
Review

Atomic force microscopy of native purple membrane

Daniel J. Mu«ller a;b;*, J. Bernard Heymann a, Filipp Oesterhelt c, Clemens Mo«ller a;d,
Hermann Gaub c, Georg Bu«ldt d, Andreas Engel a

a M.E.Mu«ller-Institute for Structural Biology, Biozentrum, University of Basel, Klingelbergstr. 70, CH-4056 Basel, Switzerland
b Max-Planck-Insitute of Molecular Cell Biology and Genetics, Pfotenhauerstr. 108, D-01307 Dresden, Germany

c CeNS, Ludwig-Maximillians Universita«t Mu«nchen, Amalienstrasse 54, D-80799 Mu«nchen, Germany
d IBI-2: Structural Biology, Forschungszentrum Ju«lich, D-52425 Ju«lich, Germany

Received 24 March 2000; accepted 24 March 2000

Abstract

Atomic force microscopy (AFM) allows the observation of surface structures of purple membrane (PM) in buffer solution
with subnanometer resolution. This offers the possibility to classify the major conformations of the native bacteriorhodopsin
(BR) surfaces and to map the variability of individual polypeptide loops connecting transmembrane K-helices of BR. The
position, the variability and the flexibility of these loops depend on the packing arrangement of BR molecules in the lipid
bilayer with significant differences observed between the trigonal and orthorhombic crystal forms. Cleavage of the Schiff
base bond leads to a disassembly of the trigonal PM crystal, which is restored by regenerating the bleached PM. The
combination of single molecule AFM imaging and single molecule force-spectroscopy provides an unique insight into the
interactions between individual BR molecules and the PM, and between secondary structure elements within BR. ß 2000
Elsevier Science B.V. All rights reserved.
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1. Introduction

The applicability of atomic force microscopy
(AFM; [1]) for imaging biological objects in their
aqueous environment has been demonstrated shortly
after the invention of this technique [2]. Although
similar and higher resolution can be obtained by

electron microscopy and X-ray crystallography, the
excellent signal-to-noise ratio of AFM topographs
allows the direct imaging of native proteins [3^8]
and their substructures to a resolution of W0.5 nm
[9]. Thus, imaging of a statistically signi¢cant num-
ber of single proteins by AFM allows their structural
variability to be assessed [10], and multivariate stat-
istical classi¢cation to be applied to unravel the prin-
cipal modes of the protein motion [10]. In addition,
AFM enables conformational changes of single pro-
teins and of their assemblies to be observed directly
[11^14]. Furthermore, conformational changes can
be induced in a controlled manner to identify £exible
protein structures [5,8,15].
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With the AFM tip, a 'nanotool' is available that
allows molecules to be dissected [6] and interactions
between single molecules to be detected. In these sin-
gle molecule force-spectroscopy experiments, the
protein complexes are tethered to both support and
AFM tip to measure their cohesion when tip and
support are moved apart. This technique has been
employed to measure forces between pairs of inter-
acting biological molecules [16^21] and forces re-
quired for the unfolding of titin domains [22^24].
Protein complexes were imaged before and after the
removal of individual subunits using the AFM tip as
a nanotool [6]. Based on these results, the single
molecule imaging and single molecule force-spectros-
copy capabilities of the AFM have been combined to
provide novel insights into the inter- and intramolec-
ular interactions of proteins [25,26]. Applied to mem-
brane proteins, these combined techniques allow
forces to be measured that anchor the protein in
the native membrane, as well as forces required to
unfold the tertiary and secondary structure of the
protein [26], and the protein to be imaged at sub-
nanometer resolution.

Comparing recent AFM studies of purple mem-
brane (PM), continuous improvement of the AFM
imaging of native membrane proteins becomes evi-
dent [13,15,27^34]. Here, we review the insights on

PM provided by AFM imaging and single-molecule
spectroscopy.

2. Identi¢cation of the purple membrane surfaces

In our AFM experiments, native PM was allowed
to adsorb from bu¡er solution onto a freshly cleaved
mica surface [35]. After being rinsed with the same
bu¡er solution, the PM patches were routinely ob-
served in the £uid cell of the AFM (Fig. 1A). At low
magni¢cation, no topographic di¡erence between in-
dividual membranes was detected. To distinguish the
two surfaces of PM, antibodies directed against the
C-terminus located on the cytoplasmic bacteriorho-
dopsin (BR) surface were injected into the bu¡er so-
lution [33]. After addition of antibodies, some of the
membranes were labeled and had a rough surface
(Fig. 1B), whereas others remained as smooth as
the membranes shown in Fig. 1A. To further estab-
lish the speci¢city of antibody labeling, the C-termi-
nus was removed by papain digestion of PM. Papain
digested PM adsorbed to mica in a similar manner as
the native PM, and exhibited the same dimensions
and smooth surface texture (Fig. 1C). Consistent
with the absence of antibody binding in the dot im-
munobinding assays no decoration of the digested

Fig. 1. Immuno atomic force microscopy of purple membrane. (A) Native purple membrane (PM) adsorbed £atly onto freshly cleaved
mica. (B) Antibodies were added to the bu¡er solution after adsorption of the native membranes yielding some densely labeled mem-
branes (*), while others remained unlabeled. The antibodies were directed against the C-terminus of bacteriorhodopsin (BR) located
on the cytoplasmic PM surface. Thus, the labeled membranes (arrows) exposed their cytoplasmic surface towards the aqueous solu-
tion. Loading force for both images was between 0.1^0.2 nN and the scan frequency was 3.5 Hz. (C) AFM topograph of papain-di-
gested PM leading to the removal of the C-terminus. After incubation with antibodies, digested PM remained untextured even after
extending the reaction time for antibody binding from 1 to 24 h at room temperature. Imaging bu¡er: 150 mM KCl, 10 mM Tris-
HCl, pH 8. Forces applied to the AFM tip were between 0.1 and 0.2 nN.
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membranes was observed, even after extending the
incubation time with the antibodies from 1 to 24 h
[33]. These results indicated that PMs have been spe-
ci¢cally labeled by the antibodies directed to the C-
terminus when the extracellular surface was in con-
tact with the mica. Thus, those smooth patches of
PM not labeled by the antibody, are oriented so that
the extracellular surface is on top and imaged by the
AFM tip.

3. Extracellular surface of purple membrane

In the low magni¢cation image displayed in Fig.
1B, the labeled PMs were easily distinguished from
the unlabeled membranes. A high resolution image
of the unlabeled, extracellular surface (Fig. 2A) re-
vealed the arrangement of tripartite protrusions on a
trigonal lattice (a = b = 6.2 þ 0.2 nm) exhibiting a
maximum height di¡erence to the lipid membrane
of 0.53 þ 0.07 nm. The power spectrum (Fig. 2B) ex-
hibited characteristic strong second and third order
spots, and extended to the 11th order indicating a
lateral resolution of 0.49 nm [13].

Distinct features on the extracellular surface can
be assigned to the loops of BR (Fig. 2C). The most
prominent protrusion is the L-hairpin in the BC loop
connecting the transmembrane K-helices B and C. In
the topograph, this protrusion is located between
helices C and G. The shoulder near helix A is likely
the N-terminus. Loop FG may contribute to the ma-
jor protrusion, although it does not extend much
above the lipid headgroups in the atomic models.
However, this area exhibits an enhanced standard
deviation (S.D.) of 0.12 nm compared to the back-
ground (0.07 nm; Fig. 2D) indicating an increased
structural variability and alternative conformations
not re£ected in the atomic models derived from elec-
tron and X-ray crystallography.

4. Cytoplasmic surface of purple membrane

The cytoplasmic BR surface imaged with a force
of 100 pN applied to the AFM stylus revealed tri-
meric structures arranged in a trigonal lattice of
6.2 þ 0.2 nm side length (Fig. 3A, top; [13]. Each
subunit in the trimer features a particularly pro-

Fig. 2. Extracellular purple membrane surface recorded in bu¡er solution (A). The PM surface exhibits a defect of the size of a BR
trimer (arrow). (B) The power spectrum of A extends to the 11th order indicating a lateral resolution of 0.49 nm. (C) Averaged extra-
cellular surface of the BR trimer (average of 320 unit cells). The correlation average is displayed in perspective view (top, shaded in
yellow brown) and in top view (bottom, in blue) with a vertical brightness range of 1 nm and exhibited a 6.1% root-mean-square
(RMS) deviation from three-fold symmetry. To assess the £exibility of the di¡erent structures, standard deviation (S.D.) maps are cal-
culated (D) and had a range from 0.07 (lipid) to 0.12 nm (region of the FG loop). Surface regions exhibiting an S.D. above 0.1 nm
are superimposed in red-to-white shades in top of C. The topograph was recorded in bu¡er solution (100 mM KCl, 10 mM Tris^
HCl, pH 7.8) at a loading force of 100 pN. The outlined BR trimer representing sections close to the extracellular surface of the lipid
membrane was obtained after merging ¢ve atomic models of BR derived from electron and X-ray crystallography [37].

BBABIO 44883 18-8-00 Cyaan Magenta Geel Zwart

D.J. Mu«ller et al. / Biochimica et Biophysica Acta 1460 (2000) 27^38 29



nounced protrusion extending 0.83 þ 0.19 nm above
the lipid surface. This protrusion is associated with
the loop connecting K-helices E and F [15]. Increas-
ing the applied forces to about 200 pN during imag-
ing, the AFM topographs changed signi¢cantly. The
prominent EF loops were bent away and the shorter
loops of the BR monomers were visualized (Fig. 3A
bottom and C). This conformational change is fully
reversible [15], suggesting that loop EF is a rather
£exible element on the cytoplasmic side of the BR
molecule. At this force of 200 pN, the maximum
height di¡erence between the protein and the lipid
membrane was 0.64 þ 0.12 nm. Four distinct protru-
sions were recognized in almost every monomer, and
a further distinct protrusion was present at the center
of the trimers. The calculated di¡raction pattern of
this topograph documents an isotropic resolution out
to 0.45 nm (not shown).

While the S.D. of the height measurements was
around 0.1 nm for most morphological features of
the topography, the EF loop exhibited an S.D. of
0.19 nm (Fig. 3C), consistent with the high temper-
ature factor observed by electron microscopy [36]
and the structural variation among the atomic BR
models [37]. When the major protrusion representing

loop EF had been pushed away by applying a force
of 200 pN to the stylus, the cytoplasmic surface of
the BR molecule appeared di¡erent and exhibited
¢ner details (Fig. 3D).

The protrusion between helices F and G together
with the minor elevation between helices E and F
likely represents what remained from loop EF and
the protruding parts of helices E and F that are com-
pressed by the AFM stylus (Fig. 3D). However, it
can not be excluded that the protrusion between heli-
ces F and G included a small part of the C-terminal
domain. This uncertainty arises because the AFM
height signal in this area exhibited a signi¢cant
standard deviation (Fig. 3E; red shaded in Fig.
3D). The other protrusions in the AFM topograph
may be assigned by comparison with the atomic
models derived from the BR trimer (see section be-
low). In these models, helix B protrudes out of the
bilayer, and helix A ends below the bilayer surface.
Therefore, the protrusion close to helix B is likely to
represent the short loop connecting helices A and B
(Fig. 3D). In addition, the discrete protrusion be-
tween helices C and D corresponds to their connect-
ing loop. A further protrusion of 0.2 nm height was
present at the three-fold axis of the BR trimer and

Fig. 3. Force-dependent surface topography of the native cytoplasmic purple membrane surface. (A) At the top of the image, the
force applied to the AFM stylus was 100 pN. While scanning the surface line by line, the force was increased until it reached 150 pN
at the bottom of the image. This force-induced conformational change of BR was fully reversible [15]. Correlation averages of the cy-
toplasmic surface recorded at 100 pN (B) and at 200 pN (D). The correlation averages are displayed in perspective view (top, shaded
in yellow brown) and in top view (bottom, in blue) with a vertical brightness range of 1 nm and exhibited 9.2% (B) and 14.1% (D)
RMS deviations from three-fold symmetry. Structural £exibilities were accessed by S.D. maps (C and E corresponding to B and D, re-
spectively) which had a range from 0.08 (lipid) to 0.19 nm (EF loop region). Surface regions exhibiting an S.D. above 0.12 nm are
superimposed in red-to-white shades in the top of B and D. The topograph was recorded in bu¡er solution (100 mM KCl, 10 mM
Tris^HCl, pH 7.8). The outlined BR trimer representing sections close to the cytoplasmic surface of the lipid membrane was obtained
after merging six atomic models of BR [37].
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probably arises from structured lipid molecules [38^
40].

To further analyze the conformations of the cyto-
plasmic surface, the unit cells of topographs recorded
at applied forces of 100 and 200 pN were extracted,
aligned with respect to a reference and classi¢ed by
principal component analysis [41,42]. The three-fold
symmetrized averages of the major classes shown in
Fig. 4A^E reveal the movement of the £exible struc-
tures. The classes A, B, and C, D were closely related
to the force gradient. Increasing the force to 120 pN
resulted in a slight deformation of the EF loop and
enhanced the details of the surrounding protein
structure (Fig. 4A; compare with Fig. 3B). Increas-
ing the force to approximately 150 pN further
pushed the EF loop away (Fig. 4B), whereas at
about 180 pN the conformational change of the
loop was complete (Fig. 4C^E). A central protrusion
was apparent in some BR trimers when imaged at
180 pN (Fig. 4C,E). Most probably, this protrusion
represented lipid-headgroups which was absent or
disordered in some BR trimers. Increasing the ap-
plied force up to 300 pN resulted in a deformation

of the peripheral protrusions of the trimer. The struc-
tural information of these areas were lost [10].

5. Surface structures of BR can change upon
interactions with adjacent molecules

Recrystallization of BR in the presence of n-dodec-
yl trimethylammonium chloride (DTAC) yielded
well-ordered 2D crystals [43] that adsorbed £atly
onto freshly cleaved mica. They had sizes of up to
5 Wm, and a thickness of 5.8 þ 0.4 nm, which was
slightly more than that of the native PM, 5.5 þ 0.4
nm [44]. Topographs of these orthorhombic crystals
showed BR dimers assembled into a rectangular lat-
tice with a p22121 symmetry and unit cell dimensions
of a = 5.8 nm, b = 7.4 nm (Fig. 5A) [43]. Accordingly,
the BR dimers alternately had their cytoplasmic sur-
face or their extracellular surface facing the stylus.
The maximum height di¡erence between the protru-
sions and the bilayer was 0.81 þ 0.09 nm. Surpris-
ingly, it was not possible to induce conformational
changes of the EF loops in this BR crystal form.

Fig. 4. Structural variability of the native cytoplasmic purple membrane surface. The three-fold symmetrized averages were calculated
from unit cells classi¢ed by multivariate statistical analysis using the algorithm kindly provided by J.-P. Bretaudiere [74]. (A) PM im-
aged at slightly enhanced forces of 120 pN (compare to Fig. 3B). Same membrane imaged at an applied force of approximately 150
pN (B). In C, D and E, three conformations of the membrane are imaged at approximately 180 pN. The last three averages di¡er in
their central protrusion. The correlation averages are displayed in perspective view (top) and in top view (bottom) with a vertical
brightness range of 1 nm.
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Increasing the applied force of the stylus resulted in a
deformation of the whole protein surface rather than
in the bending of a single loop, and reduced the
lateral resolution.

The arrangement of the protrusions on the cyto-
plasmic face of BR was very distinct when AFM
topographs of the orthorhombic in vitro assemblies
were analyzed (Fig. 5B,C). The protrusion of the AB
loop was shifted by 0.3 nm compared to the trigonal
unit cell (Fig. 3), now being located between the
position of helices A and B (Fig. 5C). The short
loop connecting helices C and D was observed as a
discrete protrusion in the orthorhombic lattice, close
to its position in the trigonal lattice. Remarkably, the
EF loop was observed as a bean shaped structure
independent of the applied force (Fig. 5C). The tri-
angular protrusion located between helices B and G
may result from the C-terminus. None of these struc-
tures exhibited signi¢cant variabilities, indicating a
structural stabilization by the di¡erent packing ar-
rangement in the orthorhombic compared to the
trigonal lattice. An additional protrusion (Fig. 5C)
was observed at the periphery of each BR monomer
packed in the orthorhombic lattice, probably repre-
senting bound lipid molecules [38^40].

The observed structural changes suggest that the
interactions of the cytoplasmic polypeptide loops de-

pend on how the BR molecules associate. In the BR
trimer, there is a crevice between helices A and B,
and helices E and D of neighboring monomers (Fig.
3C^E; outlined). Lipid molecules in this crevice are
stable [36], and stabilize the BR trimer by speci¢c
interactions with their lipid and head-group mole-
cules [38^40]. This crevice is not present in the ortho-
rhombic BR assembly and hence, the di¡erent mo-
lecular interactions probably allow the displacement
of the loop connecting helices A and B (Fig. 5C;
white contours). From our data, we conclude that
in the orthorhombic BR crystals, the interactions be-
tween helices F and G of two adjacent BR molecules
a¡ected both the structural appearance and increased
the rigidity of the EF loop and of the C-terminal
region.

On the extracellular surface of BR in the ortho-
rhombic crystal, the most prominent protrusion aris-
ing from the L-hairpin is at a di¡erent position as
observed in the BR trimer (Fig. 2). Compared to
the topography of the trigonal crystal, the main
protrusion of the hairpin is shifted away from the
center of the BR molecule and its height above the
bilayer is increased by 0.1 nm. This rather large re-
arrangement of the BC loop observed in the ortho-
rhombic lattice presumably results from the di¡erent
crystal contacts and the altered protein and lipid in-

Fig. 5. Native bacteriorhodopsin assembled into an orthorhombic lattice. (A) In this crystal form (p22121), the rows of BR dimers al-
ternate, to expose either their cytoplasmic or their extracellular surfaces to the aqueous solution. The correlation averages are dis-
played (B) in perspective view and (C) in top view with a vertical brightness range of 1 nm. (D) Standard deviation map of C having
a vertical brightness range from 0.06 to 0.17 nm. Surface regions exhibiting an S.D. above 0.12 nm are superimposed in red-to-white
shades in B. The outlined regions are presented for comparison with the extracellular (yellow outline) and cytoplasmic (white outline)
slides of BR as shown in Figs. 2 and 3. The topograph was recorded in bu¡er solution (100 mM KCl, 10 mM Tris^HCl, pH 7.8) at
a loading force of 100 pN.
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teractions. In contrast, the short loop connecting
helices E and D was apparently not in£uenced by
the di¡erent packing arrangement. Interestingly, the
region between F and G exhibits an enhanced stand-
ard deviation in the orthorhombic lattice (0.17 nm,
red shaded) and the connecting loop did not make a
contribution to the average. Thus, in contrast to the
cytoplasmic surface, the crystal contacts along helices
F and G did not stabilize the corresponding extra-
cellular loops. A protrusion (Fig. 5) was found to
occur in the crevice between two BR monomers.
This protrusion corresponds to the position of the
triglycoside head-groups of lipids which also oc-
curred ordered in the center of the BR trimer (Fig.
3D) [45].

6. Implications of combining AFM data with the
atomic models of BR

Information about the surfaces of BR have been
derived from electron crystallography [36,40], and X-
ray di¡raction [38,45^47] at high resolution, and
AFM at medium resolution (Figs. 2^5). This pro-
vided an excellent opportunity to assess the quality
of the AFM topographs of the PM, and to under-
stand the implications of combining AFM data with
the other structure determination methods. Six BR
atomic models were combined and compared with
the AFM data to determine the value and reliability
of each source of information [37].

Fig. 6 shows one atomic model suspended within
an envelope of the PM reconstructed from the AFM
data. The ribbon diagram is color coded according
to the coordinate variance between the di¡erent
atomic models, while the surfaces are mapped with
the AFM S.D. images. There is an excellent corre-
spondence between the surface loops of the BR mod-
el and the AFM envelope. S.D. maps of the height
measured by AFM corresponds well with the relative
distribution of B-factors of the atomic models, as
well as the coordinate variance between the models.
This agrees with the notion that the major di¡erence
between the various structural studies lies in the sur-
faces.

In the case of AFM, a 2D crystal of BR close to its
native state is imaged, allowing surface loops the
maximum possible freedom of conformation. In elec-

tron crystallography, the loops are also more ex-
posed on the 2D crystal surface, although embedding
it in a cryoprotectant and freezing it limits the loop
dynamics to some extent. In X-ray crystallography,
the surface loops are better resolved, but they are
often involved in 3D crystal contacts and may not
represent their true conformational state and varia-
tion in vivo. Speci¢cally, the EF loop appears to
adopt di¡erent conformations in the 2D assembly
of BR molecules of PM, while it has less conforma-
tional freedom in the 3D crystals. This agrees with
electron paramagnetic resonance (EPR) spectroscopy
of spin-labeled cysteine mutants showing a high mo-
bility of residues S158^P165 in the EF loop [48]. In
contrast to electron and X-ray crystallography meth-
ods, the AFM can be used to image surface struc-
tures of BR in bu¡er solution and at room temper-
ature, similar to their physiological environment.
Under these conditions, the S.D. maps of BR show
a higher peak for the longer and less structured loop

Fig. 6. Mapping the structural variance of bacteriorhodopsin
on the atomic model and the AFM envelope. The atomic mod-
el is an average of six models derived from electron and X-ray
crystallography, with the coordinate variance mapped from blue
(low variance) to red (high variance). The surfaces are derived
from the AFM height images, with the S.D. mapped onto each
surface from blue (low S.D.) to red (high S.D.). The minimum
separation between the surfaces is V4 nm. Calculations are as
given in [37].
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EF, compared to the BC loop which forms a short
L-sheet.

The N- and C-termini of BR are not resolved in
any of the structural studies. This suggests high £ex-
ibility, and the atomic models and AFM data indi-
cate that the N-terminus up to R7, and most of the
C-terminus are completely unstructured and aver-
aged out.

7. Structural changes of photobleached purple
membrane

The Schi¡ base of BR reacts with reagents such
as hydroxylamine under illumination with light
[49]. This chemical reaction results in the breakage
of the Schi¡ base bond between the BR and the
retinal yielding the apoprotein bacterioopsin (BO)
and retinaloxime. Consequently, the absorption max-
imum of PM at 568 nm diminishes and an absorp-
tion maximum of retinaloxime at about 366 nm
is observed [49]. These spectral changes depend
upon the illumination time and re£ect the photo-
bleaching process of PM (Fig. 7A). The loss of
the Schi¡ base bond leads to structural changes in
the apoprotein [50,51]. As observed using AFM, the
process of photobleaching was associated with the

disassembly of the purple membrane crystal into
smaller crystals. As a consequence, entirely bleached
PM lost most of its crystalline nature (Fig. 7B). High
resolution topographs showed separation of bacter-
iorhodopsin trimers, ¢rst along same lattice lines
and later all over the membrane. Furthermore, the
topographs showed that the BO molecules remained
stably assembled into trimers during the entire pho-
tobleaching process. Regeneration of the photo-
bleached membranes into fully active PM resulted
in the reassembly of the BR trimers into a trigonal
crystal. The regenerated membranes exhibited similar
diameters, thicknesses and crystallinity as native PM
[52].

From these results, it can be concluded, that the
transformation of BR into BO changes the interac-
tions between the trimers. Such interactions might
result from changes in the tertiary structure of the
protein. Since the BR trimer remains stable during
the entire course of photobleaching, it might be con-
cluded that major structural changes occur at the rim
of the trimer where it interacts with adjacent lipids.
These interfaces are lined by helices A, E and F, and
by helix G to which the retinal is bond. Cleavage of
the Schi¡ base is followed by a reversible change of
these interfaces and a disassembly of the two-dimen-
sional PM crystal.

Fig. 7. Structural changes of photobleached purple membrane. (A) Absorption spectra of wild-type PM (solid line) and of PM photo-
bleached in hydroxylamine to 10, 45 and 100% (dashed lines). (B) Topograph of the cytoplasmic surface of purple membrane photo-
bleached to 100%. A single BR trimer is outlined in the raw data. The inset represents the correlation average of the BR trimer. The
image was recorded in bu¡er solution (150 mM KCl, 10 mM Tris^HCl, pH 7.8) at a loading force of 100 pN. Vertical full gray level
range, 1.2 nm.
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8. How strong is bacteriorhodopsin anchored into the
purple membrane?

Membrane proteins acquire their unique functions
through speci¢c folding of their polypeptide chains
and speci¢c interactions with the lipid bilayer and
adjacent proteins. Their stability or resistance to un-
folding, which goes hand in hand with their anchor-
ing into the hydrophobic core of the membrane, have
usually been investigated by thermal or chemical de-
naturation [53,54]. Most membrane proteins, how-
ever, are designed to remain stably embedded in
the lipid lea£ets rather than to withstand heat or a
harsh change in their chemical environment. As de-
scribed by the £uid mosaic model [55], the membrane
protein and a few tightly bound lipids can di¡use
within the bilayer plane without signi¢cant resistance

while the protein is anchored vertically to the mem-
brane plane. It is expected that the stability of mem-
brane proteins involves interactions with the lipid
bilayer as well as intra- and intermolecular interac-
tions [53]. Thus, it is important to directly measure
the forces that anchor membrane proteins in the
membrane.

To answer this pertinent question in membrane
biology, atomic force microscopy (AFM; [1,2]) and
single-molecule force spectroscopy [16,17,20^23,56^
59] were combined. After imaging PM (Fig. 8A),
the AFM stylus was pushed towards the PM surface
exerting a force of about 1 nN, thereby allowing
individual BR to adsorb onto the stylus [22,25,35,
57]. When the two surfaces were separated, extension
curves like the ones shown in Fig. 8B were recorded.
In most of the curves, no adhesive force was ob-

Fig. 8. Extracting individual bacteriorhodopsins from native purple membrane. (A) AFM topograph of the cytoplasmic surface of PM
recorded in bu¡er solution. The BR molecules forming trimers (outlined trimer) are clearly visible. (B) Most of the extension curves
recorded on the cytoplasmic surface were unspectacular (1). However, 10% of the other extension curves showed one adhesion peak
at a separation of several nm from the PM surface (2). The adhesion force of the peak shown in (2) was about 220 pN. (C) The topo-
graph of the same surface imaged after recording the adhesive force peak showed one BR monomer missing (outlined circle). After ex-
traction of the BR from the PM, a protrusion of about the size of an individual BR molecule was observed to be adsorbed onto the
membrane surface (arrow). The missing trimer at the upper right was taken to align the topographs. Full gray level range of topo-
graphs, 1.5 nm. (D) Histogram of the rupture forces required to pull an individual BR from the PM. The average adhesion force was
220 þ 40 pN (n = 223). (E) Histogram of the pulling lengths until the BR molecules were extracted from the membrane.
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served (Fig. 8B; upper curve). However, in W10% of
the curves an adhesive force indicated that molecular
structures bridged the stylus and the protein surface
(Fig. 8B; (lower curve)). When re-imaged after re-
cording such force^extension curves the PM surface
appeared changed and an individual BR molecule
was found to be missed (Fig. 8C). This indicated
that a single BR molecule adhered to the AFM stylus
and was extracted upon separation of the stylus from
the membrane. Interestingly, it was observed that the
extracted BR molecule adsorbed on the PM close to
the area where the removal took place. Repeating the
experiment more than 220 times showed that an in-
dividual adhesion peak resulted in the removal of an
individual membrane protein and that the adhesion
had an average force of about 220 þ 40 pN (Fig. 8D;
pulling speed, 20 nm/s). In most extension traces
from the PM surface (W95%), the adhesion force
was already evident at the membrane surface. The
average stretching until rupture between the protein,
adsorbed to the AFM stylus, and the membrane, was
2.8 þ 1.6 nm (Fig. 8D). This stretching length agrees
favorably with the thickness of the hydrophobic re-
gion within the PM, W3^3.5 nm [36,45,46,60^62],
anchoring the BR molecules. From these ¢ndings
we conclude that in this kind of rupture, the entire
BR molecule was extracted from the PM in one single
step. As recently reported by the work of Oesterhelt
et al. [26] using slightly modi¢ed conditions, the
AFM tip can be attached to the C-terminus to unfold
the entire BR. The unfolding of BR helices was sim-
ilar as observed for the unzipping of bacterial pores
of the bacterial surface layer of Deinoccocus radio-
durans [25]. While unfolding the BR, interactions be-
tween transmembrane K-helices were detected. Most
interestingly, the force spectra of single BR molecules
revealed di¡erent pathways of unfolding.

9. Conclusions and future perspectives

The AFM topographs of BR surfaces recorded in
bu¡er solution at room temperature clearly show the
conformations of the polypeptide loops. The signal-
to-noise ratio of the topographs allows the observa-
tion of details on single BR molecules and their ma-
jor conformations can be classi¢ed. To assess the
structural variability of the surface structures S.D.

maps can be calculated, revealing the elasticity of
single loops. These important improvements of the
AFM application and data analysis provide evidence
that the AFM not only ful¢lls the prerequisites to
directly monitor function related conformational
changes of biological macromolecules [2,12,14,63],
but can also characterize dynamic aspects of protein
structures, such as their £exibility and variability. In
the case of BR, we have shown that protrusions rep-
resenting single polypeptide loops exposed to the
aqueous solution, can change their structure, varia-
bility and £exibility upon interactions occurring
within the membrane composed of proteins and lip-
ids.

Good correspondence of loop structures between
the di¡erent structure determination techniques have
been shown. In addition, each technique provides
similar, but also complementary information. X-ray
crystallography is the premier technique for atomic
resolution, while electron crystallography examines
the specimen in a more native-like environment at
near-atomic resolution. AFM o¡ers an even better
assay of surface structure and variation at submolec-
ular resolution under physiological conditions. The
combination of these techniques thus represents a
complete structural analysis of the specimen.

The £exibility in the loop EF may be important
for function, as the observed movement of helix F
during the photocycle [64^68] would require a con-
formational change in loop EF. Loops AB and BC
are much more stable than loop EF, and their roles
in providing 3D crystal contacts should therefore not
be a surprise.

Although the observed structural changes may not
signi¢cantly in£uence the proton pumping function
of BR [43], they would be of crucial importance for
transmembrane proteins whose surface regions are
known to interact with other proteins. In particular,
such receptor proteins exhibiting seven transmem-
brane K-helices which belong to the G-protein-
coupled family [69^72] will be an important focus
in further investigations [73].
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