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ABSTRACT The combination of high-resolution atomic force microscopy imaging and single-molecule force spectroscopy
allows the identification, selection, and mechanical investigation of individual proteins. In a recent paper we had used this
technique to unfold and extract single bacteriorhodopsins (BRs) from native purple membrane patches. We show that subsets
of the unfolding spectra can be classified and grouped to reveal detailed insight into the individualism of the unfolding
pathways. We have further developed this technique and analysis to report here on the influence of pH effects and local
mutations on the stability of individual structural elements of BR against mechanical unfolding. We found that, although the
seven transmembrane �-helices predominantly unfold in pairs, each of the helices may also unfold individually and in some
cases even only partially. Additionally, intermittent states in the unfolding process were found, which are associated with the
stretching of the extracellular loops connecting the �-helices. This suggests that polypeptide loops potentially act as a barrier
to unfolding and contribute significantly to the structural stability of BR. Chemical removal of the Schiff base, the covalent
linkage of the photoactive retinal to the helix G, resulted in a predominantly two-step unfolding of this helix. It is concluded
that the covalent linkage of the retinal to helix G stabilizes the structure of BR. Trapping mutant D96N in the M state of the
proton pumping photocycle did not affect the unfolding barriers of BR.

INTRODUCTION

Structure as well as dynamics, and thus the function, of
biomolecules are determined by multiple inter- and intramo-
lecular forces (Brooks et al., 1998; Haltia and Freire, 1995;
Nakamara, 1996; White and Wimley, 1999). Such molecu-
lar interactions are typically inferred indirectly from equi-
librium binding and kinetic measurements or are calculated
with molecular models. With the development of single-
molecule force spectroscopy such inter- and intramolecular
interactions of biological macromolecules have become di-
rectly accessible. Consequently, this technique has been
applied to measure interactions in proteins such as forces
that mediate molecular recognition (Fritz et al., 1998; Lee et
al., 1994; Moy et al., 1994), stabilize molecular structures
(Fisher et al., 1999; Rief et al., 2000), and drive intermo-
lecular interactions (Dammer et al., 1996), molecular bonds
(Grandbois et al., 1999; Merkel 2001), and molecular elas-
ticities (Bustamante et al., 2000; Clausen-Schaumann et al.,
2000; Kellermayer et al., 1997; Rief et al., 1999, 1998a).
Modular proteins were unfolded and revealed for the first
time a direct correlation between folding pattern and me-
chanical function. Models were developed that allow a
theoretical description of the molecular compliances based
on the combination of established polymer models in com-

bination with discrete unfolding events (Rief et al., 1998a;
Zhang et al., 1999). Forced unfolding experiments per-
formed on fibronectin (Rief et al., 2000), tenascin (Ober-
hauser et al., 1998), and titin (Oberhauser et al., 1999; Rief
et al., 2000), showed these modular proteins to unfold
domain after domain but only in an all-or-none event with
no intermediate states. Only in rare cases have intermittent
steps been reported recently (Marszalek et al., 1999).

Because all these mechanical unfolding experiments had
been performed on either modular proteins or tandem con-
structs of multiple domains, the assignment of a certain
unfolding event to a certain domain was not possible: the
weakest domain unfolds first, not the first in the chain. We
could overcome this limitation by unfolding membrane
proteins. The highest resolution was obtained with bacte-
riorhodopsin (BR). Here individual structural elements of
the protein were found to unfold sequentially, which made
the assignment of certain features of the measured force
spectra to the corresponding amino acid (aa) sequence pos-
sible. Such spectra then provided detailed information on
structural properties of individual BR molecules within the
native purple membrane from the halophilic archaeon
Halobacterium salinarum (Forbes and Lorimer, 2000; Oes-
terhelt et al., 2000).

The light-driven proton pump BR was chosen as model
system for this study because it represents one of the most
extensively studied membrane proteins (Haupts et al., 1999;
Oesterhelt, 1998). BR converts the energy of light (� �
500–650 nm) into an electrochemical proton gradient,
which in turn is used for ATP production by the cellular
ATP synthase. Its structural analysis has revealed the pho-
toactive retinal embedded in seven closely packed trans-
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membrane �-helices (Belrhali et al., 1999; Essen et al.,
1998; Grigorieff et al., 1996; Luecke et al., 1999; Mitsuoka
et al., 1999), which builds a common structural motif among
a large class of related G-protein-coupled receptors (Bald-
win, 1993; Helmreich and Hofmann, 1996; Kolbe et al.,
2000; Palczewski et al., 2000; Royant et al., 2001). The BR
helices are lettered A, B, C, D, E, F, and G, to which the
C-terminal end is connected. With increasing knowledge of
its structural and functional properties, BR has become a
paradigm for �-helical membrane proteins in general and
for ion transporters in particular (Lanyi, 1999). Together
with adjacent lipids BR molecules assemble into trimers,
which are packed into a two-dimensional hexagonal lattice
of the purple membrane as a chemically distinct domain of
the cell membrane.

In this study we measure the unfolding spectra of BR by
high-resolution atomic force microscopy (AFM) imaging
and single-molecule force spectroscopy. In extension of our
previous work we improved and expanded the experimental
and data analysis procedures. To test whether drastic
changes of the physiological conditions influence the sta-
bility, wild-type BR was unfolded within a pH range from
4.2 to 10. Subsequent analysis of the unfolding spectra in
combination with the classification of individual force
peaks provided a detailed insight into the stability and the
unfolding steps of BR’s secondary structural elements. To
elucidate the influence of retinal and its different configu-
rations on the folding potential we additionally unfolded
photobleached BR and the D96N BR mutant trapped in the
M state of the photocycle.

MATERIALS AND METHODS

Purple membrane preparation

Wild-type purple membrane was extracted from H. salinarum as described
(Oesterhelt and Stoeckenius, 1974) and adsorbed onto freshly cleaved mica
(Müller et al., 1997). The cystein mutant (G241C) has been created by
recombinant techniques replacing the glycine at position 241 with a cys-
teine as described (Pfeiffer et al., 1999). The BR D96N mutant showing a
significantly retarded photocycle has been created by replacing the aspartic
acid at position 96 with asparagine and characterized by spectroscopic
methods as described (Butt et al., 1989; Holz et al., 1989). During the
unfolding of the D96N mutant it was illuminated with sufficient yellow
light intensity (� � 475 nm; filtered from a 75-W halogen lamp, with heat
filter focused on a spot of 5 cm) to trap the BR molecules in the M state
of the catalytic cycle. Controlled photobleaching of purple membranes (10
�g/ml) was performed in the presence of 200 mM hydroxylamine (pH 7.2,
20 mM Tris-HCl) as described (Möller et al., 2000; Oesterhelt et al., 1974).

Attachment of BR to the AFM tip

In previous studies, two different strategies have been developed to attach
the protein to the tip. In a recent paper we showed that the cysteine of the
G241C mutant binds with a 90% likelihood to a gold-coated cantilever
(Oesterhelt et al., 2000) when the tip is brought into contact with the
cytoplasmic purple membrane surface even at forces below 200 pN. This
procedure allows for a highly efficient and well localized attachment.

However, it requires the AFM tip to be replaced after a few experiments
because it is covered with reacted protein. The alternative method, the
nonspecific attachment in combination with a subsequent imaging and
force trace classification, was shown to provide equivalent results; how-
ever, it allows a much higher throughput. Because this study here is a
systematic investigation, we chose the nonspecific attachment in combi-
nation with AFM imaging as described below.

Single-molecule force spectroscopy and imaging

The contact mode AFM (Nanoscope E, Digital Instruments, Santa Barbara,
CA) used was equipped with a 100-�m piezo scanner. The spring constants
k of the 100-�m-long Si3N4 AFM cantilevers (OMCL TR400PS, Olympus,
Tokyo, Japan) were calibrated in solution after the experiments using the
equipartition theorem (Butt and Jaschke, 1995; Florin et al., 1995). Within
the uncertainty of this method (�10%) all cantilevers used exhibited the
same k � 0.1 N/m. All experiments were done in buffer solution (300 mM
KCl, 10 mM Tris-HCl, and unless noted otherwise, pH 7.8) at room
temperature. To perform force spectroscopy experiments on BR we re-
corded topographs of the cytoplasmic purple membrane surface (Müller et
al., 1999b) at sub-nanometer resolution as described (Müller et al., 1999a).
After this, we selected an area of BR trimers and zoomed in, positioning
the AFM tip. To allow the C-terminal end of BR to adsorb onto the tip,
both were kept in contact for �1 s while applying a force of 0.5–1 nN. The
AFM stylus and protein surface were then separated at a velocity of 40
nm/s while recording the force spectrum. In �15% of all retraction curves
we detected an adhesive peak, which was correlated to a removal of a
single BR molecule, and �30% of these adhesion curves showed a force
extension curve exhibiting a length between 60 and 70 nm (see data
analysis). After detecting one discontinuous force curve the protein surface
of the same area was re-imaged. Defects of missing BR monomers allowed
us to unambiguously correlate the force spectra to a single protein. Fig. 1
shows the image of a purple membrane before (Fig. 1 b) and after (Fig. 1
c) extraction of a single BR (note the persistent defect in both images).

Data analysis

To analyze the force curves, a clear criterion is required that distinguishes
curves of BR molecules attached to the AFM tip with different regions of
their polypeptide backbone. One suitable criterion is the overall length of
the force curve, which reflects the tip-sample distance at which the last
force peak occurs. It is evident that a molecule attached to the cantilever by
one of its loops results in a force curve with smaller overall length than a
molecule attached by one of its termini. If the AFM tip binds to the EF
loop, the force adhesion curve could exhibit a maximum length of �152
aa. The maximal length of the stretched polypeptide chain (152 aa) was
calculated assuming attachment to the EF loop (aa 157–164 as derived
from the atomic model of BR) and that the extracellular N-terminal end
forms the last potential barrier against extraction of BR from purple
membrane. Stretching 152 aa, at an approximate force of 200 pN, corre-
sponds to a maximum rupture length of �48 nm, calculated using the
worm-like chain (WLC) model. Taking this approach, the maximum rup-
ture length of the unfolded BR molecule would be 92 aa (�29 nm) if the
tip binds to the CD loop and 158 aa (�50 nm) if the tip binds to the AB
loop (here the last potential barrier would be built by the G-helix). Some
of the adhesion peaks of these curves would then represent simultaneous
pulling on two secondary structural elements, each of them connected to
one end of the polypeptide loop. Thus, in most cases the classification and
analysis of such concurrent multiple unfolding events cannot be made
ambiguously. The classification of force curves exhibiting a length of �50
nm was further complicated by the partial unfolding of BR molecules that
attached via their C-terminal end to the tip. Such analytical problems do not
occur when the protein is fully unfolded, beginning from the C-terminal
end. Force-extension curves corresponding to an extension of significantly
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more than 158 aa (�50 nm) can result only from attaching the C-terminal
end to the tip. Therefore, only those force-extension curves exhibiting a
length above 60 nm were selected and analyzed. This stringent criterion
ensured that all the analyzed curves belonged to the same subset, thus
allowing a detailed analysis to be made.

By selection of the force-extension curves exhibiting an overall length
between 60 and 70 nm we were sure to analyze only spectra from BR
molecules that were attached by their C-terminus to the AFM tip and that
were completely elongated during extraction (Oesterhelt et al., 2000). All
force curves exhibiting these overall lengths were selected and aligned at
the second main peak at a tip-to-purple membrane separation of �27 nm
(Fig. 2). The force curves were aligned at the second main peak because the
curves showed offsets in the distance between stylus and purple membrane
(Fig. 2; region around 0 nm). The main reason for this offset is that
principally every amino acid of the C-terminal can bind to the AFM tip and
that the point of contact is not necessarily located at the tip apex but can
also occur at the side of the tip. Avoiding statistical difficulties we analyzed
only relative positions of the peaks. We used identical procedures and
criteria to align each data set.

To analyze the side peaks, however, we superimposed every main peak
separately (see Figs. 3–6 and 8). Every single peak of these superimposi-
tions was fitted by the WLC model with a persistence length of 4 Å (Rief
et al., 1997a) and a monomer length of 3.6 Å. We calculated the number
of unfolded aa at each peak using the contour length as obtained from the
WLC model. When pulling the polypeptide from the cytoplasmic surface,
the anchor of the peptide sometimes had to be assumed to exist at the
opposite, extracellular surface. In this case, the membrane thickness (�4
nm) had to be considered, and 11 aa (11 � 3.6 Å � 4 nm) were added to
the number of aa determined by the WLC model. This allowed calculating

the entire rupture length of the unfolded polypeptide. To compare the
polypeptide length derived from the WLC fits with the BR structure we
have chosen the atomic model of Mitsuoka et al. (1999).

RESULTS AND DISCUSSION

Protein extensibility

With state-of-the-art AFM or, if higher force resolution is
required, with force spectroscopy equipment (Oesterhelt et
al., 1999; Rief et al., 1997b), the extensibility of molecules
can be measured by stretching the molecule that is attached
to the AFM tip and recording the cantilever deflection while
increasing the cantilever sample distance. The deflection is
converted into a force by multiplication with the spring
constant, which is determined for each cantilever by the
thermal fluctuation method (Butt and Jaschke, 1995; Florin
et al., 1995). By subtracting the cantilever’s deflection from
the tip-sample distance for each point of the measurement,
the so-called force-extension traces are calculated.

Fig. 2 shows a multitude of force-extension traces, each
one recorded on one single BR (such as shown in Fig. 1),
exhibiting a richness of detailed information on the mechan-
ics of this molecule. In these figures �25 traces are super-
posed and plotted. This kind of graphic representation high-

FIGURE 1 Purple membrane imaging and manipulation. (a) Purple membrane patches (I) adsorbed onto freshly cleaved mica and imaged in buffer
solution (pH 7.8, 20 mM Tris-HCl, 300 mM KCl). In some areas, purple membrane patches overlap with other membranes, forming double layers (II). (b)
High-resolution image of the cytoplasmic purple membrane surface showing BR trimers (outline) arranged into a hexagonal lattice. The topograph was
recorded at minimum force allowing the longest cytoplasmic loops of the individual BR molecules (loop EF) to protrude fully from the membrane surface
(Müller et al., 1999b). Individual defects show single or multiple BR monomers missing. After imaging, the AFM tip was brought into contact to the
membrane surface (circle). This allowed the polypeptides of individual BR molecules to adsorb to the tip. During separation of tip and sample, this
molecular bridge was used to pull on the protein, and the force spectrum was recorded (see Fig. 2). (c) Same purple membrane area imaged after the
manipulation shows one individual BR monomer missing (circle). Vertical full gray levels of topographs correspond to 50 nm (a) and 1.2 nm (b and c).
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lights common features through the accumulation of the
measured points and at the same time represents the indi-
vidualism of traces. The individualism of the traces is dealt
with in Figs. 3–8. The common feature of all the traces is
that upon stretching the force builds up in a gradual but
nonlinear fashion until at a certain force the trace drops
abruptly to lower forces before it rises again upon further
extension. Beyond an extension of 70 nm no interaction
force is measured. To exclude that the membrane bending
contributed to the force spectra we compared force exten-
sion curves recorded on purple membranes of different sizes
and on different areas of the membrane (e.g., center or outer

rim) itself. Apparently, the force curves showed no differ-
ences, indicating such effects to be negligible.

In previous studies we learned that unfolded proteins
behave in a first approximation like random coils whose
elasticity is well described by the WLC model with an
apparent persistence length of 4 Å (Rief et al., 1997a). It
should be noted here that this apparent persistence length
includes also enthalpic contributions to the molecular elas-
ticity, which become apparent at higher forces (Bouchiat et
al., 1999; Oesterhelt et al., 1999; Rief et al., 1998b). The
gradual, nonlinear force increase in the extension traces can
be well fitted with the WLC model with only one free

FIGURE 2 Unfolding BR at various conditions. To show common unfolding patterns among single-molecule events, the force spectra were superposed.
(A–C) BR unfolded at pH 10 (n � 31), pH 7.8 (n � 32), and pH 4.2 (n � 20), respectively. (D) BR mutant D96N (n � 18) unfolded at pH 7.8. During
recording the force spectra the mutant was illuminated with yellow light (� � 475 nm), thereby trapping the M state of the photocycle. (E) BO unfolded
at pH 7.8 (n � 29). BO was formed after cleaving the covalent retinal bond (Schiff base) using hydroxylamine. Temperature (21°C) and electrolyte
concentration (300 mM KCl) were kept constant in all experiments. All molecules were unfolded by grabbing the C-terminus at the cytoplasmic surface
(Oesterheltet al., 2000). The force curves recorded on native purple membrane (A–D) exhibited a SD of 9.6 pN (n � 20) whereas those recorded on the
apo-membrane (E) exhibited a SD of 12.9 pN (n � 20).
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parameter: the contour length of the stretched portion of the
molecule. As seen in Figs. 3-6 and 8 this fit describes the
increasing slopes of the traces at low forces with good
agreement. At higher forces the deviations are sometimes
marked, indicating that additional processes occur.

From these fits we conclude that in the region of increas-
ing force we stretch an unfolded protein backbone until at a
certain force the tension drops suddenly. Because the force
builds up again upon further stretching (except for the last
peak) we interpret this drop as the extraction of another
segment of the protein from the membrane. Upon extraction
this segment unfolds, and because the unfolded configura-
tion is less compact, the additional contour length of the
freely fluctuating protein backbone results in a drop of the
entropically dominated restoring force of the protein.

The WLC fit of the rising slope of the peaks thus provides
the contour length of the unfolded protein and by means of
this the position of the corresponding barrier against unfold-
ing. With the known attachment point of the protein to the
AFM tip, the position of this barrier with respect to the aa
sequence of the backbone can thus be counted backwards
from the C-terminus. Based on the well established structure
of BR, we then can, at least in principle, assign for each
peak the corresponding aa in the folded protein, which
marks the transition point to the unfolded portion of the
protein. The force, which under the given experimental
conditions is required to overcome this barrier, is given by
the height of the peak.

In previous studies we and others have shown that un-
folding forces are rate dependent and that additional infor-
mation on the geometry of the potential barriers may be
extracted from the unfolding traces by varying the pulling
speed (Heymann and Grubmüller, 2000; Merkel et al.,
1999; Rief et al., 1998a). We have not yet exploited this
potential in this study. Because all the conclusions drawn
here are based on length arguments rather than forces, our
conclusions are independent of the pulling speed.

In summary, each adhesion peak of the discontinuous
force spectrum marks a potential barrier of the BR molecule
whose position is determined by a WLC fit.

Unfolding traces of BR

Fig. 2 shows five panels of BR unfolding traces recorded
under different conditions. In all traces the gross features are
alike, with systematically differing details (Figs. 3–8). In a
previous study (Oesterhelt et al., 2000), we already had
assigned the main peaks to different processes: the peaks
below 20 nm include unfolding of helices G and F. At 27,
45, and 65 nm, helices E and D, B and C, and A unfold,
respectively. Whereas these main peaks remain more or
less unaltered for all the different conditions, the side
peaks vary significantly. These side peaks therefore merit
detailed analysis.

It is the major benefit of single molecule experiments that
each experiment with each molecule may be analyzed in-
dividually. This unique option allows the discrimination
between the molecules as individuals (be it temporarily or
persistently in a different state) as well as between different
pathways, which the individual experiments follow. Based
on the analysis of each unfolding trace the traces may be
sorted and grouped according to certain criteria. Because the
effort is enormous, we performed this task for only one pH
value per block. All blocks were analyzed for pH 4.2 except
for the data in Figs. 3 and 8, which were recorded at pH 7.8
to be comparable with the M state data in Fig. 2 D. The
result is depicted in Figs. 3–6 and 8.

Mutant D96N was investigated to elucidate the influence
of the intermediate (M) state conformation of BR on the
unfolding pattern. As can be seen by the direct comparison
between Fig. 2 D with the other traces, no significantly
marked changes occur whether BR was trapped in the M
state of the photocycle or not.

Unfolding helices G and F

The low extension part, below 30 nm, of all traces super-
imposed in Fig. 2 B was analyzed individually. Three dif-
ferent main groups became apparent that were superim-
posed in Fig. 3, a–c. The first group of traces exhibited only
the 36-aa peak (Fig. 3 a). In a second group an additional
peak at 48 aa occurred with slightly higher probability (Fig.
3 b). Only a very minor fraction exhibited a peak at �26 aa
(Fig. 3 c), which will be discussed below in connection with
the apoprotein. The peaks below 5 nm could not be ordered
in any systematic way. We interpret them as the stretching
of the C-terminus. Their variation in position reflects the
different attachment sites of the molecule at the tip and thus
the length variation of the freely fluctuating segment of the
chain. The schematic in Fig. 3 depicts the model that cor-
responds to the measured positions of the barriers. Accord-
ing to this model the sequence of the extraction/unfolding
process is as follows. First the free C-terminal chain is
stretched and then helix G unfolds. Then the force acts on
the GF loop (peak at 36 aa), and in �65% of the traces this
loop is stretched and pulled through the membrane resulting
in the peak at 48 aa (Fig. 3 b). Alternatively, the loop may
be extracted together with helix F so that this peak is
skipped (Fig. 3 a), and the force starts rising only when it
acts directly on helix E. The forces that are required to
overcome both barriers are both �100 pN, the first one
slightly higher than the second.

Unfolding helices E and D

The trace segments of Fig. 2 C, showing interactions sepa-
rated between 15 and 40 nm from the membrane surface,
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were analyzed accordingly. Here we found four distinctly
different groups of traces that are depicted in Fig. 4.

In the simplest case, which accounts for �22% of all
traces, one peak at 88 aa is seen (Fig. 4 a). Our only
explanation for this finding is that helices E and D both
unfold in an all-or-none event together. In �12% of the
cases we find an intermittent peak at 94 aa, which reflects a
barrier around aa 154 of BR (derived from 248–94 aa; Fig.
4 b). In 45% of the traces we find a peak at 105 aa (Fig. 4
c), which, based on the model (Fig. 4 e), corresponds to a
state where helix E is completely unfolded, but helix D is
still intact. Approximately 20% of the traces show all three
peaks (Fig. 4 d), which means that the BR molecules mea-
sured here went through both intermittent states upon un-
folding. The peak heights were �160 pN for the first two
barriers and significantly lower for the third (90 pN). The
most striking feature of this set is the potential barrier in the
proximity of aa 154 of BR.

Unfolding helices C and B

In the length window between 35 and 55 nm we found again
four different groups of traces (Fig. 5). The majority of the
traces exhibited no extra peak between148 and 220 aa,
indicating a simultaneous unfolding of helices B and C. A
minor fraction of the traces (9%) showed an additional peak
at 158 aa (Fig. 5 b) and 35% a second peak at 175 aa (Fig.
5 c). The first case would fit to the extracellular BC loop
still untouched, whereas in the second case this loop is
completely stretched. In both cases helix B is intact. In 10%
of the traces we find all three peaks (Fig. 5 d), indicating
that both intermittent states are visited on the unfolding
pathway. All peaks are �100 pN in height.

Unfolding helix A

In 65% of the traces the last peak (Fig. 6) occurs at 65 nm,
corresponding to a stretched unfolded polypeptide of 220 aa
in length (Fig. 6 a). In these traces the last helix is pulled out
of the membrane in a single step at forces of �100 pN. In
the other cases, a second peaks follows (Fig. 6 b). This
second peak is smeared out considerably, and the rupture
point varies. Drawn in blue is the WLC fit for the fully
stretched length of 232 aa from BR. Because this last peak
also occurs on multilamellar membrane stacks (see discus-
sion below) it must reflect the destabilization of the N-

FIGURE 3 Unfolding pathways of transmembrane �-helices G and F.
(a) Unfolding helices G and F in two steps. After unfolding helix G the
polypeptide chain, bridging the AFM tip and purple membrane, exhibits a
length of 36 aa (blue fit). The loop connecting helices G and F remains at
the opposite, extracellular surface, and helix F remains embedded in the
membrane. The latter two structures and the loop connecting helices E and
F are unfolded within a single step, exceeding a force of 111 � 34 pN (n �
10). (b) Unfolding of helices G and F and their connecting loop in a
three-step process. First, helix G is unfolded, increasing the length of the
stretched polypeptide to 36 aa (blue fit). Then, the hydrophilic GF loop is
pulled into the hydrophobic membrane (at 124 � 28 pN), and the stretched
polypeptide then exhibits a length of 48 aa (green fit). After this, helix F
and the cytoplasmic loop connecting helices F and E are unfolded in a
single step at forces �110 � 32 pN (n � 17). (c) Helices G and F and loop
GF unfold in a four-step process. The first part of helix G is unfolded to the
approximate retinal location, which forms an internal potential barrier (red
fit). The polypeptide is stretched again, and what remains of helix G is
unfolded at 148 � 36 pN, increasing the stretched polypeptide length to
36 aa (blue fit). After this, the FG loop is pulled into the membrane (at

102 � 44 pN), increasing the length to 48 aa (green fit). Finally, helix F
and the loop connecting helices F and E are unfolded in a single step at
102 � 31 pN (n � 5). (d) Schematic drawing of the unfolding pathways of
helices G and F and of loop FG. All unfolding events were fitted using the
WLC model as described in Materials and Methods. The total number of
force curves shown corresponds to 32.
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terminus, its possible interaction with the neighboring pro-
teins, and the pulling through the hydrophobic membrane.

Stability of the loops

One remarkable finding of this study is the measured po-
tential barrier associated with the N-terminus and the extra-
cellular loops connecting the transmembrane �-helices. To
exclude adhesion of the loops to the mica surface as a
potential explanation we performed the same experiments
on the upper membrane of double-layered purple membrane
patches (compare Fig. 7) like the ones shown in Fig. 1 and
of purple membrane adsorbed onto hydrophobic graphite
(data not shown). In both cases, we did not observe a change
in the adhesion peak positions and distributions. Because it
would be highly unlikely that a hypothetic adhesive inter-
action of the loops with mica is the same as with another
purple membrane or with graphite, we conclude from these
experiments that the loops are stable structural elements.
Thus, a potential barrier comparable with the one that is
associated with the unfolding of the �-helices needs to be
overcome to stretch the loops and to pull them through the
membrane. Interestingly, these forces required to overcome
the barriers do not depend in an obvious way on the length
of the loop (i.e., 102 pN for loop GF, 4 aa; 135 pN for loop
ED, 3 aa; and 109 pN for loop CB, 17 aa). This indicates
that the process is dominated by an activation barrier. Be-
cause these forces are on the order of 100 pN, the width of
these barriers must be far less than the thickness of the
membrane to be compatible with measured unfolding free
energy changes. This again speaks for a breakup of a
structure. On the other hand, x-ray and electron diffraction
studies on crystallized BR shows these loops to exhibit a
well defined structural conformation. The B-factors and
temperature factors of the BR structures are similar for all

FIGURE 4 Unfolding pathways of transmembrane �-helices E and D.
After unfolding helices F and G, the polypeptide chain, bridging the AFM
tip and purple membrane, exhibits a length of 88 aa (red fit). All other
helices remain embedded in the purple membrane. (a) The structural motif
of helices E and D, loop ED, and loop DC unfold in a single step upon

exceeding an average pulling force of 167 � 20 pN (n � 20). (b) Helices
E and D unfold in a two-step process. First, helix E unfolds partly (at
169 � 22 pN), thereby lengthening the stretched polypeptide to 94 aa (blue
fit). After this, the force pulls the remaining part of helix E and, on the
hydrophilic loop, connecting helices E and D located on the opposite,
extracellular surface. Upon exceeding an average pulling force of 169 � 21
pN, the remaining part of helix E, the loop ED, helix D, and the cytoplas-
mic loop CD are unfolded simultaneously (n � 10). (c) Helices E and D
unfold in an alternate two-step process. First, part of helix E and the loop
ED connecting both helices unfold at 161 � 14 pN, thereby lengthening the
stretched polypeptide to 105 aa (green fit). Upon exceeding an average
pulling force of 86 � 23 pN, helix D and loop CD are unfolded (n � 39).
(d) Helices E and D and loop ED unfold in a three-step process. First, part
of helix E unfolds at 152 � 22 pN, thereby lengthening the stretched
polypeptide to 94 aa (blue fit). Second, what remains from helix E and loop
ED is pulled into the membrane at 135 � 30 pN, lengthening the polypep-
tide strand to 105 aa (green fit). Third, helix D and loop CD unfold at a
pulling force above 83 � 23 pN (n � 19). (e) Schematic drawing of the
unfolding pathways found. The total number of force curves shown cor-
responds to 88.
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FIGURE 5 Unfolding pathways of transmembrane �-helices C and B.
After unfolding helices E and D, the polypeptide chain, bridging the AFM
tip and purple membrane, exhibits a length of 148 aa (red fit). Helices C,
B, and A remain embedded in the purple membrane. (a) Helices C and B
unfold in a single step upon exceeding an average pulling force of 99 � 16
pN (n � 40). (b) Helices C and B unfold in a two-step process. First, helix
C unfolds at 109 � 18 pN, thereby lengthening the stretched polypeptide
to 158 aa (blue fit). After this, the force pulls on the hydrophilic loop
connecting helices C and B located on the opposite, extracellular surface.

FIGURE 6 Unfolding pathways of the transmembrane �-helix A. After
unfolding helices C and B, the polypeptide chain, bridging the AFM tip and
purple membrane, exhibits a length of 220 aa (red fit). Only helix A
remains embedded in the membrane. (a) Helix A and the N-terminal end
are pulled through the membrane within a single step at average pulling
force of 87 � 9 pN (n � 12). (b) Helix A unfolds at 99 � 11 pN, and the
N-terminal end anchors the polypeptide (n � 6). The length of the stretched
polypeptide corresponds to 232 aa (blue fit). After this, the force pulls on
the hydrophilic N-terminus located on the opposite, extracellular surface.
By exceeding a pulling force of 105 � 11 pN, the polypeptide end is pulled
through the membrane. (c) Schematic drawing of the unfolding pathways
found. The total number of force curves shown corresponds to 18.

Upon exceeding an average pulling force of 105 � 15 pN, the extracellular
loop BC, helix B, and the cytoplasmic loop AB are unfolded simulta-
neously (n � 8). (c) Helices C and B unfold in an alternate two-step
process. First, helix C and the loop connecting these helices unfold at 95 �
20 pN, thereby lengthening the stretched polypeptide to 175 aa (green fit).
Upon exceeding an average pulling force of 80 � 17 pN, helix B and loop
AB are unfolded (n � 31). (d) Helices C and B unfold in a three-step process.
First, helix C unfolds at 108 � 26 pN, thereby lengthening the stretched
polypeptide to 158 aa (blue fit). Second, loop BC is pulled into the membrane
at 116 � 33 pN (green fit). Third, helix B unfolds at pulling forces above 87 �
31 pN (n � 9). (e) Schematic drawing of the unfolding pathways found. The
total number of force curves shown corresponds to 88.
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extracellular loops and the transmembrane �-helices, indi-
cating that they exhibit equally high conformational stabil-
ity (Belrhali et al., 1999; Essen et al., 1998; Luecke et al.,
1999; Mitsuoka et al., 1999). This finding was also con-
firmed by experiments determining the solution structure of
truncated BR loops, which showed conformations close to
those observed on intact BR (Katragadda et al., 2000).

Adsorbed to an atomically flat surface, lipid membranes
can be assumed to be separated by an �1-nm-thick water
layer (Sackmann, 1996). A water layer of similar thickness
can be assumed to separate purple membrane adsorbed to
the mica surface or even to exist between stacked purple
membranes. Such thin water layers, however, exhibit dif-
ferent properties compared with water of the bulk solution
and behave more as a gel-like material. This effect may also
influence the surface structures of BR as detected by the
enhanced stability in our experiments.

Apo-membrane

Bulky side groups like tyrosine are possible candidates
establishing helix-breaking regions. Thus, it can be assumed
that such side groups may also divide the unfolding barriers
of transmembrane �-helices. Which role does the retinal
moiety play with respect to this aspect? Illuminating BR in
the presence of hydroxylamine is known to cleave off the
retinal, which is covalently attached through the Schiff base
to Lys216 (Oesterhelt et al., 1974). The photobleaching

reaction of BR yields the apoprotein bacterio-opsin (BO)
and retinaloxime.

A comparison of Fig. 2 B (BR) with Fig. 2 E (BO) reveals
that only minor changes in the force traces have occurred
after cleavage of the retinal. The only significant change
occurred in the area of the GF peaks. A direct comparison
between these areas in Fig. 3 (BR) and Fig. 8 (BO) shows
that the peak at 26 aa, which was negligible in BR, is now
prominent in BO (Fig. 8 c). Although small, the average
forces of the detected peaks were three times larger com-
pared with the standard deviation of the noise (�13 pN).
The probability distribution of the unfolding pathways of
helices G and F is shown in Fig. 9. The probability of
potential barriers occurring simultaneously at 26 and 48 aa
decreased from 53% (BR) to 21% (BO), whereas the prob-

FIGURE 7 Unfolding BR on double-layered purple membrane. To show
that the common unfolding patterns of BR do not depend on interactions
with the supporting mica surface, single BRs of double-layered purple
membranes were unfolded at pH 7.8, 300 mM KCl. Although only a few
force curves were shown, their traces show almost all the unfolding
pathways described in Figs. 3–6.

FIGURE 8 Transmembrane �-helices F and G of BO prefer different
unfolding pathways compared with native BR. (a–c) Events are described
by similar pathways as those shown in Fig. 3, a–c, respectively. In contrast
to BR, however, BO prefers the four-step unfolding pathway shown in c.
Adhesion forces and frequencies were 189 � 56 pN (n � 6) in a; 113 �
64 pN (blue fit) and 61 � 13 pN (green fit) at n � 6 in b; and 122 � 41
pN (red fit), 130 � 61 pN (blue fit), and 124 � 58 pN (green fit) at n �
17 in c. The total number of force curves shown corresponds to 29.
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ability of potential barriers occurring simultaneously at 26,
36, and 48 aa increased from 16% (BR) to 58% (BO).
Correlation with the secondary structural model of BR
shows that the additional peak fitted at 36 aa can be as-
signed to the position of the Schiff base of helix G to which
the retinal is bond. It is counterintuitive, but the removal of
this rather bulky retinal from the aa backbone results in the
formation of an additional barrier in the unfolding pathway.
However, the results indicate that the breakage of the Schiff
base, which covalently links the retinal to helix G, destabi-
lizes this �-helix.

Concluding remarks

It is the combination of high-resolution imaging with single-
molecule force spectroscopy that has enabled us to record
and unambiguously identify force traces from individual
protein unfolding events. The one-by-one analysis of these
unfolding traces allowed us to unravel correlations between
the individual events and to discover distinct unfolding
patterns, which led to a classification of the different un-
folding pathways. There exists, however, a common unfold-
ing principle of the BR structure in which a structural
element is described by two transmembrane �-helices con-
nected by their polypeptide loop. In most experiments, these
three structural elements unfold within a single step. Some
unfolding traces show these structural elements to choose
separate unfolding pathways. As a result, every helix and
the connecting loop are unfolded in a single step. In most
cases, the second helix of this structural motif unfolds at
smaller forces compared with the first helix. Most probable,
this effect results from the destabilization of the structural
motif by the unfolding process. The individualism of the
unfolding pathways emerged as a very prominent feature
throughout the study. Whether or not this individualism of
the pathways reflects the individualism of the proteins re-
mains to be decided in future studies. Although we have
quite precisely measured the positions of the different un-

folding barriers, we have not yet identified their underlying
mechanisms. Particularly, our finding that the extracellular
loops resist unfolding with a force that is comparable to the
force required to unfold a transmembrane �-helix will re-
quire additional future investigations.
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Science Foundation.
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