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Atomic force microscopy (AFM) is unique in visualizing functional biomolecules in aqueous solution
at ~1 nm resolution. By borrowing localization methods from fluorescence microscopy, AFM has
been shown to discern structural domains that may be separated by only a few Angstréms.

In the early 2000s, Paul Selvin and colleagues employed fluorescence microscopy to determine how
myosin V, a two-legged molecular motor, walks along actin fibres. This seemed a daunting task, since
electron microscopy had shown that the maximum distance between the two legs was about 36 nm
(Ref. 1), which is an order or magnitude below the spatial resolution of fluorescence microscopy as
set by the diffraction limit. However, by attaching a fluorophore to one of the motor legs and by
determining the location of the corresponding fluorescent blob along the actin fibre, single-leg step
sizes could be measured to within £ 5 nm uncertainty. These measurements demonstrated that
myosin V walks “hand over hand” and illustrated that localization accuracy can be vastly superior to
resolution in microscopy?. It took several more years to actually “see” the stepping of myosin V at
nanometre resolution, requiring the use of AFM instead of fluorescence microscopy, in a study3 that
represents a hallmark of high-speed AFM. Writing in Nature, Heath et al.* now describe a method
that applies localization algorithms from fluorescence microscopy to AFM, to localize and distinguish
structural features of membrane proteins at sub-nanometre accuracy.

Historically, the appeal of AFM (and of its elder sibling scanning tunnelling microscopy) lies in the
ability to resolve and hence “see” individual atoms at a sample surface. Since atomic resolution was
robustly demonstrated in aqueous solution in the mid 2000s>¢, one might reasonably expect AFM to
allow for atomic-resolution imaging of functional biomolecules “at work” under near-physiological
conditions’. However, the lateral (xy) resolution on biological samples is still ~1 nm at best, with no
significant improvement on that value since the results first obtained on two-dimensional lattices of
membrane proteins in Andreas Engel’s lab in the mid-1990s8, notwithstanding occasional higher-
resolution glimpses of specific structural domains on other biomolecules®*°. Contrasting with the
huge advances made on reproducibility, versatility and temporal resolution of bio-AFM1?, this lack of
progress in spatial resolution is related to how the AFM probe (“tip”) traces the contours of a sample
surface in a similar way as a blind person’s finger reads Braille, providing a three-dimensional (xyz)
map of the surface topography.

In essence, the resolution of AFM is determined by the contact area between the AFM tip and the
sample surface??, such that in principle, higher resolution can be obtained with sharper tips. Yet the
tip-sample contact area may be increased and hence resolution degraded when the surface adheres
to the tip (Fig. 1a). In addition, fluctuations of the underlying soft matter may confuse the detection
of the sample by the tip (Fig. 1b), and so can dynamics of the molecules at the sample surface (Fig.
1c), resulting from intrinsic molecular fluctuations or from transient deformations due to the forces
exerted by the AFM tip. Disregarding these effects, AFM images represent what is generally
described as a convolution of the sample surface with the tip shape®? (Fig. 1d), even though this is
not a mathematical convolution stricto sensu'3, such that power-spectrum analysis of AFM images
may suggest an artefactual, overestimated resolution!4. Given that AFM tips can be prepared to
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about ~1 nm tip radius, this convolution sets a rather hard limit to the spatial resolution, unless
samples are atomically flat.

However, as is the case for fluorescence microscopy, the resolution limit does not preclude the
localization of structural domains at a substantially higher accuracy, as already demonstrated for
AFM by Simon Scheuring et al.*> in 2002: Instead of mapping the local sample height (z) as a function
of lateral (xy) position, one can detect local height maxima in the image and plot the distribution of
relative peak (xy) positions as acquired over multiple, suitable aligned molecules. The resulting
peaking-probability maps could pinpoint the locations of protruding protein domains to an accuracy
limited by the pixel size in the original data (see Ref. 1 and Fig. 2a,b, where this pixel size is 2~3 A).

In Heath et al.?, Scheuring’s team have interpolated AFM data to a substantially finer pixel size and
used the thus oversampled AFM images to improve peak-localization accuracy, very similar to
procedures in localization microscopy as based on fluorescence images. The greyscale peaking-
probability maps can also be complemented with a colour coding that represents the local height (2)
as recorded at the xy positions of the peaks. The result is a hybrid “localization AFM” (LAFM) map in
which brightness refers to peaking-probability and in which an RGB colour scheme refers to the local
height as measured in the original AFM topography (Fig. 2c).

As explained above, the effective resolution of a peaking-probability map can be substantially higher
than spatial resolution in the microscopy image(s) on which it is based. The question is to what
extent this allows to discern between different surface features. As demonstrated by LAFM results
on membrane proteins?, peaking-probability maps allow the distinction between structural features
that may be as close together as ~2 A, where such distinction remains hidden in the more coarsely
pixelated peaking-probability maps based on the original, non-interpolated data.

LAFM has some elements in common with the super-resolution methods that have revolutionized
fluorescence microscopy*®8, Those methods ensure that only a small sub-population of
fluorophores emits light at a given time, such that isolated fluorophores can be localized at a much
higher accuracy than is possible when they all emit light at the same time. A high-resolution image
can then be reconstructed by summing localization maps that are recorded at different times.
However, it remains to be established how well this principle translates to (L)AFM: unlike the light
emitted by fluorophores in super-resolution microscopy, the tip-sample forces in AFM may not be as
easily switched on and off for subsets of atoms at the surface. As proposed by Heath et al. ¢, the
analogy may hold in cases where the dynamics of otherwise hidden atoms or structural domains is
such that they can transiently protrude above neighbouring surface topography, and therewith be
transiently detected by the AFM tip. Obviously, the plausibility of this scenario — and hence the
potential benefits of LAFM — strongly depends on the local sample dynamics and corrugation.

The promise of LAFM lies in stretching a rather hard resolution limit of AFM on biological samples. At
the same time, it raises intriguing questions about the origin and nature of the resolution as
reported for the peaking-probability maps. Since the LAFM analysis code is now freely available?,
there is ample scope for verifying its robustness and for its validation on a wider variety of samples.
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Figure captions

Figure 1 | Factors that can limit spatial resolution in bio-AFM. a, Sample (black) sticking to the AFM
tip (orange) over larger area, increasing the tip-sample contact area. b, Unstable or dynamic
substrate, confusing detection of the surface by the AFM tip. ¢, Mobility of the molecules at the
surface, which can be intrinsic or induced by AFM tip, blurring the view obtained by AFM. d, In many
cases, the AFM tip first contacts the sample sideways. Hence the lateral and vertical positions of the
tip end (indicated by dashed lines) do not accurately reflect the position of the tip-sample contact,
except for the most protruding parts of the sample. Since the AFM topography (dotted curve) refers
to measurement of the tip position, this leads to a broadened representation of the sample
surface®®. Generally, this broadening reduces the overall resolution, although not the accuracy at
which maxima in the surface topography (“peaks”) can be detected.
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Figure 2 | From peaks to peaking probability to LAFM. a, AFM topography of aquaporin AqpZ,
averaged over multiple molecules®, here recorded at a pixel resolution of 3.3 A. b, Peaking
probability map®®, which represents the likelihood of detecting a local maximum as a function of
relative (xy) position, as determined from the separate AFM images that yielded the average AFM
topography in a. ¢, The LAFM reconstructions? are peaking probability maps obtained after data
interpolation to a higher pixel density, in which brightness refers to peaking probability and a colour
scale refers to the sample height detected at the corresponding xy positions. Scale bar: 20 A. Figure
adapted from Ref. 4.



