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For 30 years atomic force microscopy
(AFM) has been imaging surfaces
with subnanometer resolution. As a

thin, flexible cantilever with an atomi-
cally sharp tip is scanned back and forth
across the surface, the tip’s vertical posi-
tion is monitored by reflecting a laser
beam off it. The cantilever’s minute de-
flections reveal the surface topography.

But AFM is not limited to determining
where atoms and molecules are—it can
also manipulate them. In single-molecule
force spectroscopy, for example, an AFM
tip attached to one end of a protein, as
shown in figure 1, is gently raised to un-
ravel the folded chain of amino acids.
From the heights at which the cantilever
stalls on its upward trajectory, researchers

infer the presence of stable intermediate
states of the partially unfolded molecule.1
Those states offer clues about the ener-
getics of how the molecule folds into its
correct structure to begin with.

In contrast to the atomic-resolution
surface images, AFM measurements of
protein-folding dynamics have offered
only a coarse view. The problem is water:
Proteins need to be studied in an aque-
ous environment, and hydrodynamic
drag slows a standard cantilever’s re-
sponse time to hundreds of microsec-
onds. Any change in the protein’s state
that occurs on a faster time scale is invis-
ible to such an approach.

For the past decade, Thomas Perkins
and colleagues at JILA in Boulder, Col-
orado, have been working to develop a
cantilever optimized for studying pro-
tein folding with high time resolution.
Now the JILA researchers have put their
most advanced cantilevers to work to
probe the folding dynamics of bacterio -
rhodopsin, a protein that harvests pho-
ton energy to pump protons across the
cell membrane.2 With 10 times the force
precision and 100 times the time resolu-
tion of previous AFM measurements of
bacteriorhodopsin, they’ve uncovered an
intricate protein-folding landscape that
had never been seen before.

All that glitters
The perfect cantilever for force spec-
troscopy needs several qualities. It should
move through water easily enough to
respond to a microsecond change in the
protein’s state. It should be supple enough
that a piconewton force produces a
measurable deflection. It should be over-
damped, so a change in the applied
force doesn’t set it oscillating. It should
be optically reflective, so the laser signal
can be detected. And it should be stable
over the course of an experiment, so a
given force always produces the same
deflection.

Sometimes those requirements are at
odds with one another. The easiest way
to reduce hydrodynamic drag is to make
the cantilever shorter, but that also in-
creases stiffness and reduces damping.
Commercial cantilevers come coated in
gold to maximize their reflectivity. But
Perkins and company discovered that—

for reasons not entirely understood—the
gold causes the cantilever’s free-stand-
ing position to drift over time, which
destabilizes force measurements.3

Figure 2 shows the protocol the JILA
researchers developed to mitigate those
tradeoffs.4 Starting with a commercial
cantilever, they apply a transparent cap-
ping layer to protect part of the gold coat-
ing. Next, they use a focused ion beam to
cut away part of the cantilever, thin the
supports, and etch away the unpro-
tected gold and underlying chromium.
The process is quick and straightfor-
ward, says Perkins: “This set of can-
tilever modifications was developed by a
talented undergraduate, and undergrad-
uates in our lab routinely make these
modifications.”

Thus modified, a short (40 μm) can-
tilever can be used in a standard AFM
with no problems. But when Perkins and
colleagues progressed to modifying ul-
trashort (9 μm) cantilevers, they found

Specially developed short,
bendy cantilevers may be
the key to accessing 
biomolecular dynamics.

Force spectroscopy unveils hidden protein-folding states

FIGURE 1. IN SINGLE-MOLECULE FORCE
SPECTROSCOPY of the membrane protein
bacteriorhodopsin, the tip of an atomic
force microscopy cantilever is attached to
the protein. As the cantilever is raised, it
gently tugs on the protein, and its vertical
position is tracked by a reflecting laser
beam. Bacteriorhodopsin consists of seven
vertical helices; for clarity, only five are
shown here.
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FIGURE 2. A COMMERCIAL CANTILEVER
in an aqueous environment creates too
much hydrodynamic drag for microsecond-
resolution force spectroscopy, and its gold
coating causes force measurements to 
drift over time. To overcome both those
problems, Thomas Perkins and colleagues
modify the cantilevers with the quick 
four-step protocol shown here. (Adapted
from ref. 4.)
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that the remaining area of gold was too
small to reflect the laser beam. So they
engineered a new detection-laser mod-
ule for their AFM system to focus the
laser to a sufficiently small spot.5

Bacteriorhodopsin
Although the JILA researchers per-
formed proof-of-principle tests along the
way to check their modified cantilevers’
time resolution and force precision, the
new work represents their first move to-
ward a system of biophysical interest.
Bacteriorhodopsin, a protein in the cell
membrane of saltwater-dwelling single-
celled organisms, is homologous to G-
protein coupled receptors (GPCRs), an
important class of membrane proteins in
more complex organisms, including hu-
mans. The receptors are responsible for
many types of cellular signaling, and as
such, they’re the targets of some 40% of
all pharmaceutical drugs.

But the dynamics of GPCRs and other
membrane proteins are not well under-
stood, for several reasons. They tend to

be larger than the more commonly stud-
ied globular proteins, and their structure
and function depend critically on the het-
erogeneous environment of the cell mem-
brane. Unlike many smaller proteins that
find their correct folded structures on
their own, membrane proteins fold via
an intricate process that often requires
the assistance of so-called chaperone
molecules.

Like GPCRs, bacteriorhodopsin con-
sists of seven helical structures that ex-
tend across the membrane. Previous force
spectroscopy studies typically found in-
termediate states that corresponded to
the full unfolding of each of those he-
lices. But molecular dynamics simula-
tions predict that many more intermedi-
ates should exist.

With their improved cantilevers,
Perkins and colleagues studied the bac-
teriorhodopsin helices shown in blue in
figure 1. They found a series of 14 dis-
tinct intermediates, many of them sepa-
rated by the unwinding of less than a sin-
gle helix turn. Figure 3 illustrates the
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FIGURE 3. UNFOLDING TWO HELICES of bacterio -
rhodopsin revealed 14 stable intermediate states (In for
n = 1–14, with I 0 representing the fully folded helices), most
of which had never been detected before. (a) Force–time
plots show the molecule hopping among the third, fourth,
and fifth intermediates, indicated by the dashed lines. As
highlighted by the green segments in the bottom panel, sometimes intermediates are 
occupied for just a few microseconds. (b) The first five intermediates, schematically shown
here, span the unfolding of half of the first (dark blue) helix. The orange and purple curves
indicate the likelihood of various unfolding and refolding transitions. (Adapted from ref. 2.)
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S ince the Cassini spacecraft began or-
biting Saturn in 2004, its nearly two
dozen flybys of Enceladus have of-

fered up a series of increasingly tantaliz-
ing observations of the icy Saturnine
moon. (See the article by John Spencer,
PHYSICS TODAY, November 2011, page 38.)
At the moon’s south pole, four parallel
cracks, dubbed “tiger stripes,” appear
anomalously warm in IR images, and they
spew jets of salty ice and water vapor into
space. Taken together, those signs point to
a liquid water ocean, similar to the one
on Jupiter’s moon Europa, beneath the
moon’s frozen outer shell and in contact
with its rocky core. Enceladus is thus on
the short list of the best places in the solar
system to look for extraterrestrial life.

Now Alice Le Gall (LATMOS/Univer-
sity of Versailles–Saint Quentin in Yve-
lines, France) and her collaborators have
found that the Enceladean ocean may be
closer to the surface than previously
thought.1 Instead of tens of kilometers, the
south polar ice could be just 2 km thick.
That’s thin enough that on a hypothetical
future mission, ground-penetrating radar
could see right through the ice—or a lan-
der could penetrate the crust and reach
the ocean.

Thin ice
The conclusion is based on data from
Cassini’s radar. Developed primarily to
image the moon Titan by sending mi-
crowave pulses through its optically
opaque atmosphere, the radar can also
passively detect thermal radiation at a
wavelength of 2.2 cm. The longer wave-
length means that radar is sensitive to
lower temperatures and greater depths
than IR detectors are. 

Cassini’s radar and IR instruments
can’t operate simultaneously; the latter
usually took priority during flybys of
Enceladus, so the researchers had little
passive radar data from the south polar
region to work with. In fact, their new re-
sults are based on just a minute and a
half of data collected during a single
flyby. The results of that observation,
shown as the colored arc in the figure,
reveal hot spots, shown in red, in areas
30–50 km away from the tiger stripes.
The IR images show no sign of excess
heat in those areas.

The colors represent the measured
surface-brightness temperature, which
depends on both the surface emissivity
and the physical temperature averaged

50 km

ENCELADUS’S SOUTH POLAR
TERRAIN as imaged by Cassini.
At the center of the image are
cracks known as tiger stripes
that appear anomalously warm
in IR heat maps. The colored

band shows surface-brightness temperatures measured by Cassini ’s radar; the data reveal that
the heat source is broadly distributed across the south pole terrain. Each of the hottest spots,
shown in red, is centered on a feature that’s structurally similar to the tiger stripes, including
the crack between the white dashed lines in the inset. (Adapted from ref. 1.)

complexity of their observations. The
force–time data in figure 3a show the
molecule hopping among adjacent inter-
mediates several times a millisecond.
Figure 3b sketches the first five interme-
diates, corresponding to the unfolding of
half of the first helix. The thicknesses of
the purple and orange connecting lines
represent the prevalence of transitions
between pairs of intermediates. Notably,
transitions were not limited to adjacent
intermediates, and both unfolding and
refolding transitions were observed.

The surfeit of data is just the beginning;
just what it all means remains to be seen.
Comments Michael Woodside of the Uni-
versity of Alberta in Edmonton, “As we’ve
seen repeatedly in other contexts, an
order-of-magnitude increase in resolution
often leads to big changes in understand-
ing of the underlying physics. I expect
something similar to happen here.”

Off the shelf
Perkins and colleagues’ modified AFM
apparatus isn’t the only way to obtain a
microsecond view of biomolecular fold-
ing. Last year, Woodside and colleagues
achieved similar resolution by tethering
each end of a molecule to a bead held in
an optical trap. (See PHYSICS TODAY, June
2016, page 14.) That approach is useful
for some applications, but it has the 
disadvantage of requiring a custom-built
setup. Using a commercial AFM instru-
ment, even with a few modifications, is
much easier.

And Perkins is hoping for a day when
researchers won’t have to make those
modifications themselves. “None of our
cantilever improvements are covered by
a patent or pending patent,” he says, “and
there’s no reason why cantilever compa-
nies and AFM manufacturers can’t im-
plement 90% of them using wafer-scale
manufacturing.” In the short term, he’s
collaborating with other groups to
demonstrate the cantilevers’ scientific ap-
plicability; in the longer term, he hopes
those studies will spur demand for man-
ufacturers to commercialize the modi-
fied cantilevers.

Johanna Miller
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A snippet of data has important implications for figuring
out the moon’s structure.

Radar reveals new hot spots on Enceladus


