delineated by contour A2; helices 5 and 6 are
connected by loop E which folds back into the water channel). The
diamond outside the monomer indicates the four-fold axis symme-
try center

Fig. 1 a High-resolution raw data AFM image of an OmpF 2D
crystal exposing the periplasmic surface to the tip imaged with a
loading force to the tip of �100 pN. Circles indicate individual
protein surfaces (scale bar: 10 nm; full gray scale: 10 Å). b Phase
residual analysis from averaging 1477 topographs of the OmpF
periplasmic surface. The Nyquist frequency is 1/(6.4 Å). c Spectral
signal-to-noise ratio analysis from averaging the 1477 OmpF
topographs. The Nyquist frequency is 1/(6.4 Å). d Average
topograph calculated from a total of 1477 aligned trimers.
Detectable protrusions are numbered (compare with h); the pore
is outlined (scale bar: 10 Å). e Standard deviation map corre-
sponding to average d. The pore position is outlined (scale bar:
10 Å; full gray scale range: 0.1–0.5 Å). f Position probability map
calculated from the peak position distribution of 1477 aligned
trimers (see Materials and methods). The pore position is outlined
(scale bar: 10 Å). g Energy landscape as function of protrusion
peak position (full image size: 102 Å; DkT=5.0). h Overlay of the
FWHM outline to a monomer of the porin OmpF atomic model
(Cowan et al. 1992). The crosses indicate the top probability
positions. The triangle outside the monomer indicates the three-
fold axis symmetry center
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correlate with two b-turns (‘‘A4’’ and ‘‘A5’’) and one
loop (‘‘A3’’) displayed in Fig. 1h. The corresponding SD
map (Fig. 1e) shows one strong signal (±0.7 Å) on the
edge of b-turn ‘‘1’’ towards the channel cavity. A smaller
deviation signal is detected in the channel, whereas the
protein regions at the trimer periphery exhibit a SD of
±0.1 Å (Fig. 1e). The probability map (Fig. 1f) shows
faint but sharp peaks, indicating that b-turns ‘‘1’’ and

‘‘2’’ are rather rigid structures with low flexibility and
small lateral movement amplitudes. In agreement, the
corresponding minima in the energy landscape (Fig. 1g)
are of uniform narrow width, reflecting the rigid archi-
tecture of the b-barrel protein (Fig. 1h). The areas at full
width half maximum (FWHM) of the peaks in the
probability map correspond to 27 Å2 and 23 Å2 for
the central b-turns (Fig. 1h, A1, A2). In contrast, the
FWHM area is 78 Å2 for the peripheral protrusion
corresponding to the loop connection (Fig. 1h, A3),
while the other two peripheral b-turns have areas of
98 Å2 and 42 Å2 at the FWHM (Fig. 1h, A4, A5). The
movie generated from the 1477 individual aligned and
ordered topographs shows relatively little movement of
the surface protruding protein domains (Movie 1,
OmpF; http://www.mih.unibas.ch/movies.html).

Analysis of the AqpZ surface

No atomic level structure has so far been published for
AqpZ. Ringler et al. (1999) have acquired a cryo-elec-
tron microscopy (EM) projection map from 2D AqpZ

Fig. 3 a High-resolution raw data AFM topograph of a bR 2D
crystal exposing the cytoplasmic surface. Circles indicate individual
protein surfaces imaged at a loading force to the tip of �200 pN; b
AFM topograph of a bR 2D crystal exposing the cytoplasmic
surface imaged at a loading force to the tip of �100 pN (scale bars:
10 nm; full gray scale: 10 Å). c Phase residual analysis from
averaging 800 topographs of the cytoplasmic bR surface recorded
with �200 pN (continuous line), and 1403 topographs recorded
with �100 pN loading force applied to the tip (dashed line). The
Nyquist frequency is 1/(4.8 Å). d Spectral signal-to-noise ratio
analysis from averaging the 800 bR topographs recorded with
�200 pN (continuous lines), and the 1403 bR topographs recorded
with �100 pN loading force applied to the tip (dashed lines). The
Nyquist frequency is 1/(4.8 Å). e Average topograph calculated
from a total of 800 trimers recorded with �200 pN loading force
applied to the tip (scale bar: 10 Å). f Standard deviation map
corresponding to average e (scale bar: 10 Å; full gray scale range:
0.1–0.3 Å). g Position probability map calculated from the peak
position distribution of 800 aligned trimers recorded with �200 pN
loading force applied to the tip (see Materials and methods) (scale
bar: 10 Å). h Average topograph calculated from a total of 1403
aligned trimers recorded with �100 pN loading force applied to the
tip (scale bar: 10 Å). i Standard deviation map corresponding to
average h (scale bar: 10 Å; full gray scale range: 0.1–0.5 Å). j
Position probability map obtained by making a peak search on the
1403 aligned trimers recorded with �100 pN loading force applied
to the tip (see Materials and methods) (scale bar: 10 Å). k Energy
landscape as a function of protrusion peak position (full image size:
77 Å; DkT=5.7); determined from 800 topographs recorded at
�200 pN. l Energy landscape as a function of protrusion peak
position (full image size: 77 Å; DkT=4.5); determined from the
1403 topographs recorded at �100 pN. m Overlay of the FWHM
outline, derived from the topographs acquired with �200 pN
(continuous line) and with �100 pN (dashed line) loading force
applied to the tip, and two monomers of the bR atomic model
(Mitsuoka et al. 1999). The crosses indicate the highest probability
positions. Transmembrane helices are numbered in italics [helices A
and B connected by the A-B loop (FWHM: A2); helices C and D
connected by the C-D loop (FWHM: A4); helices E and F
connected by the E-F loop (FWHM: A3)]. The triangle labeled A1
outside the monomer indicates the three-fold axis symmetry center

b

175



crystals at 8 Å resolution. This map is similar to that
obtained from AQP1 (Walz et al. 1995), for which an
atomic model derived from EM data has been published
(Murata et al. 2000). The similarity is in agreement with
the high sequence homology found throughout the
aquaporin family (Heymann and Engel 2000). Topo-
graphs recorded with the AFM have been used to
identify the extracellular surface of AqpZ (Scheuring
et al. 1999) (Fig. 2a). In addition, the polypeptide loops
have been assigned based on the volume of protruding
domains (Scheuring et al. 1999), subsequently confirmed
by the position of the a-helices connected by them
(Scheuring et al. 2000). The average calculated from
1447 topographs (Fig. 2d) features 12 protrusions per
tetramer. On each monomer, one small protrusion is
close to the tetramer center, while one small and one
large elongated protrusion are on the periphery of the
protein (Scheuring et al. 1999). The SD map (Fig. 2e)
shows maximal signals on the large peripheral protru-
sion, which has been identified as the large C-loop
connecting a-helices 3 and 4. Correspondingly, the po-
sition probability map (Fig. 2f) shows a broad distri-
bution on loop C, while the other two protrusions result
in sharp peaks. The sharp protrusion peak in the prox-
imity of the four-fold symmetry axis has been assigned
to loop A. The other peak corresponds to the end of
helix 3 at the periphery (Scheuring et al. 1999, 2000). The
energy landscape represents loop C as a shallow curved
groove (Fig. 2g), indicating that loop C does not form a
straight connection between helix 3 and 4 (Fig. 2g). In
contrast, the energy minima of the other two domains
are deeper and narrower. The overlay of the FWHM
areas of 263 Å2 (A3) of loop C and 33 Å2 (A1) and
42 Å2 (A2) of the small central and the small peripheral
protrusions document very different movement ampli-
tudes of the different membrane protruding domains
(Fig. 2h). The 1447 topographs were similarity ranked
to assemble a movie (Movie 2, AqpZ; http://
www.mih.unibas.ch/movies.html). In agreement with
the probability map (Fig. 2f), the movie reflects the high
stability of the protrusions close to the four-fold sym-
metry center and the small peripheral protrusions, with
both showing almost no movements. The peripheral
C-loop [�26 amino acids (aa)], however, has a high
positional freedom along the connection between helices
3 and 4, which is reflected by wave-like movements along
this polypeptide stretch (Movie 2, AqpZ).

Analysis of the bR surface

Bacteriorhodopsin is a light-driven proton pump com-
prising seven transmembrane helices. Its structure has
been solved by both EM (Henderson and Unwin 1975;
Mitsuoka et al. 1999) and X-ray crystallography
(Pebay-Peyroula et al. 1997; Sass et al. 1997; Luecke
et al. 1999). Helices E and F are connected by a long
loop of 16 aa (Mitsuoka et al. 1999). By changing the
force applied to the AFM tip during scanning, this long

loop can be contoured in its extended conformation at
minimal force (Fig. 3b, h) and can be pushed away
while imaging at higher force (Fig. 3a, e and Müller
et al. 1995a, 1999c). As a result, the loops connecting
helices A and B, and C and D, are only contoured
under high force conditions (�200 pN) (Fig. 3a, e).
Under both recording conditions a faint protrusion in
the trimer center is visible, which has been identified as
a highly ordered lipid molecule (Müller et al. 1999c).
The phase residual and spectral signal-to-noise ratio
document a resolution extending to the Nyquist fre-
quency of (4.8 Å)–1 (Fig. 3c, d). The SD maps calcu-
lated from topographs of 1403 bR trimers acquired
with �100 pN (minimal) and of 800 bR trimers re-
corded with �200 pN loading force reflect the high
flexibility of the E-F loop on the periphery of the
molecule (Fig. 3f, i). The position probability maps
show a high positional preservation of the A-B loop
and the central lipid molecule for both imaging con-
ditions (Fig. 3g, j). Under minimal force imaging con-
ditions, both the SD map and the position probability
map show a signal in the trimer center (Fig. 3i, j). The
signal in the SD map (Fig. 3i) indicates that the central
lipid molecule cannot be detected in all particles. On
the other hand, the position probability map demon-
strates high positional conservation of this protrusion
(Fig. 3j). Since the E-F loop in minimal force topo-
graphs is extended, the probability map only shows a
broad distribution in the region of the E-F loop
(Fig. 3j). This dominance of the E-F loop under low
force imaging conditions also becomes apparent with
its broad energy minimum in the energy landscape of
bR (Fig. 3l). Thus the C-D loop can only be detected
as a protrusion in the high force map (Fig. 3g), since it
is covered by the E-F loop in minimal force topo-
graphs. Overlays of the top peak positions (indicated
by crosses in Fig. 3m) and the FWHM areas (contin-
uous line: �200 pN; dashed line: �100 pN) with two
monomers of the atomic model [Fig. 3m (Mitsuoka
et al. 1999)] illustrate the structural difference under the
two imaging conditions. The overlay derived from
the probability map calculated from the data ac-
quired at �200 pN reveals the central protrusion cor-
responding to a highly ordered lipid, FWHM area
26 Å2 (A1), loop A-B, FWHM area 30 Å2 (A2), loop
E-F, FWHM area 90 Å2 (A3), and loop C-D, FWHM
area 19 Å2 (A4). Under minimal force conditions
(�100 pN) the first three loops reveal FWHM areas of
16 Å2 (A1), 21 Å2 (A2), and 121 Å2 (A3); loop C-D
cannot be detected when loop E-F is extended
(compare Fig. 3g with j, and see Fig. 3m). At minimal
forces, loop E-F reveals a strongly asymmetric position
probability, distributed between helices E and F
(Fig. 3m). At higher forces the corresponding FWHM
area is mainly located on top of helix F that protrudes
further out of the membrane than helix E (Fig. 3m).
Movies were generated from 800 and 1403 topo-
graphs acquired at loading forces of �200 pN and
�100 pN (Movie 3, bR(200 pN); Movie 4, bR(100 pN);
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http://www.mih.unibas.ch/movies.html). The movie
assembled from particles imaged at �200 pN shows
essentially little loop movements. The long loop E-F in
its compressed state represents the most flexible part, in
agreement with the surface probability map (Movie 3,
bR(200 pN); see also Fig. 3g). Similarity ranked images
recorded at �100 pN show loop E-F in the extended
state, which is strongly flexible and shows wave-like
movements (Movie 4, bR(100 pN); see also Fig. 3j).

Conclusions

Structural biological techniques, which require averag-
ing processes to extract structure information, cannot
assess the individuality and flexibility of proteins.
Because biological processes are directly related to the
flexibility of individual proteins, the assessment of flex-
ibility information on a single molecule level is of major
importance to detect structure-function relationships. As
demonstrated here, the AFM can sample the confor-
mational space of membrane protein surfaces at a lateral
resolution reaching 5 Å and at a vertical resolution of
1 Å. We have developed and applied methods to inter-
pret large numbers of single molecule images. These
include calculating position probability maps of
protruding domains and corresponding free energy
landscapes. Further, we convert the random, time-
unresolved sampling of the motion of the protruding
domains into similarity ranked movie sequences. This
approach promises a wide range of applications. Firstly,
SD and position probability maps provide additional
structural information on native protein surfaces,
revealing the existence of rigid and flexible loops as well
as their positions. Secondly, the surface motions of
membrane proteins are likely to change profoundly
upon ligand binding. Position density maps will there-
fore provide information on binding site and binding
dynamics. Thirdly, signals to induce a biological process
can be applied while scanning the sample with the AFM
stylus. The subsequently similarity ranked single mole-
cule images will provide a deep insight into the
nanomechanics of the function-related conformational
change. These possibilities will be enhanced by the
improvements in sensitivity and speed of future atomic
force microscopes (Viani et al. 1999).
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