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Abstract

Atomic force microscopy (AFM) is a unique tool for imaging membrane proteins in near-native
environment (embedded in a membrane and in buffer solution) at ~1 nm spatial resolution. It has
been most successful on membrane proteins reconstituted in two-dimensional (2D) crystals and on
some specialized and densely packed native membranes. Here we report on AFM imaging of
purified plasma membranes from Xenopus laevis (X. laevis) oocytes, a commonly used system for
the heterologous expression of membrane proteins. Isoform M23 of human aquaporin 4 (AQP4-
M23) was expressed in the X. laevis oocytes following their injection with AQP4-M23 cRNA.
AQP4-M23 expression and incorporation in the plasma membrane were confirmed by the changes
in oocyte volume in response to applied osmotic gradients. Oocyte plasma membranes were then
purified by ultracentrifugation on a discontinuous sucrose gradient and the presence of AQP4-M23
proteins in the purified membranes was established by Western Blotting analysis. Compared to
membranes without over-expressed AQP4-M23, the membranes from AQP4-M23 cRNA injected
oocytes showed clusters of structures with lateral size of about 10 nm in the AFM topography
images, with a tendency to four-fold symmetry as may be expected for higher-order arrays of
AQP4-M23. In addition, but only infrequently, AQP4-M23 tetramers could be resolved in two-
dimensional (2D) arrays on top of the plasma membrane, in good quantitative agreement with TEM
analysis and the current model of AQP4. Our results show the potential as well as the difficulties of

AFM studies on cloned membrane proteins in native eukaryotic membranes.
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1. Introduction

Atomic Force Microscopy (AFM) is a powerful technique to obtain three-dimensional images with
nanometer resolution of biological samples under physiological conditions (Bippes and Muller,
2011; Casuso et al., 2011; Orsini et al., 2012). In particular, AFM allows to visualize and
manipulate membrane proteins in their native state without the necessity to solubilise them.
Impressive images of membrane proteins in natural aqueous environment have been recorded, and a
quantitative interpretation of the data acquired using AFM has become possible (Muller and Engel,
2008; Sturgis et al., 2009). This includes protein surface density, local inhomogenities as well as
various topographic and structural arrangements in a native environment (Muller et al., 2006;
Bippes and Muller, 2011). However, for highest spatial resolution on membrane proteins, the
technique usually relies on protein purification and subsequent reconstitution in artificial
membranes, and preferably in 2D crystals, at the exception of AFM experiments on membrane
proteins in some densely packed and/or specialized native membranes.

Xenopus laevis (X. laevis) oocyte plasma membranes represent a much more general system for
imaging membrane proteins, as X. laevis oocytes are widely used for the cloning and
characterization of heterologous proteins in many fields of life sciences from physiology to
molecular biology. In fact, X. /aevis oocytes are able to efficiently translate exogenous mRNA into
proteins upon injection of the corresponding mRNA. More particularly, the use of X. laevis oocytes
has been extremely fruitful in the expression of receptor, channel and transporter proteins, to
subsequently take advantage of sensitive techniques such as electrophysiology and radiotracer
uptake as extensively reported in the literature (Cucu et al., 2004; Mari et al., 2006; Musa-Aziz et
al., 2010). Compared to those techniques, the advantage of AFM lies in its ability to obtain
nanometer-scale and time-lapse information on the submolecular structure and supramolecular
assembly of functional membrane proteins, e.g., visualizing conformational changes (Scheuring et
al., 2006; Mari et al., 2011; Picas et al., 2013). The scope for such AFM experiments would be
greatly enlarged if AFM could image heterologous membrane proteins with well-controlled
orientation in X. laevis oocyte plasma membranes. This would also facilitate the comparison of
functional characterization by, e.g., patch-clamp techniques, to nanometer-scale structural
information on the same system.

Over the past years, there have been several AFM studies of the plasma membrane in X. laevis
oocytes (Lau et al., 2002; Schillers et al., 2000, 2004, 2008; Orsini et al., 2010, Santacroce et al.,
2013), though thus far of insufficient resolution to identify native or heterologous membrane
proteins based on their topography in the membrane. Here we report on further steps in this

direction.



In this paper, AFM imaging has been applied to the study of X. /aevis oocyte plasma membranes
purified by an ultracentrifugation process on a discontinuous sucrose gradient, and expressing the
isoform M23 of human aquaporin 4 (AQP4-M23). AQP4-M23 has been chosen as a model system
for our method because it has been shown to form orthogonal arrays of intramembraneous particles
(Neely et al., 1999; Furman et al., 2003; Crane et al., 2009), where each intramembraneous particle
corresponds to an individual AQP4-M23 tetramer. This lattice formation should facilitate imaging
and identification of AQP4-M23 by AFM, and possibly comparison to high-resolution AFM studies
of aquaporin proteins reconstituted in 2D crystals (Scheuring et al., 2000; Fotiadis et al., 2000;
Fotiadis et al., 2002) and in more specialized native membranes (Buzhynskyy et al., 2007,
Scheuring et al., 2007; Rico et al., 2013).

If successful, the imaging of heterologous proteins in X. /aevis oocyte membranes will enable
scientists to exploit the above-mentioned advantages of AFM for a much wider range of membrane

proteins than is currently possible, without the need for protein purification and crystallization.

2. Materials and methods

2.1 Oocyte preparation

The oocytes were isolated from mature X. laevis female frogs, and manually defolliculated after
treatment with collagenase A (1 mg/mL; Roche, Germany) in the Ca**-free ORII buffer (82.5 mM
NaCl, 2 mM KCl, 1 mM MgCl,, and 5 mM Hepes/Tris, pH 7.5) for 30 minutes at room
temperature. Selected V and VI stadium defolliculated oocytes were maintained at 16 °C in Barth's
medium (88 mM NaCl, 1 mM KCI, 0.82 mM MgSQOy, 0.41 mM CaCl,, 0.33 mM Ca(NOs),, and 10
mM Hepes/Tris, pH 7.5) supplemented with 0.005% gentamycin sulfate and 2.5 mM pyruvic acid.

2.2 ¢cRNA oocyte injection

The complementary RNA (cRNA) for human aquaporin 4 (AQP4) was isolated from the oocyte
expression vector pGEMHE containing AQP4 ¢cDNA (isoform M23) that has been generously
provided by P. Agre (Departments of Biological Chemistry and Medicine, Johns Hopkins
University School of Medicine, Baltimore, MD, USA). Briefly, after linearization by Xbal
digestion, the cDNA was in vitro capped and transcribed with T7 RNA polymerase (Promega).
Template plasmide was removed by digestion with RNase-free DNase I. cRNA was purified by
phenol/chloroform extraction followed by precipitation with 0.5 volumes of 7.5 M ammonium
acetate and 2.5 volumes of ethanol to remove unincorporated trinucleotides, then solubilised in
RNase-free water, aliquoted and stored at — 80 °C. Integrity of the transcript was checked by

denaturated agarose gel electrophoresis.



For the expression of AQP4-M23 on oocyte plasma membrane, 12.5 ng of cRNA in 50 nL of
RNase-free water were injected at the animal-vegetal interface of healthy looking V and VI stage
defolliculated oocytes using a manual microinjection system (Drummond, Broomall, PA, USA).
Injected oocytes were incubated at 18 °C for 3-4 days in Barth’s solution supplemented with 50
pg/ml gentamicin sulfate and 2.5 mM sodium pyruvate. Plasma membrane samples of injected

oocytes were purified and prepared for AFM imaging following the under described procedures.

2.3 Purification of oocyte plasma membrane by ultracentrifugation

About 100-200 V- and Vl-stage defolliculated, AQP4-M23 cRNA injected oocytes were
homogenized in oocyte homogenization buffer (OHB) (250 mM sucrose, 5 mM MgCl,, 10 mM
Hepes/Tris, pH 7.5; 10 pL per oocyte) by several cycles of pipetting. Homogenates were
centrifuged at 500g for 5 minutes at 4°C. Lipids floating on the liquid surface were discarded, and
the supernatant was recovered (about 1 mL). The pellet was resuspended in 1 mL of OHB and
homogenized as above before centrifugation at 500g for 5 minutes at 4°C. The supernatant was
recovered (about 500 uL) and combined with the first one. A volume of 1.5 mL of the supernatant
was loaded on bottom of a discontinuous sucrose gradient composed of 80% sucrose in TNE buffer
(10 mM Tris/HCI, 150 mM NacCl, pH 7.4) (1.5 mL), 35% sucrose in TNE (4 mL), 10% sucrose in
TNE (4 mL) and centrifuged at 30,000g for 3 hours at 4°C in a swinging bucket rotor (Beckman).
At the end of the ultracentrifugation process a major membrane band was clearly visible at the

interface between 35% and 10% sucrose. The band was then collected and stored until use at -20°C.

2.4 Sample preparation for AFM imaging

Purified membranes were diluted 1:20 in adsorption buffer (150 mM KCI, 250 mM MgCl,, 10 mM
Tris/HCI1, pH 7.5). Before sample deposition, the mica support was immersed in 100 pL of
adsorption buffer for 1 minute to facilitate the membrane adhesion. Subsequently, the buffer was
removed and 50 pL of the membrane suspension were floated on the mica surface. After 10 minutes
of adsorption, the sample was gently rinsed three times with 50 puL of recording buffer (150 mM
KCl, 10 mM Hepes/Tris, pH 7.5) to remove membranes that had not been adsorbed to the support.
Finally the buffer was removed, leaving just sufficient buffer to keep the sample hydrated, and a

drop of 70 pL of recording buffer was placed on the mica support before AFM imaging.

2.5 Western blot analysis for AQP4-M23
Purified oocyte membranes were separated by SDS-PAGE (10% polyacrylamide gel) and
transferred onto a polyvinylidene difluoride (PVDF) membrane overnight then blocked in blocking



buffer consisting of 5% (w/v) dried non-fat milk in Tris-buffered saline (T-TBS: 10 mM Tris/HCI,
pH 7.5, 150 mM NacCl, 0.1% (v/v) Tween®20) at room temperature for 1 hour. The membrane was
then incubated at room temperature for 2 hours with primary antibodies against AQP4-M23 (Santa
Cruz Biotechnology, USA) diluted 1:200 in blocking buffer. The blots were washed with T-TBS
and then incubated with the proper secondary antibody in blocking buffer at room temperature for 1

hour. The protein bands were visualized using enhanced chemiluminescence (ECL) reagents

(PerkinElmer, USA).

2.6 Volumetric analysis of oocyte osmotic swelling

Groups of 6-10 defolliculated, AQP4-M23 cRNA injected oocytes were transferred from a Petri
dish containing the Barth's solution (207 mOsm) to a Petri dish containing a 40 mOsm
(AmOsm = 167) hypoosmotic buffer (16.25 mM NaCl, 5 mM Hepes, 2.5 mM Trizma base, pH 7.5).
The experiment was performed at 25 °C.

8 bit grey scale pictures of oocyte groups were collected every 2, 3, 10 or 30 seconds for a total time
varying from 200 to 600 seconds using a 5.1 megapixels CCD sensor video camera (Bel, Italy)
connected to a stereomicroscope, using BEL Eurisko software (version 2.9). Two assumptions were
required for the analysis: the oocytes had to be spherical and they were focused at the equator. Thus
the diameter determined in the two-dimensional image equals that of the sphere (Zeuthen et al.,
1997). An oocyte viewed in brightfield microscopy is a black circular area and its area value in
pixel (cross section, CS) allows the oocyte relative volume (V;/V)) to be derived using the
relationship Vi / Vi = (CS¢/ CStO)3/ 2, Thus, given the above assumptions, the V;/ Vi value depends
only on the CS values. CS values were computed at each acquisition time using ImageJ software

(http://rsbweb.nih.gov/ij).

2.7 Atomic Force Microscopy

AFM imaging was performed using Nanoscope Multimode IIId and IV AFM systems (Bruker,
Santa Barbara, CA, USA), as well as on a home-built system for frequency-modulation (FM) AFM
(Hoogenboom et al., 2006; Hoogenboom et al., 2007; Khan et al., 2010). All AFM experiments
were carried out in a recording buffer containing 150 mM KCI, 10 mM Hepes/Tris, pH 7.5.
Tapping-mode AFM images were collected using the RMS amplitude of the cantilever as the
feedback signal for the vertical sample position. The mica support (Ted Pella, CA, USA) was glued
to a Teflon layer which in turn was glued to a metal disk that was magnetically fixed to the AFM
sample holder. Rectangular silicon nitride probes with nominal spring constant around 2.5 N/m

(NSGO1, NT-MDT, Russia) and cantilever length of 120 pm were used for the tapping-mode
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imaging. The cantilever resonance frequency was about 30 kHz. The RMS free amplitude of the
cantilever was approximately 15 nm and the relative set-point above 95% of the free amplitude.
FM-AFM was carried out with PPP-NCH silicon probes with nominal spring constant of 40 N/m,
and resonance frequency of ~150 kHz in liquid (Nanosensors, Switzerland). Images were recorded
at ~1 Hz line rate and a resolution of 512x512 pixels per image was chosen. AFM images were
subject to a line-by-line subtraction of linear background (“flattening”), to eliminate sample tilt

from the images and correct for step-wise changes between individual scan lines.

3. Results

In the present work, complementary RNA (cRNA) was synthesized in vitro from cDNA clones of
human aquaporin 4, isoform M23 (AQP4-M23) and was then microinjected into defolliculated X.
laevis oocytes for functional expression. To verify the functional expression of AQP4-M23 in the
oocyte plasma membrane, the membrane water permeability of oocytes was measured in a
hypoosmotic buffer by means of video microscopy analysis, three days after the microinjection (see
Materials and methods section). Figure la reports the relative volume increase (V/V,) versus time
for control and AQP4-M23 expressing oocytes (injected with a cRNA concentration of about 0.3
pg/ul), incubated in a hypo-osmotic buffer (40 mOsm). The data represent the mean of three
independent experiments.

The volumetric analysis clearly shows that X. laevis oocytes have low intrinsic water permeability
and that AQP4-M23 expressing oocytes have a water permeability significantly higher than control
oocytes, thus confirming the presence of AQP4-M23 proteins in the oocyte plasma membrane in
their functional form.

In addition, to better characterize the AQP4-M23 expression and to find out protein over-expression
conditions, the volumetric analysis was also performed on oocytes injected with different
concentrations of cCRNA, namely 0.1, 0.25 and 0.5 pg/ul. Figure 1b reports the mean slope of the
relative volume versus time curves calculated in the first 30 seconds, as a function of the cRNA
concentration. As expected, there is the correlation between the cRNA concentration and the level
of protein expression and AQP4-M23 activity, though this is only obvious until ~ 0.3 pg/ul. The
data for 0.5 pg/ul cRNA indicate that the water permeability slightly decreases in comparison to
the one observed in oocytes injected with a lower concentration. This suggests that a saturation
level was reached.

From these experimental data, we deduced that the highest expression of functional AQP4-M23 was
obtained by injecting oocytes with a cRNA concentration of about 0.3 pg/ul. This concentration

was therefore used to prepare the membrane samples for the AFM experiments described below.



The presence of AQP4-M23 proteins in purified oocyte plasma membrane samples was verified,
before performing AFM imaging, by SDS-PAGE and Western blot analysis. The biochemical assay
reported in Figure lc shows the presence of a band around 30 kDa for oocytes that have been
injected with an AQP4-M23 cRNA concentration of 0.3 pg/ul. This band corresponds to the
molecular weight of a single monomeric unit of an AQP4-M23 tetramer. It is absent in the control
oocytes. Moreover, highest AQP4-M23 content was found in oocytes injected with a cRNA
concentration of 0.3 pg/ul in comparison with oocytes injected with a cRNA concentration of 0.1
ug/ul as expected by the volumetric analysis data.

AFM imaging of X. laevis oocyte plasma membrane was performed on membrane specimens
purified according to the sample preparation protocol described in the Materials and methods
section and discussed in detail elsewhere (Santacroce et al., 2013). Briefly, this method is based on
the purification of functional plasma membrane of X. laevis oocytes by ultracentrifugation on a
discontinuous sucrose gradient. After their deposition on a mica support, the membranes are imaged
in buffer solution by AFM.

AFM imaging performed on native X. /aevis oocyte membranes showed large and planar membrane
patches adhered to the mica support, with lateral sizes of a few microns and an height of about 4-5
nm as expected for a membrane lipid bilayer (see Figure 2a and Santacroce et al., 2013). On higher
magnification, some membrane patches showed roughly spherical, isotropic structures with lateral
sizes of about 10 nm and protruding from the membrane surface by about 1-2 nm as reported in
Figure 2b.

On the purified plasma membranes obtained from oocytes injected with an AQP4-M23 cRNA
concentration of 0.3 pg/ul, AFM topography images showed a situation comparable to the one
observed on native samples, namely planar membrane patches with lateral sizes, typically, of a few
microns and heights of about 5 nm (see Figure 3a). While some membrane patches had an
apparently smooth surface, others showed larger surface roughness.

On higher magnification, we observed protrusions from the membrane with a diameter of about 10
nm and protruding by about 1 nm from the membrane surface as reported in Figure 3b.
Interestingly, and unlike the protrusions observed in native membranes (Figure 2b), these structures
often appeared clustered and arranged according to a square motif. While such a motif could also
arise due to a tip-artifact where the same pattern in repeated in a stamp-like manner, we note that
the orientation of the apparent square symmetry is not identical for different clusters in the image
(Figures 3c-e). Since this tendency to a four-fold symmetry has only been observed in membrane
samples prepared from transfected oocytes (cf. membranes from untransfected oocytes in Figure 2b

and also Schillers et al., 2000; Lau et al., 2002; Orsini et al., 2010, Santacroce et al., 2013), we



tentatively interpret the visualized structures as higher-order orthogonal arrays of AQP4-M23
proteins. Higher spatial resolution remained elusive on these membranes though, preventing a more
definite identification.

In a rare occasion, for a sample of plasma membrane obtained by X. laevis oocytes injected with
cRNA for the M23 isoform of AQP4, a much clearer signature of AQP4-M23 could be found.
Figure 4a reveals a 4 nm high plateau on top of the membrane, with a square lattice structure of
identical dimensions as observed by electron microscopy on a freeze fracture preparation (see inset
of Figure 4b — identical to the inset in 3f — from Furman et al, 2003). In particular, an AFM
topography image collected in this region and reported in Figure 4b shows a square lattice array
with uniform lattice spacing of 4-5 nm. These particles appear to be arranged along two orthogonal
axes of symmetry giving them a checkerboard appearance. The size of the single particles, in the
range of 4-5 nm, the angles and the lattice spacing as measured by AFM topography images (A =
4.7 £ 0.5 nm, Figure 4c) are compatible with the AQP4-M23 tetramer supramolecular assembly
with 4-6 nm periodicity as observed in cell membranes by electron microscopy (Furman et al.,
2003; Crane et al., 2009; Fenton et al., 2010), and similar in appearance to the cytoplasmic surface

of reconstituted AQPO, a homologue of AQP4 (Figure 4e, from Fotiadis ef al, 2000).

4. Discussion

Compared to earlier AFM experiments on X. laevis oocyte plasma membranes without over-
expression of heterologous proteins (Schillers et al., 2000; Lau et al., 2002; Orsini et al., 2010;
Santacroce et al., 2013), the current study displays various smaller complexes of intramembraneous
particles arranged according to a square motif, in various orientations, as well as the presence of a
lattice on top of the plasma membrane with lattice constants as expected for larger arrays of AQP4-
M23 tetramers.

The AFM images thus contain signatures of the presence of AQP4-M23, in agreement with the
volumetric and biochemical analyses that clearly demonstrate the over-expression of AQP4-M23 in
the oocyte plasma membrane. Since X. laevis oocytes are commonly used for heterologous
expression of membrane proteins, the here outlined procedures point to a promising route for study
of tertiary and quaternary structure of cloned membrane proteins by AFM.

However, there also remain several obstacles to such an approach, as apparent from the results
presented here. Smaller clusters of intramembraneous particles can be observed regularly, though
not at sufficient spatial resolution to identify individual aquaporin tetramers (Figure 3). High spatial
resolution should be more readily obtainable on larger arrays of proteins in the membrane, since

such arrays provide stabilisation against thermal fluctuations and the forces exerted by the AFM tip.



Unfortunately AFM on the purified plasma membranes only rarely shows the regular arrays of
aquaporin tetramers (as expected for AQP4-M23), and not in, but on the plasma membrane (Figure
4).

Additional complications arise because — as can be inferred from Figure 1 — the over-expression of
AQP4-M23 cannot be arbitrarily increased to achieve higher packing densities. The oocyte
membranes are therefore rather different from reconstituted or specialised bacterial membranes in
that the packing density of the membrane proteins is not as favourable to high-resolution AFM
imaging.

In eukaryotic membranes such as studied here, protein/lipid ratio is usually rather low (1:1 weight
ratio — (Muller et al., 2008 and references therein)), which may also leave the membranes less
stable during the processes of purification and deposition of the membranes on mica, and further
work would be needed to establish structural changes in the membrane resulting from these

Processes.

5. Conclusions

In this work AFM has been applied to the study of the plasma membrane of X. laevis oocytes that
express an heterologous membrane protein, where the isoform M23 of the human aquaporin 4
(AQP4-M23) was selected as a model system for our method.

The AQP4-M23 cRNA was injected in the oocyte cytoplasm and volumetric analysis experiments
verified the functional expression and incorporation of AQP4-M23 in the plasma membrane. The
oocyte plasma membranes were then purified by ultracentrifugation and Western Blotting analysis
proved the presence of AQP4-M23 in the purified samples. AFM topography images showed
structures with a diameter of about 10 nm, arranged according to a square motif and protruding
from the membrane surface by about 1 nm. These structures have been observed only in membrane
samples prepared from transfected oocytes and may be interpreted as higher-order orthogonal arrays
of AQP4-M23. Moreover, our AFM experiments have shown a well defined, square-lattice
arrangement with surface density and lattice constants of identical dimensions as the AQP4-M23
arrays that were observed by electron microscopy. In the absence of further biochemical
identification, based on the comparison with the higher-order structures of AQP4-M23 which stand
out as square arrays in freeze fracture preparation (Furman et al., 2003; Crane et al., 2009; Fenton
et al., 2010) and the consideration that square lattice arrays of intramembraneous particles were
found only in AQP4-M23 transfected X. laevis oocytes, we identify the particles in the observed

lattice on the oocyte plasma membrane as individual AQP4-M23 tetramers.
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These results thus represent the first observation by AFM of heterologously expressed membrane
proteins in samples of X. laevis oocyte plasma membranes, implying a possible route for AFM
studies on cloned membrane proteins without the need for crystallization, with the potential of in-
situ characterization of the response of membrane proteins to, e.g., ligands and drugs added to the
solution. That said, the nanometer-scale characterization and identification of individual AQP4-
M23 proteins thus far remains elusive, indicating that there are still significant hurdles to take for

this to become mainstream and widely applicable in a wider biological context.
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Figure Captions

0,99

0 50 100 150 200 250
t(s)

T T T T T T T T T T T T \
0.0 0,1 02 0,3 04 05 0.6

[CRINA] (ngiul)

Ctrl 0.1 pg/nd 0.3 pg/pl

Figure 1.

(a) VIV, time course of control oocytes (green) and oocytes (blue) that had been injected with an
AQP4-M23 cRNA concentration of 0.3 pg/ul, on incubation in a hypoosmotic buffer (40 mOsm).
V1V, data were calculated as mean =+ standard deviation for 15 oocytes.

(b) Slope of the V/V, time course of AQP4-M23 expressing oocytes versus the concentration of
injected cRNA. V/V, data were calculated as mean + standard deviation of 15 oocytes. The solid
line is a guide to the eye.

(c) Detection of AQP4-M23 proteins in purified X. laevis oocyte plasma membranes. Equal
volumes for control oocytes (Ctrl) and AQP4-M23 cRNA injected oocytes (0.1 pg/ul and 0.3 pg/ul)
were analyzed by Western blot with anti-AQP4-M23.
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Figure 2.

AFM topography images of a native X. laevis oocyte plasma membrane (i.e., without AQP4-M23
cRNA injection) collected in liquid buffer. (a) Large-scale image of a sample area that is covered
by a patch of plasma membrane. Vertical (false-color) scale: 25 nm. (b) Magnification of the area

marked by the white square in (a). Vertical scale: 3 nm.
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Figure 3.

AFM topography image of X. laevis oocyte plasma membrane expressing AQP4-M23 proteins
collected in liquid buffer. (a) Large-scale image of a sample area that is largely covered by plasma
membrane. (b) Magnification of the area marked by the white square in (a). (c-e) Magnifications of
the areas marked by the white squares in (b), showing protrusions in various assemblies and
orientations, with arrows in (c¢) and (d) indicating suggested axes of square-like motifs. Scale bars
are 25 nm. (f) AQP4-M23 lattice, as measured by electron microscopy (Furman et al., 2003), on the

same scale. Vertical (false-color) scales: (a) 15 nm; (b) 2 nm; (c-e) 1 nm.
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Figure 4.

AFM topography image of X. laevis oocyte plasma membrane expressing AQP4-M23 proteins
collected in liquid buffer. (a) Mica substrate partially covered with the oocyte plasma membrane (4
nm high). The white line indicates the profile measured along the dotted line. Vertical scale: 15 nm.
(b) Magnification of the 4 nm high patch on top of the plasma membrane, as marked by the arrow
in (a). The inset corresponds to an electron microscopy by Furman et al., 2003. Vertical scale 2 nm.
The inset reproduces the electron microscopy image of Figure 3f on a matching scale. (¢) Two-
dimensional power spectrum of (b), showing two peaks (see arrows) corresponding to a lattice unit
vector of A = (4.7 = 0.5) nm. (d) As (c), for the electron microscopy in the inset of (b), with reported
periodicity between 4-6 nm. (e) AFM topography (100 x 100 nm?) of the cytoplasmic surface of
AQP4 homologue AQPO, reconstituted in a 2D lattice with 6.4 nm periodicity (cropped from

Fotiadis et al., 2000), on the same scale as (b), for comparison.
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