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Abstract

Recent advances in high-speed atomic force microscopy (HS-AFM) have made it possible to study
the conformational dynamics of single unlabeled transmembrane channels and transporters.
Improving environmental control with the integration of a non-disturbing buffer exchange system,
which in turn allows the gradual change of conditions during HS-AFM operation, has provided a
breakthrough towards the performance of structural titration experiments. Further advancements in
temporal resolution with the use of line scanning and height spectroscopy techniques show how
high-speed atomic force microscopy can measure millisecond to microsecond dynamics, pushing
this method beyond current spatial and temporal limits offered by less direct techniques.

Introduction

Since the developments that have allowed a revolution in cryo-EM [1,2], solving membrane
protein structures is becoming more and more common [3]. Whilst static structures provide
vast amounts of information they are often only half of a complex story concerning how a
protein behaves in reality. How these structures change and react dynamically to and with
their environment is now key to developing a full biological understanding. Therefore, focus
must turn to functional and mechanistic studies, specifically addressing conformational
dynamics and state transitions. In this effort, techniques like double electron-electron
resonance (DEER), electron paramagnetic resonance (EPR) and Forster resonance energy
transfer (FRET) have major impact [4-6]; however advancements in HS-AFM are now
allowing comparable and even faster dynamics to not only be detected but to simultaneously
provide real-space submolecular structural information [7,8°,9,10°]. Video rate HS-AFM
imaging provides 3D information under physiological conditions at ~50-100ms per image,
whilst reducing the dimensionality to single line (2D) and single point (1D) measurements
can drastically increase the temporal resolution to ~1ms and 10ps respectively [11°**]. These
features, unique to HS-AFM, provide a toolbox of methods that can surpass the time
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resolution of many techniques, whilst measuring membrane proteins in native-like
conditions, 7.e. in membranes, immersed in physiological buffer solution, at controllable
temperature, without labeling, fixing or staining the proteins. Additionally, the integration of
non-disturbing buffer exchange, pulsed UV-laser [10°] and accurate temperature control
systems [12°] allow the gradual and rapid changes of the environmental conditions during
HS-AFM operation.

The advent of HS-AFM to reach unprecedented scan rates has been driven by a combination
of various technical developments, including improved cantilevers, sample-stage scanners,
cantilever deflection detection and feedback systems [13]. As with conventional AFM, HS-
AFM has been extended to high-speed force spectroscopy (HS-FS) [14,15], and active high
frequency microrheology (HF-MR) [16] applications, reaching previously inaccessible
dynamic ranges. Indeed HS-FS has reached pulling velocities directly comparable to
molecular dynamics simulations [14,15]. Finally, HS-AFM imaging has successfully been
applied to various biological systems such as molecular motors [8°], membrane associated
proteins [17°], large macromolecular systems [18] and protein-DNA complexes [19].
However, in this short review, we focus on recent and ongoing advancements in HS-AFM
imaging studies of transmembrane proteins, /.e. channels and transporters, that have
provided a breakthrough towards analyzing membrane protein structural-dynamics under
controlled exposure to environmental stimuli. We further discuss a most recent development,
HS-AFM height spectroscopy (HS-AFM-HS), that will have immediate impact in this field
as it allows analysis of structural dynamics at unprecedented rate. While in this review we
discuss membrane proteins in large membrane patches, the analysis of membrane proteins in
lipid nanodiscs is showing promise as a powerful platform to study dynamics from different
orientations [20].

Channel Dynamics

When opened, ion channels create an electrical response by allowing the passage of ions
across membranes down electrochemical gradients. The opening can be controlled by
varying stimuli such as temperature, pH, small signaling molecules, voltage and mechanical
stress. Given that this family of proteins is often involved in sensing and signal transduction
processes, their sensitivity to and interactions with drugs have great physiological and
clinical significance. The open/close activity of channels can be directly detected by ion
conductance measurements, however the structural dynamics involved in gating have often
to be inferred between structures locked in specific states, provided they are available.
Performing ensemble averaging may mask the full dynamic range of the channel gating
mechanism and potentially overlook intermediates, fluctuations and unpredictable behaviors.

The pentameric Cys-loop receptor ligand-gated ion channel (pLGIC) superfamily contains a
number of channels fundamental to synaptic transmission [21,22]. X-ray studies of a proton-
gated prokaryotic homolog of pLGIC, Gloeobacter violaceus ligand-gated ion channel
(GLIC), have provided great insight into the open and closed structures of these channels
[23,24]. However, EPR spectroscopy has suggested larger conformational changes to occur
than visible in the crystallized states [25]. By combining HS-AFM imaging with a buffer
exchange system to titrate a pH change, the reversible conformational changes and
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supramolecular rearrangements of GLIC channels have now been characterized [26°°]. At
pH3.4 images of the GLIC channels reconstituted into membranes show the pentameric
extracellular domain protruding out of the membrane with a central cavity (Fig 1a). These
structural features are consistent with the high-resolution structure in the active/desensitized
state. Significant conformational changes could then be observed by slowly titrating pH7.4
buffer into the fluid chamber whilst HS-AFM imaging (Fig 1e), with the channels shifting
conformation to a state with a tightened extracellular domain (Fig 1b). Additionally, the
channels underwent a 2D packing reorganization from a seemingly disordered arrangement
with specific protein-protein interactions between pentamers and five neighboring channels,
to a hexagonal, less dense packing without specific interaction between channels (mismatch
between oligomeric state and number of nearest neighbors) (Fig 1d). This rearrangement
was interpreted to potentially be representative of inter-molecular gating cooperativity.
Returning the buffer to pH3.4 showed that for the same set of ~70 molecules the process is
fully reversible and that tip sample interactions for over 3,000 images did not damage the
proteins (Fig 1c). Adapting single particle cryo-EM imaging processing methods to classify
HS-AFM movies of GLIC molecules with the reference-free classification algorithm
RELION allowed structural conformations to be unbiasedly searched for over time and pH.
Additionally, classification provided evidence for the short-term existence of an asymmetric
pentamer at early stages of activation during the HS-AFM structural titration experiment
(Fig 1f). Two aspects in these experiments deserve special mention. First, the titration rate is
very slow, typically 0.16 uL s~ to exchange the fluid cell volume of 150uL, and thus on the
time scale of molecular reactions the conditions can be considered equilibrated at any time
point during the experiment. Second, while the scan rate is of the order of 1 s~1 and the
entire titration experiment takes almost 1 hour, each molecule is imaged over ~15 scan lines
corresponding to ~30 ms. Thus, the experiment reveals conformations adopted by single
molecules during short instants over extended periods of time under well-defined conditions.

HS-AFM has recently provided new insight into the molecular mechanisms of another
family of channels: cyclic nucleotide-gated (CNG) channels. CNG channels are non-
selective cation channels that play a central role in signal transduction, specifically involved
in neuronal excitability in the brain and pace making in heart cells as well as various sensory
pathways [27,28]. They are regulated by the binding of cyclic nucleotides (CAMP or cGMP)
to a specialized intracellular cyclic nucleotide-binding domain (CNBD) which results in
conformational changes to open the pore. This family of channels has a tetrameric
arrangement of subunits surrounding a central pore with each subunit consisting of six
transmembrane helices. The first four helices form a voltage sensor (S1-S4) and the last two
form the pore domain (S5-S6). The CNBD is then C-terminally connected to the final pore
domain helix (S6) via a C-linker [29]. However, despite the recent advances in structural
determination of CNG channels, the conformational changes associated with cyclic
nucleotide gating remain unknown. The prokaryotic homolog from Spirochaeta thermophila
potassium (K*) channel, SthK, is a good functional and structural model of CNG channels.
Three SthK structures have been solved, in apo, cGMP- bound and cAMP-bound states [30].
However, all these structures are in the resting state, and the absence of an open state
highlights the difficulty in capturing infrequent states with cryo-EM. HS-AFM imaging of
SthK 2D-crystals in membranes has shown the conformational changes associated with
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ligand-binding [31°°]. When flowing cGMP through the fluid chamber large changes in
surface topography and 2D-crystal packing were observed with the initially cAMP-bound
channels (Fig 2 a,b,c), interpreted based on electrophysiology experiments to represent the
conformational changes associated with gating from an activated to an inactivated state. This
process was reversible when cAMP was titrated back into the fluid chamber. The same
effect, although less sharp, was also observed when cAMP was removed from the solution.
The four CNBDs in the tetramer moved vertically ~0.6nm towards the membrane and spread
~0.4nm, when transitioning from cGMP (closed) to cAMP (active/open). Most importantly,
the CNBDs underwent a ~25° clockwise rotation (viewed from the cytosolic side) with
respect to the pore domain (Fig 2d). Structural analysis suggests that such a rotation by the
CNBDs upon cAMP activation should results in a ~1.3nm displacement on the periphery of
the C-linker. Translated by the C-linker to the pore domain this movement causes pulling on
the bundle-crossing helices S6, that form a right-handed iris diaphragm, with a clockwise
torque, thus opening the pore. These global and coordinated structural transitions, indicating
long-range interactions between distant and adjacent protein domains, can likely be extended
to other cyclic nucleotide-modulated channels and possibly to other channels controlled by
binding of small intracellular ligands to carboxyl terminal regulatory domains.

Transporter and Pump Conformational Dynamics

Whilst channels passively allow solutes to pass (or not) across membranes, transporters
physically assist solutes. Generally, via the input of energy (ATP) or a chemical potential,
transporters act against concentration gradients with multiple steps/conformational changes
and therefore offer a more complex set of dynamics to decipher.

Glutamate transporters are vital for the regulation of glutamate concentration in the synaptic
cleft and thus their dysfunction is associated with numerous neurological diseases [32]. The
transporter cycle of glutamate transporters has been inferred from X-ray structures of a
homolog from the archaebacterium Pyrococcus horikoshii, sodium/aspartate symporter
Gltpy, in outward and inward facing conformations [33,34]. HS-AFM imaging has recently
enabled the first direct dynamics study of the transport mechanism using purified Gltpy,
reconstituted into lipid bilayers [35°]. Gltp}, forms a bowl-shaped homotrimer in which three
peripheral transport domains are centrally connected by a trimerization domain [33]. In the
absence of aspartate and Na* (apo conditions) HS-AFM images clearly map the peripheral
transport domains of the Gltpy, trimers which protrude ~2nm above the membrane (Fig 3a,
left). Imaging over time at 1 s~ revealed how each transport domain moved ~2nm down
from this protruding outward facing state to an inward facing state where there is almost no
protrusion above the membrane (Fig 3a, right). These conformational changes were
consistent with an elevator mechanism proposed by the static crystal structures in each state
as well as suggested by donor-acceptor distance dynamics in single molecule FRET studies
[36,37]. By monitoring the dwell-time of each protomer in each state, the transition
energetics and state probabilities could be calculated for a range of conditions including
transport (Na* + Asp), apo (no substrate), saturating sodium (Na*) and in the presence of a
selective, non-transportable inhibitor (TBOA). In addition to showing varying transport
dynamics depending on the substrates available, these results showed that the outward facing
state is preferably adopted by Gltpy, suggested to be important for exposing the substrate
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binding sites for a new transport cycle. As well as measuring single protomer dynamics, HS-
AFM imaging of the transporter allowed assessment of transport domain interplay within the
trimer. Analyzing all possible correlations between conformations of protomers revealed that
each protomer acted independently and without order with respect to their location within
the trimer.

Whilst the vertical elevator motion of Gltpy, is clearly detected by the Angstrom sensitivity of
HS-AFM, the lateral motions of individual loops have also been detected in
bacteriorhodopsin (bR), a light-driven proton pump. Despite numerous previous structural
and biophysical studies, the structural amplitude and intermolecular cross-talk remained
elusive. By applying HS-AFM imaging to a slow photocycle bR mutant (D96N), the
conformational changes of the cytoplasmic domains have been observed [38]. Upon light
illumination, HS-AFM revealed a ~0.8nm lateral outward displacement of the E-F loops of
each bR (Fig 3b) (loop assignment based on resting state crystallography structures of bR
[39,40]). Allocating AFM topography to high resolution EM and X-ray crystallography
structural data in this way shows how the combination of these techniques can be extremely
powerful to assign the structural dynamics. lllumination with different intensities showed
how the probability of conformational changes depended on the inter-trimer bR-bR contacts
which produce both positive and negative cooperative effects. More recent HS-AFM studies
of a number of bR mutants have provided further insights into the importance of the trimer
arrangement for bR function [41].

These studies demonstrate the unique capability of HS-AFM to study dynamic processes at
the single unlabeled membrane protein level for the characterization of conformational
changes that are difficult to capture using low signal to noise techniques which rely on
ensemble averaging.

Millisecond and Microsecond Protein Dynamics

Whilst, as shown in this review, the conformational changes of GLIC and Sthk channels
could be clearly observed over seconds and minutes depending on their ligand-induced
gating state, Gltp,, and bR have dynamics that may occur outside the current temporal
resolution of HS-AFM. Additionally, many membrane proteins have dynamics in the
millisecond-microsecond range and thus are too fast to be resolved directly in HS-AFM
imaging mode (Fig. 4a, 50-100ms temporal resolution). Progress in developing faster HS-
AFM is ongoing, but it is unlikely to reach sub-millisecond imaging resolution in the near
future [42,43]. Therefore, to bypass current imaging speed limitations and gain orders of
magnitude in temporal resolution one can reduce scanning to a single line [11°*,42—-44] (HS-
AFM line scanning, HS-AFM-LS) or a single point (HS-AFM height spectroscopy, HS-
AFM-HS), giving millisecond and microsecond temporal resolution, respectively, without
losing z-accuracy. The capabilities of these two approaches have been recently demonstrated
[11°°] through the study of annexin self-assembly at membranes, a process important for cell
membrane repair [47]. By halting the y-piezo, aka HS-AFM line scanning, the movements
of annexin trimers within a 2D-lattice were monitored at millisecond rates. The rotational
displacement between two preferred orientations could be observed by the movement of the
apex of the trimer which rotated in 60° intervals as it interacted with the surrounding six
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annexin trimers (Fig. 4b). Analysis of the line scanning kymographs showed the trimer spent
an equal amount of time in each orientation with average dwell-times of 35ms consistent
with symmetric interactions with the neighboring lattice. Additionally, the 2.4ms time
resolution allowed the rotational velocity in both clockwise and counterclockwise directions
to be captured mid rotation.

Halting the x-piezo as well as the y-piezo allowed a further 100-fold gain in time resolution
whilst maintaining Angstrom accuracy height data (z, t). With ~10ps temporal resolution,
this method termed high-speed AFM height spectroscopy (HS-AFM-HS), was used in an
approach inspired by fluorescence spectroscopy to measure the mobility of rapidly diffusing
membrane-bound molecules as they diffused under the tip (Fig. 4c). Due to the tip size being
much smaller than the diffusing molecules of interest, not only could diffusion coefficients
be measured but also the oligomeric state and surface concentrations of the molecules. Using
HS-AFM-HS to measure mobile membrane-bound annexin trimers showed sharp peaks in
the height signal as the trimers diffused under the tip. Increasing the surface concentration of
trimers by either increasing the calcium or annexin concentrations in solution resulted in
more frequent and stepwise longer-lived dwell-times up until a complete lattice was formed.
Analysis of the surface concentration dependent dwell-times was consistent with two
processes: oligomer formation and diffusion reduction due to crowding. This data gave
access to biochemical and biophysical parameters including affinities and association/
dissociation kinetics describing entirely and quantitatively the Annexin-V membrane-
association process. Furthermore, HS-AFM-HS was used to also measure the movements of
trimers free to rotate in the lattice, providing a direct comparison to line-scanning
measurements and demonstrating the ability to use this technique to make microsecond
measurements at specific positions on proteins. This demonstration indicates direct
applicability of HS-AFM-HS for the analysis of fast membrane protein dynamics such as
ligand binding and unbinding events in channels, transport cycles of mammalian transporters
or ATPase-driven processes.

Conclusions

Since its development the most exciting and challenging applications of HS-AFM have been
the combined real-space and real-time measurements of proteins in action. Until recently,
successful observations of membrane protein dynamics have been limited despite their
importance in biology (Table 1). Developments in HS-AFM environmental control and
stability are now showing the power of this technique to measure single membrane protein
conformational changes in response to a range of stimuli (Table 1, bold). The advent of HS-
AFM-LS and HS-AFM-HS methods which work in series with HS-AFM imaging pushes
the temporal range to timescales not accessible to other techniques, all without the use of
labels. This leap in temporal resolution opens up the range of systems that can be studied
and gives access to fast dynamic processes that were so far inaccessible, such as ligand-
induced oligomerization of receptors and transporters, the conformational dynamics of
transporters, receptors and channels during transport, signaling and gating.
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Highlights
. HS-AFM detects conformational changes of unlabeled membrane proteins
. In situresponses to pH, ligands, temperature and light can be visualized
. Developments in techniques now allow microsecond temporal resolution
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Figure 1. HS-AFM structural titration experiments of GLIC channels.
During HS-AFM operation, the pH in the fluid chamber was gradually exchanged through a

buffer exchange microfluidic device from pH 3.4 (a) to pH 7.5 (b) and back to pH 3.4 (c).
Analysis of the supramolecular assemblies show reversible rearrangements from seemingly
disordered arrangements, where channels assemble in trimers of pentamers and most
channels have 5 neighbors (yellow outlines), to hexagonal packing and back again (the white
dashed outlines and the inset in (c) highlight higher-order structures in the different
conditions). (d) Zoom-in of the molecular arrangements at pH3.4 (top) and pH7.5 (bottom)
with ball/stick overlays to highlight how 5 neighbors are preferred at low pH over 6 at higher
pH. (e) Schematic representation of the coupling of the buffer exchange system to the HS-
AFM fluid cell. The ‘buffer in” and “buffer out” channels are placed in proximity to the HS-
AFM cantilever (central element inside the fluid cell). The fluid cell contains initially 150ul
of buffer 1 (blue) that is connected to the receiving syringe. Buffer 2 (red) is the first buffer
to be injected into the fluid cell. Note the slight gap between buffer 2 and the fluid cell,
representing a tiny bubble in the tubing to avoid involuntary mixing of buffer 2 before
activation of the pumping system. By the use of a switch in the tubing system, buffer 3
(green) can later be injected into the fluid cell. Buffer 3 can be identical to buffer 1, allowing
for a reversibility experiment. (f) Abundance of GLIC channel conformations as a function
of time as determined by reference-free 2D classification. At the beginning and end of the
movie, at pH 3.4, the active/desensitized-state, a class where the ECDs form a flower-shaped
pentamer surrounding a central cavity are most abundant. In the middle of the movie, at pH
7.5, the closed-state conditions, a class with narrowed ECDs dominates. An asymmetric
class exists throughout the experiment, but peaks upon re-exposure to low activating pH.
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Figur_e 2. Dynamics of ligand-induced conformational changes in SthK by real-time HS-AFM
Imaging.

(@) E|S?AFM time-lapse high-resolution image sequence of a SthK 2D-crystal initially in
0.1mM cAMP and exposing CNBDs. Upon addition of 7mM cGMP, SthK channels undergo
a conformational change progressively from the borders to the center of the membrane patch
(dotted outline). (b) High-resolution topography of a membrane containing well-ordered
channels in both conformations. (c) High-resolution topographs during a cAMP to cGMP
transition where the majority of the molecules are in the cAMP (left) and in the cGMP
(right) conformation, respectively. (d) Model of SthK in the activated state: Upon activation,
the CNBDs rotate by ~25° clockwise (when viewed from the intracellular side) and move by
~6 A towards the membrane and by ~4 A outwards from the four-fold axis (note, this
activated state illustration is a cartoon using domains of the SthK structure repositioned
according to the displacements found by HS-AFM).
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Figureb3. Active domain motions in the glutamate transporter GItPh and the light-driven proton
ump bR

?a) Dpirect visualization of GItPh transport domain elevator movements by HS-AFM. Left: A
typical HS-AFM image of a GItPh reconstituted membrane displays densely packed GItPh
trimers (dashed outline). Right: Conformational dynamics of a representative Gltpy, trimer
under substrate-free conditions (imaging rate: 1 s~1, frame size: 20nm). Each GItPh
protomer in the trimer (top) shows reversible conformational alternation between outward
facing (up, U) and inward facing (down, D) states (bottom). (b) HS-AFM movie frames of
D96N bacteriorhodopsin (bR) exposed to repeated dark and green light illumination cycles
(imaging rate: 1 s71). bR trimers are highlighted by the white dashed triangles. Under
illumination, conformational changes result in significant changes in the topography, notably
a movement of the E-F loop outwards from the 3-fold axis (E-F loops of neighboring
activated trimers interact closely in the activated state).
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Figure 4. HS-AFM line scanning (HS-AFM-LS) and HS-AFM height spectroscopy (HS-AFM-
HS): Increasing the temporal resolution by reducing the dimensionality of data acquisition.

(a) HS-AFM 2D-scanning movie of A5 membrane-binding, self-assembly and formation of
6 2D-crystals upon UV-illumination-induced Ca2*-release. Blue arrows illustrate the slow
(vertical) and the fast (horizontal) scan axes. Images can be captured at up to 10-20 images
per second. (b) Left: averaged HS-AFM image of an A5 p6-lattice overlaid with the
subsequent line scanning kymograph, obtained by scanning repeatedly the central x-
direction line as illustrated by the blue arrow with a maximum rate of 1000-2000 lines per
second. Right: line scanning kymograph across one protomer of the non-p6 trimer, outlined
by the semicircular dashed line in the 2D image (left), at a rate of 417 lines per second (2.4
ms/line). Overlaid on the kymography are the positions of the 0° and 60° states that the
trimer alternately adopts. (c) Left: schematic showing the principle of HS-AFM height
spectroscopy (HS-AFM-HS) allowing 10 ps temporal resolution. The AFM tip is oscillated
in z at a fixed X,y-position, detecting single molecule dynamics such as diffusion under the
tip (inset: HS-AFM image of an A5 p6-lattice partially covering the membrane surface
during self-assembly, HS-AFM-HS is performed at a fixed position at the center of the
image as illustrated by the target). Right: Height/time traces obtained by HS-AFM-HS
allowing determination of the local A5 concentration and diffusion rates (the colored traces
on the very right are a zoomed overlay of three traces displaying diffusion events under the
tip in the low microsecond time range).
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