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Glossary:

C, G: Initial and final sucrose concentration in GUV

V;, V;: Initial and final GUV volume

n : Number of sucrose molecules in the GUVs

ITy, 17 : Osmotic pressure of glucose before and after the shock
V,: Reduced volume of the osmotic shock

R(t) Radius of the GUV at time t

A(t): Area of the adhering patch at time t

Rypatcn : Radius of the adhering patch

V(t) : Volume of the GUV at time t

R, , R, : Radius of the GUV before and during adhesion

R, : Radius of the GUV at equilibrium after the osmotic shock
Ao, Ay : GUV surface before and at equilibrium after the osmotic shock
So S : Surface of the GUV before and during adhesion

Vo, Vs: GUV volume before the shock and at equilibrium after the shock
%, ¥ - Surface tension of the GUV before and during adhesion
Ky : Bending modulus of the GUV membrane

@: Contact angle between the GUV and the surface

. : Critical contact angle for GUV spreading

t. : Critical time for GUV spreading

D: Diffusion coefficient of the binders

I, I : Binder density on the GUV inside and outside the adhering patch
U: Energy gain per sticker finding a binding partner

Pmemb : Intrinsic membrane permeability

Paqr : Permeability of the membrane due to aquaporins

7 : Deswelling time

N : Total number of aquaporins

R, : Radius of the aquaporin pore

o : Pore density in the membrane

1 : Bulk viscosity

Vo : Molar volume of water

C;, Ce : Internal and external concentration of solute
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A INTRODUCTION

Water transport across membranes is a fundamental property of life and is involved at cellular or subcellular level.
In human body, 180 liters of primary urine per kidney have to be filtered every day. The lipid membrane alone is
incapable to transport such water quantity ! The specific and fast water transport across membranes is achieved
by a class of transmembrane proteins, the aquaporins. The 13 mammalian aquaporins (AQPs) are specific to cell
types and tissues 2. In the eyes lenses, water transport is performed by the Aquaporin-0 (AQPO) 3. The AQPO is
unique among the AQP family. First, it transports water at a much slower rate than the other aquaporins and
secondly, they are able to form junctions between cells depending on their location in the lens 43 Full length
AQPOs are present in the young fiber cells, at the periphery of the lens. They function as water channels but with a
low water conductance. As a matter of comparison, AQPO water conductance is approximately 40 fold less than
AQP1, one of the most efficient water pore found in many tissues ®. In the core of the lens, AQPOs are present as a
mixture of full-length and truncated AQPOs. Truncated AQPOs result from the proteolytic cleavage of full AQPO at
the C-terminus end during the maturation process of fiber cells. " The capability of this truncated AQPO to conduct
water is still unclear.

Water permeability across membranes has been studied for a long time by various techniques including NMR or
isotope tracer efflux °. Alternative methods use osmotic shock to induce water flow: for instance, after aquaporin

1 or purification and reconstitution in small Iiposome11 (SUV, radius < 100

overexpression in Xenopus oocytes®
nm). These systems are osmotically deflated by rapid mixing with a solution of higher osmolarity 61011 The
difference of osmotic pressure between the two sides of the membrane results in a water efflux. The rate of
volume change is directly related to the permeability of the membrane and the presence of proteins within the
membrane. cRNA injection in oocytes is the most versatile method. It is indeed very easy to control precisely the
sequence of the protein inserted in the membrane and no biochemical purification steps and/or extraction of
native membrane are necessary. Conversely, it is very difficult to determine quantitatively the amount of proteins
expressed and incorporated into the membrane. It is therefore possible to measure the global membrane
permeability value, but the permeability of a single channel could only be estimated.

Another method for precisely controling the density of channels uses proteo-liposomes where membrane
channels are inserted in small unilamellar vesicle. It requires a biochemical purification of the proteins but proteins
can be inserted in almost all lipid mixtures. The water permeability is determined by the volume change of the
liposomes subject to an osmotic shock. The volume variation is either deduced by a change of fluorescence

intensity 1214 op by dynamic light scattering 1519

. In both cases, the variation is measured over an ensemble of
liposomes leading to an average measurement of the water permeability. Moreover, since vesicles as well as
oocytes may adopt diverse complicated shapes % the precise determination of the volume is not obvious.
Stopped-flow studies combined with quenching of a fluorescent marker encapsulated in vesicle, have been widely
used to measure the permeability of the AQPs 1214

GUV micropipette aspiration is a very accurate technique and has been widely used to measure with high

precision the water permeability of membranes with various lipid compositions 2 2

. A GUV aspirated in a
micropipette is transferred from a chamber at a low osmolarity to another one with a higher osmolarity. The
deflation of the GUV due to the efflux of water leads to an increase of the length of the tongue inside the pipette.
Water permeability and mechanical properties of lipid membranes can be accurately monitored with this
technique. However, its main drawback is that it can only investigate a single vesicle at a time. It also requires

careful coating of the interior of the pipette to avoid any interaction between the vesicle and the glass, which is



known to be trickier in the presence of transmembrane proteins in the membrane. This might be the reason why it
has never been used to measure water permeability of proteins, as far as we know.

In the present work, we propose a new method to precisely measure the water permeability of a single water
channel. GUVs with AQPO reconstituted in their membrane adhere to a glass surface via biotin-streptavidin
interaction. GUVs are then exposed to osmotic shocks. We measure the increase of the contact area during GUV
deswelling and spreading. Our analysis is supported by a theoretical model that considers different aspects related
to GUV spreading upon adhesion and deflation. In a first step, we study the specific adhesion of vesicles coated
with biotin on glass substrates decorated with streptavidin. This is a specific case of adhesion where the binders
are immobilized at the contact because the streptavidins are bound to the substrate and the life time of biotin

24, 25, the binders were considered mobile in the contact

streptavidin bound is a few minutes 3 In previous studies
(because the links are transient) and the expansion force is due to osmotic pressurezs. In our case the driving force
is due to the adhesion energy of the binders. We thus extend previous theoretical work on cellular adhesion to our
vesicles spreading case of immobilized links. In a second step, we describe the deswelling of adhering vesicles due
to osmotic shock. In a third step, using our model of adhesion, we relate the increased of the spreading area to the
decrease of the internal GUV volume. This approach allows an accurate determination of the membrane and
protein water permeability. The number of AQPOs in the membrane is precisely and independently determined
using fluorescence confocal microscopy Y The technique presented here does not require any micromanipulation

21, 22
and several GUVs can be observed

of vesicles across experimental chambers at different osmolarities
simultaneously. We prove the feasibility of our method by measuring water permeability of one of the less
efficient water channel: the AQPO. We also demonstrate that the truncated AQPO found in the core of the eye

lenses is no more a water channel.

B METHODS

1 Purification and reconstitution of AQPO

The non-junctional AQPOs (Wt-AQPO) were purified from the cortex of 25 sheep eyes lens %2 junctional AQPOs
(Tr-AQPO) were obtained by chymotrypsin digestion of Wt-AQPO (See Fig. S1A for SDS-gel). Both types of AQPO in
detergent (n-Octyl-B-D-Glucopyranoside, OG; Affymetrix) were labeled with one Alexa-488-maleimide molecule
(Invitrogen) per water channel and reconstituted in Small Unilamellar Vesicles (SUV) of (EPC:EPA) (9:1) 75%, 20%
cholesterol, 5% DSPE-PEG,qgo-Biotin (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[biotinyl-(polyethylene
glycol)-2000) and 0.25% Texas Red 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (TR-DHPE, Invitrogen)
27:3% The maleimide group of Alexa-488 binds to the accessible thiol groups of the AQPO (ie Cys or Met). EPC, EPA,
cholesterol and DSPE-PEG-Biotin were purchased from Avanti Polar Lipids. In all experiments, the lipid to protein
ratio has been kept constant at 10:1 (w/w). The lipid composition was chosen to reduce the intrinsic lipid

membrane permeability 2,

2 Functionalization of the glass bottom chamber

Pre-activation of the glass cover slides was achieved by immersion in a Piranha solution (70% sulfuric acid, 30%
hydrogen peroxide) for 10 min. After intensive rinsing with MQ water, cover slides were silanized by immersion for
2 hours in a solution of 2.86% (v/v) N-[3-(Trimethoxysilyl)propyl]-ethylenediamine, 0.86% (v/v) acetic acid and 96.3
% (v/v) methanol. After washing and drying for 15 min at 100°C, the cover slides were then functionalized with 100
uL of a solution at 1 mg.mL_1 of 50% metoxy-PEG,g00-NHS (metoxy-PolyEthylene Glycol-N-HydroxySuccinimid; Rapp
Polymere GmbH, Germany) and 50%-PEG-34q0-Biotin (Biotin-PolyEthylene Glycol-N-Hydroxy Succinimide; Nanocs



NY, USA) in a carbonate-bicarbonate buffer pH 8.5. Streptavidin solution at 80 uM (Life technologies) was then
deposited on top of the biotinylated surface. One biotin over two is estimated to be grafted with one streptavidin,
leading to a grafting ratio of 50 %.

Chambers allowing the application of successive osmotic shocks are formed by sticking circular chambers (Secure-

Seal (TM); Sigma Aldrich France) on top of a functionalized cover slide.

3 Preparation of lipid vesicles and transfer

Giant unilamellar vesicles (GUVs, 3 pum < radius < 25 pm) with or without AQPO were prepared by
electroformation. Proteo-lipidic mixture of SUV was deposited on indium-tin oxide (ITO) glass side, dried for 1h
under saturated NaCl vapor and rehydrated in 150 mOsm solution (sucrose and Pipes 10mM pH 6.5) under an
electric field. A sinusoidal tension of 1.1 V and 10 Hz was applied on the ITO glass sides for 1 hour to produce GUVs
2731 An aliquot of 5 L of the GUV solution was transferred to an iso-osmotic solution of glucose, Pipes 10 mM pH
6.5 and 10™ mM of 6-carboxyfluorescein to check the absence of leakiness.

GUVs collected from the ITO glass were then transferred and sedimented by gravity in a chamber with

functionalized glass bottom filled with 90 pL of glucose 150 mM, 10 mM Pipes pH 6.5.

3 Osmotic shock

Osmotic shocks were performed by adding controlled amounts of glucose solution of suitable concentration in the
external solution. The number of sucrose molecules inside the GUV is constant during the shock and equal to:
n = C;V; = C¢Vy where Vi, Vr and (;, Cr are the initial and final GUV volumes and sucrose concentrations in the

74 .
GUV, respectively. The shocks are characterized by their reduce volumes V. = V—f = % In our experiments, V.
i f

ranges from 0.98 to 0.72.

4 RICM experiments and fluorescence experiment

Reflection Interference Contrast Microscopy (RICM) experiments were performed on a Nikon Eclipse Ti inverted
microscope equipped with an interferometric filter and a mercury lamp (546 nm) (Nikon Intenslight) following
classical procedures 2, Images were recorded with a highly sensitive digital camera (iXon+, Andor Technology;
Belfast UK) with an acquisition rate of 10 images per second.

Lipid and aquaporin fluorescences were measured with the same microscope equipped with an Eclipse C1 confocal
line with two lasers (A = 488 nm and 543 nm) and a Nikon Plan-Fluor 100x oil objective (1.3 NA). Quantitative
fluorescence analysis was performed as previously described to extract the surface density of AQPO in the GUV
membrane *’. RICM experiments and confocal imaging were performed alternately on the same sample. The

radius of the GUV was measured prior to any osmotic shock and at equilibrium using confocal microscopy.
5 RICM data analysis

The patch area extraction from RICM images was performed within a home-made Matlab (MathWorks, Natick,
MA) graphical-user-interface environment, available in Supporting Information (S| text) (RICM-patch-gui.m). The
automated patch recognition from a sequence of RICM images is based on morpho mathematical operations and
is guided by the operator. Initially, the patch in the first frame is manually segmented. Then the time-series of the
patch area is generated by an iterative process: the segmented patch in the frame i will support the segmentation
of the patch in the frame j+1. The contour of the patch is detected by the watershed function applied to an image
that was transformed to take into account the shape of the patch in the previous frame (using erosion, dilation,

and minima imposition functions). The algorithm is efficient as long as the patch area does not grow too fast. In



case of segmentation error, the operator stops the iterative process, manually segments the patch, and resumes

the iterative process.

C RESULTS

1 Principle of the method

The principle of the method is presented on Fig. 1 and is summarized in this paragraph. Immediately after their
formation, GUVs are transferred in an iso-osmotic glucose buffer. Each GUV characterized by a radius R,y and a
surface tension 7y, sediments on the functionalized surface composed of grafted biotinylated lipids bound to
streptavidin. Adhesion between biotinylated lipids of the GUV and streptavidin on the surface leads to the
formation of an adhering patch characterized by an area A(t) or a radius Ryatcn = Ry-sin 6, where @is the contact
angle between the vesicle and the surface. The area of the patch increases as a function of time up to a
characteristic time t., above which it saturates. The characteristic time t. depends on the radius of the GUV and on
the adhesion energy. The patch size is measured experimentally using Reflection Interference Contrast Microscopy
(RICM).

When GUVs have reached the final spreading state, they are subjected to a series of hyper-osmotic shocks by
adding controlled amounts of a glucose solution of suitable concentration in the external solution. The osmotic

Vs

. . . C . . .
shock is characterized by the ratio V. = 7= C—° Assuming an ideal law for the osmotic pressure /7 versus glucose
o I

. . 1, . . .
concentration, we can also write V,. = F" When a succession of shocks are applied to the vesicle, they are all
i

considered mutually independent, the final state of the N™ shock being the initial state of the N+1 shock. The
increase of the external osmotic pressure induces an efflux of water through the lipid and the water pores, causing
a decrease of the volume of the GUV. The resulting excess of membrane is transferred to the adhering patch,

leading to an increase of the area of the patch followed in real time by RICM.

2 Experiments

2a Membrane characterization

Before the addition of the AQPO, dynamic light scattering revealed that the SUV average radius was 120 + 30 nm.
Both types of AQPO (Wt-AQPO and Tr-AQPO) were reconstituted separately in the SUVs by the addition of 40 mM
of n-Octyl-B-D-glucopyranoside (OG). This detergent was removed with biobeads (10 mg of biobeads to remove
1.17 mg of OG (24)). Cryo-electron microscopy on the proteo-liposomes mixtures shows that the vesicles have a
diameter of the order of 100 nm, without any visible defect in the membrane (Fig. S1.B).

After the electro-formation of the GUVs, confocal microscopy analysis confirmed the unilamellarity of the GUV
containing both types of AQPO (Fig. S1.C1 and D). The average diameter was found to be 15 £ 6 um (N = 130 GUVs)
independently of the presence of AQPO in the membrane (Fig. S1.C3). The density of AQPO inserted in the
membrane of the GUV o was determined by measuring fluorescence intensity using confocal microscopy (23) and
found to be equal to 1000 + 400 AQPO/um2 for Wt-AQPO and 1300 + 350 AQPO/um2 for Tr-AQPO (Fig. S1.E). The
dispersion of the number of AQPOs inserted in the GUVs is due to preparation method of the GUVs. As the initial
surface fraction of AQPO in the proteo-liposomes was 1600 AQPO/um2, we concluded that most of the AQPOs
were incorporated in the GUVs (25).

In order to precisely determine the water permeability of both types of AQPO, we first checked that the presence
of the trans-membranes proteins did not perturb the lipid permeability, in particular did not induce GUV leakiness.

Prior to all osmotic shock experiments, GUVs were placed in an external buffer containing 10™ mM of fluorescent



6-carboxyfluorescein for 10 min, whereas the interior GUV bulk was not fluorescent initially. 93% of the GUV
interiors remained devoid of fluorescence after the shock, independent of the presence or not of AQPO in the
membrane. Batches containing more than 10% of leaky GUVs were not used. We thus concluded that the lipid

bilayers containing or not AQPO are not leaky to molecule bigger than 376 Da (size of the 6-carboxyfluorescein).

2b Spreading of the GUVs

Before applying any osmotic shock, GUVs containing biotinylated lipids were sedimented on the glass surface
functionalized with streptavidin. Specific binding between the GUV and the surface created an adhering patch (Fig.
1C-F), which was growing as a function of time. The size of the patch at any time was determined using an
automatic custom image analysis script (See Methods). Fig. 2A displays a typical time variation of the adhesion
patch area of the GUV followed by RICM immediately after the initiation of the adhesion. This graph displays two
regimes, for t < t. = 50 sec, the area of the patch increases as t°-53 £0-02 3nd saturates to a plateau value above t..

All vesicles adhered to the surface through an adhesion patch with an almost perfect disc shape, characterized by
a radius Rpqich- The contact angle @ between the GUV and the surface is defined with R,q¢cn = Ry, sinf where R,
is the apparent radius of the GUV. R, was measured using fluorescence confocal microscopy just prior to the
osmotic shock and after the spreading of the GUV when the patch area is constant. For t > t.,, we note 6, the value
for 6. In all our experiments we found a value of 6. = 25 + 4° (N = 83). This value is independent of the GUV radius.
To perform these experiments, one must control the streptavidin grafting density on the functionalized surface. If
this density is too high, transitory pores can appear due to high tension on the membrane imposed by the high
adhesion energy. If transitory pores are formed, the vesicle continuously leaks water out, leading to a continuous
increase of the adhering patch. In the extreme case, the GUV explodes. Therefore, the constant value of the area
patch for t > t,, is the signature of the absence of transient pores. We carefully chose our experimental conditions
so that no transitory pore was observed and kept these adhesion conditions constant during all sets of

experiments.

2c Osmotic shocks

When GUVs have reached the final spreading state, i.e. for t > t. and 8 = ., they are subjected to hyper osmotic
shocks. All shocks are characterized by their reduce volume V..

Fig. 2B displays a typical evolution of the contact area of a vesicle containing full-length AQPO subjected to a
succession of osmotic shocks. After one shock, the contact area increases and reaches an equilibrium value. Each
shock causes a decrease of the vesicle volume due to the water exit. The GUV radius is determined by confocal
measurement before and after the shock. Next, in order to extract the permeability of the membrane and of the
single pores from our data, we thus need a model to describe both: (i) the dynamics of the GUV deswelling and (ii)

the resulting increase of the adhesive patch to relate our data to the permeability of single membrane pores.

3 Models

Our aim is to model the variation of the vesicle contact area due to the vesicle deswelling induced by an osmotic
shock. In the following, we describe the three following stages:

(i) The spreading of the GUV on the functionalized surface, leading to a spontaneous growth of the patch. We will
remind the dynamics of spreading of vesicles controlled by the diffusion of binders towards the adhesive patch 2,
We show that the vesicles spread up to a critical contact angle 6. This defines the initial state before the shock
(Figs. 1D and E).

(ii) The deflation of the GUV due to an osmotic shock.

(iii) The resulting increase of the spreading area (Figs. 1E and F).



3a Spreading of the GUV: Role of binder diffusion and membrane tension
Let’s first consider the case where a GUV of radius R,, with a small surface tension y,, coated with binder of type A,
spreads on a surface functionalized with the complementary specific binder B to make an AB link (Figs. 1A and B).
The spreading vesicle is characterized by the size of the adhesive patch R, .,. Assuming that the volume remains

constant during the spreading and that the shape is a spherical cap with a contact angle 6, the increase of the

S-S, __ 6*
16

surface can be written as where S, = 4R?2 is the surface of the spherical vesicle before the spreading.

According to Helfrich, the increase of the GUV surface area leads to an increase of the membrane tension y :

S;S" = %ln(yl) 3 where ky is the bending modulus, and kT the thermal energy. Typical values of x; which
0 d 0

depends on lipid composition, are around 10-20 kT. The variation of GUV surface can be rewritten as a variation of

the contact angle:

Z =% (L) [1]

16 16 Yo

1/4
With 6, = (ik—l;) is the critical angle of spreading.

Eq. [1] shows that if @< 6, the surface tension y is almost constant, whereas if 8~ 6. the surface tension increases

exponentially with 5. As a consequence two spreading regimes can be observed depending on the 0 value:

(i) For &< 6,
The surface tension is constant during the growth of the adhering patch. The spreading of the GUV is governed by
adhesion. We supposed here that the GUV radius is constant during the spreading. /; and I, denote the binder
density on the GUV inside and outside the adhering patch, respectively (Fig. 1B). The binders diffuse towards the
adhesive patch with a diffusion coefficient D. We assume that at time t the binders come from a region of size

VDt. Assuming that the binders are mobile in the contact, the conservation of the binder numbers leads to:

(I} = [)= o r— [2].

patch

In quasi static conditions, the force balance at the contact line can be written as:

1

shd =1.U [31,
where U is the energy gain per sticker finding a binding partner. Notice that Eq. [3] holds for immobilized stickers.

As soon as a biotin reaches a streptavidin in the adhesion patch, it binds and cannot move anymore. This is

24 2U

%0 and combining Egs. [2] and

different for mobile stickers discussed in previous publication "
0

. Introducing € =

[3] gives the variation of the adhering patch as a function of time:
Rpaien = eDtRE (4]
We thus expect that the area of the adhering patch varies as . In this regime, the tension is nearly constant, and

the kinetics of spreading is governed by the diffusion of the binders towards the adhesive patch.

(ii) For 6> 6,
As soon as Oreaches to G, the surface tension yincreases exponentially according to Eq. [1]:
y= yoeXp(e%)4 [5].
The Laplace's equation becomes:
%yOHZeXp(H%)“ = I;kT [6].

Combination of Eqgs. [2] and [6] leads to the variation of the contact angle:

6 = 6.[In(t/t ]V/* (71,



R?6¢ . . . .
where t, = j is the crossover time between the two regimes. As a consequence of the exponential growth of y
@is almost independent of time and closed to 6. The spreading area remains nearly constant in time.

2p4
In conclusion, A(t) obeys a diffusion law up to a spreading time t, = % above which the spreading stops.

3b Deflation
When GUVs have reached the final spreading state, i.e. for 8 ~ 6., they are subjected to hyper osmotic shocks.
The shock causes a decrease of the vesicle volume due to the water exit. The deswelling of the vesicle of volume

V(t) and surface S can be written as:

av NTEKT 1 1
Ez_[spmembvo +pT]ni (V_f_;> (8]

where P,,.mp is the intrinsic membrane permeability (in um.sec'l) 22 N the total number of aquaporins in the GUV,
rp the pore radius, 7 the bulk viscosity and v, the molar volume of water. n is the fixed number of solute molecules

inside the vesicle, Cy — C; = Vi — % is the difference between external (Cg) and internal (C;) concentrations at time
f

t = 0. Eq. [8] can also be written as:

av _ 101

P —[Pmemp + Pagro|Svon (V_f - ;) [9]

3
Where Pyop = %RT is the permeability of the membrane due to the aquaporins and o the density of pore in the
0

membrane.
Resolution of Eq. 9 leads to

YOy _ gt/ [10]
Vo—Vy

. 1 CE
with ; = (Pmemb + PAon)SUOn_f

Note that the deswelling time 7 varies as Cz 2.

3c Spreading due to water leak out through pores
We have now to relate the patch area A(t) to the volume V/(t) of the vesicle. During the shock, R(t) decreases from
Ry to R,r. The deswelling gives rise to an increase of the excess area. Because the vesicle is in contact with an
adhesive substrate, we assume that the excess area spreads to maintain the surface tension constant. This
assumption is valid if the characteristic spreading time t. is much faster than the deswelling time 7. It leads to a

conservation of the surface:
0* 0
S = 4mR, ()% (1+2) = 4nRE, (1+%) [11]
where R,(t) is the radius of the sphere (see Fig. 1C) defined by V (t) = gnRs ®).

We write Eqg. 11 in term of A(t) = m82R2 at time t and in term of Ay at infinite equilibrium time, which leads to:

2
A(D)? — 4552 = 16m2R, (0 (RE — Ry(D)?)
[12]

Ry
A? —AﬁR—gf = 16m2R? (RZ, — RZs)

Egs. [10] and [12] lead to the spreading law for A(t). They could be solved numerically (Fig. S2), and analytically in

Ryo—R
the limit of small shocks assuming WR—"f « 1, leading to:

vf

A(t)-Af _ e_t/T [13]
Ao—Af



Fit of Eg. [13] combined with Eq. [10] allows for the determination of the total membrane permeability P,emp-

Pmemsb is measured separately in the absence of pores and we can then deduce the permeability of aquaporin Pqpop.

C ANALYSIS AND DISCUSSION

1 Membrane spreading and characteristic time
Before applying an osmotic shock, the kinetics of spreading is only governed by the adhering conditions (i.e.
concentrations of biotin on the GUV and streptavidin on the surface). For t < t, the spreading area of the vesicle as
a function of time is fitted by a power law with an exponent n = 0.53 + 0.02 (N = 6) (continuous line on Fig. 2A) in
agreement with the theoretical model. Similar experiments on the spreading of GUV on a functionalized surface
were previously reported 32 In this work, GUVs were coated with streptavidin and sedimented onto biotinylated
surface. Surprisingly, the spreading patch area varied with an exponent n = 0.96 + 0.12. The only difference
between these two experiments is that in our case, the GUVs are functionalized with biotin whereas it was with
streptavidin in the other case. It is remarkable to note that two complementary experiments (i.e. biotin on GUVs
or on the surface) lead to two completely different regimes of spreading. Biotins are much smaller than
streptavidin proteins (52.8 Da compared with 244 kDa) and one streptavidin can bind 4 biotins. It explains why
small biotins are able to freely diffuse and equilibrate in the adhering patch. On the other hand, when the vesicle
is coated with streptavidin, the density of streptavidin accumulating in the patch is assumed to be the saturation
I5q¢ density. Eq. [2] with [; = [y, leads to FsR;thch = [I.Dt . The spread area increases linearly in time as
observed in 33% 3,

1/4
The critical angle of spreading 6, = (%) was found to be equal to 25 £ 4°. We can thus derive the bending
d

rigidity of the membrane x; = 18 £ 3 kT. The bending rigidity is known to depend on the membrane composition. It
varies between 10 to 30 kT >® for GUV containing only phosphatidylcholine (PC) membrane with chain lengths
ranging from 18 to 22 carbons and with different degrees of saturation. In the present work, we used a mixture of
75% (EPC:EPA) (9:1), 20% cholesterol, 5% DSPE-PEG-biotin and 0.25% of fluorescent lipids. Our value of bending
rigidity deduced from the critical angle &, is in the range of the expected value %,

The t. value defined by Eq. [7] depends on binder density, on their diffusion coefficient and also on the GUV

radius. To compare t. values between different GUVs, we introduce a non-dimensional time £ = t. D /R2. Using for

the diffusion coefficient of the binder D =5 pmz.sec'l, measured in a similar case 32, we found that £, = 0.4 £ 0.1

—_— ~ 0% . ~
(N = 6). By definition, t, = ?C = F):K . As a consequence, knowing the value of the t. and 6, allows for the
] d

determination of € = 0.09 + 0.03. As € = 2U[7,/y,, we can determine the density of binders 7 on the glass
surface. The values of y, vary from one GUV to another and we are not able to accurately determine the
membrane tension of each GUV in the present work. However, for GUVs formed in the same conditions and for
similar lipid composition, typical values are in the range of » = 10 ;.LN.m'1 3. Considering U = 30 kT for biotin-

streptavidin Iink38, we can thus estimate the density of biotin binders 7y = % = 4.10'? m~2. Considering the

32, our surface treatment is thus in the dilute regime of

saturated concentration of biotin equal to 7, = 5.10" m™
binders I',= I,,/1000.

The values of £, highly depend on the binder density. For experiments performed in the opposite geometry (with
streptavidin on the GUV) 2 t. was found to range from 0.3 to 5 when the adhesion conditions varied from I, to

I,+/100. Our value £, = 0.4 + 0.1 is thus in the same range of values.



2 Water permeability of membrane and AQPO
In order to determine the water permeability of membrane or that of AQPO, growth kinetics of the adhering patch
has to be fitted with Eq. 13 to determine the exponential decay time 7. According to Eq. 10, the decay time

depends on the reduced volume of the shock Vr, but also on the size of the GUV. To easily compare the

A(D)-Af
A

characteristic decay from GUV to GUV, we plot the relative variation of adhering patch . asa function of the
—4r

reduce time £ = t.D/R2 [14]. Typical decays are presented on Fig. 2C for membrane without AQPO (green), Wt-
AQPO (red) and Tr-AQPO (blue) for a reduce volume V,. = 0.95. The exponential decay time T is equal to 10 £ 0.5 for
membrane containing Wt-AQPO and is much faster than for the GUVs containing Tr-AQPO or without AQPO (7 = 36
+0.5 and 47 + 0.5 respectively). We notice that the values of T are always much larger than the values of £, which
was found to range from 0.3 to 0.5, which was one of the assumption of our model. Indeed, the basic principle of
our model relies on the fact that the characteristic time of adhesion due to binders is much faster than the
characteristic time due to deflation. As a consequence, the GUV spreading during the osmotic shock is not limited
by the diffusion of binder to the patch.

The membrane permeability deduced from the fit of the curves using Eqg. 10 is presented on Fig. 2D for all batches
of experiments. For membrane without AQPO, the permeability is found to be P, = 18 £ 9 um/sec. The
permeability of our specific membrane composition (EPC:EPA) (9:1) 80% wt, 20% cholesterol, 0.25% Texas Red-
DHPE, and 5% DSPE-PEG,ggo-Biotin lipids) has not been determined previously. However in case of membrane
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containing Egg PC only, the water permeability was found to be equal to 34 um.sec™ . For DOPC membranes, this

value ranges between 25 and 42 um.sec’1 and decreases to 5 to 7 Mm.sec’1 when cholesterol is added to the

21,40
membrane

. Our value of P,,.mp is thus compatible with the values previously published.

For membrane containing AQPO, the total membrane permeability (i.e. Ppems + Pageo) is found to be equal to 66 *
15 um/sec and 19 + 8 um/sec for membrane containing Wt-AQPO and truncated AQPO respectively. Using the lipid
membrane permeability value previously determined, the permeability due to AQPO is equal to Py aqpo = 48 + 15
pm/sec for full length AQPO and Praqp0= 1 + 15 pm/sec for truncated AQPO. Since we measured the mean protein
density in the GUVs for both protein types to be 1000 + 400 Wt-AQPO/;,Lm2 and 1300 + 350 Tr-AQPO/pum’
respectively, one thus obtains the permeability of a single Wt-AQPO to be: P, aqr0 = 4.6 £ 2.0 102 ;,Lma.s'1 whereas
for truncated AQPO, the permeability is found to be Pr 4qp0 = 0.1 0.1.102 =0 um3.s'1. The water permeability of
AQP is known to highly depend on its lipid environment. In a mixture of lipids containing POPC: POPG and
cholesterol, the permeability of AQPO was found to vary from 3.5 in a mixture of PC:PG lipids (Phosphatidylcholine
and Phosphatidylglycerol) to 0.5x1072 um3.s'1 in SM:PG:Cholesterol (Sphigomyelin, Phosphatidylglycerol and
Cholesterol) at pH 7.5 It has also been found that lowering the pH from 8 to pH 6.5 increases the efficiency of

the AQPO by a factor 2 to 4 41,42

. So our results obtained with a mixture of EPC, EPA and cholesterol at pH 6.5, are
in perfect agreement with data previously published, which were performed on a population of liposomes.
Molecular dynamics simulations have also been used to estimate the permeability of an AQPO monomer and it
was found to be 0.28x107 pm3.s'1. As the AQPOs are composed of 4 monomers, this leads to a permeability of
1.1x107 um3.s'1 for a single AQPO “1. As AQPO is known to be one of the less efficient water channels, the good
agreement between our results and data previously published on water permeability of AQPO validate our
experimental approach and technique.

Depending on its location, different functions have been reported for the AQPO. Wt-AQPOs that are located in the

eyes lens cortex are known to be water-gated channels. With aging, the eye lens cells named fiber cells, go deeper



inside the lens causing a proteolytic cleavage of the N- and C-terminal ends of the AQPO. The abundance of

. The proteolytic cleavage of AQPO changes its function as it

truncated AQPO in the lens increases with age
increases the propensity of AQPO to form end to end-junctions between two neighboring cells > The capability of
these truncated AQPOs to conduct water is still under debate. Two different studies where cRNA was injected in

oocytes came to opposite conclusions on the capability of Tr-AQPO to conduct water™® *

. The discrepancy
probably arises from the difficulty to precisely determine the cell volume change in oocyte caused by an osmotic
shock.

Using our method, we have been able to precisely determine the water permeability of Tr-AQPO inserted in GUV
membranes. We unambiguously found that Tr-AQPOs produced by digestion of native AQPOs with chymotrypsin
are not able to conduct water. Chymotrypsin digestion produce truncated AQPOs of 22 kDa ’ which are known to
form junctions. Note that in the present study, the AQPOs were incorporated in GUVs as single tetramers and since
our study is performed on single vesicles, this assay cannot conclude about the capability of Tr-AQPO to form
junctions.

Several methods have been developed to measure the water permeability of membrane proteins. But it is
complicated either to know precisely the volume change due to non-spherical shape of liposomes or to determine
the amount of protein expressed or incorporated in membranes. Here, we propose a new reliable way to measure
the water permeability of single channels incorporated in membranes without any average on an ensemble of
liposomes or any manipulation of vesicle. We have been able to accurately measure the water permeability of a
low efficiency water channel. Our technique can therefore be used for water channels with an high water
efficiency but probably at lower channel density in the membrane to ensure that the hypotheses of our model are
still valid.

In the present work, we take advantage that hyper-osmotic shock causes an efflux of water throughout the AQPO
water pore leading to the creation of an excess membrane area. The regulation of the cell volume and the cell
membrane tension by the AQPs is important for many biological and mechanical processes. For instance, the AQPs
are involved in cell migration. It has been shown that the AQP expression is increased at the front of migrating cell
% also in highly invasive cancer cells where AQPs are overexpressed % several models and hypotheses exist to
understand the complex phenomena of cell migration. Among them, an “Osmotic Engine Model” has been

. . . . . 47
proposed where osmotic shock and water permeation play a role in cell migration

. It might thus become
important to have access to a robust in vitro assay such as our spreading assay to characterize more precisely the

AQPs involved in these processes.
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Figure 1: Principe of the RICM and osmotic shock experiments

(A) GUVs containing DSPE-PEG-biotin lipids, with or without AQPO
sediment onto a functionalized surface coated with NHS-PEG-Biotin
covered with streptavidin.

(B) When the vesicle adheres to the surface with a contact angle 6,
there is a diffusion of the binders from the vesicle to the patch. I'; and T;
are respectively the binder surface osmotic pressure in the vesicle and in
the patch.

Image C to F: Top is a schematic representation of the adhesion conditions.
Bottom is the corresponding RICM image.

(C) GUVs are characterized by a membrane tension v, and a radius
Rvo. GUVs approaching the surface are followed by RICM, even before the
formation of the adhering patch

(D) GUVs adhering to the surface are characterized by the area of
their adhesive patch A(t), with a radius Ryach(t). The apparent radius of the
GUV is R,p and the contact angle between the GUV and the surface 6;.

(E) Before applying any osmotic shock, the GUVs spread on the
surface until an equilibrium between the adhesion energy and the
membrane tension energy is reached. The contact angle increases up to 6..
The spreading kinetics is followed by RICM (bottom).

An osmotic shock induces efflux of water out of the GUV, thus causing a
decrease of surface tension. The excess free area is then transferred to the
adhesion zone on the functionalized surface. The contact angle increases
from 0. to 0.
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Figure 2: Kinetics of spreading during osmuotic shocks.

{a) Variation of the adhesion patch area after that the GUVY has
comtacted the substrate, in the absence of osmotic shock. The time
dependence is fitted with a power law A=t , withn = 0.53 2 0.02 fart =
S0 secistraight black ling an the graphl. The existence of a plateau is the
signature of the absence of transitory pores in the membrane.

(B} Variation of the patch area for a single GUV comtaining Wt
AQPD during successive osmuotic shocks characterized by their reduced
valume V.

() The patch area 2% is normalzed by the patch area bafore

L is

and after the application of the shock (2. and 4, respedtively .

then plotted as a function of the reduced time © (defined by Eq.[14]) for
GV without AQPD (<) orwith We-AQP0 {20 ar Tr-A0P0 (<),

Curves are fitted with ecponential decay (black continuous lingl. The
aqponzntial decaytime T= 10% 0.5 for Wi-A0P0 36 £ 0.5for Tr-ACQFD and
47 £ 0.5 without AQFO.

Data presemted anthe graph are plotted for an osmatic shock V=095 foar
one GUV of each type.

Fermeability of the membrans s deduced from the kinetics of spreading
for membranes without AP0 (<2 or with WA 0P0 (X} ar Tr-A0P0 {41,




