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Sub-nanometre mapping of the aquaporin-water interface with
multifrequency atomic force microscopy

Maria Ricci’, Roy A Quinlan®, and Kislon Voitchovsky“t

Aquaporins are integral membrane proteins that regulate the transport of water and small molecules in and out of the cell.
In eye lens tissue, circulation of water, ions and metabolites is ensured by a microcirculation system in which aquaporin-0
(AQPO) plays a central role. AQPO allows water to flow beyond the diffiusion limit through lens membranes where it
naturally arranges in a square lattice. Malfunction of AQPO is related to numerous deseases such as cataract. Despite
considerable research into its structure, function and dyanmics, the interface between the protein and the surrounding
liquid and the effect of the lattice arrangement on the behaviour of water at the interface with the membrane are still not
fully understood. Here we use a multifrequency atomic force microscopy (AFM) approach to map both the liquid at the
interface with AQPO and the protein itself with sub-nanometer resolution. Imaging using the fundamental eigenmode of
the AFM cantilever probes mainly the interfacial water at the surface of the membrane. Results highlight a well-defined
region that surrounds AQPO tetramers and where water exhibits a higher affinity for the protein. Imaging at the second
eigenmode is dominated by the mechanical response of the protein and provides sub-molecular details of the protein

surface and sub-surface structure. The relationship between modes and harmonics is also examined.

Introduction

The eye lens plays a key role in vision: it refracts incident light
and focus it onto the retina where detection occurs. In order
to achieve this task, the eye lens must remain transparent to
visible light. This unique characteristic is ensured by the
unusual and highly specialised arrangement of the lens
constituting cells™? and their components“. The developed
lens is not vascularised as most other tissues in the bodys.
Instead, the microcirculation of water, ions and metabolites is
ensured by a network of protein channels that interconnect
the cells®’. There are two main types of channels: aquaporin 0
(AQPO), which accounts for more than 50% of all proteins in
the lens membranes, and connexins (Cx), the second most
abundant protein in the plasma membrane (~10%)9’1°. Both
proteins can interact with each other'’. AQPO is a tetrameric
protein with each sub-unit composed of six transmembrane a-
helices forming a channel®. The AQPO tetramers naturally
assemble in a characteristic square lattice in the
213 The AQPO channel is remarkably efficient,
allowing water flow rates that surpass the diffusion limit™™?.
Deletion of the proteins’ls’19 can lead to several types of
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cataract, the main cause of blindness in developing countries®.
Given its importance, considerable research efforts have been
dedicated to the investigation of AQPO structureB’zo‘M,
17’20’25’26, evolution”’ and the role it plays in the
development of eye pathologiess.

Despite a large body of results, a complete picture of the
working protein is still Iacking16'17'2°’26’28, partly because little is
known about the behaviour of the liquid near and at its surface
in physiological conditions. It is now well established that
water molecules and ions surrounding proteins play an
important role in their functionzg’ao, and can significantly
impact their efficiency31. In the case of AQPO, theoretical and
simulation-based studies contributed significantly to the
explanation of its exceptional water flow rate through the
channel™**”. There are however still significant unanswered
questions regarding its function; AQPO serves both as a water
channel, and as junction between adjacent fibre cells so as to
ensure a tight extracellular space. To date, it is not clear
whether these two functions represent distinct permanent
states for the protein. Different crystal structures obtained by
electron diffraction®>?** suggest that AQPO does not conduct
water in junctional conformation, but computer simulations™?

function

contradict this view. The rate at which water flows through
AQPO is also a complex issue; individual AQPO exhibit lower
permeability than other aquaporin533, but the characteristic
tetrameric arrangement into a square lattice can support
cooperative function and enhance permeabilityze. Given the
need for a global, membrane-level understanding of AQPO
function, comprehensive computer-based approaches tend to
be prohibitively expensive. Experimentally, techniques able to
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probe the water behaviour locally and on that scale are scarce,
and little data is available.

Recent advances in the field of atomic force microscopy34
(AFM) have made it possible to map nanoscale variations in
structure and behaviour of hydration water at the interface
with soft and hard surfaces35'43, in particular the local
density42,44,45 46-48. The

technique relies on short-range hydration forces to enhance

and affinity of water for the surface

resolution, but most results to date are on synthetic systems
such as simple lipid bilayers or crystalline solids. In parallel,
development in the field of multifrequency AFM have opened
novel approaches to map the mechanical properties of soft
material in solution49'54, including native cell membranes>>°®,
Multifrequency approaches tend to achieve lower spatial
resolution than approaches mapping interfacial water due to a
need for high imaging amplitudes that prevents exploitation of
the local hydration forces.

Previous studies have investigated native lens membranes
with contact-mode AFM in solution and at room temperature,
providing sub-molecular images of the proteins and their
assembly into the membrane® ®°. Results highlighted striking
between healthy and afflicted membranes,
providing unique insights into both sub- and supra-molecular
characteristics of cataract"~>®. Force mapping of the
membrane’s mechanical properties62 also revealed interesting
variations between different protein domains that could be
related to the membrane’s function.

Here we use multifrequency amplitude-modulation AFM (AM-
AFM) to investigate the surface of bovine lens membranes in

differences

solution with sub-molecular resolution. We show that when
operated at the first vibration eigenmode, the phase images
are particularly sensitive to the hydration structure of the
membrane, effectively providing maps of the local affinity of
the water for the membrane’s surface. Regions located
between AQPO tetramers appear to form small ‘islands’ with a
particularly strong water affinity. When operating the AFM at
its second eigenmode, the tip probes the membrane itself and
sub-molecular details of the AQPO are visible in topography,
but with no significant information in the phase. We also
explore the transfer of energy and information between
harmonics and sub-harmonics of the different eigenmodes.
The biological significance of the hydration structure identified
is discussed in terms of AQPO function and efficiency. The
possibility and limitations offered by our
approach are also discussed.

experimental

Experimental
Sample preparation

Fresh bovine lens membranes were prepared using a
. 63,64 .

sequential method . Briefly, lenses were

decapsulated and stirred on ice for 20-30 min at a 1:2 weight

to volume ratio of extraction buffer (10mM Sodium phosphate

pH7.4; 150mM NaCl, 5mM EDTA). The hydrodissected lens

material was poured off leaving behind the residual lens,

extraction

which became completely dissociated with longer stirring
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times. The separated lens material was Dounce homogenised.
The membrane-enriched fraction was then separated from the
soluble protein fraction by centrifugation (Beckman JA20
rotor; 20,000 rpm at 4 °C for 20 min). The pellet, containing
the lens membranes was Dounce homogenised once more to
resuspend the membranes, and extracted again with the same
buffer. This process of resuspension, stirring on ice and
centrifugation was repeated with the following buffers: 10mM
Sodium phosphate pH7.4, 1.5M KClI, 5mM EDTA; 10mM
ammonium bicarbonate, 1mM EDTA; 10mM sodium
phosphate pH 7.4, 8M urea, 5mM EDTA; 0.1M Sodium
hydroxide. Finally, the lens membranes were washed once
more in extraction buffer and then resuspended in the same
containing 0.01% (w/v) sodium azide and stored at 4 °c.
Preparation of the AFM samples was done using a procedure
similar to that described by Buzhynskyy et aI.,Sg. In short, a
drop (10 pL) of inner lens membrane solution was dissolved in
30 pL of adsorption buffer (25 mM MgCl2, 150 mM KCI, 10 mM
Tris-HCI, pH 7.4) and allowed to incubate at room temperature
for 10 min on a freshly cleaved mica disc (SPI supplies, West
Chester, PA, USA). The sample was then gently rinsed with 2
mL of imaging buffer (150 mM KCI, 10 mM Tris-HCI, pH 7.4).
The sample was immediately mounted on the AFM scanner
and used for imaging. If necessary, more imaging buffer was
added. All the chemicals used for the buffers were purchased
from Sigma-Aldrich (Sigma-Aldrich, St. Louis, Missouri, USA)
and made with ultrapure water (Milli-Q, 18.2 QM, <5 ppm
organics, Merck-Milipore, Billerica, MA, USA)

Atomic Force Microscopy

All AFM data were acquired on a Cypher ES system (Asylum
Research, Santa Barbara, CA, USA) with the sample and
cantilever/tip fully immersed in the imaging solution. The
cantilever (RC800 PSA, Olympus, Tokyo, Japan) was oscillated
using photothermal excitation (blueDrive) for more accuracy
and stability. The spring constant of the first and second
eigenmodes of the cantilever were determined to be k; = 0.38
N/m and k, = 13 N/m respectively, calibrated using the
thermal spectrum method®>® and taking into account the
difference in optical lever sensitivities (InvOLS) between the
mode. The experiments were conducted with the cantilever
oscillated at a single frequency v; and the amplitude/phase
recorded simultaneously both at v; and at a different
frequency vs. The driving frequency v; was always set to
coincide with the first or second vibration eigenmode of the
cantilever while v; was recorded at a harmonic or sub-
harmonic of v,.

Imaging was conducted in AM with the feedback operating at
V4. When operated in AM, the cantilever is oscillated
externally at a specific frequency (here by photothermal
excitation) resulting in the tip vibrating with a free amplitude
Ay in the liquid when far away from the surface of the sample.
When the tip is brought in close vicinity to the surface, the
vibration amplitude is reduced due to the tip interacting with
the sample. During imaging, the tip scans across the sample
while a feedback loop maintains a set amplitude Ag constant
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by continuously readjusting the average tip-sample distance.
Topographic information is obtained from the corrections
applied by the feedback loop. The phase lag ¢ between the
driving and measured oscillations can vary freely and is
recorded at each pixel of the imaged sample. For simplicity,
imaging with the driving frequency v,; set at the first,
respectively second eigenmode is hereafter referred to at
AM1-AFM and AM2-AFM. In this work relatively small imaging
amplitudes A4; (typically A; < 1 nm) were used, with setpoint
values defined as S = A/Af as high as possible. Most images
were acquired with setpoint S > 0.9 so as to better preserve
the membrane. Under these imaging conditions the imaging is
dominated by short range interactions that allow for high
resolution in quuid29'37’4°’46’47’67.

Amplitude and phase versus distance spectroscopy were
acquired on the membrane in condition identical to imaging.
Since several studies have examined the energy transfer to
higher harmonics from the first eigenmode53’55’67'69, here we
only focused on curves acquired with the cantilever driven at
its second eigenmode70.

Results and discussion
Imaging with first eigenmode excitation

Representative AM1-AFM images of AQPO regions of the lens
membrane extracellular surface are presented in Fig. 1. At low
magnification, the characteristic square AQPO lattice is already
clearly visible in topography with occasional Cx near edges
(Fig. 1a), characteristic of healthy lens membranes®’. The AQPO
lattice is non-junctional. Some substructure can be
distinguished in each AQPO tetramer, better evidenced at
higher magnification (Fig. 1b). A comparison with the
calculated solvent-accessible surface of the lattice confirms
the sub-molecular details are resolved (Fig. 1d), although the
fragile and flexible inter-helical Ioop557’58 induce some imaging
variability between different tetramers. Distinction between
junctional23 and non-junctional22 conformations are not
possible without image processingsg.

The phase image (Fig. 1d) exhibits a distinct contrast from the
corresponding topographic image (Fig. 1b), indicating that the
phase carries novel information that is not related to
topographic features or tip-scanning effects. The AQPO lattice
is clearly resolved but only hints of the tetrameric substructure
are visible. The most striking feature is the diamond-shaped
contrast visible near the edges of tetramers (orange diamond
in Fig. 1d). This contrast shows a good degree of agreement
with the calculated hydrophilicity map of the membrane (Fig.
le). In Fig. 1e the hydrophobic residues appear dark blue while
the hydrophilic (polar and charged) residues are shown light
blue. Most of the hydrophilic residues are concentrated in
locations at the edge of the AQPO tetramers and arranged to
coincide with the bright diamond-shaped contrast in phase.

This journal is © The Royal Society of Chemistry 20xx
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Fig 1
image of large region of the fragment (a) shows the characteristic AQPO square lattice
with Cx near the edges (arrows). Some sub-molecular details of the AQPO are already

Fragment of lens membrane imaged by AM1-AFM in solution. A topographic

visible. Higher magnification of the AQPO lattice reveals different sub-molecular details
in topography (b) and in phase (d). In each case, a tetrameric AQPO assembly is
highlighted with a dashed square. The topographic image is similar to high-resolution

topographs obtained in contact-mode AFM®7®

and the visible protrusion can be
explained by the inter-helical loops A (black arrow), C; (green arrow) and C, (blue
arrow). The image has not been symmetrized and the sub-molecular features are faint.
For comparison, the same loops are shown on the calculated van-der Waals surface of
an AQPO tetramer (c). Only the most prominent parts of the extracellular surface are
visible and the protein sub-structure becomes progressively more transparent when
moving deeper inside the membrane. The dashed black lines separate the four AQPO
monomers and the arrows point the different loops on a single monomer. The AFM
phase image (d) exhibits a characteristic diamond-shaped lattice (orange diamond) that
does not match any topographical feature. Instead, it can be explained the local
hydration landscape (e), where the hydrophilic regions (light blue) of the calculated
protein solvent-accessible surface match the observed phase pattern. All images are
acquired with the cantilever oscillation and feedback driven at the frequency of the
first eigenmode of vibration (20 kHz). The scale bars are 20 nm (a) and 10 nm (b, d).
The colour scale bars represent a total height variation of 6 nm (a) and 0.9 nm (b) and a
phase variation of 10° (d). The structures in (c) and (e) were calculated using Jmol’* and
assembled freely (e) from the 2B6P Protein Data Bank structure” of non-junctional
AQPO.
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The occasional hydrophilic residues located near the centre of
the tetramer are much less visible in phase, but could explain
the faint contrast variations observed over the same area.
Previous studies have shown that when operated in the
conditions similar to those used here, the AM-AFM phase is
directly related to the local affinity of the water for the
surface®®®. The present results show that the approach
remains valid on soft biological potentially
opening novel avenues to study local nanoscale hydration
effects at biointerfaces. A direct comparison between Fig. 1d
and le should however be made with caution: first the
calculated surface does note take into account the different
relative degree of hydrophilicity of each residue and its likely
influence on the surrounding solvent. Second, the AFM
measurement is dynamical

membranes,

in nature with water forced
towards and along the membrane during each tip oscillation®.
The phase image represents the energy necessary to carry out
this task, which is related to the static, local water-sample
affinity46. The phase image therefore carries information about
the ease for water molecules to move along the surface of the
membrane, here indicating the presence of regions near the
edges of tetramers (orange diamond in Fig. 1d-e) where this
motion is substantially hampered. These regions therefore act
as ‘guiding walls’ potentially favouring a vertical motion of the
water towards the channels entrance.

Imaging with second eigenmode excitation

The imaging was then conducted in AM2-AFM over the same
area. The results are presented in Fig. 2. The topographic
image (Fig. 2a) shows many sub-molecular features of the
AQPO tetramer, with an apparent resolution substantially
higher than achieved in AMI1-AFM (Fig. 1b).
identification of the different features is however not
straightforward and it is useful to compare the AFM image
with the expected membrane surface calculated from its
crystallographic structure. The 3M9Il Protein Data Bank
structure”® reflects the tetramers reconstituted into E. Coli
lipids, and hence represent a good model for the whole AQPO
lattice when symmetrized (Fig. 2b-d). Direct comparison
between figures 2a and 2b suggest identification of the well-
known®"°® C; and G, inter-helical loops (black ellipse) as well as
the A-loops (corners of the central black square). But more
details are also visible in the region near the edges of the
highlighted tetramer, with features oriented parallel to the
sides of the central square (black arrows). These features
correspond to parts of the protein located deeper in the
membrane (Fig. 2b), and their orientation suggests that they
are related to the alpha helices 4-6, near the periphery of the
tetramer. These helices are tilted in a direction consistent with
the AFM observations (Fig. 2c), especially deeper in the
membrane (Fig. 2d). For the tip to reach these features, it must
exert a higher pressure on the membrane, but the fact that it
can resolve them in such detail suggests that the protein is not
damaged by the imaging.

Direct
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Fig 2 High-resolution imaging of the AQPO by AM2-AFM in solution. The topographic
image (a) reveals fine details of the protein (square) with many sub-structure features
(protrusions) visible down to sub-nanometre details. The AFM image can be compared
with the calculated van der Waals surface of the crystal structure comprising both
AQPO tetramers and inter-tetramer Iipids24 (b). The C;- and C,- inter-helical loops can
be identified (black ellipse) as well as the A-loop (four corners of the central black
square). Additional features coinciding with part of the protein lying deeper in the
membrane (black arrows) are also visible, suggesting the tip to press on the proteins
while imaging. Since it was not possible to calculate a mechanically compressed
structure for AQPO, a ribbon representation is given for of the top of extracellular
surface (c) and at a cut 1 nm below the surface (d). The black arrow in (a-b) are shown
in red in (c-d) and indicate that the features coincide with the position of the alpha-
helices 4-6, located near the outer part of the tetramer (c-d). The AFM phase image (e)
shows local variations correlated with topography, but no clear pattern is visible. The
density spectrum (or thermal spectrum) of the cantilever vertical deflection as a
function of frequency (e) highlights maxima corresponding to the first (red arrow) and
second vibration eigenmode (blue arrow). Here, the cantilever oscillation and feedback
are driven at the frequency of the second eigenmode of vibration (168 kHz). The scale
bars are 5 nm (a, e). The colour scale bars represent a topographic variation of 1.2 nm
(a), and a phase variation of 8° (e). The structures in (b), (c) and (d) were calculated
using Jmol”" from the 3M9I Protein Data Bank structure® and represent the
extracellular surface of the junctional assembly, reconstituted in E-coli lipids. The
occasional sharp spikes in (f) are due to electronic noise.

When operating the AFM in AM2-AFM the effectively stiffness
of the oscillating cantilever increases almost 30 times,
rendering the soft imaging conditions achieved in AM1-AFM
almost impossible. Instead, the tip is able to easily remove all
the hydration water from the surface of the membrane at the
lowest point of its oscillation cycle. As a result, the tip probes
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4772 and the phase carries mostly

information about the local variations in mechanical properties
of the membrane. This is consistent with the phase image
obtained here (Fig. 2c), which exhibits variations on the same
scale as the topography, with none of the distinctive features
visible in Fig. 1d.

Given the high effective stiffness of the mode, any error in the
feedback loop may deform the membrane while scanning. As a
result, the sub-molecular details visible in Fig. 2a may
represent a slightly distorted view of the protein. Additionally,
small local variation in the imaging conditions can significantly

the membrane itsel

affect the resulting image; in figure 2a not all tetramers appear
identical and the 4-fold symmetry of the lattice is not as clear
as in figure 1b. The distortions are however partially mitigated
by using smaller working amplitude (45 ~0.25 nm) compared
to the first eigenmode (45 ~ 1.1 nm).

Cross-talk between eigenmodes and harmonics

When interpreting the multifrequency experiments, it is
essential to take into consideration the possibility for cross-
talk between the driving frequency and (sub-)harmonics that
may be momentarily excited as the tip ‘impacts’ the sample
during its cyc|e51’55’69’72_74. This  non-linear
interaction allows some energy dissipated by the vibrating tip
to pass to the stimulated harmonics rather than to the sample
only. The process depends on the tip-sample interaction and
can be exploited to derive information about the sample’s
viscoelastic propertie550’53'73'75, but the interpretation of the
results is not straightforwardsus, In liquid, AM-AFM has been
shown to be particularly prone to such multiharmonics
phenomenass’m, including on biological membranes®>’*”’. The

energy transfer is enhanced if the harmonic considered
55,78,79

oscillation

coincided with an eigenmode of the cantilever
Here harmonics cross-talk was examined systematically during
imaging both in AM1-AFM and in AM2-AFM. In each case, the
same region of the membrane is repeatedly imaged in the
selected mode while, for each image, the second frequency
probed coincide with a harmonic or sub-harmonic of the
driving frequency. Fig. 3 presents the results of the study for
the imaging conducted in AM1-AFM. An example of the
topographic, phase and amplitude images acquired at the
driving frequency are shown, with the full set of data available
in supplementary information (Fig S1). We note that repeated
imaging of a same region may altered at time the quality of the
topography (Fig. 3a) but the emphasis of the experiment being
placed on the evaluation of energy transfer, we do not
consider this a problem. The driving phase (Fig. 3b) exhibits a
similar contrast as in Fig. 1d, confirming the validity of the
imaging conditions. The amplitude (Fig. 3c), kept constant by
the feedback loop, only shows small (~0.1 nm) periodic
variations due to some environmental noise. The magnitude of
the lower and higher
harmonics during the imaging is shown in Fig. 3d, calculated

induced oscillation amplitudes at

from histograms of the corresponding images (Fig. S1).
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Fig 3
resolution imaging. The imaging is conducted in AM1-AFM with the cantilever

Energy transfer from the first vibration eigenmode to harmonics during high-

oscillation/feedback driven at the frequency of the first eigenmode. Data acquired at
the driving frequency (DF) reveal topography (a) and phase (b) variations similar to that
in Fig. 1. The amplitude (c) is kept constant by the feedback and only a faint stripy
pattern due to imaging noise is visible. During the imaging, the oscillation amplitude
and phase is also recorded at a different harmonic of DF. The different harmonics
probed are represented as solid colour bars in (d). The height of each bar represent the
average amplitude detected at the corresponding frequency (left vertical scale).
Superimposed in the background is the thermal power density spectrum (right vertical
scale), showing that the relative magnitude of each harmonic stimulated is consistent
with its importance in the thermal spectrum. Spatial variation of the amplitude at each
harmonic is shown in (e). The sub-harmonic (DF/2) only captures hints of large
topographic features. Amplitude at the second harmonic (2DF) is clearly correlated
with surface features, while little or nothing is visible for higher harmonics. The scale
bar in (a-c) is 10 nm. The colour scale bars represent 6 nm in topography (a), 12° in
phase (b) and 120 pm in amplitude (c). The grey scale in (e) represents 120 pm for all
images, which show the same area of the membrane as (a-c). The free amplitude is 1.2
nm with an imaging setpoint to free amplitude ratio of 0.9. The full set of data (phase
and amplitude for all harmonics) is shown in supplementary Fig. S1.

As expectedsg, the amplitude of the harmonics is only a
fraction (< 5%) of the driving amplitude, with their relative
magnitude showing a similar dependence on frequency as the
thermal vibrations of the free cantilever. Only the second
harmonic (twice the driving frequency) appears to carry some
information related to molecular details of the membrane (Fig.
3e). The first sub-harmonic (half the driving frequency) shows
faint features that partly correlate with the largest topographic
variations of the membrane, but no molecular details are
visible. The oscillation amplitudes of the third and fourth
harmonics were so small (< 10 pm) that no spatial information
could be obtained. This indicates that the stimulation of
harmonics is minimal under these imaging conditions, with
reflecting spatial

only the second harmonic potentially

L . .79
variations of the membrane’s mechanical properties™, but
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most of the tip vibration is dissipated directly into the
hydration water which dominates the imaging both in
topography and phase38’47’67. This interpretation is further
confirmed by the phase images, which did not show any
sample-related information for all the frequency probed,
except the driving frequency (see Fig. S1).

A similar study was carried out in AM2-AFM, with the results
presented in Fig. 4 in a same fashion as in Fig. 3. As for Fig. 3,
an example of topography (Fig. 4a), phase (Fig. 4b) and
amplitude (Fig. 4c) at the driving frequency are shown, with
the full set of data available in supplementary information (Fig.
S2). Since energy transfer to harmonics coinciding with
eigenmodes tend to be enhancedss’sg, particular attention was
paid to the overlapping with the first
eigenmodem (Fig. 4d). Interestingly, no meaningful spatial
information was found in any of the sub-harmonics, be it in
amplitude (Fig. 4e) or in phase (Fig. S2).

sub-harmonics
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Fig 4 Energy transfer from the second vibration eigenmode to harmonics during high-
resolution imaging. The imaging is conducted in AM2-AFM with the cantilever
oscillation/feedback driven at the frequency of the second eigenmode. Data acquired
at the driving frequency (DF) reveal topography (a) and phase (b) variations similar to
that in Fig. 2. The amplitude (c) is kept constant by the feedback but surface features
commensurate with topography are visible. The different harmonics probed are
represented as solid colour bars in (d), similarly to Fig. 3. Spatial variation of the
amplitude at each harmonic is shown in (e). All amplitudes show mainly noise, apart
from some faint features at 2DF, but not as clear as in Fig. 3. The scale bar in (a-c) is 10
nm. The colour scale bars represent 4 nm in topography (a), 10° in phase (b) and 30 pm
in amplitude (c). The grey scale in (e) represents 30 pm for all images, which show a
fraction of the same area of the membrane as in (a-c). The free amplitude is 260 pm
with an imaging setpoint to free amplitude ratio close to 0.9. The full set of data (phase
and amplitude for all harmonics) is shown in supplementary Fig. S2.
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Only the second harmonics shows hints of sample-related
spatial information, but much less clearly than for the first
AM1-AFM. This can be explained by the lower imaging
amplitude used in AM2-AFM, compared to AM1-AFM. In all
cases, the phase images exhibited only apparent noise (Fig.
S2). This suggests that energy transfer from driving at the
second eigenmode is negligible in these imaging conditions.
Spectroscopic data acquired in similar experimental conditions
confirms the observation (Fig. S3).

General discussion

AM-AFM is extensively used to investigate soft biological
membranes in quuidzg’so’sl, first for its ability to preserve the
delicate samples while ensuring sub-nanometre resolution
images, but also for the phase that carries additional
information about the sample’s properties46’53’73’82‘84. Highest
resolution is usually achieved using amplitudes in the order of
one nanometre or |ess46’47’s7, typically with relatively soft
(0.1 - 5 N/m)37’67'79. Working under these
conditions has several consequences: first most of the energy
dissipated by the oscillating tip at the interface is transmitted
to the imaged sample, with little coupling to higher
harmonics®””®. Here only the second harmonic appeared to
carry meaningful information about the sample, regardless of
the working eigenmode, and hence of the cantilever’s effective
stiffness. Second, in the first eigenmode, the vibrating
does not dissipate enough energy into the
interfacial liquid to fully remove the hydration water from the
membrane®’. As a result, the imaging process probes mainly
the interfacial liquid and the phase information reflects the
ease with which the tip forces water molecules along the
membranes. When working at the second eigenmode, the
effective stiffness of the vibrating cantilever increases
considerably and the tip easily removes the membrane’s
hydration layers. The resulting imaging process is therefore
dominated by the structural and mechanical properties of the
sample itself, and can reveal details not necessarily visible

cantilevers

cantilever

from the hydration structure (Fig. 2). This interpretation of the
AM-AFM
because it relies on the assumption that the hydration water is
displaced than the hydrated
biomolecules themselves. Phrased in experimental terms, the

results should however be taken with caution
more easily disrupted or

assumption is that the biomembrane is ‘stiffer’ than the
hydrogen—bonded network of ions and water molecules
hydrating the membrane. This is not always true for biological
system where adsorbed water and ions can significantly
influence bimolecular motion®" and at times even create
structures that are more robust than the membrane itself*’.
Nonetheless, the fact that images obtained in AM1-AFM vyield
phase information that correlates with the hydrophilicity map
of the membrane, while AM2-AFM provides high-resolution
details of the AQPOQ’s surface indicates that our interpretation
is valid. The limited cross-talk between the different harmonics
also facilitates a direct association of experimental observables
with structural and mechanical properties of the membrane.

This journal is © The Royal Society of Chemistry 20xx



From a biological point of view, the AM1-AFM results (Fig. 1)
provide intriguing new insights: the behaviour of hydration
water at the surface of the AQPO crystal does not appear
correlate directly with topography except for its periodicity.
This suggests a specific behaviour of the interfacial water
moving at the surface of the membrane. The relevance of
these findings for the membrane function cannot be explained
by AFM results alone, but we can speculate on their
implication for the AQPO efficiency. It is now well recognized
that the flow of water through the AQPO channel cannot be
explained by a continuum description of the water. Aquaporins
allows flow rates several orders of magnitude higher than
expected from continuum fluid dynamics predictionsls’ls,
largely hydrophobic channel with specific
hydration water binding sites optimally placed in the
channel®. This unique hydration landscape ensure high flow
efficiency85 while retaining high molecular selectivity%.
However, the entrance of the channel can strongly limit flow
efficiency due to viscous dissipation effects™®. Recently, it has
been shown that hourglass-shaped entrance region of
aquaporins plays a significant role in limiting this effectls,
showing aquaporins to be a highly optimized protein on every
account, and not only in the channel region itself. AQPO is less
efficient at water transport that other aquaporins3z’33 but still
functions beyond the diffusion limit. The present results
suggest that the diamond shaped regions (Fig. 1d) resisting
lateral water flow along the membrane could be part of this
optimisation machinery. The entrance of the channel exposed
to water is relatively hydrophobic. These inter-tetramer
hydrophilic regions could first play a role as lateral flow
stopper, enhancing water flow perpendicular to the
membrane, From a fluid

thanks to a

along the channel’s direction.
dynamics perspective, convection flow immediately parallel to
the membrane’s surface would be detrimental to the AQPO
efficiency considering its relatively hydrophobic surface. The
existence of ‘flow stoppers’ would extend the optimisation of
AQPO into the hydration landscape of the membrane. Second,
the fact that the hydration landscape follows the symmetry of
tetramers suggests that it may play role in AQPO cooperative
functionze, since the latter depends on the presence of calcium
ions which tend to dramatically modify the hydration
properties of interfaces upon adsorption.

Working at the second eigenmode of the cantilever also
provides interesting results. Although the high effective
stiffness of the vibrating cantilever can deform the protein,
detailed surface features such as the more robust C; and C,
loops can often be identified. Significantly, AM2-AFM also
allows probing sub-molecular details deeper in the membrane
without causing permanent damage to the protein. The fact
that sub-nanometre features can be clearly resolved suggests
a remarkable stability of AQPQ’s the extracellular side under
mechanical perturbations. Functionally, this could relate to the
protein’s ability to form robust inter-cellular junctions. This
interpretation is supported by previous results® which shown
the gap junction to be particularly rigid.

This journal is © The Royal Society of Chemistry 20xx

Conclusions

In this paper, AFM has been used to investigate the surface of
native AQPO Using a relatively soft
cantilever operated in AM at the first eigenmode of the

lattices in solution.
cantilever, we have shown that imaging provides nanoscale
maps of the hydration landscape of the membrane. Given the
dynamical nature of the measurement, the results effectively
represent the ability of the interfacial water to flow along the
membrane48, and highlight periodic singularities located
AQPO tetramers. We that these
singularities could support the channel’s efficiency by
minimizing shear flow immediately adjacent to the membrane,

between speculate

potentially helping motion of the water molecules towards the
entrance of the channels. Further independent studies are
however needed to confirm firstly the structure of the AQPO
lattice hydration landscape identified by AFM, and secondly
the influence of this landscape on the motion of water
molecules and solutes in close vicinity to the channel’s
entrance.

Future AFM work will address the effect of adsorbed calcium
ions on the structure and behaviour of lens membranes’
hydration landscape. This should help determine whether the
particular hydration features identified here are related to
AQPO cooperative function.

Probing the AQPO lattice using AM-AFM driven at the second
eigenmode of the cantilever provides images of the membrane
itself, capturing finer details of the AQPO surface and sub-
surface features, but potentially of a distorted protein due to
the high effective stiffness of the mode.

In order to achieve high-resolution imaging, low imaging
both eigenmodes, thus
preserving the sample and limiting the stimulation of higher

amplitudes where employed for

and lower harmonics. Compared to traditional AFM, our
approach has the advantage of combining measurements that
usually require different experimental conditions without the
Sub-
nanometre details of a biomembrane’s surface and of and its

need to change or re-engage the cantilever/tip.
hydration structure can be derived in a same experiment and
over the same location.
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