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Abstract: Directly observing protein folding in real time using
atomic force microscopy (AFM) is challenging. Here the use of
AFM to directly monitor the folding of an a/b protein, NuG2,
by using low-drift AFM cantilevers is demonstrated. At slow
pulling speeds (< 50 nm s¢1), the refolding of NuG2 can be
clearly observed. Lowering the pulling speed reduces the
difference between the unfolding and refolding forces, bringing
the non-equilibrium unfolding–refolding reactions towards
equilibrium. At very low pulling speeds (ca. 2 nm s¢1), unfold-
ing and refolding were observed to occur in near equilibrium.
Based on the Crooks fluctuation theorem, we then measured
the equilibrium free energy change between folded and
unfolded states of NuG2. The improved long-term stability of
AFM achieved using gold-free cantilevers allows folding–
unfolding reactions of a/b proteins to be directly monitored
near equilibrium, opening the avenue towards probing the
folding reactions of other mechanically important a/b and all-b
elastomeric proteins.

Protein folding and unfolding is a fundamental event in life,
and of vital importance for essentially every single biological
process. Understanding protein (un)folding and misfolding
mechanisms remains a critically important task in life
sciences.[1, 2] Improvements in experimental and computa-
tional methods continue to cast new insights into this
important problem.[3–12] In this regard, AFM-based single

molecule force spectroscopy (SMFS) has become a powerful
method for investigating protein folding–unfolding dynamics
and mechanisms at the single-molecule level, providing new
insights that are otherwise impossible to obtain using tradi-
tional methods.[4, 8, 9, 11,13–17] The high spatial resolution and fast
dynamic response of AFM make it especially appealing for
investigating protein dynamics. However, the relatively poor
long-term stability of AFM in force[18] makes it challenging to
monitor protein folding–unfolding in real time. Although the
development of lock-in detection made it possible to observe
protein folding,[19] force drift remains the limiting factor for
using AFM in protein folding studies.[20–22] Recent progress
has led to significant improvements in the long-term stability
of AFM, allowing for the folding of small proteins to be
directly observed in real time and the full characterization of
the folding–unfolding energy landscape.[5,19, 22–26] In such
experiments, protein folding–unfolding at low stretching
forces occur under conditions close to equilibrium, giving
distinct (un)folding events accompanied with protein short-
ening (or lengthening). However, reported direct observa-
tions of real-time protein folding using AFM are limited to
all-a proteins, such as ankyrin[5, 25] and calmodulin.[22–24] These
proteins are mechanically labile and unfold at low forces,
allowing protein folding and unfolding to occur near equilib-
rium. However, the direct, real-time observation of the
folding of a/b or all-b proteins, which involves the formation
of long-range interactions in reaching their native structures,
remains challenging and thus underexplored. Thus, SMFS
studies of the folding–unfolding of these proteins remain
limited to non-equilibrium unfolding reactions, where infor-
mation about their folding energy landscape remains inacces-
sible. By leveraging recent improvements in the long-term
force stability of AFM by eliminating cantilever drift caused
by its metal coating,[21] we directly observed the folding–
unfolding of a small a/b protein NuG2 in real time under
near-equilibrium conditions. These experiments also enabled
us to obtain the first equilibrium free energy information on
the folding–unfolding transition of NuG2 from single-mole-
cule AFM experiments.

To examine the feasibility of observing real-rime folding
of a/b or all-b proteins, we chose the fast folding a/b protein
NuG2 as a model system. NuG2 is a computationally designed
variant of the protein GB1, and assumes a characteristic b-
grasp fold in which an a-helix packs against a four-stranded b-
sheet.[3, 27] In our previous single-molecule AFM work, we
constructed the polyprotein (NuG2)8, which contains eight
identical tandem repeats of NuG2.[28] Owing to the poor long-
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term stability of force measurements arising from the canti-
lever drift, our previous studies on (NuG2)8 were limited to
force-induced unfolding reactions under non-equilibrium
conditions.[28] In such experiments, the pulling speed had to
be greater than 50 nms¢1, as the force drift from the cantilever
would overwhelm the exper-
imental signal if the pulling
speed were less than
50 nm s¢1. Figure 1 shows
typical stretching and relax-
ation force–extension (F-E)
curves of (NuG2)8 obtained
using a standard gold-coated
Si3N4 cantilever (MLCT
with a spring constant
k� 40 pNnm¢1). Stretching
(NuG2)8 resulted in F-E
curves with a characteristic
sawtooth-pattern appear-
ance, where each sawtooth
peak corresponds to the
mechanical unfolding of
one of the NuG2 domains
in the polyprotein chain
being stretched. Fitting the
unfolding events of NuG2
using the worm-like-chain
(WLC) model of polymer
elasticity[29] measures a con-
tour length increment (DLc)
of NuG2 of 18 nm upon
complete unfolding, in good
agreement with our previous
measurements as well as the
value calculated from the

structure of NuG2.[28] In contrast to the sawtooth-like F-E
curves observed when NuG2 unfolds, refolding of this protein
results in largely featureless spectra, with no clear refolding
events at both pulling speeds of 400 nm s¢1 and 50 nm s¢1.
Large hysteresis exists between unfolding and refolding
traces, demonstrating that the unfolding of NuG2 at these
pulling speeds occurs under a non-equilibrium condition.
Furthermore, drift in the force signal is evident in the F-E
curves at 50 nm s¢1 (Figure 1, bottom).

To improve the long-term stability of AFM force meas-
urements, Churnside et al. developed a simple yet effective
method: removing the gold coating from the cantilevers by
wet etching can significantly reduce the force drift of the
cantilever (Biolever, k = 6 pNnm¢1), and greatly improve the
long-term stability of AFM without affecting the signal-to-
noise ratio of F-E measurements.[21] Using this method, we
prepared uncoated cantilevers and used them to measure the
F-E curves of NuG2 at low pulling speeds. Indeed, we found
that using uncoated cantilevers significantly improves the
long-term stability of F-E measurements, and F-E experi-
ments at pulling speed as low as 1 nm s¢1 become possible in
a state-of-the-art commercial AFM (Asylum Cypher). Fig-
ure 2A shows stretching and relaxation curves of NuG2 at
a pulling speed of 400, 50, and 2 nm s¢1, respectively. In these
spectra at 50 nm s¢1 and 2 nms¢1, features slightly greater than
the noise are clearly visible. After filtering the data to 500 Hz
using a low-pass filter, sawtooth-like F-E curves are evident in
both stretching and relaxation traces. This pattern clearly
indicates that NuG2 displays refolding events during relax-

Figure 1. Force–extension (F-E) curves measured using conventional
gold-coated Si3N4 cantilevers. The sampling frequency for raw data is
10 kHz and the filtered data are low-pass filtered with a corner
frequency of 500 Hz. Thin lines are worm-like chain (WLC) fits. The
force drift is evident in the bottom curves, as indicated by the dotted
line and the deviation of the WLC fits from the data.

Figure 2. Improved SMFS experiments using uncoated cantilevers. A) Comparison of pulling (solid gray) and
relaxation (solid black) curves of (NuG2)8 at different pulling speeds. Raw and filtered F-E traces are shown
on the top and bottom, respectively. Dashed lines correspond to WLC fits to the data. The force peaks in the
pulling traces and force valleys in the relaxation traces correspond to unfolding and folding events,
respectively. B) Typical low-pass-filtered pulling and relaxation traces of (NuG2)8 at a pulling speed of
2 nms¢1. Occurrences when the protein hops between folded and unfolded states are shown by arrows.
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ation, which are manifested as the shortening of the taut
polypeptide chain and a corresponding increase in force. At
these pulling speeds (50 nms¢1 and 2 nm s¢1), the hysteresis
between unfolding and refolding traces, which represents the
energy dissipation under the non-equilibrium conditions,
becomes significantly smaller than that at 400 nm s¢1. More-
over, when the pulling speed is 20 nms¢1 or less, we observed
rapid hopping events between adjacent WLC F-E curves in
both stretching and relaxation (Figure 2B). During this
hopping, the NuG2 transitions between two states, indicating
that unfolding–refolding transitions are occurring at similar
rates and thus approaching equilibrium. Such a phenomenon
has been observed in calmodulin[22,24] and ankyrin.[5, 25,26]

We carried out stretching–relaxation experiments at pull-
ing speeds from 2 to 2000 nms¢1, and measured the pulling
speed dependence of the unfolding and refolding force,
respectively (Figure 3). As expected, the unfolding force of
NuG2 decreases as pulling speed decreases, while the refold-
ing force increases with decreasing relaxation speed (Fig-
ure 3B). At the lowest pulling speed, the unfolding and
refolding forces of NuG2 are becoming closer to each other. If
the pulling speed were low enough, unfolding–refolding
transitions would occur near equilibrium and on average, no
hysteresis would exist between stretching and relaxation
traces. The difference between unfolding and refolding forces
would reach a minimum value, which is caused by the

extension or shortening of the polypeptide chain upon
(un)folding in F-E experiments. Thus, under very low pulling
speeds, the unfolding and folding forces would approach their
asymptotic values, giving rise to different pulling speed
dependency of the unfolding force at low pulling speeds
than that at faster speeds (non-equilibrium regime). Our data
clearly displays such a trend (Figure 3B): the unfolding force
increases rapidly with increasing pulling speed at pulling
speeds higher than 10 nms¢1; while unfolding force becomes
less sensitive to pulling speed at lower pulling speed
(< 10 nm s¢1). Such a change of pulling speed dependency of
unfolding forces is clearly different from those resulting from
two different energy barriers in the unfolding/unbinding
energy landscape or the shift of the unfolding pathway.[30,31]

To estimate key parameters characterizing the unfolding–
folding energy landscape of NuG2, Monte Carlo simulations
that represent the exact experimental conditions were
performed and the resultant data was used to “fit” the pulling
speed dependency of unfolding/refolding forces.[30, 32–34] Rep-
resentative simulated F-E curves are shown in the Supporting
Information, Figure S1. We found that an unfolding rate
constant a0 of 0.04 s¢1 and the distance to the transition state
Dxu of 0.42 nm well describe the experimental data (Support-
ing Information), indicating that NuG2 s mechanical unfold-
ing transition state is very close to its native state. In contrast,
a folding rate constant at zero force b0 of 10 000 s¢1 and
a folding distance Dxf of 5 nm were found to be sufficient to
describe the experimental data. This fast-folding makes it
possible to observe the hopping of NuG2 between folded and
unfolded states in real-time. Analysis of these rates using
DG0 = kBTln(b0/a0) yields a free energy difference of about
12.4 kBT at F = 0 pN between the native and unfolded states.

It is of note that Dxu estimated here (0.42 nm) is slightly
larger than that reported in our previous force-clamp
spectroscopy study (0.25 nm), where stiffer cantilevers (k =

40 pN nm¢1) were used than those in the current study
(6 pNnm¢1). Previous SMFS studies on calmodulin also
showed similar difference.[22, 33] The reason underlying this
difference is unclear and deserves a systematic investigation.

Unfolding–refolding transitions of NuG2 observed in our
AFM experiments were non-equilibrium in nature, and thus
associated with hysteresis. Using fluctuation theorems, one
can relate the work along non-equilibrium trajectories to
thermodynamic free energy differences between states; these
methods have been previously used in optical tweezers
studies to obtain information on the folding energy landscape
of proteins and nucleic acids.[35–38] Here, we examine the
feasibility of using Crooks fluctuation theorem (CFT)[35, 36] to
determine the equilibrium free energy difference DG0

between folded and unfolded states from such non-equilib-
rium force vs. distance curves in AFM experiments. CFT
allows the amount of hysteresis associated with irreversible
work done to unfold and refold a protein to be quantified, and
relate this irreversible work to DG0 through the following
equation:

PUðwÞ
PRðwÞ ¼ exp

�
w¢DG0

kB T

�
Figure 3. A) F-E curves of (NuG2)8 polyproteins obtained at different
pulling speeds. Pulling curves and relaxation curves are in gray and
black, respectively. B) Pulling/relaxation speed dependency of the
unfolding–refolding force of NuG2. Dashed lines are Monte Carlo
simulation results.
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where PU(w) and PR(w) correspond to the work distribution
associated with unfolding and refolding of the protein. As
shown in Figure 4, the intersection between PU(w) and PR(w)
yields the equilibrium free energy difference DG0 of 15 kBT
for NuG2, which is close to DG0 obtained from Monte Carlo
simulations (Supporting Information). Thus, CFT can be used
in AFM-based SMFS experiments that employ much stiffer
probes (6 pN nm¢1) to determine the equilibrium free energy
than those used in optical-trapping experiments
(0.2 pNnm¢1), given sufficient instrumental stability.

In summary, using single-molecule AFM with improved
long-term stability and force resolution, we directly observed
the real-time folding and unfolding of a small a/b protein
NuG2 near equilibrium, allowing us to directly determine the
equilibrium free energy difference between its folded and
unfolded states from single-molecule experiments for the first
time. Our studies expand the range of proteins that can be
examined using AFM under conditions that approach equi-
librium, which may allow for the examination of elastomeric
proteins, such as the giant muscle protein titin and extracel-
lular matrix protein fibronectin, at forces that are physiolog-
ically relevant. Such experiments would greatly support
further understanding of the elastic behavior of these
elastomeric proteins in their biological settings.

Keywords: atomic force microscopy · fluctuation theorem ·
force spectroscopy · protein folding · single-molecule studies
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