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ABSTRACT

Aliving cell is defined by its separation from the exterior medium. Lipid and proteins form this semi-
permeable barrier. This boundary is important for the cell to protect itself against biotic or abiotic
stresses, and to regulate exchanges with its environment. However, this membrane, even though fairly
resistant mechanically, is prone to breaking under osmotic stress, which can lead to a damaging stretch
of the membrane. In resting conditions, a cell actively maintains an osmotic pressure differential,
through active regulation of the cytoskeleton, membrane trafficking and ionic channels. Those long
terms (minute-hours) processes have been studied in detail in the previous decades but cannot how-
ever account for the short term (second-minute) response to acute osmotic shocks, and thus the pro-
cesses by which cells cope up with osmotic shock remains elusive. How do cells react immediately to
osmotic stresses before its machinery tries to counter act it 2

Osmotic shocks affect 3 essential cell parameters: cell volume, cell area and cell shape. The area
changes are the most damaging ones to the cell, as they cause changes of membrane tension which
can cause lysis. Membrane tension (o) is the repelling force created by the stretching of a surface. It
scales as the force normalized by the characteristic length (L), typically the edge of the membrane.

This tension constrains the cell to adopt a shape with the least surface area possible. Several assays
have been used in order to change membrane tension in cell, from pipette aspiration to cytoskeleton
depolymerisation. In this study osmotic shocks were performed while measuring volume, area and
membrane tension changes. Alinear dependency between the tension and the area, a minimal volume

and a linear relationship in between osmolarity changes and volume were observed
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This multi-parameter approach allowed us to propose a model to unify and predict a difficult to
access variable (o) through different parameter that are easier to access (Osmotic pressure).

ESCRT-III complex is a multimeric membrane remodelling protein assembly. It acts in membrane
scission during HIV budding, ILV formation, abscission. It also participates roles in plasma membrane
repair and nuclear membrane sealing. Being a membrane remodeling protein complex, there is a high
probability and indirect evidence of its activity being regulated by membrane tension. Probing direct
evidence of its reaction to changing () will help us to discriminate between several theoretical models
of action. Membrane fission during abscission by ESCRT-III was chosen as the micron-size assembly
of the event is accessible by light microscopy and several biochemical components and timing are
known.

In this thesis I will describe direct evidence of ESCRT-III activation upon osmotic shocks during
abscission and its relation to the cytoskeleton. Those experiments will add on the knowledge of ES-
CRT field and act as a premise for a better understanding of membrane tension during cytokinesis.

The ultimate part of this work will discuss the results and potential criticism of the methods and

conclusion.
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Une cellule vivante est définie par sonisolation du milieu extérieur. Cette membrane semi-perméable
est formée de lipides et protéines. Cette barriére est importante pour la protection de la cellule contre
des stress biotique et abiotique ainsi que pour la régulation de ces échanges avec environnement. Bien
que cette membrane soit mécaniquement résistante, elle peut se casser sous la contrainte de stress os-
motiques. En condition nominale, une cellule maintient de fagon active une différence de pression
osmotique via une régulation du cytosquelette, un trafic membranaire ainsi que des canaux ioniques.
Bien que ces processus au long terme (minutes-heures) ont été étudié en détail dans les décennies
précédentes, ils ne peuvent pas étre impliqué dans la réponse a court terme (secondes-minutes) a des
chocs osmotiques aigus. Ainsi les mécanismes par lesquels la cellule réagit a des chocs osmotiques
restent imprécis. Comment la cellule réagit de fagon passive a un choc osmotique avant que sa ma-
chinerie interne essaye de la contrer ?

Les chocs osmotiques affectent 3 paramétres essentiel de la cellule: le volume cellulaire, la surface
cellulaire ainsi que la forme cellulaire. Les changements de surface sont les plus dommageables a la
cellule car ils induisent un changement de tension qui peut aboutir a la lyse de la cellule. La tension
de membrane (o) est la force de rappel crée par I'étirement de la surface. Cela évolue avec la force
normalisé par la longueur caractéristique (L).

Cette tension contraint la cellule & adopter une forme avec le moins de surface possible. Plusieurs
expériences ont été crée afin de perturber la tension de membrane cellulaire: de l'aspiration par mi-
cropipette a I'application de drogues dépolymeérisant le cytosquelette. Dans cette étude, les chocs os-
motiques ont été accomplis tout en mesurant les changements de volume, surface ainsi que la tension
de membrane. Une relation linéaire entre la tension et I'aire, un volume minimal ainsi qu'une relation
linéaire entre le changement d’osmolarité et le volume ont été observé.

Cette approche multiparamétrique permet de proposer un modéle afin de prédire une variable dif-
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ficile d’acces () a travers des variables plus facile d’accés (pression osmotique).

Le complexe d’'ESCRT-III est un multimére de protéine permettant le réarrangement de la mem-
brane. Il agit sur la fission de membrane durant le bourgeonnement du VIH, la formation des vésicule
intraluminaire et I'abscission. Ce complexe a aussi un role dans la réparation de la membrane plas-
mique ainsi que nucléaire. Etant un complexe permettant de remodeler ma membrane, il existe une
grande probabilité théorique ainsi que des preuves indirectes impliquant que son activité est régulé par
la tension de membrane. Mesurer de fagon directe la réaction de complexe en changeant la tension de
membrane (o) permettra de discriminer entre plusieurs modeéles d’action théoriques. La fission de
membrane par ESCRT-III pendant I'abscission est un modéle de choix du fait de son diametre de plus
d’'un micron impliquent une accessibilité par microscopie optique, de la connaissance des voies de
signalisation biochimiques ainsi que de leurs arrangement dans le temps et I'espace.

Dans cette theése, je vais décrire les indices d’une activation directe ' ESCRT-III déclenché par des
chocs osmotiques pendant I'abscission ainsi que ces relations au cytosquelette. Ces expériences vont
pouvoir ajouter ala connaissance des ESCRT ainsi que de permettre une meilleure compréhension de

la tension de membrane pendant la cytocinése.
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Introdu&ion

1.1 CELL MEMBRANE AND ITS TENSION

Biological membranes are acting as a selectively permeable barrier. The scaffolds of a biological mem-
brane consists of a lipid bilayer containing proteins and oligosaccharides. Lipids and protein partici-
pate in different proportion to the composition of the plasma membrane while oligosaccharides can
be covalently bound to lipids to form glycolipids or to protein to form glycoproteins. The structure of
the bilayer is composed of 2 leaflets, that are formed by the spontaneous auto-assembly of the lipids.
The bilayer structure buries the hydrophobic acyl chains inside the structure, keeping them away from
the water (Fig.1.1.1). In this work, we will mainly focus on lipids and proteins that interact with them.
Glycolipids* and glycoproteins® function and distribution have already been studied, however their

role and impact on membrane biophysics remain unknown.



Figure 1.1.1: Biological membrane architecture: A lipid bilayer (yellow) where trans-membrane
proteins (purple) are anchored. Glycolipids (light blue) navigate the bilayer in close contact with
the cell cytoskeleton cortex (light purple).

1.1.1 BIloLoGicAL MEMBRANE AND ITS COMPOSITION

As seen in Fig1.1.2 , lipids can be classified in several families: Sphingolipids, glycerophospholipids
and sterols. Their structure are unlike and possess different properties.

Sphingolipids have two saturated or trans-unsaturated hydrocarbon tails which make their hydropho-
bic core more rigid. Compared to glycerophospholipids, sphingolipids are longer and thus thicken
biological membranes. Sphingomyelin (SM) is one of the most abundant sphingolipid in mammalian
cells3. Like phosphatidylcholine, SM carries a choline at its hydrophilic head. The plasma membrane,
boundary of the cell, is particularly rich in SM. For instance in red blood cell, around 18% of the total
lipid weight is due to SM.

Glycerophospholipids are lipids with two hydrocarbon tails and a polar head composed of a glyc-
erol, a phosphate group and a polar group. Phosphatidylcholine (PC) is the major component of
most eukaryotic cellular membranes and also functions as a pulmonary surfactant. Whereas PC is
globally neutral, phosphatidylserine (PS) has a net negative charge due to the serine group at its polar
head. Phosphatidylinositols (PtdIns) and its phosphorylated derivates like phosphatidylinositol 4,5-
bisphosphate (PIP, ) are quite rare (<1%) in biological membranes. However they play a significant

role in membrane trafficking and signalling pathways*.



Sphingosine

Figure 1.1.2: Presentation of the main classes of lipids. Palmitoyl-oleyl-sn-phosphatidylcholine
(POPC), a classical glycerophospholipids used in in vitro membrane reconstitution. Sphingosin,
the primary part of sphingolipids. Cholesterol, an essential lipid for membrane integrity and fluid-

Ity.

Sterols are apolar lipids with a single hydrocarbon tail. They do not form bilayers by themselves but
insert within membranes at the upper part region of hydrophobic chains. Cholesterol (see Fig.1.1.2)
is the major sterol in mammalian cells. Like sphingomyelin, cholesterol is enriched in plasma mem-
branes. It represents 23% of the total lipid weight in red blood cells plasma membranes.

Alipid bilayer is a semi permeable barrier depending on the solute (Fig. 1.1.3) .

Small Large
Small uncharged uncharged
Hydrophobic polar polar
molecules molecules molecules lons
N, Ethanol Nucleotides K:
O, Glycerol AA H
Co, H,0 Sucrose Ca,

Figure 1.1.3: Membrane permeability to solutes. AA: Amino acids



1.1.2 ELASTIC DESCRIPTION OF LIPID MEMBRANE

Membranes can be modeled as a thin homogeneous fluid sheets. Generally, the thickness of this sheet
(a few nm) is negligible compared to its surface (a few pm). If that previous characteristic is respected
and the membrane is isotropic, all membrane deformation can be decomposed into three elementary

ones: shearing, stretching and bending (See Fig1.1.4).

Figure 1.1.4: Membrane deformations examples. Arrows represent deformation directions. A)
Shearing. B) Stretching. C) Bending. Inspired by [1].

Shearing is a deformation in which parallel internal surfaces slide past one another while maintain-

ing the surface area. In a viscous sheet, the shearing energy per unit area is:
EShearing = iy(ll + AT — 2)

where y is the shear modulus in J.m™* and 4 is the lateral extension rate A = % (as seen in
Fig1.1.5).

Due to the high fluidity of lipid membrane, shearing deformations are negligible compared to stretch-
ing and bending and will be ignored afterwards.

Stretching is a deformation that modifies the membrane area A by either extending or compressing

it. The tension associated with a relative change in area % is:

. dEStrctching
dA



A
Y

L,+AL

Figure 1.1.5: Lateral extension rate diagram. L, square represents

for a finite membrane undergoing stretching from A to A 4+ AA and having an elastic response, the

tension follows a Hooke’s law:
g = X A

where y is the compressibility modulus of the lipid membrane. In this case the energy of stretching
per unit surface writes as follow:

EStretching = iX( % ) :

This is only applicable in a case where the membrane does not have access to an infinite reservoir.
The stretching force will be balanced by the membrane tension, a concept that will be developed later
in this thesis.

If the membrane is connected to an infinite reservoir of surface, typically if one considers a small

portion of a very large membrane, ¢ can be considered as constant towards an area increase. In this

case the stretching energy is:
EStretching =ocAA

Bending is a deformation that modifies the membrane curvature at constant area. The bending
energy derives from the membrane curvature. At any point of a surface, one can define two radii of
curvature R, and R, (See Fig1.1.6). The inverse of these radii are the two principal curvatures ¢, and
c,. The mean curvature Jis the sum of the principal curvatures | = ¢, + c,. The Gaussian curvature K

is the product of the principal curvatures K = ¢, .c,.



Ebending = iK(] - Co)z + KGK

where « is the bending rigidity modulus and x the gaussian bending rigidity modulus and ¢, the

spontaneous curvature.

Surface element Sphere Cylinder Saddle

A
/| 7
! 5
' /
LA
Rv /
4 %
2
/

i e=1R,
R} c,=1/R, c,=c,=1/R c,=1/R ¢,=0 c,=c,~1/R
J=2/R,*R, J=2/R J=1/R J=0
K=1/R..R, K=1/R? K=0 K=-1/R?

Figure 1.1.6: Definition of the principal curvatures of a surface element. Examples of Gaussian
curvatures (K = ¢,.c,) and mean curvatures (J = ¢, + ¢,) of a sphere, a cylinder and a saddle.

In the case of a membrane connected to a reservoir, the free energy of the membrane including

contribution of bending and stretching is >’ 6,

F= [, ds{:x(J — c)* + kK + o}

Figure 1.1.7: Membrane tension representation



Figure 1.1.8: Lipid membrane behavior upon tension. a) The membrane is not tensed and is
under thermal fluctuation: entropic regime. b) The membrane folds are fully unwrapped. c) The
lipids are stretched apart in enthalpic regime.

There are two regimes of tension in lipid bilayers which differ by the relationship between tension
and projected area: The entropic and enthalpic regime (Fig.1.1.8).

In the entropic regime, at low tensions, the surface of a membrane fluctuates due to thermal agita-
tion. Stretching a membrane results first in the unfolding of the area stored in the thermal fluctuation
of the membrane. Whether biological membranes can be in a state of an entropic regime remains un-
known. However observation of these fluctuations is accessible in vitro in Giant Unilamellar Vesicle
(GUV).

Using the Canham-Helfrich Hamiltonian®’ 7%, one can calculate the variance of the fluctuations of

the vertical displacement of the membrane (1) for low o values (typically below 10 SN.m™")
<u > kBTTZn%

where kg is the Boltzmann constant, T the temperature, L is the macroscopic length scale of the
membrane (= 10 pm) 4 its microscopic length scale (=1 nm, typically, the size of a lipid). We can
observe in this equation that the membrane tension (o ) tends to reduce the amplitude of the fluctu-
ations. In detail, the relationship between membrane tension and excess area can be calculated from

fluctuations spectrum analysis:

Ad _ kTp ety

w0
A 8wk e

For low tensions, when the condition - < ¢ < x;z is satisfied, the relationship simplifies:



AA __ kgT7q, kn*
T = wmMew
In the enthalpic regime, after all excess area stored in membrane folds has been unfolded (See

Fig.1.1.9)), the membrane behave following the Hook’s law defined above:

AA g
A X

As the entropic contribution to tension is negligible at high tension values as well as the enthalpic

contribution to tension is negligible as low tension values. The two terms can be summed up to give:

£2 — In

AL _ Ty okr | o
A 87k Ual—i_;(

This equation allows to fit experimental data of o vs AA over a very large range of tension values. This
model has been tested in vitro in GUV?, however it is unknown whether a living cell with its complex

composition and architecture behaves accordingly to this theory or from a specific derivation of it.

— Entropic
—— Enthalpic

Figure 1.1.9: Regime of membrane tension. Non linear entropic (blue) and linear enthalpic
(red). Schematic representation with no real values.



1.1.3 NANOTUBE EXTRUSION

Nanotube extrusion is the method of choice to monitor . When a local force is exerted on a lipid
membrane, a nanotube is formed. This deformation is characteristic of fluid bilayer, in opposite to a
conical shape from the deformation of an elastic solid surface (eg rubber balloon). By stretching the
surface, o increases and the system minimizes the energy by reducing the surface of the deformation.
A perpendicular line to the plane would be the minimal surface to adopt, however this would imply a
infinite curvature of the membrane. The nanotube is indeed the result of the balance between Ejeyging

and Estretching

(0}
Rtube F
t —
< Ltube >
K

Figure 1.1.10: Nanotube extrusion.Ry,. the tube radius, L. the tube length, x the membrane

Using Canham-Helfrich Halmitonian, the free energy of the system F is:

F= {;_R’C + U}ZﬂRtubeLtube _thube

tzubz
with Ry, the nanotube radius, Ly, the nanotube length, fthe force applied to extrude the nanotube

and « the bending modulus of the membrane.

Minimizing the energy against the tube radius R, we can obtain the tube radius at equilibrium

R.:



— /E
R, = /%
Minimizing the energy against the tube length Ly, we can obtain the force f, necessary to maintain

the tube at equilibrium:
fo = 2m\/2k0

Those theoretical predictions were experimentally validated in 1996 in vitro*° and in vivo**.

1.1.4 PASSIVE AND ACTIVE DYNAMICS OF MEMBRANE TENSION IN CELL

The theory of Canham and Helfrich is not per se applicable in living cells, because it is an out-of equi-
librium and inhomogeneous system, however it is the best model so far. Nonetheless this method
has been used in various cellular contexts (Table1.1.1). These measurements helped shed a light on
the wide range of tension present (from 3- 10> mN-m™ in epithelial cell bleb to 15- 10> mN-m™ in
melanoma cell). Indeed the lipid composition is highly variable in between cell types**, and the de-
formability *® also. Moreover, having access to the bending modulus of the studied membrane remains
challenging. Indeed only two studies**' *# have succeeded to measure the radius of the nanotube ex-
tracted from the cell.

The presence of cytoskeleton in extruded membrane tether is still a question that remains elusive. It
is absent in certain membrane tethers** although it has been shown to be present in other studies*® *7.
Exploring whether a true plasma membrane tether is extracted or whether it results from an extended
filopodia may shed light on this discrepancy.

Membrane tension response to modification of osmolarity has been previously partially observed
in neurons*3, endothelial cells®*, epithelial3>* and C.elegans sperm cells** . However a basic theory
describing the relationship between osmolarity, membrane tension, volume and area remains to be

described.

Rapid cell volume variations are mostly due to water exchange. Indeed, cells are highly permeable
to water in both directions. This transfer of water is mediated by proteins (Aquaporins) or through

the lipid bilayer3® (Fig. 1.1.11).

10



Table 1.1.1: Examples of membrane tensions and bending rigidities

Membrane tension Bending modulus
(mN'm™) = (dyn-cm™) (N'm)
SOPC*® 19 - 1.1-107"°
SOPC/CHOL 82 - 2.6t0.5 10"
SM/CHOL*® - 5.5+10"°
Red Blood cell** - 1.8 - 1073
Keratocyte '+ 1.5 t0 4.5 - 107 1.4 +o0.1-10"°
Chicken neuron™* 3.1-1073 2.7-10"°
C.elegans sperm cell** 1.5 t0 4.5 - 107 -

Molluscan neuron >3
Protoplast*#
Neutrophil >
Melanoma cell bleb *¢
Epithelial cell bleb >
Melanoma cell *”
Outer hair cell*®

2to12-107
1.2-107
6.9to0 10.3 - 107
1.1 107
3-1073
1.8to 15 - 107
3.71t0 4.57 - 1073

HeLa*®
Water at RT 3°

0.2t0 1.6 (surface tension)

72 (surface tension)

derived from the equation of Van't Hoff.

concentrations.

[I=C-R-T

where R is the ideal gas constant and T the absolute temperature.
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The osmotic pressure (IT) of a diluted solution of osmolytes at a solute concentration C can be

Media used to grow cells in culture have typically an osmotic concentration in the range of C=250-
350 mOsm/l and an associated pressure of IT = 300 - 8.3 - 300 = 7 - 10° Pa. A wide variety of factors
influence the osmotic concentrations of the medium but their net contribution to the final osmotic

concentration varies greatly. In cell culture medium ions are the major contributor to the osmotic

Another potential source of net water flux through the plasma membrane arises from the cell surface
tension y which can generate a hydrostatic pressure difference AP between the inside and the outside

of the cell. Using the Laplace law, this difference is computed as follows:



Figure 1.1.11: Water movement through a bilipid layer. A) Aquaporin B) Diffusion

Hypertonic  Isotonic  Hypotonic

o HZO P HQO PR H20

Figure 1.1.12: Water behavior upon osmotic shocks in cells.

AP = % With 7/ =0 _'_ ycortex = Ycortex

with r the cell radius (if approximated as a sphere), the surface tension of the cortex located

7 cortex
underneath the plasma membrane o the surface tension of the plasma membrane (which is negligible
compared toy, .. )**

In animal cells, a hydrostatic pressure differential between the inside and the outside of the cell can
arise from contractions of the actomyosin cortex, which is associated to the plasma membrane by ERM
(ezrin, radixin, moesin) proteins. When the differences in hydrostatic pressure AP and in osmotic
pressure AIT across the plasma membrane do not equilibrate, a net water flux [, ¢ is generated. This

water flux (assuming a linear response approximation) can be defined as follows:
Ji,0 = k(AP — AII)

with k the water permeability of the plasma membrane.
The hydrostatic pressure differential generated by the cell cortex can reach 10° Pa, given a cell ra-

dius of 5 ym and a surface tension of y = 2.5 - 10~ nN/ pm3®. This value is 100 times lower than
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the osmotic pressure of a standard cell culture medium. Thus, reorganistation of the actomyosin cor-
tex contributes little in generating a net water flux though the plasma membrane *®37. Therefore, the
outside and the inside of the cell are always osmotically at equilibrium and the main variable to net
water flux and changes in cellular volume is the difference in osmolarity. By assuming a cell at osmotic
equilibrium and neglecting AP, the volume of a cell Vi that contains #1,gy,0iyts moles of osmolytes and
surrounded by a medium of osmotic pressure IT,,.; can be approximated as:

n tytes RT
V ~ osmolyi
Cell Hme d

All of that is valid for cells with lipidic semi-permeable membrane. However for other cell types,
another term should be added in order to take into account the pressure formed by cell walls (such a
the peptido-glycan envelope of bacteria or cellulose-based wall of plant cells) as it constrains the cell

volume.

The membrane shape can also be altered in order to adapt/respond to changes in tension and/or
osmolarity. Indeed a cell able to quickly adapt to a change in its environment would be positively
selected. A living cell is an enclosed environment with set ranges of values for protein and salt con-
centrations in order to function properly. By expanding or reducing the volume, those concentrations
change and could deregulate or stop many enzymatic processes. Moreover a hole in this lipid mem-
brane could potentially lead to cell lysis.

Several membrane reservoirs are available in the cell to respond to an osmotic shock3® 39: Caveolae,
endocytosis, blebbing, osmolite release, microvilli (Fig. 1.1.13). The size of those reservoirs can be
measured using membrane tether*°.

The adjustments of the endocytosis/exocytosis rate can explain the regulation of tension and os-
motic pressure in the range of minutes/hours*'.

Caveolae, latin for little caves, were first described in 1974 in skeletal muscle cells**. While re-
maining elusive for numerous years, its functions are getting clearer by the years. Their flask-shaped
structures have a distinct lipid composition (sphingolipids and cholesterol) and are rich in proteins.

Recently they have been shown to regulate membrane tension upon hypo-osmotic shock?3*. By flat-
tening upon increase in hypo-osmotic shock they release plasma membrane area to buffer the increase.
Interestingly, the resting membrane tension is two times smaller in caveolin depleted cells (Cavi”")

compared to the control3*.
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A bleb is a spherical protrusion of the plasma membrane uncoupled from the cytoskeleton. Bleb-
bing is also a hallmark of membrane tension release. It is mainly observed in apoptosis , however it
has been reported to be used in HeLa cell for furrow positioning*3. It has also been observed during
spreading and retracting**.

Microvilli are microscopic plasma membrane protrusions present at the surface of epithelial cell in
the intestine. This increases the surface area of the cell while minimizing any increase in volume. This
reservoir of membrane can be used for spreading, locomotion or resistance to shock*$ 4.

An indirect way for the membrane to cope with membrane tension variations is the release of os-

molites. Osmolites can be released in the cytoplasm*” or in the external medium*®,

Blebbing Eocytosis N =
/ Endocytosis

Caveolae

“i Osmolite .- AV
Release J

Figure 1.1.13: Membrane tension homeostasis.

Either linked to the plasma membrane via lipids*$ or connected via ezrin, radixin, moesin (ERM)
proteins, the cytoskeleton plays an important part in setting membrane tension. The combined ac-
tivity of F-actin and myosin motors produces a cortical tension that can be critical for events such as
mitosis rounding. However the combined pressure of the osmolarity and the cortex is roughly equiv-
alent to the exterior medium of an animal cell. Its depolymerisation leads to a 10% increase in volume
and allows accessibility to a membrane reservoir*°.

On the other hand, in prokaryotes and plants, disruption of the cell wall canlead to the celllysis due
to the great difference between internal and external pressure*®. The stiffness of the acto-myosin cor-
tex has been showed to protect Dictyostelium discoideum cell shape and motility against hyperosmotic
shocks*°.

Upon osmotic shocks, a regulatory volume increase (RVI) or decrease (RVD) has been observed.

Those regulatory mechanisms works through the activation ofionic channelss*. Na*/H* and C1~ /HCO .
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ion exchangers participate in RVI by pumping Na* and K* inside the cell while removing HCO,".
Conversely, RVD is performed by the cell through Ca,* activated channel that pumps Cl~, K* and
organic osmolites in the extracellular medium.

Polymers have a notably higher contribution to osmotic pressure than monomers at an equal con-
centration, because of their large gyration radius and entropic constrains on water molecules. Pro-
tein polymers (such as microtubules, actin and intermediate filaments) have the capacity to change
their osmolarity by rearranging themselves from polymers to monomers** 3. However this “defense
mechanism” was not yet observed in vivo. Interestingly, inhibition of actin polymerisation led to a
drastic drop in membrane tension *#. The organisation of the acto-myosin network seems to be more

important that its own osmolarity.

The intricate relationship between the plasma membrane tension, the osmolarity and the cytoskele-
ton remains quite unclear despite numerous reviews >4 55,
Moreover, contradictory results on the link between membrane tension and osmotic shocks suggest

that this matter owes to be studied in a more exhaustive approach '#3*/5°,

1.2  ESCRTS AND 1TS MULTIPLE ROLE IN CELL MEMBRANE REMODELLING

1.2.1 MEMBRANE FISSION

Membrane fission is the basis for dynamic exchanges between cell compartments. The basic principles
of vesicular transport are conserved regardless of the donor organelle to the target destination .

From the endoplasmic reticulum (ER) to the Golgi (COPII*®), from the Golgi to the ER (COPI*®),
from the exterior medium to the endosomes (Clathrin Mediated endocytosis(CME) °°) and from the
endosome to the lysosome (ESCRT), numerous protein complexes achieve this membrane fission
procedure (Fig. 1.2.1).

The fission event is the critical step to release a vesicle inside the cytoplasm or into the external
medium. A classical example of membrane fission is the CME. Triskelions of clathrin assemble and
deform the membrane in a bulb-like shape. However this deformation is not sufficient in order to

separate this vesicle from the donor membrane. A polymer of dynamin assembles on the tube link-

15



Plasma

Lysosome Membrane

N ESCRT
'
CME
COPI COPI ___ ey
N A ndosome
e b )
/
Nucleus s

—

COPII
\ ~ Secretory granule

ER Golgi

Figure 1.2.1: Vesicular exchanges in the cell. Different examples of membrane fission from the
nucleus to the plasma membrane.

ing the clathrin-coated pits to the plasma membrane. Upon GTP hydrolysis, the polymer of dynamin
contracts and shrinks the tube to the point where the energy of fission is only provided by the ther-
mal fluctuation ®*’ °*, The membrane fission mechanism in vivo can be summarized with a membrane
deformation of the donor membrane (via lipids or a coat of proteins) followed by fission (Fig. 1.2.2).
A consumption of energy (ATP or GTP) is required for effective membrane fission and/or coat recy-
cling.

Genetic deletion was a leading tool in discovering the proteins involved in these mechanisms, how-
ever in vitro assays helped the recent understanding of associated biochemical and biophysical prop-
erties of both lipids and proteins that take part to these mechanisms. Indeed curvature and phase-
induced membrane fission was shown possible in vitro®* %4 % and lipid composition of the membrane
affects the fission event independently of its binding role to the proteins in COPII (Melero et al., Un-
published) and ESCRT .

On a greater scale, membrane fission is not only involved in vesicular trafficking, it is also involved

68, 69,

in organelle division ®’ and cell division . Indeed, mitochondria division is carried by a Dynamin-

like protein in a conformation close to the CME, FtsZ a bacterial protein similar to tubulin can induce
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Figure 1.2.2: Membrane fission of vesicle from a lipid membrane. Deformed vesicle before fis-
sion (left). Pinched-off vesicle after membrane fission (right).

liposome fission and ESCRT-III is the main actor in the animal cell membrane fission.
In the following parts focus will be brought on a particular membrane fission protein complex: The

endosomal sorting complexes required for transport.

1.2.2 ESCRTs

The endosomal sorting complexes required for transport (ESCRTs) discovery was pioneered in the
2013 Nobel prize winner Randy Schekman’s lab by Scott Emr7°. A screen designed to screen for se-
cretory pathway mutants revealed the class E compartments, a hallmark phenotype of ESCRT dys-
function in yeast.

ESCRT is composed of cytoplasmic protein complexes. Known as ESCRT-O, ESCRT-I, ESCRT-II
and ESCRT-II], they sequentially enable membrane remodelling (Fig. 1.2.3). Together with accessory
proteins they are present from archaea to metazoans”*.

As opposed to the dynamin-mediated membrane fission which is a constriction of the membrane
neck from the outside, ESCRT-mediated membrane fission is a constriction of the membrane from the
inside (Fig. 1.2.4). This different conformation involves a new understanding of how it is theoretically

possible to cut from the inside, and a modelling of the forces and constraints required to perform this
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Figure 1.2.3: ESCRT complexes and proteins.

fission event.

Figure 1.2.4: Dynamin and ESCRT membrane fission model. Membrane in yellow, Dynamin
polymer in red ESCRT-IIl polymer in green.

In this thesis we will focus on the ESCRT-III complex, the active membrane remodelling family.

ESCRT-III is a versatile system for the cell and even for extra-cellular objects. Cytokinesis”* 73,
intraluminar vesicle formation (ILV) 74, plasma membrane wound repair’$, autophagy’® 77, nuclear
envelope sealing”® 7, neuronal pruning *°, nuclear pore assembly®* and HIV release **’*3 are ESCRT-
III dependent processes.

One of the most studied phenomenon is the multi vesicular body formation (MVB). ESCRT-III has
been showed to be involved in the formation of ILV in MVB both by biochemical ®+ 7+ % and genetic
assays®> %7 ( Fig.1.2.5).

However, in order to observe membrane fission with a good resolution, the most accessible event

is the abscission. Although many biochemical pathways are combined to regulate its timing®?, it pos-
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Figure 1.2.5: Endocytic pathway description.

sesses the greatest diameter combined with a physically accessible membrane. The abscission event
occurs once per cell cycle, but the diameter of constriction starts at 1 ym. For mass quantification and
genetic testing, HIV release or MVB biogenesis would be a wise readout. However, plasma membrane
is accessible mechanically and is sensitive to osmotic shocks as compared to endosomes. Moreover
the ESCRT components are in a native configuration and not hijacked by viral particle like in the HIV-
release case. On top of that, MVB can not be resolved by photonic microscopy and have to be observed
in a fixed state via electron microscopy (Fig. 1.2.6). Overall, abscission during cell division seems to
represent an interesting readout in order to explore the underpinnings of membrane fission relative to
membrane tension.

Nevertheless, the observation of abscission event is not straightforward and requires to overcome
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ILV,

MVB

Figure 1.2.6: Multi Vesicular Body structure. A) Electron micrograph from a neuron of the CA1
region of the adult rat hippocampus. Taken from8. B) Scheme of a MVB with IntraLuminal
Vesicles (ILV).

numerous difficulties. The cell is particularly sensitive to manipulation and microscopic observation
at this stage. The membrane fission event is rapid (seconds) however it is hard to predict and/or to
induce. Laser ablation of the inter-cellular bridge (ICB) were shown to increase the speed of fission®°
as well as CHMP4C and ULK3 down-regulation too®*’%*.

This event is rather critical, for example a failure of cytokinesis can lead to various chromosomal
abnormality that lead to cancer?? %4,

Moreover, most of the studies assert that microtubule fission are concomitant to the membrane fis-
sion. However preliminary results showed that the two could be uncoupled and nanotube, membrane

remnants could connect the two daughter cells % %.

1.2.3 ESCRT-III DEPENDENT MEMBRANE FISSION

Different models of ESCRT-mediated fission®””**°° have been proposed along the years (Fig1.2.7).
Some argue for a polymer of ESCRT working as a lasso loop to cut the membrane ®s. A more popular
model is that the polymer of ESCRT-III has a preferred radius of curvature and an afhinity to the mem-

brane, that would lead to spiralling. However, the rings smaller than the preferred radius of curvature
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would be under constraints. This energy could be released by buckling the membrane in a mechanism
similar to the event where the wound-up spring of a watch jumps out of its socket when sufficiently
disturbed *.

Other models support a massive fusion of vesicle with or without a combination of the ingression
mechanism of the ESCRT-III polymer*°°. Those events could happen sequentially and/or in a simul-

taneous fashion.

Wy

Sy Sl Nel

Figure 1.2.7: Models of membrane fission at the ICB. A purely vesicle fusion-driven model
(Left) An ESCRT only driven model(Middle) A combinatory model (Right). Nucleus in blue,
membranes in yellow, microtubule in red and ESCRT polymer and vesicles in green

In order to understand in detail the mode of function of a protein complex, all the parameter avail-
able must be analyzed. Shedding light on certain important parameter and quantitatively measure (o)

and other variables would lead to better modelling capabilities.
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Objective

The aim of my thesis is to study the visco-elastic response of cell membranes upon osmotic stresses,
and to determine how membrane tension changes associated with those osmotic stresses could impact

the ESCRT-III dependent membrane fission reaction.
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Techniques

3.1 TUBEPULLING

Currently, in order to access the membrane tension of a biological object, only few tools are developed.
This thesis will focus on the tether extrusion by optical tweezers (OT). Magnetic tweezers used a
similar approach where light is replaced by magnetism '°*. Recently interferometry has been shown
to be a non invasive method*” to measure membrane tension.

Derived from Nobel winning tools, OT were created after the discovery of optical scattering and
gradient forces on micron-sized particles at the Bell’s lab *°*. The first uses in biology was the trapping
and manipulation of viruses and bacteria *°>. Using a highly focused laser beam, an OT can provide
an attractive force that depends on the refractive index mismatch between an object and the medium
surrounding (See Fig. 3.1.1).

Nanotube extrusion is one way of monitoring membrane mechanics. Using either IgG or Con-
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Figure 3.1.1: Optical tweezer.

canavalin A coated beads and/or electrostatic interaction, a thin membrane tube is extruded from the
plasma membrane. As a pulling force is applied on alipid membrane, a nanotube is formed. This shape

deformation is intrinsic to lipid bilayer as discussed previously.
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Figure 3.1.2: Nanotube Extrusion from Hela cell. Tube break at time 58 sec. Scale bar is 5 ym.
Time frame are in seconds (left). Force evolution during nanotube extrusion in mammalian cells

(right).

3.2 VOLUME, AREA AND SPHERICITY MEASUREMENT

Raw material required for the cell metabolism can only enter the cell through its plasma membrane.

104

Cell volume is therefore physically limited to a certain size following square-cube law *°4, whereby the

growth rate of a cell is proportional to the square of its typical size while its upkeep cost is proportional
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toits cube. Indeed cells need a high surface area to volume ratio to be eflicient in passing food and waste

across the cell membrane. Larger cells have a lower surface area to volume ratio and cells will divide

rather than grow larger. Moreover the membrane shape will help the cell to modify its surface area.
The volume of the cell varies along the cell cycle in a quite linear fashion, except at the nuclear

105,106 " At this particular step nucleus osmolites are released into the cytoplasm

envelope breakdown
creating an effect similar to an internal hyper-osmotic shock in the cell.

In order to access key parameters of the cell, several techniques were developed. Membrane tension
can be accessed via OT, however multiple tools were available for area and volume measurements,

depending on the cell type and conditions.

Volume measurement is available through different approaches: Resistance of a small chamber*°7,
coulter counter '°* **? or electrophysiology*** ***. Those techniques use the resistance (R) of the cell
which is proportional to its volume.

Laser light scattering *** can also be used to determine the particle size and distribution in a medium.
The drawbacks from this technique is that only cells in suspension can be measured and that the
sphericity of the particle must be assumed. Non-spherical particle measurement has been developed
however only rods have been able to be measured so far*'3. Although adherent cells are accessible
through Reflection interference contrast microscopy (RICM) **4, this technique also poses a shape-
dependent bias unfit for our study.

Assuminga cytoplasmic dye concentration as an absolute number of dye is constant relative volume
can be inferred ***. The drawbacks of this techniques is that the absolute volume remains out of reach.

Another technique such as Atomic force microscopy (AFM) 3¢ are physically invasive for the cell.
Optical and electron microscopy**® would not allow for a live imaging and would require computing
power and software unavailable.

An absolute volume of the cell can be extracted though negative imaging in epifluorescence mi-
croscopy*'”7 15, The cell is imaged in a small chamber, surrounded by a fluorescently-labelled medium
that the cell cannot internalize. Once the proper calibration is carried out, this technique allows for a
quick and absolute measurement of the cell volume.

This technique was used in combination with a volume reconstruction by software3*.

Historically, area measurement have been difficult to access. Area has been quantified via perimeter
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measurement in fixed cell**®. However this method has a bias by rounding-up the cell and most of the
structure smaller than the slicing are removed.

Area has also been measured with plasma membrane marker (FM1-43'*° or DilC12*°) in living
cell. However those protocols require ice-cold solution and have a steady state amount of dye. A
variation in A could be measured in lieu of exocytosis (a dye-contaminated vesicle could bring more
dye to the surface than area) or through exosome. On top of that the behaviour of most of the dyes are
unknown in term of fluidity, phase separation. Some dye could be excluded from certain membrane
areas.

Confocal microscopy, spinning-disc microscopy or lattice light sheet microscopy**! can be used to
acquire the thinnest and quickest slice of the cell membrane. However a reconstruction of the surface

would then need to be executed by an algorithm assuming various parameters.

Finally, cells were imaged in a chamber filled with a fluorescently-labelled solution and reconstructed

with a software. This allowed the volume (V), area (A) and sphericity (¥) to be measured.

122

Primarily designed to measure rock particles sphericity **, a sphericity index ¥ can be used to com-

pare cell sphericity.

with A, the surface area of the particle and V,, the volume of the particle. Any particle which is not
a sphere will have a sphericity lower than 1.

In order to obtain cell measurements for various parameters, the cell volume was reconstructed
using IMARIS (Biplane, Belfast, UK). The cell exterior was smoothed by 1 ym.

Giant Unilamellar Vesicle (GUV) composed of DOPC were imaged in a fluorescent dextran so-
lution. The volume of the GUV was measured first with extrapolation from the GUV radius. Then
the inverse of the fluorescent dextran media picture was reconstructed in IMARIS. To finish, the two

volume were compared in Fig. 3.2.1.

Imaris and extrapolation from the radius are consistent with each other.

HeLa Kyoto cells were chosen as a model for this study due to its numerous advantages. Indeed, a

wide range of stable cell line are available in this background through bacterial artifical chromosome
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Figure 3.2.1: GUV calibration.

(BAC) transformation **?, mitosis has been well characterized in these cells®® and their and their ease

of cultivation are a plus.
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Results

4.1  CELL REACTION TO OSMOTIC SHOCK
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Visco-Elastic response of fibroblastic cells to osmotic shock
Guillaume Molinard, Martin Lenz, Aurelien Roux

Abstract

Osmotic shocks are common cellular stresses in particular for unicellular organisms such as
yeast or protists. Such cells live in environment which humidity varies dramatically according
to weather changes. As well, epithelial and endothelial cells which form barriers between
multicellular organisms and their environment are subjected to changes of the osmolarity of
their environment. Historically, osmotic shocks have been useful to study the response of
cells to changes of membrane tension. However, the quantitative mechanical response of
cells to osmotic shocks has not been studied, notably the link between membrane tension
and changes in osmolarity, mostly because of the difficulty of measuring simultaneously
changes of volume, area and membrane tension. By measuring at the same time membrane
tension changes, volumes and area changes, we show that the mechanical response of cells
to osmotic shocks is highly asymmetric: for hypotonic shocks, the membrane tension
changes very little even for volume changes up to 1.5 time. For hypertonic shocks,
membrane tension dwindles to very small values even for limited changes in the osmolarity.
However, cell volume never shrinks below 50% of the initial volume, suggesting that cells
have a minimal volume (or a maximal compressibility Poisson factor). By considering that
cells adapt their volume to equilibrate the osmotic pressure of their cytoplasm to the
environmental osmotic pressure, we can predict volume, area and tension changes. We
further discuss the role of ATP in the recovery from hypotonic shocks. Using a physical
model, we are able to describe the important parameters governing the cell responses to
osmotic shocks and predict membrane tension from previous data.

Introduction

Lipid membranes are auto-assembled viscoelastic bilayers that separate cells and organelles
from their environment. The elastic properties of lipid bilayers are unique, as they are very
easy to bend but quite resistant to stretching. These properties strongly affect all cellular
processes that require membrane remodeling. In particular, membrane tension is a critical
parameter highly regulated during numerous cell processes including membrane traffic, cell
motility (1, 2) and cell division . In the case of plasma membrane (PM) — the outer envelope
of the cell — membrane tension changes may arise from the required cell volume and shape
changes occurring during cell division or cell motility (3). Also, many cells, such as unicellular
organisms or epithelial cells, are subjected to acute osmotic changes of their environment,
which may cause volume changes and membrane tension increase leading to lysis.

Cells have thus evolved to respond to changes of membrane tension (4). The genetic
response to osmotic stress has been studied extensively (5), but its timeline is in order of
minutes, and cannot account for immediate resistance to stretch. Caveolin were shown to
be an important structure that provides immediate buffer of hypo-osmotic shock (6) as they
are proposed to disassemble upon stretch and release a membrane reservoir. The link
between the genetic and caveolae response to membrane tension changes could be through
TORC2, as it was recently shown that plasma membrane tension increase leads to activation
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of TORC2 through eisosomes, yeast specific structures that could play the same role than
caveolae (7). The acto-myosin contractile cortex is also an essential regulator of membrane
tension (8, 9).

However, the membrane tension response to cell volume and shape changes has not been
studied quantitatively, mostly because of the technical difficulty to measure these three
values at the same time (10). As a consequence, even though osmotic shocks are commonly
used to study the role of membrane tension in many cell processes, how osmotic shocks
guantitatively change cell membrane tension is not known. Simple estimates using the
Laplace law give unrealistic values, far above the lysis tension, even for very small osmotic
changes of a few tens of milliOsmoles.

Moreover, the impact of cytoskeleton has been probed a handful of times in a non-
systematic manner(2, 11). The conclusion being that the membrane reservoir is affected, but
the membrane tension might be unaffected.

To have a quantitative description of the relationship between the membrane tension, area,
volume and osmotic shocks, we performed live membrane tension measurements coupled
with 3D imaging.

Results
Osmotic shocks affect membrane tension on short time scale

To measure in real-time, changes of cell membrane tension during osmotic shocks,
membrane tubes were extruded from the plasma membrane of Hela Kyoto cells using
concanavalin A-coated beads held in optical tweezers (FiglA). The force applied onto the
bead by the tube is a direct measurement of membrane tension (see Methods). While
holding the tube, an osmotic shock was applied on the cell and the force was measured
instantaneously (Fig 1B). To apply hypertonic shocks, we directly added 0.5 ml of cell culture
media containing 0 to 0.5M of Sucrose to the 0.5 ml of buffer present in the petri dish. For
hypotonic shocks, cell culture media was diluted up to 4 times in double distillated water.
Changes of the force along with osmotic shocks are almost instantaneous (1, 6), and
correlated to the intensity of the shocks. We thus measured the tube force averaged over
the 5 minutes before the shock (fy) and over the 5 minutes immediately following the shock
() (FiglB). We then calculated the relative change of the tube force ((f — f;)/f,) for various
shocks (FiglC). A striking observation is that membrane tension decreases by almost 60%
even in mild hypertonic shock, whereas tension hardly changed upon hypotonic shocks, with
a maximum of 40% in the strongest hypertonic conditions texted (75% water). These results
show that hyper and hypotonic shocks have a direct impact on membrane tension in Hela
cells on a short time scale, but that the cellular response to the shocks is very asymmetric, as
cells seems to control better tension upon hypotonic shocks.

We then measured the osmotic pressure of all solutions (IT), and plotted the relative change
of membrane tension ((o¢ — ay)/0,) — calculated from (f — f;)/fo — as a function of the

osmotic ratio, nl where Il is the initial pressure of the cell media (FiglD). We observed a
0

continuous non-linear relation between the relative change of membrane tension with the

. . . . 1 .

osmotic ratio, which seemed to saturate rapidly around 0.9 for 0 > 2 (hypertonic
0
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conditions) whereas it did not seem to saturate for values T < 1 (hypotonic conditions.
0

Since the trend of this relation was robust, we wondered how we could explain it.
Cell volume and surface changes upon osmotic shocks have different dynamics

During osmotic shocks, volume, shape and surface of cells change. To understand how
membrane tension is coupled to osmotic differences, we thus ought to measure volume,
sphericity and surface of cells during and after osmotic shocks of various intensities. We
used a fluorescence exclusion imaging (12, 13) followed by 3D reconstruction (See methods)
to measure area, sphericity and volume of cells (Fig2.A). Cells were first incubated 5min with
fluorescent dextran, and then the shadow of cells was imaged with time-lapsed 3D Spinning
Disk confocal. For each image stack, the cell volume was reconstructed using IMARIS, which
allowed a direct estimation of volume, surface and sphericity of single cells. On average, we
obtained volumes of 37271980 um?®, surfaces of 1825+736 um? and sphericity values of
0.71+0.11 (SD). We validated this method on Giant Unilamellar vesicle (GUV), for which
volume and surface can be estimated directly from the radius (see Suppl. figure 1) with a r
of 0.9961 and 0.9972 for area and volume measurements respectively. However, we point
out that the real surface value is largely underestimated, as the photonic resolution cannot
resolve membrane folds below a few hundred nanometers.

Strikingly, as seen for membrane tension, the volume response to osmotic shocks was also
very asymmetric: - for hypertonic shocks above 1568 mOsm, the volume changed rapidly
and reduced by about half (37%+11%). The volume did not recover for the 20 min of
observation. Intriguingly, for osmotic shocks ratio values above 2, the volume change was
constant, showing that the cell volume could not be compressed more than approximately 2
times. This suggested the existence of a minimal volume Vpin.

For hypotonic shocks, as seen for tension, the maximum was obtained two minutes after the
shock and a rapid recovery was following (Fig2B). Both the volume maximum and the
duration of the recovery phase were correlated to the intensity of the shock. To describe
better the coupling between volume changes and osmotic difference, we averaged the
volume value during the 5 minutes prior to the shock (Vo) and during the 5 minutes following

the shock (V), thus containing the peak value. We then plotted AV/V, as a function ofn1 and
0

found a continuous — but not linear — relation between volume and osmotic pressure ratio
(Fig2C). The relation was very similar to the one we found for tension and osmotic pressure
ratio. It suggested that the essential process driving membrane tension was volume change.
It is expected that volume changes would change membrane tension proportionally to the
change of cell area A. Indeed, we found that AA/A, was following the exact same relation to

ni than tension and volume (Fig 2D and E). We also noted that AA/A, could take values up to
0

50%, which is probably coming from two factors: the underestimation of the cell area
because of the photonic resolution, and because of the important buffering reservoir of
membrane in fibroblastic cells (6, 11). Thus, our results suggested that osmotic shocks would
induce a volume change, probably to equilibrate osmotic pressure outside and inside the
cell. This change would then drive a change of membrane tension by changing the cell area.
A corollary to this hypothesis is that in cases where membrane tension increases (hypotonic
shocks) a rounding up of the cells (followed by an increase of the sphericity) should be
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observed, as well as the reverse in hypertonic conditions. We observed this predicted
sphericity change (see suppl. figure Sup2), supporting further our hypothesis.

Because of the known role of cytoskeleton in controlling cell volume, membrane tension and
shape, we next wondered if the fast response (within 5 min after shock) of the cell was
passive, and /or regulated by components of the cytoskeleton.

The short-term response to osmotic shocks is passive and cytoskeleton-independent.

First, the role of actin in the cell response to osmotic shocks was assessed, using
Cytochalasin D (CytoD). Cells were treated with 1 uM CytoD for 30 min, before osmotic
shock was applied. CytoD-treated cells were observed to have a rounder aspect ratio
compared to untreated cells, which may be due to the fact that the volume of cells increased
during CytoD treatment (Sup3). However, no impact on the short-term response of CytoD-
treated cells to osmotic shocks was observed for area and volume (Sup4A). This was further
confirmed by using another actin blocking drug latrunculin A, showing that actin did not play
a significant role in the short term response of cells to osmotic shocks (Sup4B).

The fast increase in volume observed upon CytoD treatment can be attributed to a release of
the acto-myosin cortex tension applied on the plasma membrane (Sup3). Moreover, we can
observe that the volume is stable 5 min after CytoD treatment, suggesting that perturbing
the cytoskeleton does not break the cell equilibrium but rather shifts it.

Interestingly, the rapid recovery phase of volume, tension and area observed during the 20
minutes following hypotonic shocks was not abolished in actin-drug treated cells (see Sup6).
This does not support an active role of the actin cortex in allowing cells to recover from
hypotonic shocks.

We then assessed the effect of the Microtubule depolymerizing drug nocodazole (Noc). Cells
were treated for 30 min with 0.5 uM of nocodazole, and then cells were subjected to
osmotic shocks. As observed for actin, no significant changes of the tension, volume and
area was observed in the short-term response to osmotic shocks (Sup4C). The recovery
phase was in this case untouched, suggesting that microtubules did not actively participate
in the recovery phase following hypotonic shocks (Sup6).

Although actin and microtubule network do not seem to play an important role in the short-
term response of the cell to osmotic shocks, we wondered if any other source of energy
consumption could play a role in the short-term response. Cells were depleted of ATP by
treating them with 2-Deoxyglucose and azide for 60 min (see methods) and were
subsequently exposed to osmotic shock. No significant difference in area, sphericity or
volume was observed between control and ATP-depleted cells on a short time scale (Sup5).
This strongly supported that the initial response to osmotic shocks of fibroblastic cells was
passive. However the recovery of volume in hypotonic conditions was fully abolished upon
ATP depletion (Sup5).

Our results indicate that the immediate, fast response of cells to acute osmotic shocks is
passive and does not require actin. The response to osmotic shocks should thus essentially
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involve only membrane as an elastic counter player to volume changes. To verify this
assertion, we developed a simple mathematical model to describe our quantitative findings.

Quantitative coupling of cell membrane tension to osmotic shocks.

Based on our experimental results, we built a physical model to quantitatively described the
short term response of fibroblastic cells to osmotic shocks: since no active process nor
cytoskeletal elements had been implicated, we first postulated that the volume and area
changed to equilibrate the osmotic pressure inside the cell to the one of the outside
solution. The volume change will concentrate or dilute osmolites inside the cell to
equilibrate the inner osmotic pressure with the new external osmotic pressure. Indeed, by

plotting the ratio of volume changes along the ratio of osmotic pressure ratio, Vl is linear
0

with ni up to a certain osmolarity (H1 =2) (Fig3A). Above this value, the volume ratio stays
0 0

constant, indicating that the cell cannot shrink below a minimal volume V,,;,,. Taking into

account the proportionality law and Vi, we can write the expected dependence law ofvl
0

with E:
Mo
T _1=¢
ol E (1)

Where Vl =2%and Q= Imin and is valid only for A3 > @. By plotting Vl with —, and fitting
0 0

I
Vo ' Mo
with equation one, we found that ¢ = 0.53 (see fig.3A).

To compute tension from this volume change, we have to make two postulates: first, we
considered cells to be almost spherical shapes, which is not correct since we are using
fibroblastic adherent cells, but is a fairly good approximation since cells have on average a
high sphericity coefficient (@4perqge = 0.71). Second, we postulated that tension has linear
(Hook’s law) dependence to area stretching 0 = y AA/A,, where x is an adimensional
compressibility modulus. Combining the two postulates, we obtained:

g

Z=@+x(r-1) @

0o

By plotting the tension ratio Ji with the area ratio Ai, and fitting with equation 2, we find a
0 0

fairly good agreement and x= 0.3 (Fig 3B). Interestingly, even though the amplitude of
stretching is large (AA/Ao up to 50%), the dependence of tension towards area change is
linear, which is the simplest elastic behavior.

Using equation (1) and (2), we can deduce the following law to couple membrane tension
changes to osmotic pressure ratios:

L=1+y

% (3)

T
o

= e
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We then superimposed the experimental results with equation (3), setting % and ¢ values to
the ones extracted from fits to eq. (2) and (1) respectively. The agreement was good, and fits
of the data with (3), leaving % and o as free parameters, gave similar values. Altogether, the
good agreement between experiment results and the simple model, show that membrane
tension changes result primarily from a stretch of the membrane driven by a volume change,
itself driven by the osmotic shock.

To yield a more quantitative description of this hypothetical frame work, let us consider a
spherical cell of volume V, and area A, (with V, = 2w Vo = 2r%°A™®) which adapts its
volume and area upon external osmotic changes to equilibrate the external and internal
osmotic pressure. The cell contains a concentration C, of osmolites having a osmotic
pressure Il;, and subjected to an osmotic shock changing the external osmotic pressure to
N, which will results in a change of the osmolites concentration to C. Because C changes
linearly with Volume V, these considerations give the following relation between

V, Vo, no and: N= rlo >'(V()/V

Interestingly, when plotting the volume ratioVK with the osmotic pressure ratio 1'11 (Fig3A)
0 0

we find a linear relationship with a slope of approximately 0.6 until /Ny = 2. This is fairly
good agreement with the equation above. However, above M/My = 2, the volume does not
change anymore and stay at its minimal value of Vi, = 2/3 V,. This strongly suggests that the
cell cannot compress more than this minimal volume. Moreover, our hypothesis postulates
that membrane tension o change is the direct elastic response to area change. As described
in the introduction, in this case, membrane tension ratio o og is expected to follow a classical
elastic Hook’s law towards A/Aq:

0—1 4 1
- =0-xG -1

0/00= (1 - X(A/Ao- 1) = Ac/oo= -X( A/Ao)

where x is the compressibility modulus of the membrane.

By plotting the ratio Ac/oo towards AA/Ao, we find a fairly linear relation (Fig3B), again
confirming that quantitatively, our theoretical framework is valid. However, the slope is x =
0, 3.

To further test our model, we ought to see if membrane tension followed the expected
relation with changes of osmotic pressure. By using the two previous equations and using
the sphericity of the cell to calculate the volume from the area, we find that:

By plotting Aa/o, towards /Mg and fitting with the previous equation, we find a pretty good
agreement with low values of /My, but not so good for values of M/M0 } 2. We reasoned
that his could be due to the fact that the cell cannot compress below a minimal volume Vin,
and in this case, it is expected that the drop of tension would be higher than in the case
where volume can adapt continuously.

0/00= 1+ x((1+d( M/No-1) / N/Mo)*3- 1)
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where ¢ = Vimin/Vo .

Using this previous equation to fit data of Fig3C (orange), leaving ¢ and x as free fitting
parameters, we obtain a better fit, with x = 1,8 and ¢ = 0,4. The value of ¢ is in very good
agreement with the minimal volume we observed in Fig3A. The value of x increases from 0.7
to 1,8 indicating that setting a minimal volume implies a higher elastic parameter. It would
be interesting to compare this elastic modulus to known biologic or artificial elastic modulus.
Overall, our simple theory of volume adaptation to equilibrate osmotic pressures inside and
outside the cell as the instantaneous response of the cell to osmotic shocks, with the limit of
a minimal, incompressible volume describes quantitatively our results.

The plasma membrane and actin cortex behavior upon osmotic shock was monitored using
fluorescent dyes (Cell Mask Orange and SiR-Actin) (Fig4). This led to the observation of
localized membrane detachments of the plasma membrane from the cortex in hypotonic
conditions. Even though the volume increase approaches 20%, the actin cortex is dynamic
enough to follow the membrane and only localized detachment is observed, similar to
blebs(14).

DISCUSSION:

A systematic, dynamic, live membrane tension measurement during osmotic shocks was
never achieved yet in the literature. Although theories and partial experiments could be
used to extrapolate a cell reaction to osmotic shocks, a detail theory was missing.

Historically the relationship between volume and osmolarity were measured in muscle cell
(15). Those measurements prompted to postulate a linear relationship between osmotic
pressure and volume. Other studies argued for a non-linear relationship (16, 17). In this
study, we could confirm that the relationship between volume and osmotic was linear until a
certain limit (Fig3A).

The model that was assembled, even though simple, is able to extrapolate membrane
tension variation only from osmotic pressure variation. Indeed, cell volume is an accessible
parameter. The incorporation of the minimal volume in the equation brought a finer
behavior in the extreme range of hypertonic conditions (Sup7). Although microtubule and
actin do not seem to play an important part in the short-term response, the nucleus or the
intermediate filaments might be the potential actors for the non-linearity of volume and
osmolarity relationship. This in contradiction of a poro-elastic model, that contains a highly
important cytoskeleton cortex (18). Moreover, the global diffusion hydrophilic properties of
proteins in the cytoplasm might be responsible for the minimal volume observed, even
though no difference of diffusion coefficient of cytoplasmic GFP in E.Coli under osmotic
stress (19).

The compressibility modulus for phosphatidylcholin (PC) bilayers is 250 mN.m™(20) and
between 95 and 195 mN.m™in red blood cells (21). In our results the compressibility
modulus of 34 mN.m™ for Hela cells is observed. This is in the range of previously calculated
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cells.

Our theory present itself with some limitations. First of all, it assumes a conservation of the
cell shape. However, it was observed that the cell increases its sphericity in hypotonic shock
(Sup2). Morever, this model derives only from one typical cell (HeLa Kyoto), as different cells
can present different membrane tension(22) and membrane composition(23).

To conclude, we were able to measure membrane tension and volume variation upon
osmotic shocks and construct a model containing few parameters.

Materials and methods.

Hela Kyoto cells were cultured in Minimum Essential Media supplemented with 10% Fetal
Bovine Serum and 1% Penicillin Streptomycin (Life Technologies, Carlsbad, CA, USA) 5% CO,
incubator (Thermo Scientific, Waltham, MA, USA).

Microscopy: Two setup were used for imaging.

The first is composed of an inverted Nikon Ti-E system, a Yokogawa CSU-X1 Confocal
ScannerUnit, a iXon camera (Andor, Belfast, NIR, UK), a Laser stack by Intelligent Imaging
Innovatios Inc (Denver, CO, USA), a 37°C incubator (Life Imaging service, Basel, Switzerland),
2 micro-manipulator MP-285 (Sutter, Novato, CA, USA) and a home-made optical tweezer
with a 1A Manlight laser.

The second is composed of an inverted Nikon Ti-E system, a Yokogawa CSU-W1
ConfocalScanner Unit, an Evolve camera (Photometrics, Tucson, AZ, USA) a Laser stack by
Intelligentimaging Innovations, Inc (Denver, CO, USA), a 37°C incubator (Life Imaging service,
Basel,Switzerland), a 37°C incubator (Life Imaging service, Basel, Switzerland), an H301 CO,
incu-bator (Okolab, Pozzuoli, NA, Italy) and MP-285 (Sutter, Novato, CA, USA).

All images were acquired Slidebook software (Denver,CO, USA) and processed using Image)
soft-ware (Public Domain).

Membrane integrity measurement: Hela Kyoto cells were incubated for 5 min with
Propidium lodide 160 pg/mL then observed. 1% Saponin was used as a positive control.
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4.2 ESCRTS AND MEMBRANE

4.2.1 PROTEIN ACTIVITY AND MEMBRANE TENSION

As mentioned in the introduction, membrane tension (o) can influence protein activity ** 4.

In the interest of exploring the relationship between osmotic pressure and CHMP4B-GFP be-
haviour a wide range of osmotic shocks were performed on HeLa Kyoto cells. CHMP4B-GFP punctae
number was measured using the "Analyze particle” tool in Image]J software. In Fig. 4.2.1, on the one
hand we can observe that hypotonic shocks bear no impact on this recruitment. On the other hand

we can find out that hypertonic shock have a meaningful impact at around 600 mOsm.

O\e/ee\eé

0 T T T T T T

AOsmolarity (mOsm)

CHMP4B-GFP punctae (a.u)

Figure 4.2.1: CHMP4B-GFP puncta osmolarity response.

Indirect evidence suggested that ESCRT-III might be regulated by membrane tension®**. How-
ever ESCRT-mediated membrane fission remains elusive and the best evidence for it remains cryo-

electron-tomography ***

, as in vitro studies brilliantly dissect the biochemical structures and binding
properties but have failed to replicate membrane fission so far.
The main protein subunit of the ESCRT-III complex is charged multivesicular body protein 4b

(CHMP4B). A stable cell line transformed with this protein fused to the reporter green fluorescent
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Figure 4.2.2: CHMP4B-GFP Hela Kyoto cells upon hyper-osmotic shock. Scale bar is 5ym
(top). Quantification of the puncta phenotype (bottom).

protein (GFP) in its chromosomal environment in a bacterial artificial chromosome (BAC) was de-
veloped by the Hyman laboratory and kindly provided by the Piel laboratory. Indeed a slight increase
or decrease in ESCRT-III subunits concentrations in the cell leads to tubulation or unfit cells due to
the numerous roles of ESCRTs in the cellular processes.

CHMP4B-GFP basal expression present a diffuse cytoplasmic signal with sparse puncta in the cy-
toplasm. Interestingly, the nucleus signal is particular as the chromatin is staining in a specific pattern.
The CHMP4B-GFP signal in the nucleus resembles to a nucleolus staining. Indeed CHMP proteins
were classified as chromatin modifying protein (CHMP) later changed to charged multivesicular body
protein due to evidence of its role in membrane traffic.

Curiously, puncta number was increased in the cytoplasm of HeLa Kyoto cells (Fig. 4.2.2), but not
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in a proportional manner. As the main activity of ESCRT-III complex in interphase cells is the MVB
formation, it is not surprising that the protein signal is enhanced in a endosomal-like pattern. On top
of that, this effect is transient as the flushing of isotonic media reversed this behaviour in 15 min. This
is an indirect indication that those CHMP4B puncta are not simply protein aggregate.

As it was previously shown that hypertonic shocks affects plasma membrane tension and cell vol-
ume, it is possible to postulate that by reducing the volume of the cell, cytoplasmic concentration of
solutes (ions and proteins) increases thus imposing an hyper-tonic shock on cytoplasmic compart-
ments. Therefore early, late endosomes and MVB might behave in a similar fashion as the cell. That

would imply a decrease in ,,dosome and Vendosome-

CHMP4B-GFP can be recruited in vivo in the cytoplasm by hypertonic shock. This effect is rapid

and dose-dependent.

CHMP4B-GFP or its yeast counterpart Snf7 has been shown in vitro to polymerise on bare mem-

126,127 However, the influence of membrane tension

brane and preferentially on curved membrane
on CHMP4B polymerisation has not yet been reported. Certain proteins polymerisation were shown
to be mainly curvature-dependent in vitro**%.

In order to check if negative membrae curvature could trigger CHMP4B polymerisation in vivo,
membrane tethers were pulled from HeLa Kyoto cells stably expressing CHMP4B-GFP. Plasma mem-
brane was stained with Cell Mask. After several attempts and repetition no visible recruitment of
CHMP4B-GFP was observed in the tube or at the base of the membrane (Fig. 4.2.3). The number of
CHMP4B-GFP protein present at the membrane vicinity or in the tube might not be enough to visu-
alize in live-cell imaging. In the direction of cumulating curvature and tension, observing the presence

of CHMP4B-GFP at the base of the tube during hyper tonic shock would be a good experiment to

perform.

Plasma membrane bending by tether extraction is not sufficient to polymerise CHMP4B-GFP. Cur-

vature is not sufficient to induce CHMP4B-GFP polymerisation, contrary to membrane tension.

During an hypertonic shock, the volume of the cell is reduced therefore the cytoplasmic protein
concentration increases. Similarly, Snf7 (the Saccharomyces cerevisiae homolog of CHMP4B) nucle-

ation rate and radial growth speed has been shown to be concentration dependent in vitro®°. To assess
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Figure 4.2.3: CHMPIess tubes. A) Still image of a tube pulled using optical tweezer. B) C)
Straightified along the membrane edge D) Evolution of CHHMP4B-GFP signal at the tube base
along time

the nature of those CHMP4B-GFP puncta and to rule out an observation of aggregates, an ATP de-
pletion experiment was performed (Fig. 4.2.4). Indeed, if those puncta were to be aggregates, they
would have no particular relationship to ATP, contrary to polymers of ESCRT-IIL

Firstly, ATP was partially depleted from the cell for 1§ minutes using 2-DG and sodium azide as pre-
viously described. Then a mild hypertonic shock was applied on the cells in an ATP-depleted media.
To conclude, isotonic conditions were restored and the inhibition of ATP-production was removed.
This experiment (Fig. 4.2.4 top) led to the previously observed polymerisation of CHMP4B-GFP in
the cell during the osmotic shock and its disappearance after the shock is passed. This shows that the
polymerisation is not ATP-dependent.

On a second experiment (Fig. 4.2.4 bottom), ATP-depletion is performed before, during and af-
ter the hyper-osmotic shock. In these conditions, the CHMP4B-GFP puncta remains present even
after isotonic conditions have been restored. This experiment show that the depolymerisation of os-
motic shock induced CHMP4B-GFP puncta is ATP-dependent. Since Vps4p, the yeast homolog of

the mammalian AAA ATPase VPS4, is involved is normal endosome function'*°. Moreover VPS4
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ATP use is postulated to be either the driving force of membrane fission via the polymerisation of the
ESCRT-III polymer, or a more unique recycling property*3°. To confirm this theory a knock-down
of VPS4 via the use of siRNA could be performed. However contrary to the ATP-depletion, a siRNA
knock-down is a long-term experiment that could have numerous long-term and across the cell con-

sequences.

Figure 4.2.4: CHMP4B-GFP polymerisation (top) and depolymerisation (bottom) dynamics,
ATP and osmotic-dependency.

ATP depletion does not affect the polymerisation ability of CHMP4B-GFP in vivo. However its

depolymerisation competencies are greatly affected suggesting that osmotic shocks induce native

ESCRT-III complex polymerisation and not aggregates.
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4.2.2 ESCRT PERTURBATION IN CYTOKINESIS

In the interest of testing the dependency of CHMP4B-GFP to membrane tension in an other cellular
context than endocytosis, cytokinesis was observed. Indeed ESCRT has been shown to be involved in
cytokinesis in manner similar to retroviral budding7*’ *3* and CHMP 1B an ESCRT subunit was shown
to be critical for the timing of Aurora B-mediated abscission checkpoint®'. Moreover, the size of the
intercelullar bridge diameter (= 2 um ) allows for a detailed observation in light microscopy. On top
of that ESCRT-III is regulated by different protein complexes might shed a light on its regulation, if it
is membrane tension independent.

To confirm the hypothesis that CHMP4B-GFP reacts to a lowering of membrane tension, osmotic

shocks were performed on HeLa Kyoto cells not at interphase but during late telophase.
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Figure 4.2.5: Schematic evolution of major protein involved in cytokinesis during telophase in
the inter-cellular bridge.

Hyper-osmotic shocks were performed ona CHMP4B-GFP Jupiter-mCherry HeLa Kyoto cellline.

Jupiter is a microtubule associated protein (MAP) *3*

that binds to microtubules. The Jupiter gene has
been cloned from Drosophila melanogaster. Because it is a MAP, Jupiter-mCherry allow the visualiza-
tion of microtubule structures in cells, and because it is from Drosophila origin does not perturb the
microtubules dynamics nor the recruitment of its partners (other MAPs), in mammalian cells.

In Fig. 4.2.6 the absence of CHMP4B-GFP polymer at the abscission bridge (early telophase),
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an hypertonic shock triggers the recruitment and/or polymerisation of CHMP4B-GFP at the mid-
body (right). However this recruitment is different from the 2 rings observed in regular telophase
(top left). Indeed CHMP4B-GFP are present in the middle of the midbody. This mis-localisation is
unprecedented so far, even upon mutation and/or knock down of the ESCRT components.

Moreover, in late telophase, when the two characteristic rings of CHMP4B-GFP flanks the mid-
body, and hypertonic shock trigger a collapse of those 2 rings in one compared to a classic cyotkinesis
(Fig. 4.2.5).

This striking phenotype was never observed to our knowledge. Indeed, the protein density ob-
served in electronic microscopy and the difficulty to stain midbody components using antibody pro-
mote a space-deprived environment 3. Moreover the recruiting platform does not assemble in this
fashion as seen in Fig. 4.2.5.

An explanation for the space could be hinted by the rapid disassembly of the microtubules at the
midbody.

ESCRTs rings No ESCRTs

Before Hypertonic
Shock

After Hypertonic
Shock

Figure 4.2.6: CHMPA4B-GFP rings behavior before and after hyperosmotic shock in early and
late telophase. Scale bar is 10 microns

Indeed microtubule behavior, visualised by Jupiter-mCherry in this experiment, is greatly influ-
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enced by hypertonic shocks: a rapid disappearance is observed in the midbody. Moreover, the mid-

body diameter is thinning during this shock.

KymMoGraPH

Kymograph, derived from the greek kuma (wave) and grapho (to scratch) was a mechanical device
invented by Thomas Young in 1807 *3+. Nowadays it is a mode of graphical representation that allow
us to represent and analyze a one-dimension sample along time. However due to the movement of the
daughter cells and the biologic nature of the abscission bridge, its evolution could not be monitored
by a simple straight line kymograph. A 5 points, 3 lines kymograph was designed in order to follow
it, with the help of Emmanuel Derivery. The central point was fixed on the midbody, while the others
followed the curvature and the movement of the two half bridges.

In Fig. 4.2.7 Jupiter mCherry, a microtubule reporter fluorescence signal along the intercellular
bridge, centered on the midbody was averaged along the time among several cells. This averagingled to
aclean and smooth representation of the hypertonic shock phenotype on microtubule. Indeed, before
the osmotic shock, the maximum signal intensity can be observed at the midbody (center). After
osmotic shock (red dotted line) a clear profile inversion can be remarked. MT reporter fluorescence
is slowly going down in the midbody and increase in the bridge.

On the other hand CHMP4B-GFP is absent before shock and recruited right after it (Fig. 4.2.7
(right)). The dynamics of those two proteins being different indicate a rather indirect link between
the two, through other protein partners.

In order to rule out any bias coming from the Jupiter-mCherry reporter of microtubules, 2 other
microtubule reporters were tested in hyper-osmotic shock condition. Firstly SirC8 (SiR-Tubulin), a
docetaxel-bound compound that a silicon-thodamine moiety that fluoresces in the far-red spectrum
to polymerised tubulin only*35. Secondly, a-tubulin-RFP was tested.

In Fig. 4.2.8, both probes labelling microtubule behave in a similar fashion as the Jupiter-mCherry
reporter, with a profile inversion. Microtubule reporter leave the midbody and extend outwards to the

daughter cells.
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Jupiter-mCherry CHMP4B-GFP

Figure 4.2.7: Averaging of Jupiter-mCherry (left) and CHMP4B-GFP (right) in time. Hyper-
osmotic shocks at the dotted red line. Time scale bar (vertical) represents 5 min, space scale bar
(Horizontal) represents 1 micrometer.

Kymograph averaging of both microtubule and CHMP4B reporter helped for quantitative analysis.
The rapid recruitment of CHMP4B-GFP and the disappearance of microtubule from the midbody

could be assessed clearly with this method.

Surely, as formerly described, ESCRT-III have a great impact on cytokinesis at the late telophase
stage.

In order to test for a direct membrane perturbation on CHMP4B-GFP and cytokinesis, a cell aspi-
rator was designed (Fig. 4.2.9).

Indeed, the use of micro-pipettes has already been used to modulate cell tension *3% *37. The chal-
lenges for holding a pair of dividing cell were numerous. As the set-up was designed no CO, was avail-
able in order to buffer the pH of the growth medium. However the 37°C implied a high evaporation
rate. A constant flow of fresh and sterile Leibovitz medium was not sufficent to remedy this difficulty.
The evaporation problem was circumvented using Ovoil™, a parafhn oil used in human IVF technique.
It allowed to eliminate completely any evaporation whilst remaining non-toxic (most mineral oil are
toxic for cell culture)

The tip of the pipettes was fire forged in order to smoothen its surface of contact to the cell *3*. That
allowed to decrease the inner radius of the pipette while having a constant outer radius. This shape
was similar as the pipette holding the ovula during IVF.

Bending of the pipette gave rise to the final design as seen in Fig 4.2.9. A tight control of the aspi-
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SirC8 a-tubulin

Figure 4.2.8: Averaging of SirC8 (left) and a-tubulin (right). Hyper-osmotic shocks at the dot-
ted red line. Time scale bar (vertical) represents 5 min, space scale bar (Horizontal) represents 1
micrometer.

ration negative pressure was achieved using MFCS-VAC (microfluidic pressure controller) instead of

the traditional water tank mounted on Zaber™actuator.

Mineral Oil

&
N

Medium

Figure 4.2.9: Cell aspirator.

Nevertheless, no recruitment of CHMP4B-GFP was observable. Besides, no breaking of micro-
tubules (MT) could be detected in Fig. 4.2.10, even when cells where pulled apart (Data not shown).

Putative increase in membrane tension and cell stretching had no positive impact on CHMP4B-GFP

recruitment. On the contrary it seemed to inhibit it.
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CHMP4B-GFP

Figure 4.2.10: CHMPless cells aspirated. Pipettes outlined in white. Scale bar is 10 microns

CONTROLS

Centrosomal associate protein 55 (Cepss) discovered in a bioinformatics screen is a mitotic phos-
phoprotein that paly an essential role in abscission by recruiting the ESCRT machinery and endo-
brevin, a protein involved in membrane fusion**°. Cepss is phosphorylated by the mitotic kinase
Cdk1 (Cyclin-dependent Kinase 1) and ERK2 (Extracellular signal-regulated kinase 2) and its stabil-
ity is thightly regulated throughout the cell cycle '#°. Defects in the expression or the phosphorylation
of Cepss lead to mitotic failure and multi-nucleate cells *#*. Being an ESCRT-recruiting platform and
having a telophase localisation in the midbody, observing its behaviour under hyper-osmotic stress
is crucial. Stably BAC-transformed HeLa Kyoto expressing Cepss-GFP were observed upon hyper-
osmotic shock (Fig. 4.2.12). The localisation of Ceps 5-GFP remains constant after applying a 0,sM
Sucrose shock. It does not disappear in a similar fashion as the microtubules, that behave here as
a positive control of the shock (thinning and disappearing). Moreover, the sudden recruitment of
CHMP4B-GFP is not associated with a de novo recruitment of Cepss5-GFP. On top of that, the com-
plex movement of both CHMP4B-GFP and microtubules do not provoke a flushing mechanism on
CEP55-GFP. Further analysis of Ceps s phosphorylation state upon those osmotic shocks and the de-
pendency of CHMP4B-GFP recruitment to Cepss via siRNA or CRISPR-Casg cells could be char-

acterised in order to describe this complex pathway.

Cepss-GPF localisation is not affected upon osmotic shocks and its fluorescence does not increase.
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Figure 4.2.11: Cell aspirator survival.

Interestingly, LatA treatment affects membrane tether force in various ways (Fig4.2.13):

In some cases the value increases while other ones decrease. How those these cases differ remains
unknown, however a mild LatA treatment on HeLa-Kyoto CHMP4B-GEFP stable cell line in late telophase
induced a recruitment of CHMP4B-GFP in a similar fashion as the hyper-osmotic shocks although
slower (Fig4.2.14). In this experiment the characteristic disappearance of the microtubules is not strik-
ing, despite the clear changes in microtubule bundles in the inter-cellular bridge connecting the two

daughter cell.

LatA treatment provokes the recruitment of CHMP4B-GFP to the midbody in a similar fashion as

the osmotic shocks and microtubule rearrangement.

4.2.3 CYTOKINESIS TIMER

Mammalian cell synchronization can be performed by chemically inhibiting DNA synthesis or mitotic

142 However those techniques are known to create some

spindle formation and growth factor removal
bias, especially if the cytoskeleton has to be observed.

In order to synchronize movies of different times a cytokinesis timer was designed, based on the
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Before shock
1:30

After shock

Figure 4.2.12: Cep55 behaviour upon hyperosmotic shock.

midbody size parameters. Prior tools have been developed in Drosophila melanogaster using the mid-
body as a reference point and the microtubules as an axis and timer, however they were not applicable
to mammalian cell line *#3.

Indeed the midbody is the remains of the acto-myosin ring that segregate the mother cell into two
daughter cells. The timing and speed of its contraction is critical for mitosis success. It contracts at the
equatorial plane of the cell from metaphase to telophase. A ratio of the minimum bridge diameter and
midbody diameter was used to time cytokinesis (Fig. 4.2.15). As expected the relationship between
the bridge diameter and the midbody diameter is perfectly linear in the anaphase (Fig. 4.2.15 A).
However during the telophase , the linear relationship is conserved but faint (Fig. 4.2.15 B).

In the right part of Fig. 4.2.15, no statistically relevant difference can be drawn in between bridge
ratio prior to CHMP4B-GFP recruitment (blue), during CHMP4B-GFP recruitment (red) or after
CHMP4B-GFP recruitment (green).

Averaging data depending on the presence or absence of CHMP4B-GFP on the bridge in Fig. 4.2.16
show the linear progression of the ratio from the absence (red), to the recruitment (blue) and to the
complete recruitment (green). However the noise is too great for drawing any precise timing from

those ratio.
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Figure 4.2.13: 2 yM Latrunculin A and 1 yM Cytochalasin D treatment on pulled tubes.

Midbody and inter-cellular bridge diameter ratio is a good tool for anaphase timing however it is not

precise enough to be adopted as a telophase clock.

61




Before LatA

After LatA

Figure 4.2.14: 2 yM Latrunculin A treatment on telophase cells provokes a CHMP4B-GFP re-
cruitment and microtubule rearrangement. Scale bar is 5 ym
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Figure 4.2.15: Cytokinesis timer. A) Plot of midbody diameter relationship to the minimum
bridge diameter in telophase and anaphase cells. B) Detailed view of telophase cells measure-
ments. C) Values of the ratio of diameters depending on the presence of CHMP4B-GFP.
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Figure 4.2.16: Cytokinesis timer and CHMP4B-GFP dependency.
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Discussion and Conclusion

Prior to this study, cells parameters such as area, volume, sphericity or membrane tension were scat-

tered amongst different cell type and not measured in a combined and calibrated fashion '/ *44,

5.1 CELL PARAMETERS

Cell volume response response to hypertonic and hypotonic shocks is linear until a V,,,,, or IT,,, is
reached (Fig. 5.1.1). This response is a very good tool to infer volume changes from osmotic changes
as the time resolution and osmotic shock range are unprecedented.

Historically the relationship between volume and osmolarity were measured in muscle cell '+, In
these measurements, the volume change induced by osmotic shock was proportional to the osmotic
pressure difference. Other studies were in support of a more complex relationship between volume

and osmotic pressure'*® 47, The results obtained in this thesis (Fig. s.1.1) bring another piece of
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Figure 5.1.1: Osmotic pressure ratio and inverse of the volume linear fit on H% < 2 (red) with a
0.5863 slope.

evidence for HeLa Kyoto cells.

The discrepancy of timing between RVD and RVI remains to be better understood. Whether the
cytoskeleton, the membrane shape, the lipid composition is the main factor determining the speed of
recovery remains to be clarified.

Indeed, in the ATP-depleted cells, the RVD response is abolished (Fig. 5.1.2). Whether the amount
or availability of energy required for pumping solutes or water in or out is different remains to be inves-
tigated. Another explanation for the difference of recovery speed would be the concentration of pro-
tein inside the cytoplasm. Although more dilute in hypo-osmotic condition, proteins and co-factors
are still freely available. On the other hand, in the collapsed state of hypertonic shock, the HeLa Ky-
oto cell could be in a frozen mode, where some protein might be polymerizing in an non-controlled
fashion or having co-factors and water inaccessible. Indeed, cytoskeleton and actin more particularly
have been shown to be involved in cell volume regulation. F-actin content was shown to be changed

48 while Rho activity is increased in hypertonic condition *#°.

during osmotic shocks
Moreover, in hypertonic shocks, the area decreases, so the absolute values of ion channels or aqua-

porin channel could also decreases by internalization. This could lead to a certain variability in aqua-
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Figure 5.1.2: Evolution of volume and ATP depletion. Control (—) 25% Water (—) and 2-DG
25% Water (—). Osmotic shock applied at t=10 min.

porin density and membrane water permeability. For example cells can adapt their membrane to be
less water permeable in order to resist osmotic shocks*s°.

On a the membrane level, lipid re-localisation has been observed upon osmotic shocks. Indeed
PhosphoLipase 2 (LPA2) inhibition by Melittin hampered the release of amino acid by the NIH3T3
cells and critically disrupted the cell volume recovery upon hypo-osmotic shock's*. The release of
Lysophosphatidic acid (LPA) and Arachidonic acid upon LPA2 activation might also induce changes
in the membrane properties.

The sphericity of the cell might need to be studied in a more systematic approach. The presence or
absence or bleb upon drug treatment and osmotic treatment has to be assessed on available data. For

152 Moreover mem-

example,blebs form after ATP depletion in correlation with the loss of spectrin
brane pearling has also been reported upon cytoskeletal rearrangement *53 54,
The volume increase after hypotonic shocks scales in a similar fashion in NRK-49F and MDCK
cells**7. The response seems to be conserved, however mechano-sensitive channels do not regulate
regulatory volume decrease in all cell type. The drug GsMTx4 'S does not change the RVD in MDCK

cells although it does it significantly in NRK-49F.
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A wider range of drugs could also be tested in order to refine our knowledge. Brefeldin A*36 could

have been used to show the impact of exocytosis on the osmotic shocks.

5.2 CELL MEMBRANE TENSION

Easier to access than membrane tension, the surface tension of cell has been studied since 189157,
In 1926 it was explored via gravity cell deformation*s® (Fig 5.2.1). Interestingly, one year before, two
Dutch scientists measured the thickness of a lipid bilayer of a red blood cell **°. This data would be
critical in order to propose a model of lipid membrane behaviour. The surface tension was also as-
sessed with a gold fiber compression in 1932 on sea urchin egg'$?. It was then measured using a cell

“elastimeter” in 1954 '5°.

Figure 5.2.1: Sea urchin deformation model based on solid elastic gel'%8.

Only very recently, the relationship between osmotic pressure and lipid membrane tension was
measured in vitro'®*. Results showed that GUV cannot resist to high AIT in contrast to the cell. This
might be due to the presence of cholesterol that increases the line tension of pores and prepores ' *¢3
and thus antagonizes the opening and enlargment of such pores and thus prevents membrane rupture.

164,165 Finally as

Mechanosensitive channels would also help by opening upon membrane stretching
previously stated, cell structure such as caveaole would dampen some effect.

For the future modeling, a variation in the bending modulus (k) could be taken into account. In-
deed x does change with sucrose concentration in vitro in SOPC GUV %, it decreases as the sucrose
concentration increases.

Surprisingly, several studies do not observe cell tension changes upon hypo-osmotic shocks or

through TOR activation®S.
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The experiment set-up with an indirect volume measurement of membrane tension via membrane
tether can also be considered to give an incomplete picture of the cell membrane tension. Indeed,
the formation of bleb at the membrane has been shown to change membrane tension, moreover only
local measurement can be performed on small time scale. A better tool such as interferometry>” could
provide finer data. On top of that emergent technology such as twisted push-pull probes*®” imaging
with Fluorescence-lifetime imaging microscopy could increase the resolution of membrane tension in

a spatial manner, over longer period of time.

5.3 ESCRT

The rapid recruitment of CHMP4B-GFP remains to be explained, although some partners have al-
ready been involved in osmotic response. Indeed, Increase sodium tolerance (IST1), discovered in
a salt tolerance screen®® is an ESCRT-III partner specifically at the cytokinesis bridge. Its relation
with Vps4'% and spastin, a microtubule severing protein is rather interesting. A behaviour analysis of
IST 1-GFP upon hyper-osmotic shock could reveal its recruitment prior to CHMP4B-GFP. Moreover
the delay observed in between CHMP4B-GFP recruitment and microtubule disappearance could be
explained by the sequential recruitment of spastin and its limited rate of microtubule severing and the
amount of microtubule to cut.

The fact that microtubule removal can be uncoupled from membrane abscission argues against mi-
crotubule as a marker for the abscission.*7® 125,

Although the inhibition of abscission and/or recruitment of CHMP4B-GFP by pipette was a crafty,
time consuming experiment, it helped to confirm a theory that an increase in membrane or bridge ten-
sion does not lead to membrane fission. Moreover, an hypotonic shock would not have been relevant
as the RVD kicks in in 5 min. The use of drugs such as Lysophosphatidic acid (LPA) could have helped
to confirm the relationship between o and abscission.

The fact that no membrane fission was observed upon hyper-osmotic shock (data not shown), in-
dicates that the ectopic recruitment of CHMP4B-GFP is not sufficient to induce membrane fission.
Indeed ESCRT-mediated membrane fission remains elusive. In vitro reconstitution assay have been
failing to replicate controversial results*7*. FIP3 vesicle fission have been proposed to help bringing

172

membrane reservoir at the inter-cellular bridge *”*. More recently, 3 modes of fission have been pro-

posed that accounts for 3 different microtubule behaviour*73. Different mode of fission is a way for
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the cell to cope with an ever-changing environment. Indeed some organism such as Dictyostelium dis-
coideum possess as much as 4 radically different means for cytokinesis'’#. On top of that osmotic
changes in polymersome was shown to lead to shape changes and near-fission events'7*. Those result
shows that even in in vitro system osmotic pressure can drive fission event. This is a piece of evidence
that was proposed to be important for the proto-cell. Indeed, the relationship between osmotic pres-
sure and membrane tension might have an impact for the Darwinian evolution of the proto-cell *7°.
Finally an increase in tension at the metaphase followed by a drop at telophase was already observed

158

in sea urchin egg in 1926*° in Fig 5.3.1 while membrane shape changes and midbidy movement was

observed in 196877 (Fig. 5.3.2).

404
dynafem

% ¢

Figure 5.3.1: Analysis of sea urchin egg surface tension (using egg deformation) dynamics dur-
ing the first division after fertilization.
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Figure 5.3.2: Mitosis description with details of the midbody movement (g)*"".
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Materials and method

Cell culture:

HeLa Kyoto cells were cultured in Minimum Essential Media supplemented with 10% Fetal Bovine
Serum and 1% Penicillin Streptomycin (Life Technologies, Carlsbad, CA, USA). 5% CO, incubator
(Thermo Scientific, Waltham, MA, USA)

Microscopy: Two setup were used for imaging.

« The firstis composed of an inverted Nikon Ti-E system, a Yokogawa CSU-X1 Confocal Scanner
Unit, a iXon camera (Andor, Belfast, NIR, UK), a Laser stack by Intelligent Imaging Innova-
tios, Inc (Denver, CO, USA), a 37°C incubator (Life Imaging service, Basel, Switzerland), 2
micromanipulator MP-285 (Sutter, Novato, CA, USA) and a home-made optical tweezer with
a 1A Manlight laser

« The second is composed of an inverted Nikon Ti-E system, a Yokogawa CSU-W1 Confocal
Scanner Unit, an Evolve camera (Photometrics, Tucson, AZ, USA) a Laser stack by Intelligent
Imaging Innovations, Inc (Denver, CO, USA), a 37°C incubator (Life Imaging service, Basel,
Switzerland), a 37°C incubator (Life Imaging service, Basel, Switzerland), an H3o1 CO, incu-
bator (Okolab, Pozzuoli, NA, Italy) and MP-285 (Sutter, Novato, CA, USA).

All images were acquired Slidebook software (Denver,CO, USA) and processed using Image] soft-
ware (Public Domain).

Cell were imaged depending on the purpose on :
+ 35mm Matek plate dish (Ashland, MA, USA)
« Ibidi y-Slide VI®* (Martinsried, Germany)

« Circular 2smm glass slide in Attofluor’ cell chamber (ThermoFisher, Waltham, MA, USA).
Live Staining:
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Actin and microtubule were stained using SiR-Actin and SiR-tubulin (Spirochrome, Lausanne,
Switzerland) following Cellmask Deep red (C10046) or Cellmask Orange (C10045) from ThermoFisher-
Scientific, Waltham, MA, USA

Membrane integrity measurement:
HeLa Kyoto cells were incubated for 5 min with Propidium Iodide 160 pg/mL then observed. 1%
Saponin was used as a positive control.

Micropipette:

Borosilicate glass rods of 1 mm outer diamter (OD) and capillaries imm OD- 0.58 mm interior
diameter (ID) were used to forge micropipette (Harvard Apparatus, Hollisaton, MA, USA) they were
first pulled into two with a puller (Sutter, Novato, CA, USA)(Heat:350, FIL:4, VEL:60, DEL:180,
PUL, 100). They were then forged according to the need (MF-go0, Narishige, Setagaya-ku, TKY,
Japan).

Pipette were hold in HI-7 pipette holder (Narishige, Setagaya-ku,TKY, Japan) and displaced with
micromanipulator MP-285 (Sutter, Novato, CA, USA). Pipette aspiration was achieved by Fluigent(Villejuif,
France)

MTT assay: The cell proliferation assay was done following ATCC protocol, using Thiazolyl Blue
Tetrazolium Bromide (Ms655, Sigma)
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ABSTRACT: Lessons from surface-initiated polymeriza-
tion are applied to grow cell-penetrating poly(disulfide)s
directly on substrates of free choice. Reductive depolyme-
rization after cellular uptake should then release the native
substrates and minimize toxicity. In the presence of
thiolated substrates, propagators containing a strained
disulfide from asparagusic or, preferably, lipoic acid and a
guanidinium cation polymerize into poly(disulfide)s in less
than S min at room temperature at pH 7. Substrate-
initiated polymerization of cationic poly(disulfide)s and
their depolymerization with dithiothreitol causes the
appearance and disappearance of transport activity in
fluorogenic vesicles. The same process is further
characterized by gel-permeation chromatography and
fluorescence resonance energy transfer.

C ell-penetrating peptides (CPPs) are short, polycationic
peptides or protein domains that are used by viruses to
enter cells."” Their unique ability to transport linked substrates
across lipid bilayer membranes has attracted great interest in
biomedical applications. Substrates of varying sizes and
properties, e.g., small fluorophores to proteins and quantum
dots, have been successfully transported into cells using CPPs.
The mechanism of cellular uptake is under debate, currently
favored are endocytosxis (i.e., macropinocytosis) or passive
diffusion across the membrane, depending on conditions.
Multiple, moderately hydrophobic cations seem to be all that is
needed. Guanidinium cations, as in arginine, are most common,
alternatives include ammonium or phosphonium cations." The
originally peptidic oligomer backbone has been extensively
varied, covering oligocarbamates, f-peptides and several
variations of synthetic polymers." Currently, cell-penetrating
poly(disulfide)s are emerging as the cell-penetrating molecules
of the future because their cytosolic degradation liberates the
substrate and eliminates toxicity, one of the key disadvantages
associated with CPPs.>”> However, cell-penetrating poly-
(disulfide)s have so far been used mainly in noncovalent
polyplexes for gene transfection, and covalent attachment of
substrates would be difficult with their preparation methods.
We have found recently that poly(disulfide)s can be grown
directly on solid substrates by surface-initiated ring-opening
disulfide-exchange polymerization.’ Therefore, we wondered
whether the same methodology could be used to prepare cell-
penetrating poly(disulfide)s with covalently attached substrates
in solution (Figure 1). Probes or drugs that contain thiol group
but cannot penetrate cells without assistance are the ideal
substrates, which could serve as an initiator to be appended
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Figure 1. For the covalent delivery of unmodified probes,
guanidinium-containing propagators (e.g, 1—4) are polymerized on
thiolated substrates (e.g, 5—7) and terminated with iodoacetamides
(e.g, 8,9). After uptake, cell-penetrating poly(disulfide)s are degraded
by reductive depolymerization to eliminate toxicity and release the
unmodified substrate.

with a membrane-active poly(disulfide). Thiolated siRNA, for
instance, is commercially available. The generality of this
approach promises a conceptually innovative solution for a
central current challenge, i.e., the noninvasive, nontoxic delivery
of unmodified substrates in well-defined, covalent systems
rather than complex, noncovalent formulations. In this initial
report on the topic, we describe the design, synthesis and
evaluation of propagators for the substrate-initiated synthesis of
cell-penetrating poly(disulfide)s. Their formation in less than S
min at pH 7 and their depolymerization with 10 mM
dithiothreitol (DTT) can be followed directly as appearance
and disappearance of transport activity in fluorogenic vesicles.

To ultimately combine surface-initiated polymerization® with
cellular uptake,l_5 we prepared the strained disulfides 1—4 as
possible propagators, thiols $—7 as initiators, and the
iodoacetamides 8 and 9 as terminators (Figure 1). The
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synthesis of all new compounds was straightforward and is
described in detail in the Supporting Information (SI Schemes
S1-S7, Figures S10—523).” Only freshly prepared material was
used.

Fluorogenic vesicles are convenient analytical tools to follow
reactions with minimal effort and maximal speed.® Here, EYPC-
LUVsDCEF, i.e,, large unilamellar vesicles (LUVs) composed of
egg yolk phosphatidylcholine (EYPC) and loaded with 5(6)-
carboxyfluorescein (CF), were used. EYPC-LUVsDCF report
CF release as fluorescence recovery because local dilution
reduces self-quenching.

The addition of propagator 1 to EYPC-LUVsDCF caused CF
release only above a relatively high ECy, = 129.9 + 0.7 uM
(Figures 2A, B, O, S1-S3, S6). Ring-opening disulfide

! Y

0.8

0.4

0.0 T T
10 100
c (uM)

1000
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Figure 2. Activity of monomers (O) and polymers (®). (A) Change
in CF emission intensity I during the addition of reaction mixtures
with and without initiator 5 (50's, 7S uM final guanidinium (monomer
1) concentration) and excess Triton X100 (300 s) to EYPC-
LUVsDCEF. Reaction mixtures: 100 mM 1, 0 (O) or S mM § (@),
1 M TEOA, pH 7, 10 min; termination: 5 mM 9. (B) Transport
activity Y of 1 before (O) and after polymerization (@, S mM S) with
increasing concentration of guanidinium cations (Y = I before lysis in
A (~5 min)).

exchange polymerization® of 1 (100 mM, pH 7, 1 M
triethanolamine (TEOA) buffer), initiated with thiol § (5
mM), was followed by adding aliquots of the reaction mixture
to EYPC-LUVsDCEF after termination with iodoacetamide 9.
Rapid fluorescence recovery was observed with increasing
reaction time (Figure 3A, @). At saturation, dose response
curves were recorded for the obtained polymers (Figures 24, B,
@, S1-54). An ECyy = 3.2 + 1.6 uM calculated to a 40-fold

Y
0.9
0.6
0.3
T T r T T T T
0 10 20 30 20 25 30 35 40
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Figure 3. Polymers of 1 made with (@, solid) and without (O,
dashed) initiator S. (A) Y during polymerization of 1 (100 mM) with
(®) and without 5 (O, S mM, pH 7). (B) GPC of 1 (100 mM)
polymerized with (solid) and without 5 (dashed, S mM, pH 7),
compared to (C) polyarginine (top) and standards (bottom, M,y 43,
25, 13.7, and 6.5 kDa); Superdex 75, 30% acetonitrile in acetate buffer,
pH 6.5.
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increase in activity upon substrate-initiated polymerization of
propagator 1 with initiator § and terminator 9 (Figures 2B, @,
S2—-54).

According to activity in EYPC-LUVsDCF, substrate-initiated
polymerization of propagator 1 was accomplished in less than 5
min (Figure 3A, @). Polymerization was better in the presence
than in the absence of initiator 5 (Figures 3A, $2—S4). This
conclusion was supported by gel-permeation chromatography
(GPC). Polymers obtained from propagator 1 in the presence
of initiator 5 were of high molecular weight (M,, = 62.7 kDa)
and dispersity (PDI = 1.83, Figure 3B, solid). Considering
increasing transport activity with polymer length but less
predictable length-dependence of cellular uptake of CPPs, high
molecular weight and dispersity compared to commercially
available polyarginine (M,, = 16.7 kDa, PDI = 1.7, Figure 3C,
solid) were both very desirable characteristics. The same was
true for the disappearance of all activity in EYPC-LUVsDCF
within minutes of incubation with 10 mM DTT (Figure S7).”
This is in the range of cytosolic glutathione (~S mM) and thus
confirms the previously reported biodegradability of cell-
penetrating poly(disulfide)s.>* Without initiator, weaker
absorbance, ie., lower yield of polymer, at lower M, ~ 162
kDa was observed (PDI = 2.1, Figure 3B, dashed).

The polymerization of propagator 1 was analyzed systemati-
cally from pH S to pH 9 and concentrations from 25 to 200
mM in the presence and the absence of S mM initiator S (pK,
~ 9.5, Figure 4A, B). Best results were obtained with 100 mM 1
in 1 M TEOA, pH 7 (Figure 4A, B, dotted lines). At lower pH
and concentrations, the substrate-initiate polymerization was
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Figure 4. Dependence on propagator concentration (A), pH (B) and
initiator concentration (C, D). (A) Y, after polymerization of
increasing concentration ¢ of 1 with (@) and without § (O, S mM,
1 M TEOA, pH 7, 10 min; assay: 75 uM guanidinium each, Y, = Y’
normalized to Y = 0 before polymerization and Y = 1 for maximal
activity). (B) Y after polymerization with increasing pH (S mM § (@),
0mM § (O), 100 mM 1, 1 M buffer).” (C) Y after polymerization with
increasing concentration of 5§ (100 mM 1, pH 7). (D) GPC after
polymerization with § (with increasing tg: 0.5, 1, 2, S, 10 mM; 200
mM 2, pH 7.5).
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incomplete, at higher pH, random polymerization without
initiator as well as precipitation started to interfere.

The bell-shaped dependence on initiator concentration was
in agreement with the formation of fewer polymers at low and
more but shorter and thus less active ones at high initiator
concentrations (Figure 4C). Corroborative evidence for the
incorporation of the initiators into the polymers was obtained
by GPC. Polymers obtained from propagator 2 and increasing
concentrations of initiator 5 gave polymers with decreasing
molecular weight and dispersity (Figure 4D). Moreover,
polymers obtained with Cys-Trp initiator 6 showed the
tryptophan emission in the GPC peak. The relative Trp
emission increased with decreasing molecular weight, that is
decreasing polymer/initiator ratio (Figure S8).”

The substrate-initiated polymerization of propagators 1 and
2 with the strained disulfides from lipoic acid was
straightforward to control and optimize. The disulfides from
asparagusic acid are ideal for surface-initiated polymerization®
but turned out to be too reactive’ for substrate-initiated
polymerization in solution. Independent of their backbone,
propagators 3 and 4 more easily polymerized with less
difference between substrate-initiated and random polymer-
ization without initiator (Figure S6). Moreover, cell-penetrating
poly(disulfide)s obtained from lipoyl propagators 1 and 2 were
active in EYPC LUVs, whereas the less lipophilic polymers
from asparagusyl propagators 3 and 4 were poorly active.
However, like arginine-rich CPPs,> all polymers could be
activated in EYPC LUVs by counterions such as pyrenebutyrate
(Figures SS, S6).”

To probe for substrate-initiated polymerization also with the
less perfect asparagusyl propagators, fluorescence resonance
energy transfer (FRET) was considered as a method
complementary to the functional studies with fluorogenic
LUVs and GPC described above for the preferable lipoyl
propagators. Polymerization of propagator 4 in CHCl;/DMF
3:1 was initiated with the yellow, green-fluorescent naphthale-
nediimide (NDI)® fluorophore 7 (d¢, = 469 nm, A, = 484 nm)
and 0.25% Hiinig base (DIEA) as base, and terminated with the
red NDI 8 (4, = 552 nm, A, = 582 nm, Figure S). With

1 (rel)

T
500

700
A(nm)

Figure S. FRET from initiator 7 to terminator 8. Emission spectra (A,
=445 nm, CHCL,) after polymerization of 4 (25 mM) with 7 (1 mM)
for S s (black), 30 s (blue) and 60 s (red) in CHCL,/DMF 3:1 (0.25%
DIEA), terminated with 8 (2 mM, solid) and depolymerized with
DTT (10 mM, dashed).

increasing polymerization time, the FRET emission at A, =
582 nm in CHCI; decreased (Figure S). This decrease was
consistent with increasing distance between initiator and
terminator with increasing reaction time. Depolymerization
with DTT caused nearly complete disappearance of FRET
(Figure S, dotted). These results further demonstrated the
incorporation of the terminator in the polymer.

2090

In summary, substrate-initiated polymerization of cell-
penetrating poly(disulfide)s is introduced as a conceptually
new approach to cellular uptake. Two types of propagators and
four unrelated methods to prove direct growth of polymers on
substrates are described. Namely, (a) polymers obtained with
and without initiators are different, (b) the dependence on
initiator concentration is bell-shaped, (c) labeled initiators are
eluted with polymers in GPC, and (d) FRET between donating
initiators and accepting terminators decreases with polymer-
ization time. Ring-opening disulfide exchange polymerization
with propagators derived from lipoic acid is facile to control
(pH, concentration of initiators, propagators, etc.) and gives
polymers with high, stimuli-responsive transport activity in
neutral lipid bilayers, whereas propagators derived from
asparagusic acid are too reactive and give polymers that require
counterion activation for function. With these complete, clear
and consistent results, the newly introduced system is ready for
cellular uptake experiments'® and copolymerization studie-
"% o modulate the properties of the cell-penetrating

poly(disulfide)s.
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ABSTRACT: Substrate-initiated, self-inactivating, cell-penetrating poly-

(disulfide)s (siCPDs) are introduced as general transporters for the covalent
delivery of unmodified substrates of free choice. With ring-opening disulfide-
exchange polymerization, we show that guanidinium-rich siCPDs grow on
fluorescent substrates within minutes under the mildest conditions. The
most active siCPD transporters reach the cytosol of HeLa cells within S min
and depolymerize in less than 1 min to release the native substrate.
Depolymerized right after use, the best siCPDs are nontoxic under
conditions where cell-penetrating peptides (CPPs) are cytotoxic. Intra-
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cellular localization (cytosol, nucleoli, endosomes) is independent of the

substrate and can be varied on demand, through choice of polymer composition. Insensitivity to endocytosis inhibitors and
classical structural variations (hydrophobicity, aromaticity, branching, boronic acids) suggest that the best siCPDs act differently.
Supported by experimental evidence, a unique combination of the counterion-mediated translocation of CPPs with the
underexplored, thiol-mediated covalent translocation is considered to account for this decisive difference.

H INTRODUCTION

Efficient cellular delivery is one of the key problems that
hampers discovery and development of novel drugs and
probes." The problem is most pronounced for but not limited
to larger substrates, including oligonucleotides, proteins, and
nanoparticles. Since the discovery of the TAT peptide more
than 20 years ago,” a broad variety of arginine-rich cell-
penetrating peptides (CPPs) and CPP mimics have been
introduced for this purpose.® Attached or complexed to CPPs,
otherwise undeliverable molecules such as drugs, fluorophores,
proteins, siRNA, plasmid DNA, or quantum dots are able to
cross the cellular barrier. However, CPPs can be cytotoxic, are
often trapped in the endosomes, and do not always work
reliably. Counterion-mediated translocation has been intro-
duced to improve direct cytosolic delivery and bypass
endosomal capture.* To reduce toxicity, the sequence as well
as the peptidic backbone of CPPs have been varied extensively.>
One of the most promising modifications is represented by cell-
penetrating poly(disulfide)s (CPDs).>® Despite the growing
interest in CPDs, synthetic methods to produce them are
mainly focused on the postmodification of existing polymers
(such as polyethylenimine, PEI) or the reaction of monomers
already containing a disulfide, and their use has been mainly
limited to noncovalent gene transfection.

Inspired by the robustness of the recently discovered ring-
opening disulfide-exchange polymerization to grow complex
functional architectures directly on solid surfaces,” we have

~7 ACS Publications  © 2014 American Chemical Society
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proposed to grow CPD transporters directly on molecular
substrates in solution, in situ, right before delivery (Figure 18
The term “substrate” is used here to designate any object in
need of assistance to enter cells (e.g,, drugs, probes, peptides,
proteins, DNA, RNA, etc.). Reductive depolymerization of the
obtained substrate-initiated (si) CPDs by endogenous gluta-
thione (GSH) in the cytosol would then eliminate toxicity and
liberate the native substrate. The siCPD concept promises
access to a general, fast, and noninvasive method for the
covalent delivery of unmodified substrates, nontoxic, traceless,
avoiding noncovalent formulations, and applicable to any
substrate of free choice.

The growth of the CPD transporter on the molecular
substrate in solution is initiated by a thiol (or a complementary
functional group converter) that acts as an initiator I of the
disulfide-exchange polymerization (Figure 1). Nucleophilic
disulfide exchange opens the strained disulfide in the otherwise
freely variable monomer M, forms a covalent disulfide bond
between I and M, and regenerates a reactive thiol to attack the
next M. The polymerization is terminated with an iodoaceta-
mide T. The simplest possible terminator T is used in this
study, but the introduction of additional drugs or probes with
the freely variable T is of course inviting for the future. In this
study, siCPDs are grown on fluorescent substrates to monitor,
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Figure 1. Concept of substrate-initiated, self-inactivating CPD
transporters. Fluorescent initiators (I1 derived from carboxyfluor-
escein and I2 derived from rhodamine) were used to generate
polymers through ring-opening disulfide-exchange polymerization or
copolymerization of monomers M1—M6. The polymerization process
was controlled using iodoacetamide T as the terminator.

for the first time, their entry into HeLa cells. Experimental
evidence is provided that siCPDs (1) enter cells within S min,
(2) can depolymerize in less than 1 min after uptake, (3) are
much less toxic than CPPs, (4) operate independent of the
attached substrate, (S) can target different organelles on
demand, and (6) can enter cells by endocytosis or direct
translocation across the membrane barrier, depending on their
structure. Presumably, their uptake is mediated by a so far
underexploited disulfide exchange with endogenous thiols at

L6 . . .
the membrane surface,”” ie, a conceptually innovative,
. 9
dynamic-covalent” way to enter cells.

B RESULTS AND DISCUSSION

Design and Synthesis. To study the capability of siCPDs
to enter cells, fluorescent initiators I1 derived from
carboxyfluorescein (CF) and I2 from S-carboxytetramethylr-
hodamine (TAMRA) and monomers M1—M6 were envisioned
first (Figure 1). In M1, racemic lipoic acid offers the strained
disulfide needed for ring-opening disulfide-exchange polymer-
ization initiated by the fluorescent thiols I1 and I2, whereas L-
arginine offers the guanidinium cation needed to obtain
polymers that can cross bilayer membranes like CPPs. In M2,
the methyl ester of M1 is replaced by a benzyl ester to increase
hydrophobicity and add z-basicity to the polymer. In M3, the
lipoic acid of M1 is replaced by a more reactive asparagusic
acid. In M4, the spacer between the guanidinium cation and
lipoic acid is as short as possible. The new M$ and M6 contain
the essence of phenylalanine (Phe) and tryptophan (Trp) with
similarly minimalist spacers for copolymerization with the
cationic M4. The synthesis of all initiators and monomers was
very straightforward (Scheme S$1, Supporting Information).""

Substrate-initiated polymerization® and copolymerization''
with M1—M6 were best in buffer at pH 7.0—7.5 in 5—30 min at
room temperature, depending significantly on the nature of the
monomer. The formation of siCPDs was routinely followed by
the appearance of transport activity in fluorogenic vesicles (see
below).*'" All new siCPDs were characterized by gel
permeation chromatography (GPC; Figure S1, Supporting
Information) to determine molecular weight and polydispersity
and MALDI MS to also confirm the composition of the
copolymers (Figures S2—S4, Supporting Information). Under
these conditions, 200 mM M1—M4 polymerized with S mM I1,
a thiolated derivative of CF, for example, afforded fluorescent
siCPDs 1—4 with an average molecular weight (M,,) of 6000—
10000 and a polydispersity index (PDI) of ~1.5 (Table S2,
Supporting Information). The length of the polymers was
variable on demand; shorter polymers were obtained with
higher initiator concentrations or shorter reaction time. All
siCPDs tested were purified by GPC before use to remove

NH,
HN=

NH

Figure 2. Cellular uptake of fluorescent siCPDs. (A) CLSM images of HeLa cells after 15 min of incubation with CF-labeled polymers 1—4, S00 nM
polymer in Leibovitz medium at 37 °C. (B) Same for polymers 1 and 4 prepared from CF (I1) or TAMRA (12). (C) Spinning disk microscopy
kinetics of the uptake of CF-labeled polymer 4 into HeLa cells transfected in the presence of DRAQS (500 nM 4 in Leibovitz medium, 37 °C).
Images were taken with a time interval of 1 min. The first image corresponds to t = 0.
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Figure 3. Mechanistic and structural insights into the entry of siCPDs into HeLa cells. (A) Flow cytometry analysis counting fluorescent HeLa cells
after incubation with S00 nM initiator I1 (left, light green, overlap with blank) and CF-labeled (co)polymers 1/2 (0:1, 2:1, 8:1, 1:0, with increasing
fluorescence instensity I). Surface-bound material was removed by washing three times with heparin-containing PBS. (B) Uptake quantification for
CF-labeled polymers 1—4 with CLSM (dark) and flow cytometry (light), normalized to fluorescence intensity I with 1. (C) Flow cytometry data for
the uptake of CF-labeled polymers 1 (dark), 4 (light), and 2 (empty) into HeLa cells at 4 and 37 °C and, for 1 and 4 only, also in the presence of
chlorpromazine (Ch), wortmannin (W), and methyl-f-cyclodextrin (CD), normalized to I at 37 °C. (D) Flow cytometry data for the uptake of low
(light) and high (dark) molecular weight, CF-labeled polymer 4 and copolymers 4/5 (8:1) and 4/6 (8:1) into HeLa cells, normalized to I with 1

(A). Error bars indicate the mean = standard deviation, n > 3. (E) Structure of additional monomers prepared to grow siCPDs (compare Figure 1).

unused reagents and eventual side products with low molecular
weight.

Cellular Uptake. The ability of the siCPDs 1—4 to
transport a fluorescent CF substrate into HeLa Kyoto cells
was examined using confocal laser scanning microscopy
(CLSM). After incubation for 15 min at 37 °C with a 500
nM solution of the desired polymer in Leibovitz medium, the
cells were washed with PBS containing heparin (20 U/mL) to
remove siCPDs that are bound reversibly at the cell surface (or
can exit the cells as easily as they entered). Significant
intracellular fluorescent signals were recorded from cells
incubated with siCPDs 1, 2, and 4 (Figure 2A). Only polymer
3 grown with asparagusic instead of lipoic acid did not carry CF
substrates into HeLa cells. The inactivity of polymer 3 in HeLa
cells perfectly reflected the inactivity of polymer 3 as a
transporter in fluorogenic vesicles.® This finding thus
corroborated the validity of model studies in fluorogenic
vesicles to, at least in part, predict the activity of siCPDs as well
as CPPs.®"" The CF and TAMRA initiators 11 and 12 alone did
not enter HeLa cells under experimental conditions (Figure S7,
Supporting Information).

The intracellular distribution of CF-labeled siCPDs 1—4
differed significantly. The original siCPD 1 accumulated mainly
inside the nucleus, especially in the nucleoli (Figure 24, top
right, B, top left). The minimalist siCPD 4 localized mainly in
the cytoplasm (Figure 2A, bottom right, B, bottom left). The
more hydrophobic, 7-basic siCPD 2 remained mainly trapped
inside the endosomes (Figure 24, top left). The localization of
different siCPDs in different organelles was relatively
independent of the concentration and incubation time.

To explore the dependence of siCPD uptake on the attached
substrate, polymers 1’ and 4’ were grown with initiator 12, a
thiolated derivative of TAMRA. HeLa Kyoto cells were
incubated under the conditions used for the CF-labeled siCPDs
1 and 4. The results demonstrated that siCPDs 1’ and 4’ grown
with the neutral TAMRA I2 behave exactly like siCPDs 1 and 4
grown with the anionic CF I1 (Figure 2B). Namely, siCPDs
delivered their substrates reliably to the nucleoli and cytoplasm,
respectively, independent of the nature of the substrates.

The kinetics of cellular uptake and localization of CF-labeled
siCPD 4 were measured with HeLa Kyoto cells that were
treated with DRAQS to visualize their nuclei in the far red.
Spinning disk microscopy images were recorded immediately
after the addition of the polymer solution and with a time
interval of 1 min during incubation with S00 nM in Leibovitz
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medium at 37 °C (Figure 2C). Already after 2 min of
incubation, intracellular fluorescence could be observed. Within
10 min, siCPD 4 accumulated in the cytosol but was unable to
significantly enter into the nucleus. Intracellular fluorescence
intensity was preserved after removal of the polymer solution
used to incubate the cells. This irreversible accumulation of
siCPD 4 in the cytosol was in excellent agreement with fast
reductive depolymerization of siCPD 4 in the cytosol (see
below).

Flow cytometry was used for rapid access to quantitative data
(Figure 3A). Comparison with CLSM data for polymers 1—4
revealed comparable trends but clear underestimates with
CLSM for cytosolic emission from siCPD 4, which performs
the best according to flow cytometry (Figure 3B).

Significant uptake of siCPDs 1, 2, and 4 was observed at 4 °C
(Figure 3C). This demonstrated that uptake does not occur
exclusively by endocytosis.** Compared to that at 37 °C,
reduced activity found at 4 °C could originate simply from less
favorable direct translocation across the rigidified membranes,'
although losses from missing contributions from endocytosis
cannot be excluded.

Comparably high activity was obtained with siCPD 2,
although endosomal location at 37 °C demonstrated exclusive
uptake by endocytosis, but CLSM images obtained at 4 °C
showed the hydrophobic siCPD 2 mainly at the surface,
probably too deeply buried in the hydrophobic core of the
membrane to be removed by washing with heparin (Figure
S6B, Supporting Information)."”> Preserved localization for
siCPDs 1 and 4 in the nucleoli and cytosol, respectively, at 4 °C
was in agreement with a preserved uptake mechanism, ie.,
dominant direct translocation across the membrane (Figure
S6A,C). The validity of this interpretation was further
supported by insensitivity of siCPDs 1 and 4 to selective
endocytosis inhibitors, ie., wortmannin for macropinocytosis,
chlorpromazine for clathrin-mediated endocytosis, and methyl-
p-cyclodextrin  (MBCD) for caveolar endocytosis.'* The
distinct increase in activity of siCPDs 4 with MBCD could
originate from facilitated translocation across cholesterol-poor
membranes.'®

The activity of siCPD 4 increased with increasing length of
the polymer (Figure 3D). The same trend, even more
pronounced, was found for the more hydrophobic copolymers
4/5 and 4/6. Significant length dependence was as expected
because both transport activity in membranes*>'® and
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Figure 4. Toxicity, depolymerization, and thiol-mediated translocation of siCPDs. (A) Cell viability measured with the MTT assay for polymer 4
(squares) and poly-L-arginine (circles) at different concentrations. (B) Relative transport activity Y of polymer 4 (filled symbols) and 1 (empty
symbols) in fluorogenic vesicles after incubation with 2.5 mM (circles) and S mM (squares) glutathione (GSH) for time ¢ (C) Effective
concentration of polymer 4 in fluorogenic vesicles in the presence of increasing amounts of octadecanethiol (circles) and GSH (squares). (D) Flow
cytometry data for the uptake of CF-labeled polymers 1 and 4 into HeLa cells with (dark) or without (light) pretreatment with 1.2 mM DTNB for
30 min before addition of siCPDs. Uptake for each polymer is normalized to 1.0 in the absence of DTNB. (E) Proposed mechanism for thiol-

mediated uptake of siCPDs.

contributions from endocytosis (and toxicity) generally
increase with the length of related polymers, including CPPs.?

However, the introduction of hydrophobic benzyl and
indolyl residues in copolymers 4/S and 4/6 neither increased
the activity of siCPD 4 nor changed the preferential
accumulation in the cytosol (Figure 3D). Consistently
decreasing activity with increasing hydrophobicity, in sharp
contrast to many observations with CPPs and the general
importance of Phe and Trp for membrane protein function,
already provided first indications that siCPDs might be
fundamentally different and function by a different mechanism
(see below). Similarly decreasing activity with increasing
hydrophobicity was found in the amino acid series with 7-
basic copolymers 1/2 (Figure 3A) and 1/7 and, slightly less
pronounced, also with superhydrophobic 7-acids in copolymers
1/8 and 1/9 (Figure S8, Supporting Information). The
branched polymer 10 or copolymers 1/10 obtained with the
divalent monomer M10 showed particularly poor activity and
high toxicity (Figures S8 and S9, Supporting Information). Also
boronic acids in copolymers 1/11 did not increase activity
despite the possibility to assist uptake with the formation of
dynamic covalent boronic ester bonds with glycosaminoglycans
at the cell surface, thus enhancing the local concentration and
promoting uptake.**"” Quite the contrary, a less desired
increase of copolymers 1/11 permanently located at the cell
surface and in the endosomes was noted in CLSM images
(Figure S6D, Supporting Information). This general failure to
improve performance with fairly standard structural modifica-
tions suggested that the cellular uptake of siCPDs 1 and 4 is
already near maximum levels for this class of transporters and
possibly occurs by a different mechanism compared to that of
other CPP mimics, i.e., thiol-mediated uptake. 6

Toxicity, Internal Depolymerization, and Exofacial
Thiols. Why are siCPDs better? What really makes the
difference? Toxicity was quantified first. MTT assays were
performed with the cytosolic siCPD 4 in comparison with poly-
L-arginine as a comparable CPP. In this assay, the metabolic
activity of the cells was assessed by their ability to enzymatically
convert the tetrazolium dye MTT into formazan.'® The
polymers were incubated with HeLa cells for 15 min at a
concentration ranging from 0.1 to 10 yM. Then the polymer
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solution was removed, and the cells were washed with heparin
sulfate. After addition of culture media, the cells were incubated
for 24 h prior to execution of the MTT assay. Under these
conditions, siCPD 4 showed negligible cytotoxicity up to 10
uM, whereas polyarginine (16.4 kDa) exhibited an ECy, below
2 uM (Figure 4A; hexaarginine was also cytotoxic at 10 uM).
The nontoxicity of siCPD 4 was in excellent agreement with
rapid depolymerization as soon as the cytosol is reached (see
below). All siCPDs tested had good cell viability in the
concentration used for the cellular uptake measurements
(Figure S9, Supporting Information). However, contrary to
the nontoxic siCPD 4 in the cytosol, siCPD 1 was increasingly
cytotoxic at higher concentrations. This finding was consistent
with incomplete depolymerization before leaving the cytosol
(see below) and subsequent interference with cellular function
after binding to the oligonucleotides in the nucleoli.

Cytosolic depolymerization was quantified next. It is difficult
to quantify in cells, so transport studies in fluorogenic vesicles
were selected to secure direct evidence. In this firmly validated
assay (see above, Figure SS, Supporting Information),*'" large
unilamellar vesicles (LUVs) composed of egg yolk phosphati-
dylcholine (EYPC) are loaded with CF at concentrations high
enough to ensure self-quenching. Local dilution upon CF
export by siCPDs,*'! CPPs,>*'* or other anion transporters is
then observed as fluorescence recovery. Consistent with perfect
cellular uptake, siCPDs 1 and 4 showed maximal transport
activity in the CF assay (without activation by amphiphilic
counterions, polyarginine is inactive in EYPC vesicles).*
Incubation with GSH at cytosolic concentrations resulted in
rapid loss of activity. The cytosolic siCPDs 4 was completely
inactivated within less than 1 min by 2.5 mM GSH (Figure 4B,
@). Depolymerization of the nucleolar siCPDs 1 by 2.5 mM
GSH was complete within about S min (Figure 4B, []). The
lifetime of the transporter in 5 mM GSH was clearly shorter
(Figure 4B, O).

Sensitivity toward exofacial thiols was explored last. The
presence of octadecanethiol in the EYPC membrane signifi-
cantly changed the transport activity of siCPD 4 (Figure 4C,
@). At a molar ratio octadecanethiol/lipid of 1:1, the ECg, of 4,
ie., the effective siCPD concentration to reach 50% activity,
was weakened by a factor of 4. A similar increase of the ECy
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was not observed in the presence of equivalent concentrations
of GSH (Figure 4C, [J; these GSH concentrations are far
below the ones needed to depolymerize siCPD 4 as in Figure
4B, @). Activation by thiols at the membrane surface but
insensitivity to equimolar thiols in the water indicated that
disulfide exchange between siCPD 4 and exofacial thiols occurs.
In fluorogenic vesicles, the resulting shortening of siCPD 4
caused a loss in activity. In cells, this covalent binding to the
surface is expected to increase the local concentration of the
siCPD and thus accelerate direct, counterion-mediated trans-
location across the membrane (Figure 4E). Experimental
evidence for thiol-mediated translocation from fluorogenic
vesicles is unprecedented. To evaluate the validity of this
implication from fluorogenic vesicles, the inhibition of thiol-
mediated translocation with Ellman’s reagent (i, S,5'-
dithiobis-2-nitrobenzoic acid, or DTNB) was explored directly
in HeLa cells. The cells were incubated with the cell-
impermeable DTNB for 30 min to convert all free thiols at
the surface into disulfides. According to flow cytometry
measurements, cellular uptake of siCPDs 1 and 4 was
significantly reduced in the absence of exofacial thiols (Figure
4D). Similarly reduced uptake has been observed previously for
other cell-penetrating poly(disulfide)s.”® The inactivation by
Ellman’s reagent was more pronounced for siCPD 4 than for
siCPD 1. Considering that siCPD 4 depolymerizes faster than
siCPD 1 (Figure 4C), this difference implied that the efficiency
of thiol-mediated translocation is determined by the velocity of
disulfide exchange.

Bl CONCLUSIONS

This study introduces substrate-initiated cell-penetrating poly-
(disulfide)s as general, nontoxic, self-inactivating transporters
for the covalent delivery of native substrates of free choice. We
provide experimental evidence that the formation of siCPDs
can be initiated by fluorescent probes and occurs within
minutes under the mildest conditions (water, room temper-
ature, pH 7) and that the most active siCPDs reach the cytosol
of HeLa cells in 5 min, where they depolymerize in less than 1
min. The most active siCPDs are nontoxic at all tested
concentrations (up to 10 yM), whereas comparable CPPs are
toxic. Intracellular localization and the uptake mechanism are
independent of the substrate and can be varied on demand by
varying the hydrophobicity and disulfide-exchange kinetics.
Namely, more hydrophobic siCPDs enter mainly by
endocytosis and accumulate in endosomes. More hydrophilic
siCPDs with fast disulfide-exchange kinetics accumulate in the
cytosol because they depolymerize as soon as they arrive. In
clear contrast, the lifetime of siCPDs with slow disulfide-
exchange kinetics is sufficient for them to proceed from the
cytosol to the nucleus and accumulate on the anionic
oligonucleotides in the nucleoli.

The simplest siCPDs are the best. The most compact siCPD
4 is derived from lipoic acid and a guanidinium cation, the
original siCPD 1 simply from lipoic acid and L-arginine.
Classical structural modifications (hydrophobicity, aromaticity,
branching, boronic acids) do not improve performance. This
unresponsiveness suggests that the best siCPDs act differently.
Insensitivity toward inhibitors demonstrates that endocytosis is
almost irrelevant. Significant dependence on the presence of
exofacial thiols suggests that the counterion-mediated trans-
location known from CPPs* is coupled with thiol-mediated
translocation."® Namely, siCPDs bind covalently to the
membrane surface by disulfide exchange with exofacial thiols,
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cross the membrane like CPPs along transient micellar defects,
and detach into the cytosol by disulfide exchange with
intracellular glutathione (Figure 4E). This fascinating, con-
ceptually innovative thiol/counterion-mediated uptake mecha-
nism drives the concept of covalent delivery of unmodified
substrates to the extreme: The self-inactivating transporters not
only grow covalently on the molecular substrate in solution,
they also bind covalently to the membrane they are crossing.
The inability of both initiators I1 and 12 to enter HeLa cells
demonstrates that, contrary to predictions,1 simple thiolation is
insufficient to turn on thiol-mediated uptake. Permanent
capture at the surface and in endosomes found with boronic
acids in copolymers 1/11 confirmed that thiol-mediated
translocation requires more than dynamic covalent bonds at
the cell surface. For covalent translocation, the simplest siCPDs
are then best because they offer disulfide bonds and
guanidinium cations at the highest effective concentration for
thiol/counterion-mediated translocation.

Once the siCPD has arrived in the cytosol, disulfide-
exchange kinetics seem to determine its final destination.
Whereas the instantaneous depolymerization of transporter 4
liberates the unmodified substrates in the cytosol, a lifetime of
less than S min is sufficient for transporter 1 to proceed into the
nucleus. Rapid self-inactivation right after uptake also explains
nicely why transporter 4 is completely nontoxic. Most
importantly, it appears that thiol/counterion-mediated trans-
location is also controlled by disulfide-exchange kinetics.
However, the origin of the different depolymerization kinetics
is unknown. Differences in polymer length are insufficient to
account for their extent. Possibly, the guanidinium cations in 4
are in the best position to activate the thiolate leaving groups by
intramolecular ion pairing, but this is just a hypothesis.
Apparently essential to fully understand and exploit the unique
advantages of siCPDs, the origin, the variability, and the
functional consequences of disulfide-exchange kinetics of
siCPDs are currently explored in the greatest detail, with
particular emphasis on thiol/counterion-mediated transloca-
tion.
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