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Mechanisms of folding and misfolding of membrane proteins are of interest
in cell biology. Recently, we have established single-molecule force
spectroscopy to observe directly the stepwise folding of the NaC/HC

antiporter NhaA from Escherichia coli in vitro. Here, we improved this
approach significantly to track the folding intermediates of a single NhaA
polypeptide forming structural segments such as the NaC-binding site,
transmembrane a-helices, and helical pairs. The folding rates of structural
segments ranged from 0.31 sK1 to 47 sK1, providing detailed insight into a
distinct folding hierarchy of an unfolded polypeptide into the native
membrane protein structure. In some cases, however, the folding chain
formed stable and kinetically trapped non-native structures, which could
be assigned to misfolding events of the antiporter.

q 2005 Elsevier Ltd. All rights reserved.
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The last decade has seen a rapid increase in our
understanding of the folding mechanisms of many
globular proteins.1 By contrast, far less progress has
been made in folding studies on membrane
proteins, which focused mostly on a few well-
known model proteins.2,3 Major difficulties for
intensive studies on integral membrane proteins
arise because they are considerably more difficult to
work with compared to water-soluble proteins. This
is mainly due to difficulties in mimicking the native,
anisotropic environment of the cell membrane,
where specific interactions are required for the
precise folding of hydrophobic residues into
functional structures.2,4–6 Current folding studies
predominantly use conventional bulk techniques,
which allow probing average conformational
characteristics of molecules in the ensemble, but
cannot resolve specific pathways adopted by
individual membrane proteins. Recently, single-
molecule approaches have demonstrated their
potential for observing functionally related
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conformations and unfolding pathways of single
molecules.7–10 Single-molecule force spectroscopy
using atomic force microscopy (AFM) has provided
detailed insights into molecular interactions related
to the structure and function of different biomacro-
molecules.11–14

Recently, we applied AFM to observe the
insertion of single unfolded polypeptide chains of
the NaC/HC antiporter NhaA of Escherichia coli15

into the membrane and their self-assembly into the
folded membrane protein.16 Here, we refine the
method by introducing an improved set-up, which
allows determination of the folding kinetics of
individual secondary structure elements down to
a few milliseconds. After immobilizing membranes
containing NhaA on mica, their surfaces were
imaged in buffered solution by AFM. Then indi-
vidual molecules were tethered with their
C-terminal end to the AFM tip, which was
separated from the membrane with sub-nanometer
precision at the speed of 1 mm/s. Mechanical
pulling of the polypeptide resulted in sequential
unfolding of all NhaA structural segments, except
the last helical pair (a-helices I and II) serving as an
anchor of the polypeptide in the membrane. The
recorded force–distance (F–D) traces were shown to
be highly reproducible and specific for NhaA
d.
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molecules.16,17 Each force peak of the F–D trace
(Figure 1(a), red curves) represented a single
unfolding event. On fitting with the worm-like
chain (WLC) model (Figure 1(a), black curves),18 the
peaks were assigned unambiguously to molecular
interactions that stabilized certain structural
segments of NhaA.16

After this, the polypeptide was relaxed for a
certain length of time to allow refolding
(Figure 1(b)). An F–D spectrum recorded while
repeatedly pulling the folded peptide exhibited
individual force peaks, indicating that the peptide
has folded and established certain molecular
interactions (Figure 1(a)). Comparing the force
spectra of the repeatedly pulled protein with those
recorded upon initial unfolding showed that in both
Figure 1. Single-molecule unfolding and refolding of NhaA
containing characteristic peaks (upper red trace). WLC fits of
force peaks (less than 100% occurrence) are shown by conti
length (residues) of the polypeptide chain stretched is given at
is shown schematically. F–D curves recorded after certain refo
their contour lengths. (b) Scheme of a refolding experiment. In
trace in (a)). The tip was separated from the membrane up to
the membrane. Then the stretched polypeptide was relaxed
surface ((a) blue trace). After a specified delay time, the polype
((a) red traces). After certain refolding times, the force peaks d
with those measured upon initial unfolding of NhaA. Since th
native NhaA, it follows that the peptide folded into the nativ
have been reconstituted into a lipid bilayer in which the pro
unit cell dimensions of 48 Å!181 Å and a P22121 symmetr
(300 mM KCl, 10% (v/v) glycerol, 25 mM potassium acetate
From this, a 20 ml drop was adsorbed onto freshly cleaved mica
immobilization buffer (containing no biological samples) to
were performed in 150 mM KCl, 50 mM NaCl, 20 mM citric
Barbara) was equipped with a closed-loop Z-axis. The expe
cantilevers (nominal spring constant 0.06 N/m; DI-Veeco). T
and spring constants were calculated using the equipartition
AFM tip by non-specific interactions. This has led to a distribu
from different attachment sites. Only events that demonstrat
and exhibited a final contour length of z100 nm were subjecte
on NhaA being unfolded by pulling from its C-terminal end,
recently resolved atomic structure of NhaA21 to assign stable s
two cases, this has led to the modification of stabilizing struc
basis of the predicted secondary structural model.38 The force
end of a-helix II of the refined structural model. Additional
structured loop I-II after taking a membrane compensation o
cases the force peaks occurred at the same
characteristic position. Since these force peaks are
both a measure of molecular interactions and locate
these interactions within the native NhaA structure,
it was assumed that these parts of the peptide
refolded into their structure as established in the
functional protein.16

By improving the AFM detection and feedback
system, we reduced the dead-time between the
subsequent steps of the experiment to less than
10 ms, which lies below the folding times detected
for a-helices of membrane proteins.19 We therefore
assume that the NhaA folds after the peptide is
positioned close to the membrane surface and
relaxes (Figure 1(b)). In our experiments, we did
not observe a snap-in upon relaxation of the
. (a) Mechanical unfolding of NhaA yielded F–D curves
major (100% occurrence upon initial unfolding) and side

nuous and broken black lines, respectively. The contour
the end of each fit. The major unfolding pathway of NhaA

lding times are shown in red. Numbers of force peaks give
itially, the intact NhaA molecule was unfolded (upper red
z80 nm so that the last helical pair remained anchored in
as the tip was brought into proximity (z10 nm) of the
ptide was pulled repeatedly while recording an F–D trace
etected of the refolded peptide occur at positions identical
is spectrum exhibits the characteristic unfolding peaks of
e structure. As described,35 solubilized NhaA molecules

teins assembled into two-dimensional crystals exhibiting
y. This suspension was diluted in immobilization buffer
(pH 4.0)) to a final protein concentration of z0.5 mg/ml.
for 30 min. After this, the mica was rinsed gently with the

remove weakly attached membranes. AFM experiments
acid, pH 4.0. The AFM used (PicoForce, DI-Veeco, Santa
riments were performed using 200 mm long Si3N4 AFM

he thermal noise of cantilevers was measured in solution
theorem.36,37 We attached single NhaA molecules to the

tion of observed contour lengths due to pulling molecules
ed the characteristic unfolding spectra upon first pulling
d to further analysis.16 For data analysis, we focused only
that comprises w80% of unfolding events.17 We used the
tructural segments from the force spectroscopy curves. In
tural segments,16 which were previously assigned on the
peak at residue 318 now fits perfectly to the cytoplasmic

ly, the peak at residue 328 now reflects unfolding of the
f 11 residues into account.



Figure 2. Folding kinetics of structural domains of NhaA. Force peaks detected upon repeated pulling of the NhaA
polypeptide were ascribed to refolded structural elements (Figure 1(a)). (a) Folding extent of helical pairs and (b) of
single structural segments such as single a-helices or segments thereof. The number of single-molecule refolding events
recorded for each time delay was: 52 (10 ms), 54 (30 ms), 48 (50 ms), 38 (100 ms), 84 (500 ms), 97 (1 s), 27 (2.5 s), 51 (5 s),
and 28 (15 s). The folding rate, kfold, for every refolded structure was acquired from single-exponential fit (continuous
lines) of folding extent: yZy0CA exp(Kt kfold). The fastest folding segment of NhaA was the sodium-binding domain of
helix V facing the cytoplasm ((b) red; inset). The folding of other protein structures followed after this event. a-Helices of
NhaA preferred a pairwise folding pathway.
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unfolded peptide (Figure 1(a), relaxation curve),
which was previously assigned to a refolding event
during relaxation of the polypeptide chain.16 This
refolding event of the unfolded peptide could be
observed only in experiments performed at low
relaxation speeds z20 nm/s. The much higher
relaxation speed of 2 mm/s of this study did not
enable the unfolded NhaA peptide to adopt this
conformation, which required a minimum relaxa-
tion time of z30 ms (see Figure 2). To perform
experiments with much shorter folding times, the
dead-time of the set-up had to be reduced
significantly. Therefore, we implemented a one-
step voltage pulse, which caused the piezo to make
an instant jump and to bring the membrane surface
and AFM tip into a close proximity (z10 nm). Due
to this improvement, the relaxation time could be
reduced to z3 ms. To this end, the AFM was
extended with two server-grade PCs equipped with
data acquisition electronics (National Instruments
6110S/6052E, Munich, Germany). While the first PC
controlled the piezo position (Igor Pro software,
Wavemetrics, Lake Oswego, OR), the second PC
recorded the cantilever deflection and Z-sensor data
at sampling rates up to 45,000 data points/s. These
differences from the previous measurements16

allowed us to quantify the complete NhaA folding
kinetics upon variation of the folding time of the
relaxed peptide (Figure 1).
First folding intermediate occurs after 10 ms

About 30% of all F–D traces, which were recorded
10 ms after the tip positioned the unfolded poly-
peptide at the membrane surface, showed an
unfolding peak at a contour length of 65 nm with
an average rupture force of 59(G15) pN
(Figure 1(a)). The reproducibility and high intensity
of the peak suggested that specific bonds were
established within this polypeptide region. WLC
fitting of the force peak revealed an average contour
length of 225(G3) residues, which was previously
assigned to the domain crucial for sodium bind-
ing.17,20 This domain hosts the functionally import-
ant residues Asp163 and Asp164 within the highly
hydrophobic core of a-helix V,21 and inserts as a first
structural segment into the non-polar lipid bilayer
(Figure 1(a)). It was observed recently that this
domain is able to refold into the membrane bilayer
against an external pulling force of z50 pN.16 No
other force peak was observed in F–D traces
recorded at a refolding time of 10 ms, which reflects
the absence of sufficiently strong molecular inter-
actions established within other regions of the
polypeptide.
Folding intermediates of first second

Increasing the refolding time to 1 s led to
additional force peaks in the F–D traces
(Figure 1(a)). Most force peaks occurred at positions
that were identical with those that had
been assigned previously to unfolding barriers
established by structural segments of native
NhaA.16 However, the peaks were detected at
lower probability than observed upon initial
unfolding of the functional protein (Figure 2).
Repeated refolding cycles suggested that variable
sets of stable structural segments formed as first
folding intermediates. Thus, the molecular inter-
actions at this stage were established independently
from each other. Although forces of up to 100 pN
were required to rupture the newly built molecular
interactions, these forces were, on average, about
30–50% lower than those measured upon initial
unfolding of the native protein (Figure 3).



Figure 3. Folding extent determines stability of all structural segments. Average unfolding forces and their standard
deviations were measured for refolded structural domains of NhaA. Generally, their stability increased with time given
for refolding and, subsequently, with the amount of structures folded. This reflects a critical role of intramolecular
interactions in mutual stabilization of the protein domains and formation of its native structure.
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Folding intermediates of first 5 s

By relaxing the unfolded polypeptide up to 5 s,
the unfolding spectra showed peaks occurring at
z202 and at z225 residues with probabilities of
60% and 45%, respectively (Figures 1 and 2). This
implied that transmembrane a-helices Vand VI (202
residues) and the NaC-binding site (225 residues)17

acquired their folded state within the given delay
time. In about 35% of all cases, both peaks were
observed together in the same spectra, which was in
excellent agreement with measurements on unfold-
ing native NhaA.16 This further suggests that the
structural domain has folded correctly. By contrast,
the formation of structural segments assigned to the
helical pairs III and IV (259 residues) and VII and
VIII (166 residues) occurred at the lower probability
of 38% and 18%, respectively.

The observation that the formation of the NaC-
binding site was followed by folding of the
embedding helical pair V and VI reflects a rapidly
formed folding intermediate. This finding is in
agreement with models suggesting that polypep-
tides can establish a “folding core” within the
membrane prior to slower formation of the
a-helices.19 In the case of NhaA, the fast refolding
processes suggest that the NaC-binding site folds
with the highest priority. Currently, it is not clear
how the amino acid compositions determine such a
priority or hierarchy in folding. In the future, force
spectroscopy experiments may be applied on NhaA
mutants to investigate this issue in detail. It may be
noted here that simple ligand binding to the NaC-
binding site induces stronger molecular interactions
occurring at an enhanced probability.17 The rela-
tively fast folding kinetics of the helical pair V and
VI may be related to its high level of hydrophobicity
and the fact that this region contains no proline
residue, unlike all other helical pairs of NhaA.22
Folding proceeded after 15 s

Force peaks corresponding to all structural
segments in native NhaA appeared after a folding
time of 15 s (Figures 1 and 2). Unfolding forces
occurred at values similar to those observed upon
initial unfolding (Figure 3). This implies that the
molecular interactions stabilizing the molecule
consolidated during a period of 15 s. Our experi-
mental data show directly that structural segments
established during early folding events formed
unfolding barriers at the same positions as in native
NhaA, but that their intrinsic stability within the
membrane bilayer was lower. With increasing
number of structural segments folded, their stab-
ility increased as well. This suggests that multiple
intramolecular interactions contribute to the stabili-
zation of the functional protein, which is in
agreement with conventional folding studies on
membrane proteins.23 Remarkably, it has been
found recently that changing the oligomeric
assembly of membrane proteins did not influence
the location but rather the stability of their
structural segments.24 Thus, it can be concluded
that an increase in complexity in molecular
organization changes the strength of interactions
formed by existing structural segments.

Extracting folding kinetics

Folding kinetics of NhaA structural domains
were estimated from single-exponential fits to
their refolding probabilities at time ranges between
10 ms and 15 s (Figure 2, continuous curves). We
excluded a-helices IX–XII from the analysis, as
their refolding could be constrained by their
close proximity with the AFM tip. The NaC-binding
region of the polypeptide (around residue 225)
demonstrates the highest folding rate of
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47(G19) sK1, suggesting the highest priority of
folding. Remarkably, the entire helical pair V
and VI folds at a significantly lower rate of
1.2(G0.2) sK1. The helical pairs III and IV, and VII
and VIII showed folding rates of the same order of
magnitude; 0.45(G0.17) sK1 and 0.31(G0.12) sK1,
respectively. A possible schematic folding pathway
for a single NhaA may be drawn from these folding
constants. The probability of an individual folding
pathway to occur can be derived from the folding
kinetics. Most of the measured folding constants
were within the range determined for membrane
proteins and their fragments by conventional bulk
experiments (0.002–13 sK1).2 The low dead-time of
our experimental setup allowed resolving fast
formations of folding intermediates. However, the
single-molecule experiments showed that the fold-
ing rates measured conventionally held only for the
average folding process, and that single folding
events may exhibit significant differences, leading
to various folding pathways. Moreover, our experi-
ments demonstrated that the formation of mole-
cular interactions is not necessarily correlated
between different a-helical pairs and suggested
independent folding of helical pairs.

a-Helices may fold individually or pairwise with
neighboring helices, and we observed several folding
intermediates and pathways. However, our data
suggest that it is more probable that a-helices insert
pairwise than their folding as individual units
(Figure 2). For example, after a folding time of 15 s,
less than 10% of F–D curves contained peaks that
could be assigned to the single transmembrane
a-helix III (unfolding peak at residue 275), while the
pairwise insertion of a-helices III and IV occurred in
w50% cases. Clearly, the formation of helical pairs is
the preferable folding pathway of NhaA. This
observation is supported by the model describing a
pairwise insertion of transmembrane helices as a
possible folding pathway, such as that proposed in
1981 by Engelman and Steitz,25 and later confirmed
experimentally.26–28 In this work, we observed a
direct correlation between the folding rate and final
refolding extent for individual structural domains of
NhaA (Figure 2). Structural domains exhibiting the
highest folding kinetics (a-helices V and VI, NaC-
binding domain) refolded at highest probability
(z50–60% of all cases). The origin of the trend is not
clear, but we are aware that it can be a consequence of
the misfolding events discussed below. At the same
time, we rule out the influence of experimental drift
on the folding process. The setup was equilibrated
thermally for 30–60 min prior to the experiments to
minimize possible distortions due to cantilever
bending, while the piezoelectric actuator was
equipped with a maintenance-free capacitive hard-
ware sensor, which ensured stable functioning of the
AFM.

Observing misfolding events

Occasionally, the refolded polypeptide showed a
peak at residue 180, which was not observed upon
initial unfolding of the native NhaA (Figures 1(a)
and 2(b)). The structural segment was formed in
z15% of all cases and showed a folding rate, kfold,
of 0.7(G0.4) sK1. There are two possible explana-
tions for this observation: (i) the conformation
detected represents a folding intermediate of NhaA
along the pathway leading to the functional protein,
or (ii) the intermediate is formed due to non-native
molecular interactions that trap a misfolded form of
the protein in a local energy minimum.29 The
absence of kinetics at long timescales (Figure 2(b))
for the structural domain at residue 180 is consistent
with a misfolding event. Misfolding events can
occur either within the membrane or in the polar
environment of membrane–water interface region.
We consider that surface misfolding may affect the
ability of the peptide to fold spontaneously into the
final protein structure. Thus, one may assume that
this process is somehow in competition with the
insertion of transmembrane domains. The atomic
model of NhaA21 suggests that the above poly-
peptide segment forms two short transmembrane
a-helices, VII and VIII, of 14 residues each. Since
a-helices require at least 20 residues to transverse
the lipid bilayer,30 shorter helical regions may
account for the observed slow folding kinetics and
misfolding events. Alternatively, one may assume
that the peptide formed a 310 helix, which needs
only z15 residues to span the membrane
bilayer.25,31 Nonetheless, our observations demon-
strate the ability of single-molecule force measure-
ments to detect different structural states of a
membrane protein formed due to alternative
molecular interactions.

Various folding pathways guide to native
structure

The denatured state of a protein is an operational
definition in conventional unfolding approaches,
and merely denotes that the protein is inactive but
does not define its structure.1 As suggested for the
folding of water-soluble proteins, the conforma-
tional differences at the starting point of folding
may also initiate different folding pathways of the
protein.32 Such differences in reference states
should be kept in mind when comparing folding
data obtained by different techniques. Controlled
unfolding of a membrane protein by AFM defines
its fully unfolded state lacking secondary or tertiary
interactions (Figure 1), which is comparable to the
newly synthesized molecule in vivo. Relaxation of
the polypeptide chain leads to its rapid coiling in
the proximity of the membrane. This compact
denatured conformation in the presence of pre-
folded helices I and II should be referred to as a
protein state prior to the refolding phase in our
experiment. The observation of different stable
structural segments forming in NhaA within the
first second tells us that there are various inter-
mediates through which the membrane protein
folding pathway proceeds, even though the experi-
mental conditions were identical for every
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unfolded peptide. These intermediates may act as
nucleation sites for further folding events.1 Clearly,
detailed studies of membrane protein folding and
insertion pathways in vitro can shed light on
processes in the living cell, such as Sec-independent
insertion/translocation of polypeptides in the cell
membrane.33 It was discovered recently that the
probability of a given unfolding pathway of a
membrane protein depends on external conditions
such as temperature, electrolyte or functional state
of the protein.17,34 We assume that there are various
pathways by which a membrane protein can
unfold, as well as various pathways of folding. It
will be interesting to investigate how environmental
conditions or point mutations will affect the folding
process of membrane proteins, and how distinct
folding pathways leading to misfolding and mal-
function can be avoided.
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