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RESUME

Les cellules ont développé plusieurs voies de signalisation et de réponses
transcriptionnelles pour réguler leur taille et coordonn er leur croissance et leurs
divisions cellulaires. L'intérieur des cellules est naturellem ent surchargé par des
macromolécules. Cet encombrement macromoléculaire, appelé crowding a été
intensément étudié in vitro et est connu pour affecter la cinétigue des réactions.

Cependant, I'étude des effets d'encombrementin vivo est plus difficile en raison du

N«
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cette these, nous nous sommes intéressés aux effets dehangement du volume
cellulaire sur la cinétique de réactions biochimiques chez la levure Saccharomyces
cerevisiaePour cela, nous avons induit des stress osmotiques pour omprimer la
cellule et étudier Iimpact du crowding sur les cinétigues de signalisation. La
réduction du volume cellulaire augmente la viscosité interne et peut retarder le
fonctionnement de plusieurs voies de signalisation et de processus cellulaires. En
augmentant progressivement le niveau de compression, on observe un
ralentissement des processus biologiques jusqu'a un point al I'adaptation cellulaire
est abolie. Ceci a été observé pour la translocation nucléairede facteurs de
transcription (Hogl, Msn2, Crz1, Migl et Yapl) ainsi que pour la mobilité des
protéines Abpl et Sec7. Nous montrons aussi que la compession altére la capacité
de plusieurs protéines a diffuser dans le cytoplasme de différents types cellulaires.
"7l ™" ™M e — 18221 EZe1lSeesSe T —BEEZ 837721434
viscosité intracellulaire ne soient pas sans rappeler une transition vitreuse. Ces
résultats suggerent l'importance d'un encombrement macromolé culaire optimal

permettant aux cellules de fonctionner correctement.






Context

CONTEXT

This thesis starts with a simple observation: living cells are densely packed with
macromolecules. Their interior is said to be crowded and is very different from a
dilute environment. In terms of magnitude, macromolecules occ upy an important
fraction of the cytoplasm of living cells . which may be as high as 30-40% of the
total cell volume [1]. The aspect of a biological interior was nicely illustrated by
Goodsell: proteins and cytoskeleton structures are entangled and fill the whole
cytoplasm (Figure 1). This can also be seen on an electron tmography image of the
crowded cytoplasm of Dictyostelium discoideumcells [2] (Figure 1). Those
observations of a dense cytoskeleton composed of a complex mesh of actin fdhments
support the idea that the cell interior is densely filled with heterogene ous and multi-
scaled structures. There is apparently little space available fa proteins to move

freely in the cytoplasm.

60nm

Figure 1. (A) Representation of internal cellular environments. (Left) Section of a
Mycoplasma mycoide cell showing DNA (yellow filaments), DNA polymerases (yellow

round shape molecules) and ribosomes (purple molecules). (Right) Portion of an eukaryotic

cytoplasm showing the cytoskeleton filaments and the riboso mes. (D.S. Goodsell, the Scripps
Research Institute). (B) Electron tomography visualization of the sub-cellular structures of a

Dictyostelium discoideumcell. Actin filaments are shown in red, ribosomes and other

macromolecules in green and membrane parts in blue (from Medalia et al[2]).

However, proteins do move in the cytoplasm and their mobilit y is crucial for many
biochemical reactions to occur and thus for a proper cell activity. Chemical solutions
with a high volume fraction of molecules create what is called a crowded
environment. The term concentrated is not really appropriate here, because, as it is

the case in a cellular context, single molecules or proteins may notbe present at high


http://mgl.scripps.edu/people/goodsell/illustration/biosites
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concentrations. Instead, it is the sum of many low-concentrated macromolecules
species that gives rise to a crowded interior [1, 3]. Macromolecular crowding has
been studied for years, mostly in vitro. It is generally expected to alter the
thermodynamics and kinetics of biochemical reactions when compared to the case
of a dilute solution [4]. While macromolecular crowding may enhan ce some
reactions by increasing the encounter frequency between chenical partners because
of a smaller distance between molecules, the rate of protein ercounters may also
decrease due to the difficulty for proteins to move around. It comes through that
crowding affects biochemical reactions depending on their r ate-limited step [5, 6].
Hence, predicting the impacts of crowding is not a trivial task. Although,

macromolecular crowding has been studied in humerous in vitro experiments, its
impact in a cellular context has been mostly overlooked. A few studies have
measured the chemical properties of proteins and kinetics of some biochemical
reactions in vivo and compared it to what was known in vitro. Notably, differences

were observed for protein stability [7] and protein diffusion rate [8].

In turn, we can wonder what would happen if the cell volume was red uced, and
thus the intracellular concentrations and macromolecular crowd ing were further
increased. Indeed, the cell volume can be altered by multitude parameters linked to
osmosis deregulations. To give a few examples: in ischemia, theimpairment of
Na*K*ATPase channel leads to NaCl accumulation and cell swelling [9]. Hormones,
like glucagon or insul in in hepatocytes trigger the abnormal motion of electrolytes
across the plasma membrane leading to volume deregulation [10]. Metabolic
reactions can also alter the cellular volume. For instance, muscé cells accumulate
lactate after exercise, increasing the intracellular osmolarity and triggering cell
swelling. Modification of the extracellular concentration, and thus of the external
osmotic pressure, also leads to volume changes. The kidney nedullary cells?® are
naturally exposed to high concentration of salt (NaCl) and ur ea due to the

concentrating action of the urinary system [11]. It is impo rtant to note that osmotic

1 The renal medulla is the innermost part of the kidney. The renal medulla contains the structures of
the nephrons which is responsible for maintaining the salt and w ater balance of the blood. The
interstitium of the renal medulla is hypertonic, providing osmotic gra dient for water reabsorption.
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stress also alters various biological processes. For examplehyper-osmotic stress
triggers cytoskeleton disintegration [12], endocytosis impairment [13] and
alterations of the nucleo-cytoplasmic transport [14]. Cells have evolved different
mechanisms to cope with osmotic challenges, and the genetic netwak and signaling
pathways at play are usually well characterized. However, the relatio ns between
osmotic challenges, the induced molecular crowding and the cell functioning are

mostly unexplored.

We are left with numerous interrogations regarding the impor tance of molecular
crowding in cells and how it is linked with the physiological r esponse to osmotic
stress. The aim of this thesis is precisely to explore thislink by quantifying the

dynamics of several cellular processes in live cells immediately after hyper-osmotic

compression.

I will use the yeast Saccharomyces cerevisiae a model organism. This classic
eukaryotic model has the advantages to be easily imaged by miaoscopy and
genetically manipulated through homologous recombination. Ma ny of its cellular
processes are well understood, at least mechanistically. It is alsoa perfect model for
guantitative studies, and it has been used as suchby several groups working at the

interface between physics, computational biology and biology.

Yeast cells detect, signal and adapt to a hyper-osmotic stressthrough the HOG
pathway (High Osmolarity Glycerol). HOG is viewed as a canonic al pathway for
signal processing in living cells and has received considerable attention these pas
10 years. A key feature of the HOG cascade is the phosphonjation and nuclear
translocation of the protein Hogl upon hyper-osmotic stresses Its nuclear import
occurs usually after a few minutes, is very reproducible and h as been used as a

robust output of the HOG cascade.

My PhD started with a counter-intuitive observation: the HOG c¢ ascade activation
kinetics was slower after a severe osmotic stress than after amild one . | expected to
observe a stronger response, which would have allowed the cell to better adapt to a
harsher environment. | then postulated that this change of dynamics could be due to

the increased macromolecular crowding in the cytoplasm and designed a set of



Context

experiments to test that hypothesis. Before describing these experiments in details, |
will first briefly review what is known on macromolecular crowd ing. | will then

focus on the description of the volume regulatory mechanism s in yeast, including a
description of the HOG cascade. | will then show that osmotic compression leads to
a progressive slow-down of the phosphorylation, the nuclear translocation and the
mobility of the key protein Hogl. In the last chapter we wil | see that a qualitatively
similar effect is obtained with other dynamical processes (nuclear translocation of
transcription factors and protein diffusion). The final disc ussion will outline the

relation between our findings and the glassy-like phase transition that occurs in
colloidal systems and progressively leads to a jammed system when the colloid

density increases.



Chapter 1. Introduction

CHAPTER 1.
INTRODUCTION

1. Macromolecular crowding

In vitro approaches

15

In vivo approaches

18

Cell volume and optimal molecular crowding?

21

2. Challenging macromolecular crowding through cell volume compressi  on___

The mechanism of osmosis

26
26

Osmotic behavior of biological membrane

30

Physiological response to osmotic stress

34

Mechanisms of cell volume regulations

35

Solutes transport

37

Organic solutes transport

38

3. Signaling osmostress in yeast

MAP Kinase pathways in yeast

39

The HOG pathway

44

39

4. The HOG pathway as a systems biology model

50

A word on microfluidics

50

Frequency response of the HOG cascade

52




Chapter 1. Introduction

1. Macromolecular crowding

As we briefly discussed, the intracellular medium is said to be crowded confinedor
volume occupiedCrowding and confinement have slightly different definitions
although inducing similar effects. While macromolecular crowding r efers to the
situations resulting from interactions of one soluble molecule to another,
macromolecular confinement points out the effect of the phy sical sequestration of
soluble molecules by fixed boundaries [15]. In other words, confinement occurs
when large particles are constrained to small compartments or pores with
dimensions comparable to the size of macromolecules. Macranolecular crowding
and confinement are interdependent and based on steric effecs. Their joint actions
impact the thermodynamics and kinetics of reactions. In the bacteria Escherichia cqli

the cytoplasmic macromolecular total concentration is about 300-400 gL [16].

Figure 2. Virtual cytoplasm in which the volume fraction occ upies respectively 1% (a), 10%
(b), and 50% (c) of the overall volume. Figure from Ridgw ay et al.[17].

In Saccharomyces cerevisibe density of macromolecules is about the same. It can be
estimated 2 around 330 g/L. This means that typically 30% of the yeast cell vdume is
physically occupied by macromolecules and organelles. Similarly, Lanni et al.
estimated the intracellular density of mammalian cells around 200-300 g/L by using
refractive index measurement [18]. As reviewed by Fulton in 1982, 17 to 35% of the
total volume of most living cells is physically occupied by macromolecules [1]

which means that the cell interior is very crowded, and far from the case of dilute

2The mean volume of a cell (V=37 un®; [197]) and the cell density (<=1.1 g/ml; [200]), gives a total cell
mass (mT) around 40.7 pg. The fraction of cell mass occupied by water is60% [199]. Therefore, the dry
mass (mu) represents 40% of the wet mass, that is 16ug. The cell wall represents 24.5% of the dry mass
[201]. Consequently, the protein mass inside the cell (mp) is 12 pg. As the mean volume of a cell is 37
pums3, the density of macromolecules inside S. cerevisiaeoughly is 330 g/L.
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solution studied in vitro (1-10 g/L). In Figure 2, the situation with different volume

fractions are represented and give an appreciable view of how crowded the
intracellular medium can be. The total occupancy of molecules may impact the
equilibrium thermodynamics and kinetics of biological reactions w hen compared to
in vitro kinetics in a diluted environment. Macromolecular crowding is simp ly due
to the mutual impenetrability of molecules caused by steric repulsion. Steric
repulsion is always present for molecules whatever the others repulsive or attractive
interactions. From steric repulsion emerges the existence of anexcluded volume
representing the part of the total volume that cannot be filled by another
macromolecule. This excluded volume depends on the number, size and shape of

the molecules present in the solution (Figure 3).

Figure 3. Representation of the excluded
volume. The minimal distance a particle
can approach another is defined by the
radius of the smallest particle (top panel).
Hence, if a particle is added to a finite
system containing particles of the radius
R1, the available volume (shown in green)
would be higher for a smaller particle
(blue) than a particle of the same radius.
Reproduced from Rivas et al.and Minton et
al.[6, 19].

In vitro approaches

Since the 60s, macromolecular crowding has been studied in the context of
deciphering its effects on the thermodynamic equilibrium of chemical reactions
macromolecules stability and association rates. Macromolecular crowding is studied

in vitro by the addition of a crowding agent to a set of test molecules. The crowding
agent is usually chosen with a molecular mass between 50 and 200 kda and does
not interact with the tested proteins so that it only incre ases the excluded volume
and changes steric repulsion between molecules [20]. Common nacromolecular
agents are polyethylene glycol [21], polyvinyl alcohol [22], dextrans [5], ovalbumin,

albumin or haemoglobin [23]. The thermodynamic stability of pr otein folding,
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molecules association, enzyme kinetics or stability of protein olig omers are frequent
subjects of investigations (Table J. Ogston and Laurent were among the firsts to
describe experimentally the physical chemistry effects of macromolecular crowding.
They showed that the addition of crowding agents to serum albu min in vitro
influenced the thermodynamic activities of the solution. They proposed that the
impenetrability of particles, and so volume exclusion, can explain the effects
observed when increasing the macromolecular crowding. Subsequent studies
mainly involved the coupling of mathematical models with in vitro experiments.
The Minton group [3, 4] extended the work of Ogston and L aurent and theoretically
demonstrated the importance of volume exclusion on the thermodynamics effects of
crowding. Their model described the effects of macromolecular crowding as a shift
in the thermodynamic equilibrium in favor of the more compact st ructure. Several
groups have also studied macromolecular crowding and confinement using
theoretical approaches. For instance, the Zhou group combnhed modeling and
experimentation to describe the effect of macromolecular agent like dextran on
proteins folding and interactions stability [24]. In general, ma cromolecular
crowding is predicted to stabilize compact states relative to | ess compact unfolded
states. For instance, macromolecular crowding is seen to alterthe refolding of
reduced lysozyme and triggers aggregation in vitro. Yet, aggregation can be
prevented by the action of molecular chaperones [25, 26]. Aggregation, h contrast to
polymerization, involves proteins in non-native conformations and is irreversible.
Amyloid fibrils are insoluble fibrous structured associate w ith numerous
pathologies. The use of crowding agents like random coil poly mers, cross-linked
polymers, and native proteins accelerates the rate of amyloid fibers formations as
observed for alpha-synuclein 3 [27]. In addition, macromolecular crowding enhances
protein association. Among others, it promotes the association of ribosomal
subunits [28] and favors fibrous protein formation through polymerization like
hemoglobin [23], F-actin [21] and fibrin gels [29]. Finally, macromolecu lar crowding

has also been shown to facilitate the association of DNA with its targeting proteins

3 Alpha-synuclein is a soluble protein that is prominently expr essed in the central nervous system. In
pathological conditions, alpha-synuclein aggregates to form insoluble fibrils that are hallmarks of some
neurodegenerative diseases (synucleinopathies).



Chapter 1. Introduction

and to enhance or favor DNA compaction [30]. Crowding effects on the kinetics of
reactions are also non-negligible. Leduc et al.in 2012 analyzedin vitro the effect of
macromolecular crowding on the motion of molecular motor on cytoskeleton

filaments. They postulated that molecular motors have evolved to operate in
crowded cellular environments. However, by increasing the co ncentration of the

motor protein kinesins above physiological conditions, they ob served a decrease in
its velocity [31]. Similarly, in vitro diffusion of globular proteins are lower in a

crowded solution of either hydrophilic polymers [32] or hydroge Is [33].

Table 1. Effects of macromolecular crowding; reproduced and modified from [39].

Macromolecular crowding effects on association equili  bria

Dextran 10K _Enha_nces the formation of a decamer of bovine pancreatictrypsin
inhibitor

Bovine Serum

Albumin (BSA) or

ovalbumin

Increases the binding affinity of replication protein Rep A for
specific DNA sequences

Protein RNase A Promotes the dimerization of tracer apomyoglobin

Reported effects of macromolecular crowding on protei n stability with respect to
denaturation

Stabilizes the molten globule conformation of apomyoglobin at

D K
extran 30 pH 2 with respect to heat and cold-induced unfolding

PEG 20K Refolding rate of Rd-apocyt b562 increases by 30% at 30°C
PEG 4K Increases the melting temperature Tm for thermal denaturation of
DNase |

Reported effects of macromolecular crowding on enzyme  activity

PEG 6K Increases enzyme activity of Escherichia colspP
Polymeric crowding Enzymatic activity increases and then decreases with increasing
agents concentration of protein crowding agents

Enhances activity of DNase | and S1 nuclease, does not
PEG 4K to 20K significantly affect activity of exonuclease Ill, and decreases
activity of exonuclease |

Reported effects of macromolecular confinement on p rotein stability and conformation

Polyacrylamide gels Increases the melting temperature Tm of several proteins

Mesoporous silica and

. Confinement of glucose isomerase increases specific activit
addition of 0.4 M urea 9 p y

Confinement of several proteins accelerates or decelerates rate of

Cavity of GroEL/GroES .
avity of Gro ro refolding in a size-dependent manner
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Despite the diversity of experimental conditions (crowding agents , particles
concentration, molecular weight) the results evidence that there are quantitatively
significant differences between a crowded environment and a dilute solution. It is
however difficult to extrapolate from those studies since th ey are performed in ideal

minimalist conditions far from actual biological conditions.

In vivo approaches

Cells are not only densely filled with macromolecules. They are also composed of
many different, interacting proteins moving in a heterogeneous , compartmentalized

structure. The effects of macromolecular crowding alone on biochemical and
biophysical cellular reactions are thus difficult to investigate i n living cells. Yet,

some groups managed to study the se effects on protein stability and folding. For

instance, the group of Oas analyzed the stability of the protein esssin E. Coli. Their
method is based on the detection by MALDI 4 mass spectrometry of the amide
hydrogen exchange as a marker of the protein folding stability. While the hydrogens
are usually protected from exchange upon native conformation of the protein,

unfold ed state exposed them to the solvent and led to their releag. The authors
compared the stability measured in vivo with previous in vitro data and concluded
that increasing crowding in vivo enhances the protein stability [7]. The group of
Gierasch developed a method to tag the cellular retinoic acid-binding protein |

(CRABP). They observed that the folding behavior and properties observed of the
protein in E. coli was consistent with in vitro studies [34]. Moreover, the 3D
visualization with high resolution of complex physiological environ ment is now
possible using cryo-electron tomography [2]. Also, cell organelles and protein
mobility can be efficiently observed using microfluidic techniqu es coupled to
microscopy [35]. In particular, diffusion of proteins is expe cted to decrease in a

crowded environment. This can be checked at the single cell level uing

4 The M atrix- Assisted Laser D esorption/l onization (MALDI) technique is a mass spectrometry method
that increased the upper mass limit of classical analyses of bianolecules to over 300,000 Da.
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Fluorescence Recovery After Photobleaching (FRAP)> or Fluorescence Correlation
Spectroscopy (FCSJ. In 2004, Weiss and collaborators analyzed by FCS the diffusion
of fluorescent dextran in the cytoplasm of HELA cells [8]. They observed an
abnormal sub-diffusion process 7 of dextran polymers. Using computer simulations,

they demonstrated that macromolecular crowding is implicate d in this process. Kao
et al. measured the diffusion of fluorescent particle in Swiss 3T3 fibroblasts. They
observed a decrease in the cytoplasmic diffusion of the small fluorescent probe

BCECF upon cell volume reduction (Figure 4A) [36].

Figure 4. In vivo effects of increasing macromolecular crowding on protei ns diffusion. (A)

Diffusion of BCECF inside 3T3 fibroblasts measured as a furction of the inverse of the

relative cell volume (V o/V). The diffusion of the fluorescent probe BCECF is decreased upon
volume reduction. Data are represented as the mean +/- stanérd error of the mean for three
to seven measurements. Taken from Kaoet al. [36]. (B) GFP diffusion in E. coli plotted in

function of osmotic up-shift. The authors observed the apparit ion of Visible Plasmolysis

Spaces (VPSs) above 280 mOsm/L that correlates the rapidetrease of GFP diffusion. Taken
from Konopka et al.[37].

5 Fluorescence Recovery After Photobleaching (FRAP) is a method for measuring the dynamics of 2D
or 3D molecular mobility such as diffusion or transport. A defined region is photobleached and the
recovery of fluorescence is monitored. The time of recovery is given by the motion of the remaining
fluorescence particles.

6 FHuorescence Correlation Spectroscopy (FCS) is a technique in which spatial fluctuations of the
fluorescence intensity are measured in a microscopic volume of about 1015 L (1 femtoliter) defined by a
focused laser beam.

7 Sub-diffusion processes are characterized by deviations from the classical Brownian diffusion. The
mean square displacement of a subdiffusive particle increases sublinearly with time. The degree of this
abnormality depends on the size and conformation of the traced particle and on the total protein
concentration of the solution.
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Similarly, Konopka et al. performed FRAP experiments in E. coli FRAP is more
difficult to achieve with bacteria than in mammalian cells due to their small size
(~ 2 um). Nevertheless, the authors managed to quantify a decreasein diffusion of

the GFP protein when the osmotic stress was increased, andthus the cell size was
decreased (Figure 8B) [37]. This is an important result, since it suggests that thecells
dynamics can be altered upon volume compression, as we hypothesized in the

introduction.

Indeed, applying a hyper-osmotic stress triggers the cell shrinkage and the
densification of its intracellular environment. Hence, it increases the level of
macromolecular crowding. Hyper-osmotic stress is known to have several
physiological consequences on intracellular organization, notably on organelles. For
example, osmotic stress induces the transient disintegration of both actin and
microtubule cytoskeleton [12]. It also affects the vacuoles morphology in S.
cerevisiaeVacuoles are the most prominent organelle in yeast and have a central role
in osmoregulation due to their capacity to stock water. After an osmotic stress, the
vacuoles divide in numerous smaller vacuole fragments [38]. In another study, the
impact of osmotic stress on the size and morphology of the nucleus in mammalian
cells has been computed. The authors predicted that the nuckus shrinks
proportionally to the cell size [39]. Petelenz-Kurdziel et al. confirmed these results
by measuring in S. cerevisia¢he size of both the cell and the nucleus upon various
NaCl concentrations [40]. In agreement with modeling, they observed a linear
variation of the nucleus size with the overall cell compression notably at low
concentration (100 mM NacCl). However, the nuclear volume recovered the osmotic
stress faster than the whole cell size, especially at high corentrations (> 400 mM
NaCl). Despite those known macrostructures alterations, it is not easy to
discriminate between a biological-physiological response and the crowding effect

due to the increase of the excluded volume.
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Cell volume and optimal molecular crowding?

As previously mentioned, the volume fraction occupied by macro molecules may be
as high as 30 to 40%. Most eukaryotes present a similarly high cowded intracellular
environment even though their typical dimensions vary betw een 5 and 100 pum

(Figure 5 and Table 2).

A B

Human egg
130um

Yeast S.pombe
3x 7um

E.coli bacterium
3x 0.6um Spem

60 x 5pm
Red blood cell | @ =
isi 8um
Yeast S.cerevisiae
Skin cell Red blood cell
3 x 4pm -
30um M

Figure 5. Cell size heterogeneity. (A) Comparison of cell sizes bewveen different species. (B)
Comparison of cell sizes in same organism (human). Reproduced from:
http://learn.genetics.utah.edu/ .

Table 2. Dimensions rates are taken from [41.43].

Species Dimensions Reactions rates
Diameter Volume Genome Diffusion of Cell cycle
(pm) (um3) (Mbp) proteins (min)
(Hm2.s?)
Escherichia coli 0.7-2 0.5-5 5 7.7 20-40
Saccharomyces 3-6 20-160 12 15 70-140
cerevisiae
Schizosaccharomyces 3.7-5 92 13.8 - 90-180
pombe
Animal cells 10-100 100 20063000 27 900-1800
10,000

To explain the apparent conservation of such a high intracellular density, Dill et al.
in 2011 postulated that it has been selected through evolution so that biochemical
reaction rates are optimal [44]. They took into account the competitive effects of
molecular crowding on diffusion and collision rates of protei ns. Decreasing protein
diffusion may limit the rate of biochemical processes, while increasing the

probability of protein encounters may increase the same biochemical rates. Since


http://learn.genetics.utah.edu/
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both effects depend on molecular crowding, there should be an optimal of protein
density for which the biochemical rates are maximum. In their th eoretical
framework, they only took into account diffusion-limited reac tion. The rate of
reaction, N, of a stationary reactant of radius =with a mobile particle was
approximated to be proportional to the concentration “?and the diffusion constant &

of the mobile particle:
NLve=?& (1)

The authors used the fact that c varies like the volumic fraction Q Increasing O
increases the frequency of particle encounter but on the meartime decreases ther
diffusion. Therefore the two effects can equilibrate each other. To link the diffusion
to the molecular crowding, they first expressed the cytoplasm vis cosity by:

B L RBFs F—OG76 @
Q

R,being the viscosity of water, and Q;~0.58 the volume fraction where the glass
transition occurs. Assuming that the diffusion coefficient, & varies like the inverse
of the cytoplasm viscosity, (1/ <), the diffusion rate is given by:

. o ° ®3)
N1?8& OFs FaG

To find the maximum rate, and so the optimal one, the authors set the derivative of

this equation to zero:

oN Fs F£)G6Fth FEG-IQGLr (4)
@0 ™ g & q

The maximum rate is obtained when G= Q3. As previously mentioned, §Q=0.58.
Thus, the predicted optimal macromolecular density is G=0.19. This estimated value
is close to the actual cellular volume fraction ( O¢ V i {8, 45]. This optimum, if it
exists, corresponds to a fine tuning between the cell size ad the intracellular
macromolecular content. Above the optimal volume fraction, the diffusion

coefficient significantly decreases and affects all diffusion-lim ited reactions. Rapid
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protein association is an example of diffusion-limited rea ctions. In contrast,
reactions can also be limited by the rate of conversion of anintermediate. Such
reactions are referred to as transition-state or chemically rate-limited. Note that
molecular crowding is expected to decrease the rate of diffusion-limited reaction

while possibly enhancing chemically rate-limited reactions (Figure 6 ).

Figure 6. Representation of reactions rate in function
of the molecular crowding. The dashed green line
represents diffusion-limited rate constant,
: proportional to the frequency of encounter of the
’ two reactants. The dashed blue line depicts
e chemistry-limited rate constant. Finally the solid red
' line corresponds to the overall rate constant. Taken
N from Ellis [45].

Log reaction rate constant

[Crowding agent]

In this simple description, Dill et al. did not take into account the intracellular

complexity. The authors disregarded chemically rate-limited re actions and assumed
that the intracellular species behave like hard spheres, a crudeapproximation. Yet a
soft colloid framework is more appropriate to describe the c ell interior [46]. Colloids

are particles of nano- or micro-meter size that are dispersedin a liquid, forming a

suspension. Colloidal particles can be either solid (rigid) like glas s or plastic, or soft
(deformable) like vesicles or micelles and are respectively called hard and soft
colloids. These colloidal particles, when present at high density, may alter the ability
of the liquid to flow as in a dilute case, ultimately undergoing what is called a glassy

transition: the system becomes jammed. Near this transition, the motion of the
particles in the suspension becomes slow enough that it can be casidered as frozen.
In a very recent study, Zhou et al. showed that eukaryotic cells interiors behave as
soft colloids upon compression [47]. More precisely, they showed that the
cytoplasmic viscosity increased exponentially with the macromo lecular volume

fraction, a characteristic reminiscent from a soft glassy transition (Figure 7).
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Fragility, defined as the derivative of the logarithm of the v iscosity with respect to
the volume fraction, is used to characterize the behavior of such glassy transition
and in particular the ability of a colloidal system to support small perturbations of
density [48]. The relaxation time of non-deformable hard colloidal particles is highly
sensitive to a change in density which defined them as fragile liquid. On the
contrary, soft colloids are deformable particles and are able to go beyond simple
contact with surrounding particles. Their glassy transition is more progressive than
for rigid particles. They are said to be non-fragile liquids. As shown in Figure 7, the
intracellular viscosity is drastically increased when the crowding is increased.
Although this model of the viscosity of the cytoplasm is cl oser to reality than the
elementary one used by Dill et al, their conclusion remains valid: increasing the
protein density and thus the molecular crowding inside t he cytoplasm increases the
cytoplasm viscosity and thus decreases the diffusion coefficients of proteins, thereby

decreasing their biochemical reaction rates.

Figure 7. Cells behave as soft colloid under compression. (A) The viscosity of different
mammalian cells is estimated in function of the relative volume fraction of macromolecules.
Cells present an exponential distribution contrasting wit h the sharp transition observed for
hard sphere (black cross). (B) The fragility m is plotted in function of the isotonic stiffness.
Figure taken from Zhou et al[47].

As we have just discussed, cell volume compression induced by osmotic
perturbations allows the investigation of diverse biological proces ses including
protein stability and folding [7, 34], sub-cellular diffusion rate [8, 36, 37], or
membrane mechanical properties [47]. Importantly, we can wonder how signal
transduction mechanisms are affected by macromolecular crowding. Only few
groups have analyzed the impact of macromolecular crowding on signaling

pathways. Eide and coworker used a computational simulation to inv estigate the
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coupling of ligands to the dedicated receptor in the T lymphocytes [49]. Lipkow et
al. studied the impacts of macromolecular crowding on the che motaxis activity of
E. coli. They analyzed the diffusion of the protein CheY from the r eceptors to the
flagella motors. When they introduced macromolecular confinement to their
simulations, the authors observed a decrease in CheY diffusion [50]. Even if a
variety of modeling approaches could be used for such investigation [17, 51],
computing the effects of crowding remains difficul t [52]. Some studies approached
experimentally this question. Rohwer et al. measured in vitro the rate of transfer of a
chemical group along a series of carriers [53]. They analyzd a classical bacteria
group-transfer pathway called phosphoenolpyruvate (PEP): carbohydrate
phosphotransferase system (PTS). Upon glucose uptake byE. coli a phosphoryl
group is transferred along four PTS proteins. The authors measured a decrease in
the flux of phosphoryl transfer under macromolecular crowding. Even if this
investigation has been successfully conductedin vitro, transferring such analysis in
vivo is not trivial. To our knowledge, Van Wuytswinkel et al. are the only one to
show a direct macromolecular crowding effects on signal transduction although
their study was very preliminary and not conducted in the purpose of investigating
the effects of crowding [54]. The authors applied osmotic shocks to the yeast S.
cerevisiaeand analyzed intermediate reactions kinetics of the High Osmolarity
Glycerol (HOG) 8¢ MAPK pathway. For a severe stress (1.4 M NacCl), they observed
that the HOG cascade was apparently slower than for a gentle dress (0.4 M NacCl).
They did not provide any reasonable explanation for this. Volume compaction due
to osmotic stresses and the increased in macromolecular cravding is a possible
explanation of this counter intuitive effect. In this thesis, we w ill further explore this
and use osmotic compression to study the links between induced molecular
crowding and signaling in yeast. However, it is important firs t to characterize what
the effects of osmotic stress are in the cellular contex, and then to describe precisely

the way the budding yeast cope with it.

8 The High Osmolarity Glycerol (HOG) MAPK pathway is activated by increased enviro nmental
osmolarity and results in a rise of the cellular glycerol concentr ation to adapt the intracellular osmotic
pressure.
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2. Challenging macromolecular crowding through cell volume
compression

The mechanism of osmosis

Z+ e 1 E " —parfect sdnts-permeable membrane, thatis a membrane permeable
to solvent, in our case water, but impermeable to solutes. If the concentrations of
solutes are not identical on both sides of the membrane, acne observes motion of
water through the semi-permeable membrane to equilibrate solutes concentrations
on both sides. This results in the creation of a pressureacting on the membrane. The
osmotic pressure, ”, measured in Pascal (Pa), is defined as the pressure that one

needs to apply externally to counteract the net flow of water (Figu re 8).
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Figure 8. Osmosis equilibration triggered by water flow through a semi-permeable
membrane. Water flows from the area of low solute concentration (blue dots; right chamber)
to the area of high solute concentration (left chamber). If a pressure is applied to the plunger,

the flow of water is reduced. The pressure necessary to stop the wder flow corresponds to
'Z1"@-"E1™>70®2>281"11 Z™efalBE.Z+1+> -1 +>S—e71

“Z1 S— -« Yelatien states that the osmotic pressure that is due to the presence b

a solute in ideal solution is given by:
J
€ L46; L 46% (5)

R is the perfect gas constant (8.31 J/K.mol)T the absolute temperature (in kelvin), n
is the number of osmotically active moles, V is the volume (m3) and C the molar
concentration of solute i. Accordingly, increasing the number of solute molecules in
a solution increases its osmotic pressure. If one mole of eletrolyte dissociates into
several ions, it results in a greater osmotic pressure than n the case of the addition
of a simple compound. The osmolarity of the medium is higher . The number of

mole has to be multiplied by the number of ions after dissolution (ex: 1 mole of
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CaCl: = 3 osmol). The osmol concentration of a solution can be destbed either in

term of osmolality or osmolarity. Osmolality indicates the total nu mber or moles
present in a kilogram of solution, while osmolarity is related to the nu mber of moles
present in one liter of solution. Osmometers are dedicated tools for measuring the

osmotic pressure. Membrane osmometers are made with a chamier connected to a
column and filled with high concentrated solutes (Figure 9). A semi-permeable
membrane separates this chamber from the solvent. Due to he differences in
osmolarity of the two solutions, water flows inside the chamber a nd the level of

liquid rises inside the column: the level of liquid in the column rises above the level
of solvent. The osmotic pressure is equilibrated by the hydrostatic pressure due to

gravity.
eLeD (6)

in which h is the level difference between the column and the solvent chamber, ¢ is
the volumic mass of the solution and g the gravity acceleration. Measuring h is a
direct measurement of the osmotic pressure. Alternatively, the osmotic pressure can

be measured directly by a pressure transducer [56].

Figure 9. Basic representation of a membrane
osmometer. A solution (dark blue) is separated from
the solvent (light blue) by a semi-permeable
membrane. The equilibration of the sum of osmotic
pressures and hydrostatic pressure leads to a
difference of water levels that can easily be measured.

In terms of thermodynamics, the osmotic equilibrium is reach ed when the chemical
potentials of the solvents are identical on both sides of the membrane. The chemical
potential is defined as the change of enthalpy (E5) of a system if some particles are
added or removed to a solution when the number of moles of other compounds, the

temperature and the pressure stay constant:
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For the case of an ideal gas,he chemical potential is then given by:

4L éf‘JE46é24§—f (8)

adis the chemical potential under the standard conditions and depends on the
temperature only, while 2yis the partial pressure of the speciesi. Similarly the

chemical potential for a solute in an ideal, dilute solution is expres sed as:
%0
oL &) E 4 6+ 9
al & —3/; )

%is the concentration of molecule i. Yet, real solutions differ from ideal situations
due to interactions between molecules of solute speciesi and all other solute and
solvent molecules in the solution. To account for this, the chemical potential is then

expressed as:
auL & E 468 = (10)

ais called the thermodynamic activity and is given by:

oL U, )

% is the activity coefficient. In ideal situation, #=1and the effective concentration a
is identical to the concentration. When the concentration increases, the slution is no
more in ideal conditions and the activity coefficient decreases due to solute-solute
interactions. This is in particular the case when studying highly crowded solutions.
On the previous equation, ~—Z71@ZZ0ele'Sele'Z1 S— 1 “eel57¢Se’"—1'®1S—S
law of the ideal gas. With the same analogy one can relate the omotic pressure to
the chemical potential and get a definition even in the case d crowded

environments ¢ >1 ‘"E‘1e‘Z1 S— o1 "eel>7eSe’ " —_1e 7@l —"e1'"eelS—¢-">7Z1

Considering the situation of a semi-permeable membrane that separates a diluted

solution from a pure solvent, the osmotic equilibrium can be written as,



Chapter 1. Introduction
B, L& ET Ed46 (12)

where & :’;is the chemical potential on the side of the pure solvent (water) and
& " E t’; E 4 68 <, the chemical potential on the solute side, where the pressure

is augmented by the osmotic pressuredp. We can then write that

%:’ET’;L%Z’;E@% (13)
and ﬁl'% (14)

Vmis the molar volume, that is to say the volume occupied by a mole of solute. By
combining the last equations and knowing that the pressure differences, dp, is the

osmotic pressure, ” dnke obtain:

. 46 .
e L s (15)

For diluted solutions, the activity can be written as = L s F with Tythe
proportion of solute relative to the number of total moles. In highly diluted
solutions, Tgs small compared to 1 and one can approximate the In(1- Ty ~ -Ty

Therefore, the osmotic pressure can be expressed as:

S L4 % T (16)
e L—aj
&
By definition, Tgs equal to the ratio of the number of mole of solute, Jy on the
number of total moles, J.a.cFor a dilute solution, it is close to the number of mole of

solvent, nw. SinceVm.nw is the total volume of solvent, V, Z1le' —e1e¢‘Z1 S— 1 “eeleS

for a diluted solution:

46
e L—SéUEL 46%E (17)
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Osmotic behavior of biological membrane

Osmotic equilibration often occurs in a cellular context. Howe ver, cell membranes
are far from the ideal semi-permeable membranes previously described. For
instance, water motion directed by osmotic gradients may be enhanced by the
presence of water channels, the aquaporins® [57]. Moreover, biological membranes
are permeable to electrolytes. Apart from small molecules that diffuse
spontaneously, transport through the membrane can be achieved actively through
ions channels and carriage processes [58]. Similarly to water, edctrolytes move
toward their lower concentration and this transport is at play when concentrations
on both sides of the cytoplasmic membrane are unbalanced. This isindeed why cells
spend some of their energy to maintain concentration of key ions despite their
external concentration by constantly pumping them in or ou t. Note that an ionic
flow ultimately helps to decrease the difference of osmotic pressure. Staverman,in
1951, improved the model of cellular osmosis by including the membrane

permeability to solute i [59] and introducing the refle ction coefficient, -+

2

¢ &
AL

Fgl === (18)
U

¢ & o ls the observed osmotic pressure and ¢,  gs the osmotic pressure for an ideal
semi-permeable membrane. The reflection coefficient ranges from0 to 1. When the
solute is entirely impermeable to the membrane, +=1. On the contrary, if the solute
is entirely permeable to the membrane, the reflection coefficient is equal to zero.

This reflection coefficient term is added to the primary osmotic pressure equation.
cHud GAB6AS (19)

Taking into account the membrane permeability to solutes, the flow of water, Jv,

driven by hydrostatic ( BP) and osmotic (E ) pressure differences, can be defined as:

9 Aguaporins are water channels involved in the control of the w ater content of cells [208]. Although
aquaporins are water specific, they may also be permeable to small molecules like glycerol or urea. In
the yeast S. cerevisigethere are two aquaporins, named AQY1 and AQY2. Yeast strans deleted for
aquaporin genes, most notably AQY2, show a stronger resisiance to rapid osmotic changes [208]
However, many yeast strains, including the parental strain s we are using in this study, have a genetic
mutation for aquaporin genes and express non-functional aquaporin s [209].
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Lp corresponds to the hydraulic conductivity of the cell m embrane. It defines the
permeability of the membrane to water. Most cells do not actively maintain an
osmotic pressure difference through their membrane, although they use their
channels and pumps to control the ionic content of their cytoplasm. However,
organisms surrounded by a rigid cell wall like plant cells, yeast or bacteria, maintain
a significant pressure difference, called turgor pressure [60]. The turgor pressure has
an essential role for growth, cell structure and membrane transport. The cell wall
surrounding the membrane of such cells is a rigid and dy namic organelle that
notably protects cells against external mechanical stresgs, including osmotic stress.
The turgor pressure is due to the mechanical rigidity of t he cell wall. The turgor
pressure is measured as the difference between the intern& ( "in) and the external

("ex) total pressure exerted on the cell.

(L euaf &eg (21)

Figure 10. Diagram of a pressure probe and
its utilization on cell. (A) Pressure probes
are composed of a micro-capillary,
pressure transducer and spaced filled with
oil (represented shaded). (B) The
penetration of the micro-capillary in the

cell triggers the formation of a meniscus at
the interface between the cell medium and
the micropipette oil. The pressure is
measured by positioning the meniscus,
thanks to the metal rod, to its location
before inserting the micro-capillary. Taken
from Boyer [61].

Several methods have been used to estimate the turgor pressure of cell-wall
organisms (Table 3). In plants, turgor pressure of single clls was measured
experimentally using pressure probes (Figure 10). The device, iniially developed
for large single algal cells, is essentially composed of a pessure transducer and a

micro-capillar filled with oil. The tip of the micro- capillar is inserted inside a cell
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and the turgor pressure corresponds to the necessarypressure to stop the flow out
of water [61]. However, such method is rarely used in single cell d ue to the technical

difficulty of targeting a specific cell; instead it is applied for who le plant tissues.

The small size of micro-organisms such as bacteria or yeastprevents the use of
pressure probes. In prokaryotes, organelles called intracdlular gas vesicles are used
for turgor estimations [62]. Gas vesicles are intracellular compartments filled with
air and impermeable to water. They are found in prokaryotes lik e cyanobacteria
halophilic archaeo bacteria and some eubacteria These gas vesicles do not absorb
light in the visible spectra but instead they scatter light . Under pressure, the gas
vesicles collapse, decreasing the amount of light scatteed. Ultimately, the turgor
can be measured through quantification of this decline in function of the pressure
applied. However, this technique cannot be applied to every cell-walled organism
since only some prokaryotes present gas vesicles. Minc andcoworkers developed a
microfluidic device to extract the mechanical properties of the vyeast
Schizosaccharomyces porfig]. Other technical approaches exist but are usually not
very precise [64, 65]. It is indeed a challenge to measure an asiotic pressure in a
complex system, densely packed with proteins and macromolecules such as a
cytoplasm. The presence of the turgor cell wall that can sustin a difference of
osmotic pressure between the internal and external environment is a considerable
limitation to internal osmotic pressure estimation. In the buddi ng yeast, there is no
experimental method for direct measurement of the turgor pr essure. Instead,
several studies estimated the turgor value indirectly [65, 66] but unfortunately
obtained values that did not compare very well (Table 3). According to the V S— 1
Hoff relation the cell volume and the external osmotic pre ssure are inversely
proportional. Yet, because of the turgor pressure, this equation cannot be applied
directly. Under compression, the turgor pressure decreases as the osmotic stress
increases and three regimes can be distinguished [66]. Durng the first one, called
the transient phase, the turgor pressure decreases but stillpresents positive values
(Figure 11, left). When the turgor pressure reaches a null value, volume reduction
enters the second phase, the steady-state phase. In this cas the cell shrinks in a

manner inversely proportional to the external osmolarity (Figur e 11). The turgor
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pressure is null and the internal and external pressures are equal. From this, the
turgor pressure can be estimated [65]. Recently, Schabeet al.made a mathematical
model of cell-wall organisms under compression [67]. They compiled four
experiments conducted on S. cerevisiagn which cell volume variations were
measured over a range of osmotic stress. By fitting their model on their
experimental data, they extracted a turgor pressure of 0.6 MPa. Such value is
supported by previous estimation of yeast turgor in stationa ry growth phase [68].
After the steady-state phase, the volume reaches a plateau. Duing this plateau, the
cell undergoes plasmolysis which is the physical dissociation of the cell wall from

the membrane [67].

Figure 11. Cell volume and osmotic pressure
relationship in cell-walled organisms. (A) Cell
volume reduction in function of increasing
external pressure Ueéx) can be subdivided in
three phases. In the transient phase, the turgor
pressure decreases but stays positive. In the
steady-state phase, the turgor pressure GE”« (i
reaches a null value and the cell volume
YS>'Se’"—1e7ee” @1l e'Z1 S— o1 “eel S il
extreme osmotic pressure, the cell reaches a
minimal volume for which plasmolysis occurs.

b corresponds to the smallest possible size and

is referred as the non-osmotic volume (NOV).

Table 3. Turgor pressure measurements and methods used.

Organisms Turgor Techniques References
pressures (MPa)

Arabidopsis Epidermal root 0.65 Pressure probe [69]

cells

Bacteria Ancylobacter 0.187 Intracellular gas vesicles [70]

aquaticus

YeastS. pombe 0.85 Microfluidic chamber [63]

Bacteria Bacillus subtilis 1.9 S —Heff relationship [65]

YeastS. cerevisiae 0.05-2.9 S— o1 “eelsghiBe’" [71,72]

YeastS. cerevisiae 0.6 Mathematical model [67]
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Physiological response to osmotic stress

In iso-osmotic conditions, cells are, by definition at an osmotic equilibrium (Figure
12, middle). Whenever a change in osmolarity occurs, a flow of water and
electrolytes spontaneously appears, leading to a change of ell volume and a novel
mechanical equilibrium, in which the osmotic pressures and t he turgor pressure are
balanced. One talks about hypo-osmotic stress when the extacellular environment
is diluted compared to the iso-osmotic conditions for the cell. Such dilution triggers
a net flow of water inside the cell. Consequently, the cell swells. The cell membrane
is stretched and this can eventually lead to the rupture of the cell membrane
(haemolysis in red blood cells). Cell-walled organisms are more resistant to bursting
because of the cell wall that can resist expansion (Figure 12 left) [73]. In such
situation, cells are said to be turgid. In contrast, hyper-osmotic stress corresponds to
the change from an iso-osmotic to a concentrated extracellularenvironment. It leads
to the loss d cytoplasmic water and the shrinkage of the cells. Consequently, the cell

membrane wrinkles and for a too strong stress, plasmolysis appears (Figure 12,

right) .
Solutions Hypo-osmotic Iso-osmotic Hyper-osmotic
(I 7
&' !y
Animal cells
Normal Shriveled
Yeast cells

Figure 12. Comparison of hyper-osmotic, hypo-osmotic and iso-osm otic conditions in animal
(top panel) versus cell-walled organisms (bottom panel). In hypo-osmotic solution (left) ,
water flows in and triggers the cell to swell. At high hyp o-osmotic condition, cells could
eventually lyse. In hyper-osmotic condition (right), water flows out leading to cell shrinkage.
The cell membrane ultimately invaginates. In cell-walled organism s, plasmolysis occurs.
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Mechanisms of cell volume regulations

We have previously discussed the effect of changing the exernal osmotic pressure
on the cell volume and the cell mechanical integrity. Mammalian o rganisms usually
maintain their cells in a controlled environmental fluid with limit ed osmotic
fluctuations. However, some specialized cells, like the kidney in ner medullary cells
[11] or chondrocytes cells [74] are subject to rapid and strong variation in their
intracellular or extracellular concentration and need dedicated volume regulatory
mechanisms [75]. In plant, osmosis has essential functions for cell growth and
nutriments uptake by the roots. During these processes, pant cells swell until they
become turgid due to the high pressure exerted on their cell wall [60]. Such stress
leads to an abnormal cell physiology that may impact the proper f unctioning of
biological processes. Cells should be able to adapt to such ess so as to recover a
normal cell size. There are several regulation mechanisms depending on the cell
type and their usual ionic environment. For micro-organisms, t he predominant
strategy for osmoregulation is the production and accumu lation of a compatible
osmolyte. For instance, E. colican synthetizes glycine betaine as an osmoprotectant
[76]. This osmolyte is said to be compatible as it does not alter, a priori, the
intracellular properties even at high concentrations. Other micro-org anisms living in
extreme environments like halophilic bacteria or archaea, have developed a saltin 1
strategy [77]. As those organisms are constantly challenged by $rong osmotic stress,

they can maintain a high intracellular salt concentration.

In its natural environment, S. cerevisiaeis exposed to sucrose and hexoses
concentrations ranging from 0.1 to 1.5M [78]. In laboratories, 1 M sorbitol
corresponds to the typical concentration to induce an osmotic stress for S. cerevisiae
Many micro-organisms are adapted to extreme environments such as high osmotic
conditions, acidic pH, or low temperatures. Organisms that are abl e to grow under
constant stressful conditions are called extremophile. The capacity of a species to

grow under low availability of water is termed osmotolerance 0, xerotolerance,

10 Osmotolerance is the ability to resist a wide range of osmotic pressures.
11 Xerotolerance is the ability to grow in conditions with low w ater availabilities.
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halophilism %2 or osmophilism 12 [79, 80]. The first term is more generally applied for
yeast. Osmotolerant yeasts cannot be separated in two catgories but rather present
a range of tolerances [80]. Yeasts are among the best studi micro-organism for
osmoregulation. This is mainly motivated by industrial interest s such as the
improvement of fermentation performance or the determination of adaptation limits
for food preservation. A few yeast species are able to grow in moderate salt
conditions such as D. hanseniiwhich maximally grow in the presence of 0.25 - 0.5M
NaCl. Although osmotolerant cells are able to grow in extreme environment, their
growth rate is generally slower than osmosensitive cells (Figure 13). Indeed the
mean generation time for osmotolerant yeast strains is about 4to 8 hours while non-

osmotolerant strains divided every 90 .120 minutes [80, 81].

Figure 13. Representation of
growth rate capacity of various
osmotolerant micro-organisms
function of the external

A Non halophile

Escherichia coli
Saccharomyces cerevisiae

/ Halotolerant in

Staphylococus aureus
Debaryomyces hansenii

PRHalophile
< Vibrio fischerii
Dunaliella viridis

Growth rate

R
Extreme halophile]

alobacterium salinarum

0 10 2.0 3.0 4.0 5.0 [NaCl] (M)

- 1.00 0.97 0.94 0.89 0.85 081  ay

osmolarity. The osmotolerant
yeasts Zygosaccharomyces rouxii
or Debaryomyces hansemiie able
to grow under 4 M sodium
chloride while Saccharomyces
cerevisiae reaches its limit
around 1.7 M NaCl [82]. This
graph is  adapted from
Horikoshi and Grant [81], and
Madigan et al.[83].

12 Halophilism is the requirement of high salt (NaCl) concentrations for growth of microorganisms.
13 Osmophilism is the requirement of high osmotic pressure for gro wth of microorganisms.
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Solutes transport

Osmoregulation mechanisms involve ionic or organic molecules accumulation and
transports through the cell membrane. In mammalian cell s, electrolytes are the first
solutes to be mobilized after osmotic alterations. The major ions species implicated
are Kt, Na*, Caz* and CI-. lon transport is done by channels and carrier-type
transporters. Channels ensure the diffusion of electrolytes downhill to their gradient
through passive transport. Transporters include exchangers (Na‘/Ca%), co-
transporters (K*/Cl-), and active ion pumps. The last one uses ATP to trigger the e
transport of electrolytes opposite to their gradient directio n (Na*/K*ATPase). Those
gradients are essential for vital cellular functions like the production of electrical
signals in neurons or for signal transduction pathways activatio n. As the cell
accumulates essential materials, like proteins or metabolites, the export of
electrolytes allows the maintenance of concentrations balance. Therefore, the
concentration of electrolytes is usually slightly lower insid e than outside the cell.
The volume maintenance is essentially achieved through the Na‘/K+ATPase pump.
Potassium is also required within the cell to activate a variety of processes, whereas
high intracellular sodium concentrations are inhibitory. Intracellula r potassium is
also required for the exclusion of the ion chloride CI - thanks to the co-transporter

K*/Cl- (Figure 14A).

In S. cerevisige ion transport mechanisms consist of six plasma membrane
transporters: the potassium uptake channels Trkl and Trk2, the potassium channel
Tok1, the Pi-Na symporter Pho89, and the efflux systems Ena (Na*-ATPases) and
Nhal (Na*/H+* anti-porter) (Figure 14B). In S. cerevisigeapplying NaCl stress may be
deleterious for cells due to the accumulation of intracellular Na *. To limit its toxicity,

Na* is either excluded from the cell through the Nhal channel or sequestrated in a

pre-vacuolar compartment [84].



Chapter 1. Introduction

Figure 14. (A) Representation of major ion channels in mammalian cells. the Na*/K+ATPase
(red, top), the Na*/Caz* exchanger (yellow, left), K+ and Na* ion channels (black), the K#/Cl-
cotransporter (green, bottom) and the Na* amino acid cotransporter (blue, right) are the
principal channels assuring ion transports. (B) Representation of major ion transport systems
in S. cerevisiae

Organic solutes transport

Electrolytes recruitment occurs on short timescales but longer hyper-osmotic
exposition leads to the accumulation of compatible organic osmolytes. Those
osmolytes may be present at high concentration inside the cytoplasm (10 to
100 mM) and play key roles in cell volume regulation. Three major classes of
osmolytes exist in eukaryotes: polyalcohols (e.g. sorbitol, inositol, glycerol),

methylamines (e.g betaine) and amino acids plus derivatives (e.g glycine,
glutamate). Their accumulation is mediated either by active transport through

dedicated channels or by de novaosynthesis. To detect osmotic changes, mammalian
cells use different signaling mechanisms such as p38+4, ERK*®>and JNK 6, |n the
budding yeast, our model of study, the central system for osmo-adaptation is the

HOG pathway, of the family of the Mitogen Activated Protein Kinases (MAP K).

14 The p38 signaling transduction pathway plays an essential role in regulating many cellular processes
including inflammation, osmotic stress, cell differentiation, cell gr owth and apoptosis.

15 The Extracellular Signal-Regulated Kinase (ERK) cascade functions in cellular proliferation,
differentiation, and survival.

16 The c-Jdun NH2-terminal Kinase (JNK) pathway becomes activated after exposure to inflammatory
cytokines as well as to diverse stress inputs including UV ir radiation or heat shock. It also plays a role
in neural development and apoptosis.
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3. Signaling osmostress in yeast

MAP Kinase pathways in yeast

The MAPK pathways are specialized eukaryotic signaling cascades involved in a
wide range of cellular processes. They respond to various stimuli, such as growth
factor, stress or nutrient conditions [85]. MAPK cascades dedicated in stress-
response stimulations are called Stress-Activated Proten Kinase (SAPK) [86]
MAPKs contain a module of three protein kinases that act in series and are
successively activated by phosphorylation (Figure 15). A set of dedicated membrane
proteins sense specific stimulation and activate the first actor called a MAP kinase
kinase kinase (MAPKKK) protein. This kinase will in turn phos phorylate (activate)

the MAP kinase kinase (MAPKK) protein on its serine and th reonine domains, itself
phosphorylating the MAP kinase (MAPK) protein on its thr eonine (or serine) and
tyrosine residues (Thr/Ser-X-Tyr). This last phosphorylation can induce the
translocation of the MAPK into the nucleus. There, it phosp horylates transcription

factors on conserved serine/threonine residues. After the MAPK pathways have

performed their signaling and the transcriptional regulation has occurred, the
cascade activity can be shut-down by various feedback mechaiisms. In particular,

several proteins phosphatases can act either on MAPKK or MAPK (serine-threonine

phosphatases) or only on MAP kinase (tyrosine phosphatases) pioteins [87].

Figure 15 Representation of a MAPK
pathway. MAPK cascades are composed
by proteins kinases that are activated
successively by phosphorylation on
conserved residues. Reproduced from
Rodriguez de Mier [88].
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In S. cerevisigeMitogen Activated Protein Kinases (MAPK) pathways are very well
described. S. cerevisiaeontains five MAPK pathways. The spore wall assembly
pathway is specific to diploid cells and occurs when they un dergo meiosis [89]. We

will not describe it further here. The four others pathways are the f ollowing:

The Pseudohyphal growth pathway is induced in diploid cells by nitrogen
starvation and in haploid cells by carbon starvation. It trigg ers cell elongation and
invasive growth. This signaling pathway involves many but not all of the
components used in the pheromone response pathway (see below) [90].The scaffold

protein  Ste5 is probably responsible for pathways insulation

Figure 16, left). By tethering actors of the pathway, Ste5 form a canplex that direct

the signal to the appropriate MAPK [91].

The Pheromone pathway mediates the interaction between two haploid cells of
different sex type (a or ..cells) which mating gives a diploid cell. This pathway is
initiated by pheromone molecules released by the haploids of the opposite cell type.
Response to pheromone includes polarized growth towards a matin g partner, cell

cycle arrest in G1, and increased expression of proteins needed forcell adhesion.
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The Cell Wall Integrity (CWI) pathway s initiated by hypo-osmotic stress, as well
as situations in which the cell wall integrity is compromised [92]. This cascade is not
only activated after a stress of the cell wall, but also in normal physiological
conditions, notably during cell growth and cell wall remodeling. D uring cell
division or mating, the membrane can be under tension and/or d eformed. Such

morphological changes are assumed to be handled by the CWI pathway.

Finally, the High Osmolarity Glycerol (HOG) pathway is involved in hyper- e

osmotic stress response. The HOG pathway is one of the besunderstood osmo-
responsive systems in eukaryotes [93]. Together with the pheromone pathways,
they are considered as models to study the quantitative asped of MAPK cascades
The HOG pathway presents several easy and observable readouts Several studies
analyzed its dynamics and predicted their behavior by model ing approaches [94.

96]. We will come back in details on its description and functioning.

As shown on

Figure 16, the MAPK pathways often share components, but cross-activation,
although possible in principle, is not usually observe d [97]. For example, the
mechanism which maintains the response specificity between the HOG and the

pheromone pathways is debated. While McClean et al. described mutual
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inactivation mechanisms between pathways (cross-inhibition) [98], Patterson et al.
proposed instead that the confinement of shared proteins ensure insulation of both
pathways [99]. It is less clear how the HOG and the CWI pathway interact. The
HOG and the CWI pathways are mutually exclusive in their expr essional response
[100] which suggests the implication of a common actor. A possible candidate is the
oxidative stress-response kinase Skn7. Indeed, this factor is ontrolled by sensors

which are acting on both the HOG pathway [101] and the CWI pathway [102] (

Figure 16).
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Figure 16. Schematic representation of the four MAPK pathways operating in growing yeast.
Regulation and cross-talks are shown for the mating response (left), the filamentous growth
and the HOG pathway (middle). Skn7 convergent node is a possible candidate for the
mutual exclusion of the HOG and the CWI pathways (right).
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The HOG pathway

The HOG pathway is activated by hyper-osmotic stress, caused for example by high
external concentration of NaCl, sorbitol [92], KCI, glucose [103] or glycerol [104]. In
the past years, several studies showed that the HOG pathway can respond to other
variation of its environment. The HOG cascade seems to be actvated by oxydation
[105], heat stress [106]or the presence of arsenite [107]. An overview of the HOG
pathway steps and dynamics are sketched in Figure 17 and te typical timescales of
the different steps occurring after a hyper-osmotic stress are given in Table 4.

Table 4. Timescales of the HOG pathway upon the induction of a moderate hyper osmotic
stress

Structural changes and processing Timescales References
Cell shrinkage ~10 sec [108]
Hogl phosphorylation 1-2 min [54, 109, 110]
Hogl nuclear import 2-5 min [54, 109, 110]
Gene expression 15 min [100]
Glycerol production 20-30 min [111]
Hogl dephosphorylation/export 20-30 min [111]
2
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Figure 17. Response of a yeast cell ta hyper-osmotic shock. (1) Upon osmotic shock, water
rushes out of the cells. (2) Change in membrane pressure triggers he HOG pathway
activation leading, through signal processing, to the ph osphorylation of the transcriptional
factor Hogl (represented in red). (3) Once phosphorylated, Hogl has various actions in the
cytoplasm (a). It seems indirectly involved in Fps1 gl ycerol efflux channel closure, leading to
glycerol retention (b). Hogl phosphorylated is also strongly imported inside the nucleus (c).
(4) Hogl nuclear triggers the transcriptional regulation of several genes, leading to glycerol
synthesis. (5-6) Glycerol accumulation induces water to flow inside the cell, forcing the cell
to swell. Feedback loops trigger the export of Hogl and the opening of the Fps1 channel.
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Figure 18. Representation of the HOG pathway in the yeast S. cerevisiaeThe HOG cascade
consists of two input branches. The phosphorelay branch SLN1 and the enzymatic branch
SHO1, converge and trigger the phosphorylation of Pbs2. Activated Pbs2 phosphorylates
Hogl. Hogl activated is then imported inside the nucleus and |eads to the synthesis of
glycerol. Once the cell is adapted, phosphatases lead to tle dephosphrylation of the MAPK
Hog1l and its nuclear export. Reproduced from Rodriguez de Mier [88].

When subjected to a moderate hyper-osmotic stress, the celshrinks in few seconds
due to rapid loss of water. Membrane sensory receptors detect a signal leading to

the HOG pathway activation (Figure 18).

How cells sense osmotic variation is still not well underst ood. Until now, three
mechanisms have been proposed [112]. Protein sensors could eitherdetect the
increase in macromolecular crowding, the change of pH or the concentration of
some solutes and the mechanical alteration of the plasma memlrvane. It is also
possible that one or several sensing mechanisms are involvedat the same time
Tamas et al.suggested that change in membrane rigidity and more particularly in
turgor pressure is the signal sensed by the HOG cascad€104]. They observed that

glycerol, used as an osmotic stress agent, is more likely totrigger an osmotic
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response than when using ethanol which is known to alter prot ein hydration . This
argues in favor of a sensing mechanism at the level of the membrane or cell wall

mechanical properties.

After the sensing process, the signal is transduced to downstream actors. The HOG
MAPK pathway is composed on two redundant upstream branches that converge
for the activation of the MAPKK protein Pbs2. (Figure 19). The SLN1 branch is a
phosphorelay system, similar to the two-component phosp horelay present in
bacteria. It is composed by three successive proteins kinaseSIn1-Ypdl-Sskl and is a
negative regulator of the HOG cascade [113] (Figure 19A. The second branch,
SHO1 requires Shol, the G-protein Cdc42, the Ste20 p2l-activated ikase, the
MAPKKK Stell, and the Stell-binding protein Ste50. Upstream, 801 binds to other
trans-membrane proteins, Msb2, Hkrl and Opy2. This branch is also partially
implicated in the pheromone response and the filamentous growth pathways [97] .
To prevent signaling cross-talk, Pbs2 acts as a scaffold proteinof the SHO1 branch.
By interacting with both the upstream protein Shol and the dow nstream MAPKKK
Stell, Pbs2 mediates a specific hyper-osmotic signaling (Figure 19B The role of
Shol as anosmosensor has been recently reconsidered and it seems more likelyto
act as a facilitator of modules assembly. Other trans-membranes proteins linked to

Shol, such as the proteins Hkrl and Msb2 are osmosensor candidatefl14].

Both SLN1 and SHOL1 branches lead to the phosphorylation of their respective
MAPKKKSs (Figure 19). The SHO1 branch induces the activation of the MAPKKK

Stell while the SLN1 branch triggers the phosphorylation of Ssk2/Ssk22 redundant
MAPKKKSs activations. The MAPKKK Stell is activated by dual phosphorylati on on
its serine and threonine residues while Ssk2 is activated by the unphosphorylated

form of Ssk1l. The MAPKKKs Stell and Ssk2/22 both can aotate the MAPKK Pbs2
by phosphorylation on its Ser514 and Thr518 [115]. Finally, activated Pbs2
phosphorylates the MAPK Hog1 on its Thr174 and Tyr176 residues [116].



Chapter 1. Introduction

A Sin1 B Sho1

Figure 19. Representation of the respective SLN1 (A) and SHOL1 (B) braches of the HOG
pathway. (A) In iso-osmotic conditions, SiInl is activated by auto-phosphorylation on His576.
The phosphate is then transferred on the Aspl1144 of its own re®iver domain, and is then
relocated on the Ypdl-His64. Finally the phosphate is recruited on Sskl-Asp554. The
phosphorylation of Sskl prevents the interaction of Ssk1 with the MAPKKKs Ssk2/Ssk22. In
hyper-osmotic conditions, SInl is inhibited, leading to the de-phosphorylation of Sskl. Sskl
activated will then interact with downstream actors. (B) Under hyper-osmotic conditions,
Sho1 recruits and links directly Pbs2 to its SH3 domain. Then, Ste50 anchors the set of three
proteins Shol-Stell-Pbs2 to the proteins cdc42 and Opy2eading to Stell activation. The
black arrows represent serine, threonine or tyrosine phosphoryl ation while red arrows
represent phosphotransfer events in iso-osmotic conditions. In hyper-osmotic conditions, the
MAPKKKs Ssk2/22 and Stell (yellow proteins) are activated by their respective branches
leading to the phosphorylation of the MAPKK Pbs2 (red pro tein), itself phosphorylating the
MAPK Hog1 (light blue protein). Reproduced fro —1  “2>"Z1S—e«1 Z>{®17]. *£1

Both Hogl and Pbs2 are essential actors of the HOG pathway as dletion of one or
both genes leads to osmo-sensitivy [118]. Once activated, hte MAPK Hog1l triggers
several actions in both the cytoplasm and the nucleus. In the cytoplasm, Hogl
participates in the cell cycle arrest in either G1 or G2 phases through the respective
activation of the CDK-inhibitor protein Sicl [119], and the checkpoint kinase Hsll
[120]. Once the cell overcomes the osmotic stress, the progreson through the cell
cycle is restored. Active cytoplasmic Hogl is also involved in ionic regulation
through the nuclear membrane essential for proteins-chromatin binding. Indeed,
due to cell volume reduction, the nucleus shrinks and th is triggers inter-chromatin
pores enlargement. This process facilitates electrolyte accmulation and leads to the
dissociation of most proteins from the chromatin. In order to restore this ionic
equilibrium, Hogl targets and activates the Tokl potassium channel and the Nhal
Na*/H+ antiporter [121]. Cytoplasmic Hogl also triggers a decrease in translation
through the activation of the kinase Rck2 [122]. In addition, cytoplasmic active Hog1l

seems to indirectly control the Fpsl glycerol channel closure that allows
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intracellular accumulation of glycerol [123]. Even if the cytoplasmic role o f Hogl has
non-negligible effects, it has long been thought to be insufficient for complete
osmoregulation. Yet, restricting Hogl into the cytoplasm by sequestering it at the
membrane is sufficient for survival after short, gentle osmotic stimula tions [124,
125]. This process is independent of Fpsl closure as cytoplasmicanchored Hogl
cells for which FPS1is deleted still survive. Westfall et al. proposed that Hogl
enhances the activity of enzymes implicated in glycerol metabolism [124]. Although
cytoplasmic Hogl is sufficient for osmotolerance on short period of time, the
nuclear action of Hogl remains essential for long-periods or strong osmotic stresses
[125]. Indeed, after a hyper-osmotic stress, Hogl is also rapidly transported in the
nucleus by the karyopherin N md5 [109]. Since no NLS or NES 18 sequences have
been found in Hogl, the details of its nucleo-cytoplasmic transport remains unclear
[116]. Hogl nuclear activates several transcription factors. Hotl [126], Msnl [126]
the bzZIP 29 protein Skol [127] and the MADS box 2 protein Smpl [128] are the
direct transcription factors target of Hogl recruited after hyper-osmotic shocks.
However, other stress response factors are also involved, sih as the two redundant
zinc-finger binding domain proteins Msn2/Msn4 that drive the general stress
response in yeast [129]. The control of those different facbrs by Hogl leads to the
differential expression of several genes [130]. This transcriptional modification is
transient and targets approximately 5% of all yeast genes [100]. The transcription of
186 genes is up-regulated to 3-fold higher, while the transcription of around 100
genes is down-regulated by a factor of 1.5. The genes that aredown-regulated
encode essentialyy cyclins, ribosomal proteins and other translational factors. The
decrease in expression of those genes is linked to theransient growth and division

arrest [131]. An important fraction of up-regulated genes are involved in cell

17 Nuclear Localization Signal (NLS) is a short sequence that is used to target the praein to the cell
nucleus through the Nuclear Pore Complex.

18 Nuclear Export Signal (NES) is a short sequence that targets proteins for exportfrom the cell nucleus
to the cytoplasm through the Nuclear Pore Complex.

19 Basic Leucine Zip per (bZIP) is a domain found in DNA binding eukaryotic transcript ional factors.
One part of the domain contains a basic region that directly interacts with DNA and a leucine zipper
that mediates dimerization through contact with a protein p artner.

20 The MADS box is a highly conserved sequence motif found in a family of transcription factors. Most
MADS domain factors play important roles in developmental pr ocesses.
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protection such as chaperones or oxidative protectors as well as in cell wall
protection and synthesis through lipid expression. Around 30 genes, specifically
targeted by Hogl, are involved in the carbohydrate metabolism, essential for
glycerol synthesis. The glycerol-3-phosphate dehydrogenase ard the glycerol-3-
phosphatase are critical actors of this production. Two similar isogenes,GPD1 plus
GPD2[132] and GPP1plus GPP2[133] respectively encode those enzymes. Glycerol
is a polyol naturally synthesized by yeast as a source of carton and energy. It is also
the only osmolyte synthetized by S. cerevisiaaupon hyper-osmotic stress. The
glycerol accumulation increases the intracellular osmolarity. This forces water to
flow back inside the cell to equilibrate osmotic pressures. The cell can eventually
recover its physiological size. The Figure 20 summarizes the actims of Hogl in both
the cytoplasm and the nucleus.
Figure 20. Hogl physiological roles in
both the cytoplasm and the nucleus.
In the cytoplasm, Hogl triggers
various actions, like electrolytes flow
regulation, metabolic or translational
regulation. On long-term, nuclear
Hogl triggers more efficient
transcriptional responses, leading to

glycerol synthesis. Reproduced from
Rodriguez de Mier [88].

About 30 min after a hyper-osmotic shock, concomitant with the onset of glycerol
production, Hogl is dephosphorylated and exported from the nucleus via the
karyopherin Xpol [109]. In yeast, three classes of protein phosphatags are known to
down-regulate MAPK pathways. The dual specificity phosphatases (DSPSs)
dephosphorylate both phosphotyrosine (pY) and phospho threonine (pT), the
protein tyrosine phosphatases (PTPs) dephosphorylate only tyrosine residues while
the protein phosphatases type 2C (PTC) dephosphorylate threonine, serine, and

sometimes tyrosine residues [87]. For the HOG pathway, the seline-threonine
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phosphatases Ptcl, Ptc2, and Ptc3 [134, 135] act on both Pbs2diogl, while the
tyrosine phosphatases, Ptp2 and Ptp3 strictly target Hogl [135, 136]. Ptp2 is
predominantly localized in the nucleus, Ptp3 in the cytoplasm, while the protein
phosphatases types 2C are located both in the cytoplasm andin the nucleus (Figure
18). Previous studies suggest that phosphatases are constittive ly active in order to
constantly counteract pathway activation rather than providing an intrinsic

feedback mechanism [96, 137].

4. The HOG pathway as a systems biology model

A word on microfluidics

Various groups have analyzed [96] the characteristics of the HOG pathway such as
its kinetics [138], cross-talks [98] and feedbacks processes [125]To carry out such
investigations quantitatively, one needs to control precisely t he osmotic stress
stimulation (duration, intensity) and to observe living yeast cells with high
spatiotemporal resolution. Microfluidic devices can be designed to meet these
requirements. Micro-chambers can be made to entrap a limited population of cells
precisely fed through channels conveying nutrient and env ironmental fluids.
Z-™75Se1YS>'Se’"—17e1+"'Z1(EZaise bt Appli¥d while reCerdinig@®@S — 1
response through microscopy at the single cell level. Many microfluidic devices
varying in complexity have been designed and used for many ap plications in
biology such as long-term cells imaging in a controlled environ ment [139], cDNA
analyses through PCR [140, 141] and cell-based screening assays falrug discovery
[142]. Several techniques are available for manufacturing microfluidic devices like
micromachining [143] or soft lithography [144] to cite but a f ew examples. Soft
lithography, is a cheap, rapid, simple method, and is widely used in quantitative

biology laboratories (Figure 21).
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Figure 21. Representation of the soft lithography technique used in this study. (A) A silicon
substrate is homogeneously coated with a thin layer of photo-sensitive resin. In this
representation the resin is photo-negative meaning that it polymerizes under UV exposure.
(B) UV is applied to the resin through a mask on which the p atterns have been previously
printed. After raising away undeveloped photoresin, the UV ex posed resin forms the
specific patterns. (C) PDMS is poured on the previous template and is mixed with curing

agent and heated in order to solidify. The master template can then be re-used for PDMS
molding. Reproduced from Weigl et al[145].

~—

It is based on the use of a positive or a negative photosensitie resin that
polymerizes respectively with or without UV radiation. The pat terning is done by
spreading the resin homogeneously on a flat wafer, laying down a transparency
mask and shining through the mask with UV light. This cures t he photoresist
according to the transparency pattern printed on the mask. The photoresist resin is
then developed to remove the uncured resin (Figure 21A-B). This wafer is used as a
master template that can be re-used almost indefinitely. A polym er, usually
polydimethylsiloxane (PDMS), is mixed with a curing agent, cast on the master
pattern and cured by heating (Figure 21C). Once the PDMS hasbeen cured and
peeled of the template, it can be used asa microfluidic chip. Holes are punched in

the PDMS block at the location of the inlets and outlets. Its surface is then treated by
oxydation in a plasma oven which facilitates its binding to a g lass coverslip. Pumps
connected to valves or pressure controllers are then wsed to generate and control a

fluid flow.

The small dimensions of microfluidic devices and the typical flow rates used in such

devices usually means that the flows are laminar [146]. Indeed, the Reynolds
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number 844 Lé—éF,’ (u is the mean velocity of the fluid, L the typical dimension of t he

device and Rthe fluid kinematic viscosity) is always very small, a hallmark of

laminar flows. The Reynolds number is a dimensionless number that compares
inertial effects to viscous effects in a flowing fluid, so that for low Reynold, the
viscous effects are dominant. This confers the advantage of flow
compartmentalization inside a unique channel (Figure 22). Indeed, in this case, the
streams flow parallel to each other, with minimal mixing by dif fusion at the

interface.

Figure 22. Fluorescent microscopy image of
a laminar co-flow inside a straight

microfluidic channel. Two fluorescent

fluids (red and green dyes) meet at a Y
junction and then flow side by side. The

scale bars represent 0.5 mm. Taken from
Therriault et al.[147].

Frequency response of the HOG pathway

Using laminar coflows, Hersen et al. designed a fast binary switch to repeatedly
change the environment of single yeast cells between two asmotic conditions [138].
Two fluids of different osmolarities were flowing side by side on yeas t cells attach
to the glass bottom of the microfluidic channel. Varying th e pressure of one inlet
moves the interface between the two fluids laterally, thus quickly changing the
osmolarities of yeast cells near the interface. The extracellular osnolyte
concentration was varied periodically to create square-wave inputs. Using this
microfluidic device, they recorded the dynamic of nuclear accu mulation of the
protein Hogl in function of the period of the osmotic s timulation. Hersen et al.
characterized the pathway frequency response and its bandwidth. At frequencies
lower than the cut off frequency of the HOG cascade, the cells nicely tracked the
period of the applied shock and responded faithfully to it by displaying a periodic
localization of the Hogl protein. However, above this cut off fre quency, the systems

E " Zee— 0le"ee”™ 1S ¢—">71¢'Z1™7> " el ele'Z1e@e3SFI3AdL1721™26d¢/Se
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as if it were one steady stress of lower magnitude (Figure 23). They also studied the
difference between the two upstream branches of the pathway. They showed that
SLN1, as a rapid acting branch is able to sense frequency at a kel that the SHO1

branch cannot.

AN
N

Figure 23. Representation of the frequency response of the HOGpathway. (a) The Hogl
nuclear localization (output, green) follows the osmotic stimula tion (input, yellow) when the
input frequency is low enough. (b) At high frequency (yellow) , the HOG cascade cannot
sense the temporal variation. Instead it responds as if there were a single osmotic input (blue
input, green output). Taken from Muzzey and Van Oudenaarden [35].

Mettetal et d. in 2008 coupled experimentation and mathematical modeling to

describe the feedback loops dynamics of the HOG pathway [125]. They developed a
similar device than Hersen et al. and recorded the nuclear fluorescence
accumulation of Hogl. In addition to Hersen et al. who measured the oscillatory
capacity of Hogl between the nucleus and the cytoplasm, Mettetal et al. measured
the phase shift of Hogl oscillations. Based on that, they ctaracterized two feedback
mechanisms: A fast cytoplasmic action occurring on short time scale involving Hogl

as a metabolism inductor, and a slower nuclear one leading to a transcriptional

feedback. They confirmed this hypothesis by inhibiting de novo gene expression
and observing similar Hogl nuclear translocation response. Westfall et al.reached
the same conclusions by physically tethering Hogl at the plasma membrane which
prevented it to translocate inside the nucleus. In contrast with a “~ e\ &train, this
strain was still able to overcome osmotic stress, showing the importance of Hogl

cytoplasmic actions upon gentle osmotic stress [124].
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Based on the response-kinetics of the HOG pathway, quantitatve models of the
cascade have been developed. The most complete one has beateveloped by Klipp

et al.[96]. They not only computed the HOG pathway, but integrat ed the overall
glycerol metabolism as well as gene expression modification of enzymes involved in

osmoadaptation. They also added to their model the closure of the membrane
glycerol transporter Fpsl and the feedbacks loops leading to Hogl
dephosphorylation through phosphatases activity. Their mode | reproduced

accurately the transient behavior of the overall HOG system through simple

stimulation. It involved both Pbs2 and Hogl activation, but als o Hogl nuclear
import, glycerol production and cell size recovery. A similar bu t simplified version

of this model [148] allowed the prediction of the Hogl nuclear translocation

behavior through different scenarios of input like simple step increase, periodic
pulses or up-staircase increases of osmotic stressA recent study by Uhlendorf et al,
in which | have taken part, proposed a different investigation that used the HOG
pathway as an inducible promoter system (Appended Article #2). The HOG
osmoregulation system in yeast was used to implement a biological control of the
transcription of a fluorescent reporter [149]. We used a microfluid ic device for long-
term cell imaging, and recorded the expression of yECitrine placed under the
control of the glycerol proton symporter Stl1 promoter. Th is system was coupled to
a Model Predictive Controller (MPC) 2tthat estimated the fluorescence of either a
population or a single cell and adjusted the optimal osmotic input necessary to
maintain a constant expressional level of yEcitrine. By applyin g osmotic pulse of 5
to 8 minutes with relaxation intervals of minimum 20 minutes, they were able to

force the transcriptional response to a constant value for 15 hours.

21 M odel Predictive Control (MPC) is a mathematical method in which the current contr ol action is
obtained by solving, at each sampling instant, an optimal control problem for which errors, namely the

difference between the predicted output and the desired reference, is minimized over a future horizon.

Once the results of the manipulations are predicted, the controller applies a stimulation to the variable
that produces the desired output.



Chapter 1. Introduction

To make a long story short, the mechanistic details of the HOG cascade are indeed
very well known. In the scope of our project this is an imp ortant pathway since we
will compress cells using osmotic stress. It is also a very comgdex system with many
partners, and it is probably now clearer to the reader why m olecular crowding
effects are not easily studied in live cells, where proteins activation depends on so
many actors. Nevertheless, we will discuss the possibility to use osmotic
compression as a way to modulate molecular crowding in the cytoplasm and

observe its effects on the dynamics of several cellular processes.






Objectives

OBJECTIVES

The main objective of this thesis is to characterize the effects of increasing
macromolecular crowding on the dynamics of signal transduc tions. | used hyper-
osmotic stress to compress S. cerevisiaecells and increase the macromolecular
crowding, while observing by microscopy the dynamics of seve ral cellular

processes. In the first part of this thesis, | describe the effects of increased
macromolecular crowding on the kinetics of the HOG pathway. | base this analysis
on the measurements of the phosphorylation, the cytoplasmic diffusion ability and

the nuclear translocation of its transcriptional factor Hogl. W hile, it is well known

that a moderate hyper-osmotic shock triggers a quick nuclear translocation of Hogl
(2-5 min), | investigate how increasing molecular crowing alters this process. Ina
second part, | ask whether the observed effects are specifico the HOG signaling. To
this end, | analyze other biological processes in yeast and inhigher eukaryotic cells.
| focus on the nuclear translocation of alternatives transcriptional factors such as
Msn2, Crz1, Yapl and Migl upon osmotic compression. | also study other processes
than signaling such as endocytosis and protein mobility. T he diffusion of Hogl-
GFP, Ural-GFP, citrine and YFPis investigated in S. cerevisiawhile the diffusion of

GFP is analyzed in human cell lines. | finally discuss the adaptability of cells to

severe osmotic compression and discuss further how our data can be interpreted in

terms of molecular crowding and its effect on the dynamics of cellu lar processes.
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5. Cellular compression triggers a slow-down of the HOG
pathway

Hogl nuclear localization kinetics

We started our investigation by looking at the effects of cellular compr essions on the
HOG cascade. Volume compression was achieved by using sorbitol as a hyper-
osmoatic stress agent. We used two different experimental devices.The first one is an
improved version of the Y-shape microfluidic chip previously use d in our lab for

the characterization of the HOG pathway frequency response [138]. This device has
a main channel of 50 m high and 500 *m wide with two inlets on one side and one

outlet at the opposite side (Figure 24A). One inlet is fed with an isotonic medium,

the Synthetic Complete (SC) medium, and the other with the same culture medium

supplemented with sorbitol. As we said previously in the case of laminar flows ,
fluids do not mix but flow side by side [146]. The position of t he fluids interface is
set by the applied pressure at the inlets. A difference in refractive indices between
the media allows the visualization of the fluids position by phase contrast. The flow
in the channel is controlled via a pressure controller system called Microfluidics

Flow Control Systems (MFCS, Fluigent). Changing the pressure difference displaces
the interface laterally in less than a second. Cell adhesion ingde the chamber is
achieved by functionalizing the glass coverslip with concanav alin A (2 mg/m|): a
lectin protein which binds specifically to mannosyl and gluc osyl residues of the
yeast cell wall. The concanavalin A solution is injected inside the chamber and
incubated for 10 min. Cells, previously grown in SC medium are th en added to the

chamber and given some time to bind to the lectins.

The second system is a simple perfusion chamber called gaskts (Figure 24B). The
chamber size is much larger, 19 mm x 6 mm, with a volume capacity of about 85 pl.
They are made in silicone and can adhere to glass coverslig naturally. Their dual-
access ports allow to quickly flowing reagents (< 10 sec, incuding manual
operation). Liquid is added manually by using a micropipette at on e side and by

aspirating at the other access port by capillarity with a p aper towel. As for the Y-
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shape microfluidic device, cell adhesion is also achieved by coaing the glass cover

slip with concanavalin A.

Figure 24. Representation of the microfluidic devices used in this study. (A) The Y-shape
device is composed of two inlets and one outlet. One of the inlets is fed with iso-osmotic
medium and the other with hyper-osmotic medium (sorbitol). T he cells bind to concavalin A
previously coated on the coverslip. By applying pressure differences in the inlets, the
environment of cells can be controlled temporally and spatial ly. The microfluidic device is

set-up on an inverted microscope for the time-lapse observation of protein behavior under

osmotic stimulation. (B) lllustration of water flowing ins ide a perfusion chamber gasket. The
chamber, on his down side, is composed of rubber which adheresto coverslips. The media is
then introduced without leaking by pipetting in one side and asp irating the other side.

We focused our analyses on Hogl nuclear accumulation upon hyper-osmotic
stimulation using a strain in which HOG1 has been tagged by a green fluorescent
protein and the histone HTB2 by a red fluorescent protein (HOG1-GFP; HTB2-
mCherry). The first observations were performed using the fast-swit ching media
microfluidic device coupled with time-lapse microscopy. Bright-fi eld, GFP and
mCherry images were acquired at each time point. The position of the nucleus was
measured thanks to Htb2-mCherry acquisitions which were then used to quantify
the amount of Hogl-GFP in the nucleus. The measured aitput of the HOG
activation was defined as the ratio of nuclear Hogl versus its cytoplasmic level (see

the appendix for material and methods).

Using such method, we were able to generate very fast osmoticstimulation and to
study the dynamics of Hogl at the single cell level (Figure 25). For instance
applying a sudden and unique osmotic stress (Figure 25A) of gentle magnitude (1 M

sorbitol), gave the expected response of the HOG pathway. We ould similarly
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observe the frequency response of the nuclear import of Hogl using periodic square
pulses of sorbitol (Figure 25B). The Y-shape microfluidic device is indeed
particularly suitable for the generation of such repetitive stim ulations [138]. Up-
staircase input of osmotic stress is another example of inpus for which the re-
stimulation of Hogl after adaptation could be observed (Figure 25C). The gaskets
were more practical in this latter case since the Y-shape deice was restricted to two

possible inputs only.

Figure 25. Examples of input-
output experiments conducted in
this study. The induced input
(sorbitol) can either be a single
step input (A), periodic pulses
(B) or up-staircase increase signal
(C). The nuclear localization of
Hogl (Int (uy) is induced by
sorbitol input (red curve) and

measured by the ratio of GFP
nuclear (INterpnucIntcreeel) to the
whole GFP fluorescence
(Intcrecel) (blue curve and points).
The scale bars represent 2 um.

When we applied a single step shock (Figure 25A) of a gentle osmotic stress (1 M
sorbitol), we observed a rapid cell shrinkage (< 30 sec) followed by the ruclear
import of Hog1, reaching a maximum 3 to 5 minutes after the stress. Concomitant to
Hogl nuclear import, the cell volume progressively increased. As the cell almost
recovered its initial size, Hogl was slowly exported, taking around 20 to 30 min to
come back to its initial cytoplasmic level (Figure 26). This result was consistent with
previous analyses showing a rapid and transient Hogl nuclear import after a gentle

stress [54, 109].
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Figure 26. Effect of moderate osmotic stress
on Hogl nuclear accumulation. Cell

shrinkage followed by Hogl nuclear

enrichment occurs rapidly upon 1M

sorbitol induction. Bottom panel: GFP

(Hogl) and bright-field (volume) images of

1 M sorbitol experiment over time. The scale
bar represents 2 um.

[cwr] swnjoA (18D

Hog1p Nuclear localization [a.u]

Time [min]

Similar results were obtained with osmotic shock ranging from 0.5 to 1 M. The
maximum nuclear localization occurs around 3 to 5 min after th e stress. However,
applying a sorbitol concentration of 1.2 M led to a slightly slo wer response, with a
maximum nuclear import 9 min after the stress. A stress with 1.5 M sorbitol triggers
a maximum translocation ~ 17 min after the stress. The effect beomes more ard
more visible with increasing sorbitol concentration. At th e concentration of 1.75 M
sorbitol, the maximum localization time was around 50 min (Figure 27). Above
2.2M, no more nuclear localization was observed (Figure Al). There was a
progressive slow-down of Hogl nuclear accumulation when the osmotic

compression was increased.

Figure 27. Increasing osmotic stress slows
down the ability of Hogl to translocate in the

nucleus. Top panel: Time-lapse imaging of
Hogl nuclear translocation upon 1 M sorbitol

(red) or 1.75 M (blue) stimulation. The scale
bars represent 2 um. Bottom panel: The rate of
Hogl nuclear translocation is plotted in

function of time. The time of maximal nuclear

localization is recorded for both 1 M (red line,

5 min) and 1.75 M (blue line, 45 min) sorbitol
induction.
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This was consistent with the fact that a frequency response sudy of the HOG

cascade to a severe osmotic stress (2 M sorbitol) showedhiat the cascade was not
able to follow faithfully the signal even for low frequency. Se veral questions arose
from our observations. We can first wonder if it is the osmot ic stress or the volume
compression that is responsible for this slow-down. Does this effect occur
transiently? How progressive is it? In order to address the se questions, we started a

guantitative study of the Hogl dynamics over a range of sorbitol conc entrations.

Hogl phosphorylation kinetics

We measured Hogl phosphorylation kinetics upon single osmotic stress up-shift by
western blots (see the appendix for material and methods). Under 1 M sorbitol, the
maximum activation occurred rapidly, around 2 min after the st ress as reported by
previous analyses [54, 109, 110]At 1.5 M sorbitol, Hogl phosphorylation occurred

from 2 min to 30 min after the stress with a phosphorylat ion peaking at 10 min.
Applying 1.8 M sorbitol led to a phosphorylation between 30 min t o 2 hours after
the shock with a peak at 30 min. Finally with a stress made with 2 M sorbitol, Hogl

activation was delayed from 30 min to 3 hours peaking at 1 hour. At the
concentration of 2.5 M, no more phosphorylation was detected (Figure 28). For each
concentration, we perform ed a control by incubating the blots with antibody against

the constitutive protein Phosphoglycerate Kinase (PGK) 2. PGK presented a
homogeneous expression for each concentration and timescat confirming the
specificity of Hogl phosphorylation in response to hyper-o smotic shocks (Figure
A7). From these results, we concluded that the phosphorylation of Hogl was
slowed down and that it remained phosphorylated longer for stronger hyper-

osmotic stresses.

22 3-Phosphoglycerate Kinase (PGK) catalyzes during glycolysis the transfer of a high-energy
phosphoryl group from the acyl phosphate of 1,3-diphosphog lycerate to ADP to produce ATP.
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. - . N\ G Figure 28. Hogl phosphorylation
o $\¥§&\‘% N &&%\W\N“‘ kinetics. The maximum of Hogl

.................................................................................. shosphorylation (boxed by green

= ' rectangles) is delayed when
increasing stress. At 2.5 M sorbitol,
no more activation is observable.
The positive control (C+)
corresponds to the 2 min peak of
Hogl phosphorylation at 1M
sorbitol.

Comparing phosphorylation and nuclear import  of Hogl

We also quantitatively measured the maximum of Hogl nuclear loc alization over a
range of osmotic stress. To do so, we used the simple gdset system as it was not
useful to create time varying signal for this study. The times cale of activation
profiles of both Hogl phosphorylation and its nuclear accum ulation were compared
by plotting their maxim um induction time in function of the stress intensity. There
was a good correlation, which was expected since both processes are linked (Figure

29). Indeed, Hogl phosphorylation is necessary and sufficient to trigger its nuclear

import.
Figure 29. Comparison of Hogl
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Increasing the osmotic compression and thus the intracellular macromolecular
crowding trigger ed a progressive slow-down of both the phosphorylation and the
nuclear accumulation of the protein Hogl. Those data are consistent with the
previous observation made by Van Wuystwinkel et al.[54]. As we mentioned in the

introduction, in their study, the authors compared the ef fect of a mild (0.4 M) and a
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severe (1.4 M) NaCl stress on Hogl activation and nuclear translo@tion. Upon
severe osmotic shock (1.4 M) they observed a delay in the response and longer
activation duration compared to a mild stress (0.4 M). They also showed that Hogl
nuclear localization delay was correlated with a delay in the ex pression of stress

responsive genes

Cell volume decrease as a function of osmotic stress

To go on with our hypothesis that the slow-down of Hogl was related to increased
molecular crowding due to volume compression, we measured the cell volume
before (Vmax) and after (V) the stress. The cell volume decreased withincreasing
osmotic stresses. The final cell volume reached a minimum at ~2 M sorbitol

corresponding to ~40% of the initial cell volume (

Figure 30A). This value is close to the minimum cell volume calculated by previous

authors which is of about 50% of the initial cell volume [40, 67, 71].

Figure 30B shows the kinetics of the nuclear translocation and phosphorylation of

Hog1l as a function of the relative cell volume. It can be seen that the slow-down for



Chapter 2. Osmotic compression slows down the HOG pathway

both Hogl activation and nuclear import is more and more pronounced for larger

cell compression that is small V/V max.

~
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Figure 30. Cell volume reduction and Hogl slow-downs. (A) The relative cell volume in

function of the sorbitol concentration shows a rapid decrease. A plateau is reached around
2 M sorbitol and corresponds to a minimal cell volume of 40%. (B) The times for maximum
Hogl activation and nuclear localization are plotted in func tion of the relative cell volume
reduction. Those maxima increase significantly with cell si ze compression.

Experiments conducted with NaCl as an osmotic agent confirm ed these findings.
Hogl nuclear translocation was analyzed over concentrations ranging from 0.25 M
to 1.4 M NacCl. Applying the concentrations of 0.25 M and 0.5 M triggers similar
dynamics with a maximum nuclear accumulation 3 to 5 min after the stress
Increasing the concentration to 1 M induces a nuclear import peaking at 13 min,
while the maximum import upon 1.4 M NaCl occurs ~67 min after the stres s. Note
that since NaCl dissociates in two ions when dissolved (Na* and CI-), the osmolarity
of a 1 M NaCl solution is, in first approximation, equivalent to a 2 M sorbitol
solution. To illustrate this, the NaCl concentration axis is scaled with a factor two

compared to the sorbitol axis (Figure 31A).



Chapter 2. Osmotic compression slows down the HOG pathway

Figure 31. Comparison of both NaCl and sorbitol effects on the kinetics of Hogl. (A) The
graph shows the maximum time of Hogl nuclear localization f or both sorbitol (blue circles)
and NaCl (red circles) in function of their concentrations. To illustrate t he difference of
osmolarity between sorbitol and NaCl, the top axis is scaled by a factor two compared to the
bottom axis. (B) The relative cell volume is plotted in functi on of sorbitol (yellow squares)
and NaCl (red squares) concentrations. (C) Both NaCl and sabitol trigger similar delays of

the HOG cascade when plotted in function of the cell volume reduct ion.

We nevertheless observed that there were still differences betveen Hogl response
to NaCl and sorbitol. Indeed, the maximum time of Hogl nuclear accumulation

triggered with NaCl occurs more progressively than with so rbitol. Another

interesting observation is their different signaling capacities. Ce lls subjected to NaCl
1.4 M, approximately equivalent to a 2.8 M sorbitol, were still triggering the import

of Hogl while cells stimulated by sorbitol wer e not responding anymore above
2.2 M (Figure Al). Thus, the comparison of the dynamics for the two osmotic agents
is not straight forward. Interestingly, both sorbitol and NaCl s tresseslead to similar
volume reduction (Figure 31B) and their effects on Hogl dynamics are similar when
the dynamics are plotted in function of the cell volume reduc tion (Figure 31C).

These results further suggest that Hogl dynamics impairment is not dependent on
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the osmotic agents used or its osmolarity but on its action on the cell volume

reduction.

Hog1l diffusion kinetics

Macromolecular crowding is known to alter the diffusion of molecules. Several
groups observed a progressive decrease in protein diffusion both in vitro [30, 32]
and in vivo [36, 37]. | previously showed that the dynamics of the H OG cascade
(activation and nuclear translocation) are altered by volume compression. A
possible reason for this decrease may be the densificationof the cytoplasm that
leads to slower diffusion of proteins, including Hogl. A metho d for measuring the
transport of fluorescent particles inside cells is the Fluorescence Recovery After
Photobleaching (FRAP) technique. FRAP was initially used as a method for
measuring diffusion in cellular membranes [150] but has been largely extended for
the study of intracellular dynamics such as cytoskeleton dynam ics, vesicle transport,

protein recycling or signal transduction [151].
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Figure 32. Principle of Fluorescence Recovery After Photobleaching (FRAP). A region of
interest is bleached with an intense laser beam for a short perod of time and the
fluorescence recovery is measured over time.

FRAP experiments consist in applying a high intensity laser pulse to a small area of
a cell for a short period of time. This exposition causes an irreversble photochemical
bleaching of the fluorophores at that particular time and location. The bleacted
particles cannot contribute to the fluorescence of the region anymore. Fluorescent
proteins from the other cell locations eventually diffuse ins ide the bleached zone
and one observes a recovery in fluorescence (Figure 32). Thisecovery is recorded at

low laser power to avoid extra photobleaching.
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The fraction of molecules that induces the fluorescence restoration is called the
mobile fraction ( / B) whereas the fraction that cannot restore the fluorescence is he
immobile fraction ( +)B Measuring the recovery rate resulting from the transport of

fluorescent particles on the bleach region allows the determination of those fractions
(Figure 33). It is obtained by the ratio of the pre-bleach (4) to the post-bleach

fluorescence (4).

v F (22)

/B L
Yk %

4 is the minimum fluorescence value after the bleach. The speed of ecovery to half

the plateau (4 ) is the half time of fluorescence recovery (is ¢ (Figure 33).

AN

Figure 33. Representation of a FRAP recovery curve. After bleaching a defined region of the
cell, the initial intensity ( 4 drops to a minimal low value ( 4). With time the fluorescence
recovers and reaches a plateau (). From the recovery curve several parameters are
extracted such as the mobile and immobile fraction but also the half time ( i5 § of recovery
from the intensity of half recovery ( £ §.

Difference in the mobile versus immobile fraction can also give clues about the
intracellular processes at play such as interactions between partcles or complexes.
However, the mobile fraction can also be affected by other parameters such as

intracellular barriers preventing free diffusion of the interest protein. Multiple
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kinetics models have been developed allowing rapid and consistent extraction of

those FRAP features [152].

Using FRAP method, | analyzed the effect of increasing macromolecular crowding
on the diffusion capacity of cytoplasmic Hogl- GFP. | used a strain HOG1-GFP;
™ ¢ cetX prevent the activation of Hogl leading to its nuclear accumulation. In the
™ ¢ cebackground, the HOG cascade is genetically disrupted and Hogl cannot be
phosphorylated and imported in the nucleus. Instead, Hog 1 remains present
homogeneously in the cytoplasm for all the tested stress corditions. FRAP
experiments were done on cells in iso-osmotic and in 1 M, 1.5 M ard 2 M sorbitol.
Each osmotic condition was repeated on 6 to 10 cells. The experimets were
conducted on a Total Internal Reflection Fluorescence (TIRF)® microscope from the
Curie Imaging Center. A smallest possible spot of typically 2 um diameter was
photo-bleached and the recovery in fluorescence recorded duing 5 sec (see the
appendix for material and methods). Due to the small size of yeast (4 um), the
bleached area fills half of the cell. Since a large proportion of molecules were
bleached, the total fluorescence of the cell decreased and iduced a reduction of the

apparent mobile fraction on recovery curves.

We first investigated the fluorescence recovery of cells in iso-osmotic environment.
This showed a rapid and complete fluorescence recovery after the bleach, in
typically less than one second. When FRAP was performed on yeast exposed to
gentle hyper-osmotic shock (1 M sorbitol), the fluorescence redoration was
observed around 4-5 sec after the bleach. Upon higher sorbitol ®ncentrations (1.5 M
and 2 M), no fluorescence recoverywas observed (Figure 34). These results showed
that increasing macromolecular crowding through osmotic co mpression triggers a

slow-down of the cytoplasmic diffusion of Hogl- GFP.

From the recovery curves of iso-osmotic and gentle stressconditions (1 M sorbitol),
we estimated a coefficient of diffusion using the 2D-diffusion model of Braga et al.

[153]. By plotting the transverse section of the average photobkached area, called

2 Total Internal Reflection Fluorescence Microscopy (TIRFM) uses an evanescent wave to excite
fluorophores in a restricted region of the specimen immediately adja cent to the interface between two
media of different refractive indices .



Chapter 2. Osmotic compression slows down the HOG pathway

the fluorescent intensity profile, parameters such as the radius (*m) and depth (km)
of the bleached region can be extracted by fitting a Gaussiancurve. Using those
parameters, the characteristic time of diffusion i.is obtained from the fit of the
fluorescence recovery curve (Figure Al12). It is defined as the necessary time for a
molecule to explore the bleached region area. The coefficientof diffusion can then

be estimated knowing the radius of the bleached area *m.
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Figure 34. FRAP experiments conducted on yeast HOG1-GFP, ™ «ceid four different
crowding conditions: iso-osmotic, 1 M, 1.5 M and 2 M sorbitol. Image sequences of the FRAP
experiments are shown for each condition. The applied laser beam isrepresented by a red
arrow. The fluorescence restoration of the bleached area is measured dr 6 to 10 cells per
each osmotic stress and the data are represented as the mean/- one standard deviation
(blue curves). Top: In isc-osmotic medium (SC), the recovery is rapid, (< 1 sec) whilein
sorbitol 1 M the recovery is delayed and occurred 4-5 sec afterthe bleach. Bottom: Higher
crowding induction (1.5 M and 2 M) prevents fluorescence recovery. The scale bars represent
2 um.

Although the half-time of recovery g gis regularly used instead of the characteristic
time 1., those parameters are usually unrelated. Yet some models definea direct
relationship between those factors that depends on a photobeaching parameter K
such asis & Kiw,[154]. From the Equation 23, we obtainedin iso-osmotic condition

a diffusion coefficient for Hog1l-GFP of 15 pmz2.st. Other studies have estimated a
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diffusion coefficient for GFP around 27 emz2.s! in Chinese Hamster Ovary (CHO)
cells [155] and 6.1 *m2.s! in bacteria [37]. Although the protein Hogl-GFP may
diffuse differently than GFP alone due to a higher molecular w eight, their order of
magnitude is similar. For moderate osmotic stress condition (sorbitol 1 M), the
diffusion coefficient of Hog1l-GFP was of ~1.7 ym2.s?, that is 1/10 of the diffusion in
iso-osmotic conditions (Table 5). Hence, osmotic compression seems to significantly
impact diffusion, even for a gentle stress. Note that, in such a case, the nuclear
localization of Hogl still occurs rapidly (3-5 min). This is consistent with the fact
that with such a diffusion coefficient of 1.7 pm2.s?, molecules explore a 4um-radius
cell in about 9 sec (<%¥>/D). Note that, as majority of biological processes (e.g.protein
synthesis) range on longer scales (several minutes), this decrese in diffusion should
not yet be a limiting factor for the kinetics of diffu sion-limited reactions . However

stronger stresses definitely prevented molecules to diffuse around.

Table 5. Comparison of the coefficients of diffusion obtained in this study with previous
diffusion analyses.

Osmotic conditions Organisms Diffusion References
Iso-osmotic Chinese Hamster Ovary cells 27 ¢ -2s! [155]
Iso-osmotic E. coli 6.1 «—2st [37]
Iso-osmotic S.cerevisiae 15pum2.st This study
Sorbitol 1 M S.cerevisiae 1.7pum2st This study

The diffusion reduction measured with FRAP can be confirmed by another
photobleaching method called the Fluorescence Loss InPhotobleaching (FLIP). FLIP
is a technique complementary to FRAP used to analyze the nobility of particles
inside the whole intracellular medium. It is particularly useful for  deciphering the
connection between compartments such as the Golgi with the endoplasmic
reticulum. In the FLIP technique, the same region is continuously bleached, thereby
preventing its fluorescence recovery (Figure 35). Ultimately the bleached particles
diffuse in the ir compartment and decrease the cellular fluorescence elsewhere inthe
cell. The loss in fluorescence is measured by recording theintensity in a different
region than the bleached area. The loss in fluorescence in that region constitutes the
mobile fraction while the remaining fluorescence in the cell corresponds to

immobilized molecules.
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FLIP experiments were conducted on the HOG1-GFP, ™ « cesifaift. Each experiment
was performed on 6 to 10 cells and lasted 5 sec. For this setfaexperiments, we only
compared two osmotic conditions, iso-osmotic and sorbitol 2M. We first performed
FLIP experiments on cells in iso-osmotic condition and observed a rapid loss of the
entire fluorescence in the cytoplasm, in about 3 sec (Figue 36, lef). This showed

that Hog1l-GFP was a very mobile protein, diffusing everywhere in the cytoplasm.
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Figure 35. Principle of FLIP. FLIP experiments are done by continuously bleaching a defined
cell area preventing any fluorescence recovery. The bleached particlesdiffuse inside their
whole compartment and trigger a global decrease of the cell fluorescence. This loss is
determined by measuring the intensity in a region outside the bleac hed area (blue rectangle).
Quantitative information about the particle motility can then be extracted from the
fluorescence loss curve.
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Figure 36. FLIP experiments conducted on yeast HOG1-GFP, ™«<«ae X two different

crowding conditions: iso-osmotic and 2 M sorbitol. Ima ges of cells before and after the
bleach are shown for each condition in function of time. The applied laser beam is
represented by a red arrow and the recorded region by a blue rectangle. The fluorescence
restoration of the bleached area is measured for 6 to 10 cellsdr each osmotic stress and the
data are represented as the mean +/- one standard deviation(blue curves). The scale bars

represent 2 pm.

In contrast, cells subjeced to a severe osmotic stress showd a much slower
decreaseof fluorescence and conserved a high level of fluorescence after5 sec of
stress in some regions of the cells (Figure 36, right). Tlese results confirmed that
Hogl-GFP in highly crowded environment is much less diffusive than in isotonic

condition. Another interesting observation is the homogeneous fluo rescence loss of
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the whole cell in iso-osmotic condition. It means that the observed decrease may not
be an effect of increase protein restriction to a particular location but more likely an

impairment of diffusion in the whole cell.
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6. Discussion

In this chapter, | showed that volume compression induced by hyper-osmotic
shocks affects the kinetics of the HOG pathway. | notably observed a progressive
slow-down of the phosphorylation and nuclear translocation of Hogl. Th ese two
mechanisms present similar alterations of their kinetics. Since both processes are
correlated, the direct effect of osmotic stress on nucleartranslocation is not clear.
The import delay can either be the direct effect of phosphorylation alteration or
triggered by a combination of nuclear transport and activation redu ction. The effects
of hyper-osmotic stresses on the nucleo-cytoplasmic transport have been the subject
of numerous studies but the established results are often contradictory. Indeed,
Kelley and Paschal applied a gentle hyper-osmotic stresson mammalian cells and
observed a reduced nuclear transport ability of a NLS-tagged fluo rescent reporter
protein, GST-GFP-NLS [156]. On the contrary, Finan et al. observed in mammalian
cells an increase in nuclear transport of 10 kDa dextran, which is about 5 times
smaller than the protein Hogl (48 kDa) [14]. In yeast, the protein Gspl associated to
the nucleo-E ¢e"™eSe—"E1’'—™ >e1 "7 ;e —ed hyog&hile-dsnidtic ZtleSs « 7 & «
while other nuclear proteins such as the shuttling RNA bindi ng protein Npl3 is
abnormally exported [157]. Even if moderate osmotic stressesgive rise to different
nucleo-cytoplasmic shuttling behaviors, which may depend on the molecules sizes
or shuttling mechanisms, we cannot exclude yet that strong hyper-osmotic stress

disrupts more systematically the nucleo-cytoplasmic transports of p roteins.

In any case, both the activation and the nuclear translocation delay correlate with
the cell volume reduction. Indeed, using NaCl as alternative osmotic agent, we also
obtained a progressive delay in the nuclear translocation of Hogl upon increasing
concentrations. In contrast with sorbitol treated cells, cells osmotically stressed with
NaCl present a faster nuclear translocation and an increased signalirg capacity to
severe stress, at least if we assume that NaCl and sorbitol osmbarities can be
compared based on their concentrations. In yeast, NaCl intracellular accumulation is
deleterious. Therefore Na* is exported through dedicated channels or sequestrated
in a pre-vacuolar compartment. However, the initial Na*accumulation may be

sufficient to reduce the effect of volume compression and explain the faster osmotic
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response and the enhanced signaling capacity. Importantly, when plotted in
function of the cell volume reduction, sorbitol and NaCl trigg er identical kinetics for
Hogl nuclear accumulation. This supports the idea that the main regulator of the
Hogl activation slow-down is mainly the cellular volume reductio n and not the

nature of the osmotic agent.

Finally we observed a decrease of the diffusion of the protein Hogl-GFP with
increasing hyper-osmotic stresses We measured the coefficient of lateral diffusion
for both iso-osmotic and sorbitol 1 M conditions and resp ectively obtained
15pum2st and 1.7pm2st. Even if these values seem consistent with previous
published values, they need to be handled with care. Indeed, the diffusion model of
Bragaet al.assumes an infinite system and neglects boundary effects Although this
model is optimally implemented for large mammalian cells, it is not the case for
yeast in which diffusion is limited due to the small size of ¢ ells. Another issue of
those FRAP experiments came from the cell size reduction umpn hyper-osmotic
stress. Consequently, the ratio of the bleacled area to the whole cell size increass
with increasing the stress and could impact the determination of the diffusion
coefficient. From the literature, it is known that increasing the size of the bleached
area leads to an overestimation of the coefficient of diffusion [158, 159]. In condition
of moderate hyper-osmotic stress (1 M sorbitol) for which the relative size of the
bleached area is enlarged, we obtained a 10 times decrease of the diffaion
coefficient. Therefore, our estimation upon moderate hyper-osmotic stress may be
overestimated and the diffusion coefficient may be even lower. But, and this is what
is important here, our results are in agreement with the fact that Hogl signaling is
delayed upon volume compression because of an increase of the gtoplasmic

density, and thus its viscosity, which in turn decreases diffusion .

As we already mentioned in the introduction, Dill et al. highlight ed the relation
between the typical biochemical reaction rates and the diffusion coefficient of a
protein inside the cytoplasm. Here, we observed a nonlinear increase of the typical
timescale of activation of the HOG cascade when compressing yeast cells
osmotically. Increasing volume compression raises its intracellular density and led

to a decrease in diffusion, in agreement with our observations. But we would like to
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go further and discuss the nature of this nonlinear increase and to link it with the

study of Zhou et al.that we briefly presented in the introduction.

Following their argument, we propose that the progressive delay of both Hogl
activation and nuclear translocation is reminiscent of a soft colloidal glassy-like
transition. These authors advanced that, in first approx imation, the cytoskeleton of
mammalian cells are composed of deformable particles and behave as soft colloids.
They showed that in such a case, the viscosity of the medium < scales exponentially

with the volume fraction of macromolecules Oand is expressed as,

R L BA® (24)

In our case we cannot measure the viscosity directly, but we can try to link it with
the diffusion coefficient in the cytoplasm. We can indeed assume that the diffusion
in the cytoplasm is inversely proportional to the viscosity co nsistently with the

Stokes-Einstein equation,

G6
& L= (25)

ks being the Boltzmann constant, T the temperature and a the radius of a spherical
particle. Therefore the diffusion will vary as,
&1A % (26)

As previously stated, the reaction rate of a biochemical reaction limited by diffusion
is given by,

N,Lve=?& (27)
Since the concentration, ¢, varies as the volume fraction, Q we can write that the
typical reaction rate varies as the macromolecular volume fraction times the

diffusion coefficient. The typical timescale of a diffusion li mited reaction, Tmax,

defined as the inverse of the diffusion rate then scales as,
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Broel— A% (28)
oeé 0

We can test this basic model that links our results to that of Zhou et al. through
simple scaling arguments. As shown on Figure 37, it fits well our data of cell under
compression. In line with Zhou et al, those results suggest that osmotically
compressed yeast cells also behave as soft colloids. The olksved slow-down and its
nonlinear fast increase for large compression can then be intepreted as cells

undergoing a colloidal glassy-like transition.
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Figure 37. Cell volume compression and Hogl dynamics in log coordin ates. (A) The times of
maximum Hogl activation and nuclear localization in functi on of the relative cell volume
reduction. These maxima increase with cell size compression.The blue line is a fit consistent
with what is expected for a soft colloid glassy-like tra nsition, 6,55 L % Aleia®l: g =

0.065 and U L u&B) The time of maximum Hogl nuclear localization is shown in
logarithmic scale and is fitted in function of the relati ve volume variation V/V max. (C) Log of
Tmax IS Now plotted as a function of the relative protein densit y. The protein relative density,
O/ Qu is defined as the inverse of V/Vma and normalized so that its maximum is 1
(arbitrary choice).
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We thus conclude that the kinetics alterations of the HOG pathway are a
consequence of the intracellular viscosity increase. As the density increases,
intracellular diffusion is decreased and leads to the slow-down of the HOG cascade,
to the point where the HOG cascade is stalled. If this is true, then we can think of
several experiments that should give similar results, and in particular other,
unrelated signaling and dynamical processes should be similarly slowed down by

osmotic compression. This is the subject of the next part of this thess.
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7. Other processes slow down caused by cellular compression

Msn2, Yapl, Crz1 and Migl nuclear translocation dynamics

In the previous chapter, we analyzed the dynamics of the HOG pathway under
cellular compression and suggested that the observed slow-down is due to volume
compression and the increase in intracellular density. As this cause is generic, acting
on the whole cellular volume is expected to have consequences onother pathway
than HOG. To check our hypothesis, we analyzed the dynamics of different
signaling cascades under volume compression. We seleatd four distinct proteins

chosen to have functional differences with the MAPK Hogl (Table 6).

Msn2 is a zinc-finger protein negatively controlled by the cAMP-PKA pathway and

involved in the general stress response such as heat, osmiic shock, oxidative stress,
low pH or glucose starvation [160 .162]. After a hyper-osmotic stress, Msn2 is hyper-
phosphorylated and imported into the nucleus where it bi nds to stress responsive
elements (STREs) located upstream of their target genes. Yet th transduction
mechanisms responsible for Msn2 activation remain unclear. Despite independent
activation mechanisms, both Hogl and Msn2 proteins are sensitive to hyper-osmotic

stress and can establish cooperative interactions [103].

The transcription factor Yapl is a bZIP DNA-binding protein of the AP-family. It is
activated by the glutathione peroxidase (GPx)-like enzyme Gpx3 under oxidation
[163]. Yapl activation leads to its accumulation inside the nucleus where it triggers
the expression of anti-oxidants proteins. In normal environment , the protein Crml
binds to the Yapl NES sequence and triggers its export. Under the addition of
300uM hydrogen peroxide (H 202), the creation of disulfide bonds modifies the NES
sequence and embeds it in the carboxy-terminal domain [164, 165]. Ulimately, Yapl

continuous export is inhibited and it accumulates inside the nucl eus.

Crzl, is a calcineurin-responsive zinc-finger protein activated by calcium input
[166]. Without stimulation, Crzl is phosphorylated and localizes in the cytoplasm.
Upon calcium addition, calcineurin triggers its dephospho rylation and its import

into the nucleus [167, 168]. Crz1 nuclear binds to sequences alled calcineurin-
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dependent response element (CDRE) and turns on a variety of genesnvolved in ion

homeostasis [166, 169].

The last protein we studied is Migl, a transcriptional factor involved in gluco se
repression. When the main carbon source is glucose, the Ref)-Glc7 protein
phosphatase complex dephosphorylates Migl which triggers its nuclear import
[170, 171]. In the nucleus, Migl binds to the promoters of glucose-repressed genes,

notably affecting the GAL gene expression [172].

Table 6. Characteristics of the selected transcriptional factors

TFs Types Inputs Activators Activations  Importers Exporters  References
Hogl  MAPK Hyperj Pbs2 Phosphoryl Nmd5 Xpol [109, 173]
osmotic ation (P)
Zinc- General Hyper-P Msn5 [160, 161,
Msn2 . - -
finger stress 174]
Crzl E:;Ce_r Calcium Calcineurin  De-P Nmd5 Msn5 [166.168]
Leucine  Oxidatio . Psel/ [163, 164,
Yapl Xpol
P zZipper n Gpx3 Oxydation Kapl21 Po 175]
Mig1 E:;Ce'r Glucose Regl-Glc7 De-P ; Msn5 [170.172]

We analyzed the nuclear translocation dynamics of these four transcriptional factors
under increasing compression. We applied single osmotic stress of increasing
sorbitol concentrations to compress the cells, and recorced the time to reach the
maximum nuclear translocation for each protein. Msn2, like Hogl, is sensitive to
osmotic stress. However, Crz1, Yapl and Migl activations depend on other inputs.
For studying their dynamics upon compression, we combined an osmotic stress
with their respective stimulus in order to induce cellular com pression in parallel to
their activation (Figure 38). The intensity of their stimulation wa s set at a constant

value between experiments.
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Stress
G} 8 Figure 38. Sketch illustrating the difference between
a single stimulation and a dual stimulation with
Gsmotic osmotic compression. The latter is expected to slow
compression Stress down cell dynamics.

X @

We first investigated the nuclear accumulation dynamic of Ms n2 using different
concentrations of sorbitol alone. After a gentle stress (0.5 M sorbitol), Msn2
maximally translocated in 3 min and was then rapidly exported. Restoration of
normal Msn2 cytoplasmic concentration was achieved after typicall y 20-30 min.
Upon a stronger osmotic stress (1.4 M sorbitol), its nuclear localization took much
more time and occurred after 30 min, while after a severe stress (1.75 M sorbito) it
took more than 60 min (Figure 39A). Therefore, as for the HOG cascade, there was a

progressive, nonlinear slow-down of Msn2 dynamics upon cellular co mpression.

Using the double stimulation previously described (Figure 38), the nuclear
translocation dynamics of the three others transcriptional factors was then
investigated. From the literature, we know that Crz1 is activated by 200 mM CaCk.
In such conditions, Crz1 accumulates in the nucleus in a few minutes. Based on that,
we supplemented the solution of 200 mM CacClz with increasing concentration of
sorbitol. We observed that after a gentle osmotic compression (0.5 M sorbitol), Crz1
localized inside the nucleus after 5-6 min. Increasing the hyper-osmatic compression
to 1.4 M sorbitol led to a maximum nuclear import 90 min after th e stress. Those
results suggested that Crz1 dynamics is also slowed down by osmotic compression.
Although no connection between the HOG pathway and Crz1 is kn own, applying a
hyper-osmotic stress alone also triggered a nuclear accurulation of Crz1 (Figure
39B). And in agreement with our hypothesis, the nuclear translo cation was slower

with increasing hyper-osmotic stress.

Yapl and Migl were investigated the same way. While Yapl is known to translocate
rapidly upon 300 pM H202, Migl import occurs when its carbon source is switched

from galactose to glucose (20 g/L). We stimulated those factos with their respective



Chapter 3. Global effect of macromolecular crowding on intracellular dynamics

inputs alone and observed a maximal nuclear localization about 10 min after
induction. Once their respective inputs were supplemented with sorbitol to

compress the cells, we obtaired a progressive decrease of their nuclear translocation
dynamics (Figure 39C-D). Therefore, increasing compression slows down the

signaling dynamics of four unrelated transcriptional factors.

Figure 39. Cellular compression triggers nuclear imports slow-downs o f four transcriptional
factors. (A) Msn2 nuclear localization subjected to either a gentle osmotic shock (sorbitol
0.5 M, red) or a strong osmotic stress (sorbitol 1.75 M,blue). (B) Crzl nuclear translocation
induced by calcium stimulation alone (CaCl 2200 mM, green), CaCt plus gentle osmotic
stress (CaCt + sorbitol 0.5 M, red), CaCk plus strong osmotic stress (CaCk + sorbitol 1.4 M,
black) or sorbitol alone (sorbitol 1.75 M, blue). (C) Yapl nuclear translocation after an
oxidative stimulation alone (H 202 300uM , green), oxidative stress plus gentle osmotic stress
(H202+ sorbitol 0.5 M, red), or oxidation plus strong osmotic stress (H:O2+ sorbitol 1.4 M,
black). (D) Migl nuclear translocation after glucose stimulation (glucose 20 g/L, green),
glucose plus a gentle osmotic stress (glucose + sorbitol 0.5 M, red), or ¢ucose plus a strong
osmotic stress (glucose + sorbitol 1.4 M, black). Yeastells have been pre-grown on galactose
medium. Data are represented as the mean over many cells (N>B) +/- one standard
deviation.

We compared the nuclear translocation dynamics of those four factors by studying
their maximal nuclear localization time in function of the sorbi tol concentration
(Figure 40A). They all displayed a nonlinear behavior with an apparent divergence

for strong compression. Similarly to our conclusion on Hogl and the hypothesis of



Chapter 3. Global effect of macromolecular crowding on intracellular dynamics

the existence of a soft colloid glassy-like transition, these dynamics are nicely fitted

using the equation 6,-1 L 68—8 AV 8-78 (Figure 40B).
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Figure 40. Maximum nuclear localization timescale measured for Msn2 (sorbitol), Yapl

(sorbitol + 300 uM H:202), Crzl (sorbitol + 200 mM CaCk), Migl (sorbitol + glucose 20 g/L)
compared to the kinetics of Hogl (sorbitol) in function of the sorbitol concentration (A) or

the relative cell volume (B). The curves are the fits of the function 6,5¢L @ﬁ Aloiasl

that model the behavior of a soft colloid near its glass transition. For Msn2, 6,= 0.035 and
U L u@#ér Crzl, 6,=0.096 andU L v#fer Yapl, 6,=0.077 andU L v#for Migl, 6,=0.043
and U L v AE) For each transcriptional factor, the time of maximum nucl ear localizations is
plotted in logarithmic scale and is fitted in function of the relative volume variation V/V max.
(D) Log of the Tmax is plotted as a function of the relative protein density. The protein relative

density, O/ G, is defined as the inverse of V/Vmax and normalized so that its maximum is 1

(arbitrary choice).

Crz1 and Msn2 nuclear imports are independent of the HOG pathway

Crz1l and Msn2 are sensitive to hyper-osmotic stress alone. Itis known that a
cooperative interaction between Hogl and Msn2/4 is at play upon osmotic stress.

We cannot exclude that Msn2 nuclear recruitment depends on the activity of Hog1.
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Therefore, the delay in the nuclear localization of Msn2 upon compression could be
a secondary effect of the HOG pathway alterations. Since Crz1 was alsdfound to be
activated by hyper-osmotic stress alone, the possible implication of the HOG
pathway in the dynamics modification of both Msn2 and Crz1l nuc lear import
needed to be investigated. In order to characterize if the HOG cascadewas involved,
the same experiments were reproduced in hoglE strains. As the HOG pathway is
nonfunctional in the strains CRZ1- 01 ‘"sWE1S—+1 01X~ «WNn2 and
Crz1 nuclear accumulation may be directly related to the redu ction of volume. We
indeed observed a progressive slow-down for both factors upon hyper-osmotic
stress increase. These results are in good agreement wittprevious studies showing
a nuclear import of Msn2 even in absence of Hogl [103, 160]. Note that, forthe same
sorbitol concentrations, the strains deleted for HOG1 present longer times of
maximum nuclear localization than the wild-type strains (Figur e 41A-B). Yet, when
their translocation dynamics are plotted in function of th e relative cell volume, both

the wild -type and *‘~+W Estrains dynamics overlap (Figure 41C-D). Those

observations confirm that Msn2 and Crz1 nuclear localization delays are more likely
triggered by cell volume reduction than by the dynamics alteratio ns of the HOG

pathway.

Figure 41. Nuclear translocation
dynamics of the transcriptional
factors Crzl (A,C) and Msn2
(B,D) in a *~«W Background
(black triangle) compared to
their respective wild-type
strains (Crz1-GFP vyellow and
Msn2-GFP green). The time of
maximum nuclear localization
of the strains MSN2-  01‘"«WE
and CRZ1- 01 ‘~«WHre
plotted in function of the
sorbitol concentration (A,B) or
the relative cell volume (C,D).
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8. Cytoplasmic diffusion under compression

Citrine, YFP and Ural-GFP diffusion in yeast

In the previous chapter, we observed that volume compression not only altered the
activation and nuclear import of Hogl but also its diffusion d ynamics. To
strengthen our argument and gain in generality, we perform ed FRAP analyses on
three other yeast strains: Two strains expressing the fluorochromes yEcitrine and
YFP under the respective promoters ACT1 and ADH1 and the third one expressing
the protein Ural-GFP. We performed these FRAP experiments on a Spinning disk
confocal microscope 24 from the Mechanobiology Institute of the National University
of Singapore. Unlike the strain HOG1- 01 ™ «gpriviously used for Hogl
diffusion experiments, the three strains pACT1-citrine, pADH1-YFP and URA1-GFP
present a functional HOG cascade. Since these cells adapt to mildand moderate
stress and recover their volume soon after the stress,the normal diffusion of
proteins might be restored rapidly. Therefore, the real dif fusion impairment may be
underestimated. As we preferred to avoid such unpredictabl e situations, we studied
only two experimental conditions, iso-osmotic versus severe hyp er-osmotic stress
(2 M sorbitol) (Figure 42). Each experiment was repeated on 5to 10 cells. We first
analyzed the recovery of fluorescence in iso-osmotic conditions. For each protein
tested, we observed a recovery, although with various rates. While Ural-GFP
recovered as fast as the protein Hog1l-GFP (< 1 sec), citrine and P recoveries bok
longer time (> 5 sec). But, and this is a crucial point, upon a sevee osmotic stress
(2 M sorbitol), all three proteins did not recover their fluoresc ence at the bleached
area (Figure 42). Therefore, even if the three proteins citrine, YFP and Ural-GFP
have different diffusion rates in iso-osmotic conditions, their diffusion is strongly
decreased, and even jammed by severe cellular compression. Tz is in the line with
our hypothesis that cellular compression induces a general decrease of protein

diffusion.

24 Spinning disk confocal microscopes use a series of moving pinholes on a disc to scan spots of light. It
allows the acquisition of multiple points simultaneously rather than scannin g a single point at a time.
In this way, the images are obtained at very high frame rates with minimum illumination of the
samples.
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Figure 42. FRAP experiments conducted on the three yeast strains pACT1-citrine, pADH1-
YFP and URA1-GFP.Two conditions were applied: iso-osmotic (left graphs) and 2 M sorbitol

(right graphs). Image sequences of the FRAP experiments are showrfor each condition. The
vacuoles are observed inside some cells due to their absencef fluorescence staining. The
red arrows represent the location of the applied laser beam. The fluorescence restoration of
the bleached area is measured for 5 to 10 cells for each osmat situation and the data are
represented as the mean +/- one standard deviation (blue cuwes). For each strain, the
recovery in iso-osmotic condition is observed while no rec overy is detectable upon severe
osmotic stress. The scale bars represent 2 pm.

GFP diffusion in the human cell lines

Consistently with our central hypothesis, the effect of volume com pression should
affect diffusion processes not only in yeast cells but also in other species Thus, we
also investigated the diffusion of proteins in the cytoplasm of higher e ukaryotic cells
subjected to volume compression. We used two different human epithelial cell lines
MCF-7 and A549 that both expressed constitutively the protein GFP. We used the
polymer polyethylene glycol (PEG) 400, as it is classically done in mammalian cells,
to induce osmotic stresses. It was prepared at 40% w/w, which is approximately

equivalent to a concentration of 1 M. The experiments were conducted on the same
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spinning disk than the previous yeast analyses. For each osnotic condition, the
experiments were repeated on 5 to 6 cells.In iso-osmotic conditions, similar GFP
diffusion recovery was observed for both cell lines in less than 2 sec after the
bleaches (Figure43, left panel). Upon compression by 40% PEG, neither MCF-7 nor
A549 recovered from the bleaching (Figure 43, right panel). Stikingly, and as it is
the case for yeast, in such conditions, the bleached area remaied visible by the
naked eye for the duration of the FRAP experiment. This is another experimental
evidence that cellular compression leads to a decrease in potein diffusion, and
eventually jamming for too strong compression, in different ¢ ell types. Other FRAP
analyses reported in the literature on mammalian cells [36] and bacteria [37] are in
the same line of results and provide additional evidences for an universal decrease

in diffusion upon volume reduction.

AN

Figure 43. FRAP experiments conducted on two human epithelial cell lines, A549 and MCF- 7
constitutively expressing GFP. Two conditions were applied: iso-osmotic (left graphs) versus
40% PEG 400 (right graphs). Image sequences of the FRAP expernients are shown for each
condition. The red arrows represent the applied laser beam. The fluorescence restoration of
the bleached area was measured for 5 to 6 cells per conditio and data are represented as the
mean +/- one standard deviation (green curves). For each cell lire, the recovery in iso-
osmotic condition was quick (< 2 sec) while no recovery was detectable upon severe osmotic
stress. The scale bars represent 15 um.
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9. Endocytosis and other active processes

There are obviously, other active, dynamics processes in cellsthat can be studied
after volume compression. We choose first to look at endocytosis to provide a
different approach and further insight into the effect of o0 smotic compression on the
dynamics of cellular processesin vivo. Endocytosis is the process by which external
substances are imported inside cells by membrane invagination followed by
intracellular vesicles formation. This biological function is essential in many
regulatory processes, like plasma membrane recycling [176], protein trafficking
[177] or cell-surface receptors uptake [178]. Since this proces#volves intracellular
transport, we hypothesized it could also be slowed down under cell compression.
We first investigated the endocytosis dynamics using the fluo rescent dye FM4-64 as
a tracer of bulk endocytosis. FM4-64 is a lipophilic styryl membr ane-selective dye
that intercalates into the plasma membrane and is precisely internalized with
vesicles. We applied FM4-64 to cells in iso-osmotic condition and observed, as
expected, the dynamics of formation of fluorescent vesicles. In contrast, cells
compressed by a severe osmotic stress (3 M sorbitol) shewed no more vesicle
formation and a labeling restricted to the plasma membrane even after 70 min of

incubation (Figure 44A).

Another process that can be easily monitored is the mobility of the protein Abpl.

This protein is an actin binding protein which connects the actin cytoskeleton to
endocytic sites [179]. In normal condition, Abpl presents a punctiform distribution

at the membrane. It is a very mobile protein as its spots ar seen to move around
near the membrane, and to appear and disappear in less tha a minute [180]. We
investigated the effect of cellular compression on the motility of Abpl patches using
high sorbitol concentrations of 1.5 M and 2 M. The motion of Abpl patches was
recorded first in iso-osmotic environment and then we repla ced the environment by
a high osmolarity medium. Abpl patches abruptly stopped the ir random, diffusive

like motion and appear ed as if frozen or jammed. The freezing transition is easily

observed on the spatiotemporal view of the Figure 44B.

Finally, we looked at one last protein related to vesicle dynamics in yeast. Sec7

encodes a guanine nucleotide exchange factor (GEF) for ADPribosylation factors
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and regulates the formation of coated vesicles in intracellular trafficking, more
particularly in intra-Golgi and ER-to-Golgi transport [181]. Using the same
experimental strategy, we recorded Sec7 motion upon a sudden change in
osmolarity. As observed for Abpl, Sec7 patches abruptly stopped their motion after

a 1.5 M or 2 M osmoatic stress (Figure 44C).

AN

Figure 44. Endocytosis dynamics upon cellular compression. (A) FM4-64 staining
comparison between iso-osmotic and severe osmotic conditions (sorbitol 3 M) at two
different time points after the dye addition (10 and 70 min). The red arrow points the
apparition of a vesicle. (B) Abp1-GFP images in iso-osnotic condition and orthogonal views
of the transition between iso-osmotic condition and 1.5 M or 2 M sorbitol stress. (C) Sec7-
mCherry images in iso-osmotic condition and orthogonal views of the transition between
iso-osmotic condition and 1.5 M or 2 M sorbitol stress. The white dashed lines indicate the
position in the cell which has been used for constructing the spatiotemporal view. The red
arrows point out the time (20 min after the stress) for which the environment is switched
from an iso-osmotic to a hyper-osmotic medium. The scale bars represent 2 um.
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10. Jamming recovery after a short period of intense
compression

As we have shown, when the stress is severe enough, several sigaling dynamics
and dynamical processes are drastically slowed down or jammed. In agreement
with our hypothesis, if the main reason for this dynamical arrest is the sudden cell
compression, and the increase in viscosity, then such dynamics should recover if the
cell volume is restored. Therefore, we analyzed the cell ability to recover in terms of
nuclear import of transcriptional factors once its cell size is restored. The experiment
consisted in applying a transient severe osmotic stress followed by a gentle osmotic

stimulation (Figure 45).

Osiistic Figure 45. Principle of signaling activation by
compression Stress volume recovery. Cells are stressed and at the
same time osmotically compressed by a severe
@ L L > CP osmotic stress (3 M sorbitol). Thus, cells are
first stalled and cannot respond to the
Stress chemical stress. The osmotic compression is

then relaxed by a return to an isotonic
@ @) stressful condition and we observed if cells
are able to detect and respond to the chemical

volume recovery ee>Zeel E'l ‘el ee'eel MyZeZ—e1 "

environment.

This two-step stimulation is performed for every transcript ional factor previously

tested, that is to say Hogl, Msn2, Crz1, Yapl and Migl. We first investigated Hog1l
and Msn2 responses (Figure 46). 3 M sorbitol was applied for 5 minutes and then
replaced by sorbitol 1 M. The environment was not switched back to an iso-osmotic
medium since our measured output was the nuclear accumulation of Hogl or Msn2
that does not occur in an isotonic environment. For both factors, cells were not
responding during the first 5 min, but once the osmot ic compressive constraint was
released, the nuclear transport of the proteins rapidly occurred in every recorded

cell.
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Figure 46. Two-step stimulation is applied to the transcriptional f actors Hogl and Msn2. A
strong osmotic stress (3 M sorbitol) is first applied for 5 minutes and then replaced by a
gentle osmotic stimulation (1 M sorbitol). The nuclear local ization capacity of proteins is
recorded through time. For both Hogl and Msn2, the nuclear localization is observed as
soon as the transition from 3 M to 1 M sorbitol occurs.

The reversibility of the system was similarly tested for Crzl, Yapl and Migl. Crz1l
was first stressed with 3 M sorbitol supplemented with CaCl 2 200mM for 5 min and
the medium was then replaced by a solution of CaCl. 200 mM (Figure 47). We
applied similar stimulation to Yapl using H 202 300 uM and Migl with glucose
20 g/L. These three factors all recovered their activity after the volume clamp was
released. Indeed, during the 5 min of severe stress, thecells were non-responsive
but once the cells recoveed a normal size, the nuclear import was rapidly observed .
The responses, in term of maximum nuclear localization time and r ate were close to

that of a single stimulation.
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Figure 47. Two-step experiment applied to Crzl,
Migl and Yapl. The first severe stimulation
combines sorbitol 3 M and CaCl.200mM (Crzl),
glucose 20 g/L (Migl) or H202300uM (Yapl). The
cell volume restoration is performed by applying
the stimulation belonging to each transcriptional
factor without sorbitol addition. Similar restoration

profiles than Hogl and Msn2 are obtained upon
cell volume restoration.

11. Discussion

The Chapter 2 was focused on the HOG pathway response to hyper-osmotic stress
and on its slow-down by volume compression. Increased intrace llular viscosity due
to reduced volume could explain the observed jamming. This chapter pushed
further this argument and focused on the consequences of volume reduction on
other cellular processes than the HOG pathway. Indeed, if the macromolecular
crowding hypothesis is valid, then the same kinetics effects should occur for other
proteins and motion in yeast but also for other eukaryot ic cells. In the first part of
this chapter, we investigated the kinetics of different processes upon volume
reduction. The nuclear imports of Msn2, Crz1, Yapl and Migl were shown to be
slowed down upon increasing hyper-osmotic stresses and thus to present similar
behaviors than Hogl. In this context, transient stress experiments were useful to

determine what happen when the cell recover a normal volume due to release of the
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stress. According to our hypothesis, all processes shouldrecover. Indeed, when the
cells were transiently subjected to severe osmotic stress(5 min) followed by a
release of the volume constraint, all cells were able to trigger a rapid nuclear import

of any of these transcription factors.

Apart from signal transduction, we also observed endocytosis and vesicles transport
arrest upon strong hyper-osmotic stress. Finally, using the same FRAP technique,
we extended the diffusion alterations observed for Hogl-GFP to YFP, citrine and
Ural-GFP. In contrast to iso-osmotic conditions for which t he fluorescence of those
proteins recovered quickly, no fluorescence recovery was detected upon 2 M
sorbitol induction. Yet, in iso-osmotic condition, we observe d different rates of
fluorescence restoration for those proteins. While the recovery of the protein Ural-
GFP and Hogl-GFP was fast, the recovery of the proteins YFRand citrine t ook more
than 5 sec. The fluorophores GFP, YFP and citrine belongto the same family and
have identical molecular weight. Therefore, these proteins should have similar
diffusion properties. A possible interpretation is the pres ence of vacuoles which
may enhance the effects of macromolecular confinement ard interfere with the
diffusion of proteins. In these three strains, we noticed that their vacuoles sizes may
vary from one cell to another. In the strain HOG1- 01 ™ « deoEvthich we
estimated the coefficients of diffusion, only small vacuoles w ere observed compared
to the wild-type strains. Since the vacuoles are implicated in osmoadaptation,
disrupting the HOG pathway could have consequences on the vacuoles
morphologies and/or proportions. Therefore, due to the ab sence of vacuoles in this
™ ¢ cesidin, the calculated diffusion coefficients are certainly more accurate than if

obtained in a wild-type strain.

The diffusion of proteins is not only altered in yeast but also in higher eukaryotic
cells. Indeed, for the two human cell lines MCF-7 and A549, the diffusion of GFP is
affected upon severe osmotic stress. We conclude that cellularcompression induces
kinetics slow-down of several, unrelated dynamical processes, in frame with
theoretical considerations on the nonlinear slow-down of relaxa tion dynamics
observed in a glassy transition of a colloid. However, several aspects of

macromolecular crowding need to be further discussed. First of all, volume
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reduction may prevent the intracellular import of activator molecules by changing
the permeability of the membrane. Indeed, Migl, Crz1 and Yapl activation seems to
depend on the intracellular location of their respective stimulus . Exposure to high
temperature, prolonged mating pheromone or changes in extracellular ions triggers
intracellular calcium increase and Crz1 activation [182]. While glucose uptake seems
essential for Migl activation [183], intracellular reactive oxyg en species (ROS) lead
to Yapl activation [163]. Consequently, the signaling delays could be the
consequence of the uptake alteration of the activator molecules. Yet, we can show
that Crz1 delay is not caused by calcium uptake impairment. Indeed, we observed
that hyper-osmotic stress alone triggered Crzl activation and that Crz1 kinetics is
slowed down after a severe osmotic compression when stimulated by sorbitol only
(Figure 48). Al-Mohanna et al. and Lange et al. described, in the cytoplasm of
respectively human neutrophils and hamster insulinoma (HIT ) cells, the capacity of
actin to store calcium. They notably observed that calcium may be released upm
actin depolymerization [184, 185]. It has also been observed that hyper-osmotic
stress is linked to calcium release in chondrocytes [186]. Sige hyper-osmotic stress
is known to induce actin cytoskeleton depolymerization in S. cerevisiad12], the
unspecific activation of Crz1l may be related to actin dissociation and calcium
release in the cytoplasm. In this case, calcium is already inracellular and the
increase in macromolecular crowding is likely to be involved in the nuclear
translocation delay that we observed for Crz1. However, for Yapl or Migl, it is not
possible to conclude, although we can note that H20: and glucose are small

molecules that should diffuse easily across the plasma membrane.

From the beginning of this thesis, we proposed macromolecular crowding as a
candidate for the observed alterations in the kinetics of reactions. However, other
processes may be involved. For instance, maintenance of a consint intracellular pH
is essential for the activity of numerous enzymes, ion channels functioning or cell
cycle and proliferation capacity. Decreasing the pH is seen to affect the efficiency of
a wide range of cellular processes such as glycolysis, protein synthesis, DNA
synthesis or endocytosis [187]. Even if the intracellular acidification may damage
the kinetics of reactions, it has no reason to alter the diffusion of several proteins

unspecifically. The decrease in the rate of diffusion is more naturally explained by
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steric effects of volume compression such as macromolecular cowding or

confinement.

Figure 48. Kinetics of the nuclear localization of Crz1 upon hyper-o smotic stress alone (red
squares) or with the coupling of hyper-osmotic stress and CaCl2200mM (brown squares).
The times of maximum nuclear import are plotted in function o f the sorbitol concentration
(A) or the relative cell volume reduction (B).

As explained in the introduction, confinement concerns th e effect of molecules
organized in networks ( e.g. cytoskeleton, membranes) that leads to the physical
sequestration of proteins within bounded structures such as channels, interstices or
pores [15]. This situation favors aggregation and protein binding. Confinement
could enhance protein binding equilibria and reduce the rat e of diffusion in a
manner similar to what we observed. Yet, crowding and confin ement are not

mutually exclusive and could be both implicated.
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CONCLUSION AND PERSPECTIVES

In this thesis, | have analyzed the effects of cell volume reduction on the dynamics
of reactions in live cells. For this purpose, | used hyper-osmotic stress in the yeast
Saccharomyces cerevisiagrogressively compress the cell and analyze the effectson
the kinetics of the HOG pathway. | observed that the activation and the nuclear
translocation of the dedicated transcriptional factor Hogl are p rogressively slowed
down upon increasing hyper-osmotic stresses. | correlated those alterations with a
decrease in the cytoplasmic diffusion of the protein Hogl. The nuclear imports of
unrelated factors, namely Msn2, Crz1, Yapl and Migl, present similar kinetics
impairments. Not only signal transduction process es but also endocytosis and
vesicles formations displayed alterations of their dynamics. Fin ally we extended the
diffusion impairment observed for Hog1l-GFP to the diffusion of Ural-GFP, citrine
and YFP in S. cerevisiaand GFPin the human epithelial cell lines, A549 and MCF-7.
From those results, we concluded that cellular compression triggers a global
diffusion alteration that affects a wide range of processes kinetics. Macromolecular
crowding is a suitable candidate for this diffusion decrease. Applying a severe
cellular compression leads to a global arrest of several reactionsbut, once the cell
size is restored, reactions can occur normally. In line with Dill et al, we proposed
that evolution has maximized reaction rates by an adjustment of the cell sizeto the
molecular density [44]. Macromolecular crowding enhances the rate of protein
association but at the same time, decreases diffusion. Therefoe, a shift in the
equilibrium would either affect the encounter probability of mole cules if the media
is diluted or instead decrease the diffusion of protein in a too crowded environment .
In any case it would result in a modification of reaction rates. Reactions are not
abruptly stopped upon mild or moderate hyper-osmotic stress esbut instead present
a range of volume compressions for which they are delayed. By progressively
increasing the osmolarity, the intracellular density is progressive ly increased. This
change leads to an exponential decline of the dynamics with respect to the
cytoplasmic density increase similarly to what is observed fo r soft colloidal glassy-

like transitions [47].
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In this thesis, | showed several evidences suggesting that macromolecular crowding
is a key player during osmotic stress and that osmoregulation acts primarily to
counterbalance its negative consequences. Further experiments wouldbe welcome
to test and extend the quantitative analysis that we proposed. For instance, we could
only measure the diffusion coefficients for three hyper-os motic conditions on the
osmosensitive strain (™ < o} Xril one condition on the wild -type strains providing
us only estimations of the diffusion rates. Being more quantitative with a higher
resolution would make possible to study the effect of diffusio n in a crowding in vivo

environment and then better relate our measurements with theoretical pred ictions.

Microscopy techniques may also be improved for better precision of diffusion

measurement. Indeed, the FRAP technique used in this study is not optimal when

applied on small cells due to the important size of the bleached area compared to
the total size of the cell. Moreover, applying a hyper-osmotic str ess reduces the cell
size and ultimately increases the proportion of the bleached area. Consequently, the
measured diffusion coefficients can only be regarded as estimations. In order to
improve diffusion measurements, other possible techniques could be used. Single
Molecule Tracking (SMT) is a method for tracking a fluoresc ent molecule over time.

The trajectory of the molecule motion is plotted in functi on of time and a coefficient
of diffusion can be obtained. However, with such method, the molecules are
difficult to visualize in vivo due to background fluorescence of the cytoplasm.
Another possible single molecule tracking method is the Fluorescence Correlation
Spectroscopy (FCS) approach. As previously described, FCSnethod has been used
inside HELA cells for the determination of dextran diffusion upon increasing
macromolecular crowding [8]. Despite the encountered difficult ies of using FRAP in
this study, this method remains a technique of choice for determining the mobility

of molecules in vivo.

We could also extend this work by addressing if other processes in cell are similarly
slowed down upon compression or if instead differences exist and why. For
instance, in the endocytosis analysis, | observed differences in recovery betveen
Abpl and Sec7 patches motion. While Sec7 patches recoved their motion after ~15

minutes of 1.5 M sorbitol stress, Abpl patches were still jammed. Abpl motion
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depends on the actin cytoskeleton which is not the case of c7 [188, 189]. Knowing
that the cytoskeleton disassembles upon osmotic compresgon, it can result in a
longer recovery of Abpl patches motion compared to Sec7. On@ again, using the
SMT technique, we could improve the quantification of those observations and
maybe extend this observation to the direct analysis of the cytoskeleton upon

osmotic stress.

Cell volume reduction is linked to the intracellular density and its accurate
measurement is essential. However, the cell volumes have been calclated from 2D
pictures and the smallest cell size was recorded 1 min after the stres. As the cell size
variation occurs in ~10 sec, we may underestimate the actual smdest cell size and
our calculation can only be regarded as an estimation. Using confocal microscopy,
3D pictures of yeast could be obtained on shorter timescak (1530 sec) and would
give accurate spatiotemporal measurements of the cell size modfications upon

compressions.

In this thesis, we not only have been interested in the effects of volume compression
on different biological processes or organisms, but we also addressed the limit of
cellular adaptation to compression and how cell could possibly ad apt to severe
stress (see the appendix for supplementary results). All along this study, we used
sudden and unigue osmotic stress. In these conditions, cdls are not able to adapt to
stress above 2.2 M sorbitol (Figure Al). However, cells in the wild may overcome
diverse stimulations with different rates of variation. As a prelimi nary study, we
analyzed the adaptability of cells to severe osmotic stress upon different time
varying stimulations (see the appendix). W e first noticed that cells preparation
through pre-centrifugation enhances their adaptability to s evere osmotic stress
(Figure A2). The principle of acquiring a resistance to specific stress is well known
in yeast. Sensing early sign of fluctuation prepares the cell for environmental change
and may confer an evolutionary advantage in the wild. However, in our case, the
centrifugation may involve different sensing mechanisms than o smotic shocks and
it could be interesting to address what are the mechanisms implicated. Cell response
to hypergravity has been rarely studied even though this proce ss is intensively used

for molecular and cellular biology protocols. Yet, Hoson et al, observed that
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prolonged hypergravity modifi ed the cell wall of plant cells by making it rigid and

thick [190]. In our case, prior centrifugation improves the ce Il ability to import Hogl

inside the nucleus upon severe osmotic stress without changing its kinetics. Those
results show that a stimulation of physical nature increases cells resistance to hyper-
osmotic stress. However, the mechanism by which centrifugation prepare cells is
unclear. Hogl is not involved since centrifugation alone does not trigger its
activation or its nuclear localization (Figure A2, A-C points zer 0). Soto et al.
observed that hypergravity triggered the activation of the MAPK s Styl and Pmkl
which are respective effectors of the stress-activated proteinkinase pathway and the
cell-integrity pathway in S. pombg191]. Therefore, in S. cerevisigecentrifugation
may activate parallel mechanisms of cellular protection such as the transcriptional

factor Msn2. Further investigation could be conducted to characterize the

mechanisms involved in this process.

We also tried to vary the rate at which the osmolarity of the environment was
changed and looked at the HOG pathway kinetics (Figure A3 -Figure A4). When a
severe osmotic stress is applied slowly (2-3 min to switch media), the nuclear import
of Hogl does occur as it would in the case of a sudden (few £conds) gentle stress.
Consequently, the absolute stress intensity has no deleterious effects on Hogl
nuclear import if the input rate is slow enough compared to the nuclear transport of
the protein. In contrast with a gentle osmotic stress for which Hogl is exported 20-
30 min after the shock, the slow increase of the input up to an intensity of 3 M
sorbitol prevents its export (Figure A3). It is possible t hat delaying the compression
allows rapid reactions such as the Hogl nuclear import to be processed while the
volume compression is still not too strong, but blocks downstream steps of the
pathway later on. It could then be interesting to study gene expression ability of

cells after sudden or slow osmotic compression.

We also noticed that in contrast with short periods of strong st resses, longer periods
lead to a progressive increase in cell mortality (Figure A5). Both the intensity of the
stress and the duration of the stress are enhancers of morlity, consistently with
previous studies [192, 193]. Silvaet al. observed that severe hyper-osmotic stresses

trigger mitochondria alterations leading to apoptosis in yeast. However, the
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primary cause of cell death upon compression is not clear. Plasmdysis may
correspond to the transition above which jamming is irrever sible. From the model
developed by Schaber et al, plasmolysis may occur at 4 Osm/L. In our study, the
higher concentration used is 3 M sorbitol, equivalent to 3 Osm/L. Consequently, our
range of osmotic conditions is lower than the predicted pla smolysis concentration.
Moreover plasmolysis is not necessarily related to cell mortality since a majority of
plant cells or bacteria stay viable [194, 195]. We have previously sheved that
jamming can be reversed when cells are subjected to severestress (3 M sorbitol) for
a short period of time (5 min). Therefore, plasmolysis, if it occurs in our

experiments, may be reversed, at least for short timescales.

We observed that cells subjected to severe stress seem tenter a frozen state. t
would be interesting to investigate the actual state of the cells under compression
using electron microscopy for example. The use of a viability dye would also give
an estimation of the state of the cell. Yet, the possible ces#ion of molecules uptake
due to severe compression may prevent the import of the viability dye.
Consequently the dye would stay extracellular whether the cell is dying or not and
give rise to false negative results. FUN-1 is a two-color fluorescent probe for which
the staining changes when cells die. While metabolically active cells present red-
fluorescent structures, the dead cells show diffuse yellow-green fluorescence. Using
this dye, the direct and accurate characterization of the yeast viability upon strong
hyper-osmotic conditions may be established. This characterization would allow the
study of the dormant state of cells upon long exposure of stress. Whether the cells
are programmed to enter a quiescent state for long term surival or are brutally

jammed should be addressed and better understood.

In addition to those quantifications improvements, alternative inv estigations could
be conducted. In this PhD work, | focused on signal transduction in yeast. We may
wonder if the dynamics of other mechanisms are similarly delayed upon
compression. Further investigations could be performed on other processes such as
gene expression, protein phosphorylation and associations or on the structure and

rigidity of the cytoskeleton.
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Moreover, the volume compression effects could be investigated in other species.
Indeed, yeasts are small cells surrounded by a cell wall and increasing hyper-
osmotic stress strongly affects membrane stiffness. Therefore we may wonder if the
effect of volume compression may vary with different cell morp hologies. Studying
the effect of compression between different cell types would allow a better
understanding of the in vivo biochemistry. | have previously shown that severe
compressions inhibit the diffusion of GFP proteins into the cytoplasm of
mammalian cells. Yet the analysis is not quantitative enough to be compared with
our previous diffusion analysis on yeast. Once again, this study could be improved
by applying intermediary hyper-osmotic shocks and analyzing th e diffusion of
alternative proteins. The effects of compression on signal procesing could also be a
parameter of comparison. In mammalian cells, osmotic regulation mechanisms are
complex and implicate not only p38 (Hogl homolog) but also the JNK (C-Jun N-
terminal Kinases) and ERK (extracellular regulated kinases) pathways. The nuclear
translocation of their respective factors could be analyzed upon increasing

compression and compared with the yeast kinetics.

We may also complete this study by investigating the effects of volume compression
on different yeast species. Indeed, if differences in reaction rates exist, we could
address if it is because of different cell morphologies or different adaptations to
osmotic stress. It can be investigated by comparing the adaptation limits of S.
cerevisiaewith different osmotolerant yeasts. In this study, we observe d that S.
cerevisiaelimit of adaptation is about 2 M sorbitol. Yet, different osmotoler ant
species may behave differently to sudden stimulations and therefore present

different resistances to severe stresss.

Another possible investigation may concern the cellular damages resulting from
increasing macromolecular crowding. We have observed that long periods of severe
osmotic stresses lead to apoptosis. But how cell compressiondead to cell death is
not much documented. Are the deleterious effects of macromolecular crowding
start immediately upon any level of compression? Or is it a thr eshold above which

alterations occur? Processes related to aging such as ROS agamulation,
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mitochondria activity or cell cycle progression could be a nalyzed through volume

reduction and give clue about the mechanisms at play.

In the end, this PhD work raises questions related to the evolutionary conservation
of intracellular densities. Indeed, we may wonder if cells do indeed use
macromolecular crowding as a master regulator of their bioch emical reaction rates.
We previously discuss about an optimum of reactions dynamics accounting for
molecular crowding. Do cells select for some intracellular optimali ty conditions? Is
there a net adjustment of cell sizes and expressional rates in oder to regulate
intracellular densities? Even if those questions remain unsolved, it seems that most
eukaryotic cells present a crowded intracellular environment t hat may account for a

universal mechanism which has been selected by evolution.
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12. Supplementary Results

Hogl dynamics at very severe stress

Our observations were limited to a range of stimulations for wh ich the cells are able
to adapt. In order to go deeper in our understanding of c ell resistance to severe
stress, we measured the percentage of cells able to import Hoglinto the nucleus,
even after very long time. At the concentration of 1.8 M, around 90% of the cells
triggered a nuclear import of Hogl while at 2.2 M, 100% of the cells were not
responsive even after 3 hours of stimulation. Fitting the data with a sigmoid gives a
transition around 2 M sorbitol for which 50% of the cells wer e not responsive
anymore (Figure Al). This should be compared to our phosphorylation result

showing that Hogl was not phosphorylated anymore at 2.5 M sorbitol.

Figure Al. Determination of the cells adaptability to vol ume compression. For a moderate
osmotic stress (< 1.5 M sorbitol) all cells trigger a Hogl nuclear localization. Increasing the
sorbitol concentration leads to a decrease in the quantity of responsive cells. The transition is
sharp and occurs at 2 M. Above this transition, almost 100% of cells are not importing Hog1
into the nucleus.

It is known that hyper-osmotic stresses trigger, through t he activation of Hog1l, the
arrest in either G1 or G2 states of the cell cycle. It will evertually re-start once the
osmotic homeostasis is restored. When cellswere exposed to a constant stress of
1.8 M sorbitol, they showed the ability to resume budding aft er 3 to 5 hours of
stress. Above this concentration, no or few divisions were observed even after 14
hours. In such situations, the cell interior is jammed, preventin g any possible

reaction to occur.
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Pre-stressing the cells improves their adaptation to compression

We usually used sudden osmotic stimulations to compress the cells. In such
conditions, the cells were able to adapt to sorbitol concentrations lower than 2M.
However, alternative stress induction may improve the cell adaptability to severe
stress. In this manner, we noticed that harvesting the cdls through centrifugation
prior to osmotic shocks enhanced their resistance to ®vere stresses. Cellswere
centrifuged at 5000 rpm for 2 min and the phosphorylation and the nuclear
accumulation of Hogl were measured. For stresses below 2 M sorbitol the dynamics
of Hogl were similar with or without centrifugation (Figure A2A-B). How ever, at
the concentration of 2.5 M sorbitol, centrifuged cells trigger ed an activation of Hogl
whereas non-centrifuged cells could not. Similarly, centrifuged cell s presented a
higher capacity to import Hogl inside the nucleus. Indeed, at 2.5 M sorbitol, only
40% of pre-stressed cells were non-responsive while for the sameconcentration,
100% of non-centrifuged cells were non-responsive. The transition between
responsive and non-responsive cells shifted from 2 M to 2.6 M sorbitol (Figure A2C).
Yet, the response kinetics remained identical with or without pr e-stress (Figure
A2D). Therefore, pre-stressing the cells through centrifugation allows a higher
resistance to further stresses but the time to activate the ascade is still delayed to

the same extent.
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Figure A2. Comparison of the HOG pathway response ability wi th and without pre-
stimulations. Hogl phosphorylation (A-B) and nuclear transl ocation (C-D) kinetics and
ability are represented in function of the stress intensity applied. (A) Western blot
comparison of phosphorylated Hogl between preliminary centrifuged cells (a: red blots,
5000rpm for 2 min) and normal cells (b: blue plots). A marked difference is observable for
the 2.5 M sorbitol blots for which centrifuged cells are abl e to trigger Hogl activation while
directly stressed one cannot. (B) Despite this resistanceto severe stress, the kinetics (red
squares) are similar to non-centrifuged cells (blue squares). C) The percentage of cells able
to response after a direct stress (blue circle, figure 7), is ompared with pre-stressed cells (red
circles, 5000 rpm for 2 min). At severe osmolarities, the reponse transition is shifted from
2 M to 2.6 M sorbitol. (D) Although the threshold depend s on how cells were prepared, the
delay of the cascade followed the predicted trend: Hogl nuclear translocation is delayed
when the osmotic compression increases.

The cells sense the rate of increase of the input intensity

We now address if the rate of input induction could also inf luence cellular
adaptability. All along this work, the stress was applied quickly, in less than 10 sec.

However in the wild, cells are not necessary exposed to swch abrupt variation of
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concentration. This raises the question of whether the observal jamming transition
depends on the absolute level of the osmotic stress or on its raé of variation. Using
the nuclear accumulation of Hogl as a readout, we performed an experiment with
an up-staircase input. The sorbitol concentration was increased by step of 1 M to a
final concentration of 3 M. The time interval between steps was respectively 1 min
(Figure A3B), 2 min (Figure A3C) and 5 min (Figure A3D). We previously showed
that abrupt 3 M sorbitol stimulation inhibits Hogl nuclear localization (Figure Al).
In contrast, we observed here a rapid Hogl import in 3 to 5 min, similarly to a sing le
1 M sorbitol stress (Figure A3A). The level of maximum nuclear import strongly
depended on the intervals duration. Indeed, with only 1 min interval time, t he
nuclear accumulation reached half of the mean value upon 1 M sorbitol stimulation.
However, for both 2 min and 5 min duration, the rate of Ho gl translocation was
similar to a 1 M sorbitol step shock. If the induction t ime of the osmotic stress is
slower than the nuclear translocation of Hog1l, the osmotic compression is no more a
limiting factor for Hogl activation. Surprisingly, we observed that Hogl stayed
nuclear over time while it was quickly exported after a gentle osmotic single step
shock stimulation (Figure A3A). Consequently, for a progressive stress the absolute
value of the input is ineffective on the protein import but s eems to impact its export

mechanism.
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Figure A3. The ability to import Hogl inside the nucleus depend s on the rate of
environmental change. Cells are subjected to up-staircase inputs. Theenvironment increases
by step of 1 M sorbitol to reach 3M final sorbitol concentration. The interval time between

each step is respectively 1 min (B), 2 min (C) and 5 min D). In (A) is shown the response to a
single pulse of 1 M sorbitol. The amount of Hogl nuclear translo cation strongly depends on
the rate of osmotic change. (C) and (D) demonstrate that while Hogl has enough time to
translocate into the nucleus, further adaptation and nuclear exp ort of Hogl are blocked.
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We reached a similar conclusion using the microfluidic chip de veloped by
Uhlendorf and coworkers [149]. In their device, cells are trapped in chambers
slightly smaller than the yeast cell (3.1 *m high) and the change of media occurs
slowly by diffusion (~2 min) (Figure A4A). Instead of up-stair case input scenarios
with different sorbitol concentrations as previously used, this sy stem provides a
ramp input. In this condition, we applied a single strong stress of 2 M sorbitol and
observed a maximum nuclear localization around 60 to 65 min after the shock
(Figure A4B). This kinetics is similar to what has been previously obtained upon a
sharp 2 M sorbitol stress (~70 min) (Figure 29). Yet a markeddifference is obtained
concerning the proportion of cells able to respond. While only 50% of suddenly
stressed cells triggered a response (Figure Al), 100% of cells iported Hogl in the
nucleus upon a slow ramp input. Although the dynamics are sim ilar between
experiments, slow change of environment triggers a higher capacity to respond to

severe stresses.

Figure A4. Effects of a severe osmotic stress (sorbitol 2 M) on the nuclear localizéion of
Hog1l using the microfluidic device developed by Uhlendorf et al [149]. (A) The microfluidic

device is composed by two channels in which the media flow. T he change of medium is
controlled by a valve and occurs in about 2 min. (B) 100% of cells triggers the nuclear
localization of Hogl upon slow induction (~ 2 min) of sever e osmotic stress (sorbitol 2 M).
Bottom panel: GFP (Hogl) images of 2 M sorbitol experiment over time. The scale bar
represents 4 pm.
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Cell death after long periods of severe stresses

We previously observed that short periods of severe stresses dd not alter the cell
ability to import Hogl inside the nucleus (Figure 46-Figure 47). However, upon a
long period of severe stress (3 hours), a high percentage of cellg> 90%)stay non-
responsive. We wonder whether this inability to recover a long tim escale of strong
stress can be attributed to cell death. Colony Forming Unit (CFU) is an indirect
method of viable cell counting based on their capacity to form colonies. We applied
2 M and 3 M sorbitol concentrations from 5 min to 4 hours and then platted the cells
on SC plates and waited to observe colonies (Figure A5). After respectively 1 hour
and 4 hours of 2 M sorbitol incubation, 80% and 60% of cellswere viable (Figure
A5). Consequently, 2 M sorbitol triggered a slow decrease in viability in function of
time. We similarly analyzed the effect of 3 M sorbitol on cell viability. After 1 hour
of incubation, less than 10% of viability was observed while after 4 hours, almost all
cells were dead (Figure A5). Therefore, 3 M sorbitol triggered a sharp decrease in
viability upon long periods of incubation. Our results sugge st that the intensity of

the stress and/or the time of incubation are factors of yeast viability alterations.

e, i,

S

\ W

%

NN
N e

-

\ \ \ \ ?g:\:_. IR
AN %'-\.,. e Nt e o e e s
RNt R s N TR T e ainly

Figure A5. Prolonged exposition to severe osmotic stress impars the reversibility of
biological processes. Percentage of Colonies Forming Units(CFU) after different periods of
incubation in 2 M sorbitol (A) and 3 M sorbitol (B). Ea ch experiment is realized in triplicate
and averaged.
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13. Supplementary Data

Bionumbers

Table Al. Key numbers in S. cerevisiae

Categories Properties Values References
Diameter of haploid cell 4 um [196]
Mean haploid cell volume 37um3 [197]
nuclear/cell volume 7% [198]
Yeast Fracti f cell that i
. raction of cell mass that is 604+ 0.2% [199]
proportions water
Cell density 1.1 g/ml [200]
Fracti f cell wall out of
raction of cell wall out o 24.5% [201]
total cell mass
Doubling time haploid cell 99 min [202]
Yeast Time of protein _diffusion ~0.5 sec Bionumbers
. across the cell
timescales Protein production rate in
. P 13000 proteins/cell/sec [203]
haploid cell
Protein density in i
y 3324 g/L This study
cytoplasm
Yeast Average concentration of a
. verage ' ~1uM [204]
concentrations protein in cell
Range of protein .
g p 5-13.107 proteins/cell [205]
concentrations
Yeast turgor pressure 0.6+£0.2 MPa [67]
Yeast osmosis Internal yeast osmolarity A\ VIvOsm [85]
YPD media osmolarity 250mOsm [85]

Osmotic Pressure: order of magnitude

Hyper-osmotic stress triggers an osmotic pressure which can be estimated using the

S— 1 "ee1787Se'"— 1 FobreBinder-thifieglation is expressed as:

R is the perfect gas constant,Ci the molar concentration of solute i and T the
temperature (in kelvin), set at 30°C for yeast (~303 kelvin). The Table A2 compiles

the range of concentrations and their respective osmotic pressures used in this

& L4

(A1)

study. Those osmotic pressures are compared with iso-osnotic conditions and

natural environment variations.
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Table A2. List of osmotic pressures used in this study and find in the wild

Environments Osmolytes Concentrations (M)  Osmotic Pressures
(MPa)

wild sucrose/glucose 0.83 - 1.38 2.1.35

Iso-osmotic glucose 0.11 0.28

Moderate hyper-osmotic  sorbitol 1 2.5

Strong hyper-osmotic sorbhitol 3 7.55

14. Materials and Methods

Yeast strains

Table A3. List of yeast strains used in this study

Name Background Genotype Source
yPHO15 BY4742 HOG1-GFP-HIS3; HTB2-mCherry-URA3 [138]
yPHO16  yPH15 HOG1-GFPHIS3; HTB2-mCherry- Y01l ™ e X [138]
Kan
yPHO33 BY4741 MSN2-GFP-HIS3MX6; HTB2-mCherry-KanMX4 This study
yPHO69 BY4741 CRZ1-GFP-HIS3MX6; HTB2-mCherry-KanMX4 This study
yPH107 BY4741 MIG1-GFP-HIS3MX6; HTB2-mCherry-KanMX4 This study
yPHO082  BY4742 YAP1-GFP-HIS3 + plasmid pRS316-mCherry ZYS7iabe
yPH114  BY4741 ABP1-GFP-HIS3 Haguenauer-
eS™'e 1
yPH115 BY4741 SEC7-mCherry-KanMX4 Haguenauer-
eS™ e 1
yPH34  BY4741 MSN2-GFP- Y381 "« WEdAA S— This study
yPH110 BY4741 CRZ1-GFP-HIS3; HTB2— ‘Z>>¢01‘~"«W fifi‘T This study
yPH38  W303 canl-WVVo*’' ceY E fymTitsine-\WDH1- 2>>S¢ el
His3MX6
yPH12 - leu2::pADH1-YFP ‘ZS ele
yPH14 BY4741 URA1::GFP-HIS3 Ramanathan o

lab

Culture conditions and media

Cultures were maintained on YPD medium (1% yeast extract, 2% Bado Peptone, 2%

glucose) or on Synthetic Complete (SC) medium (0.67% yeast nitrogn base without

amino acids, 2% glucose, 0.08% Complete Supplement Mixture dropout mix). We

mainly used glucose as carbon source. We also used galactoseof the strain MIG1-

GFP since Migl is activated through the addition of glucose. When necessary, we

used the Complete Supplement Mixture without one or several a mino acids. For

microfluidic experiments, cells were grown overnight at 30°C in syn thetic complete
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medium, re-inoculated the morning into fresh SC medium and g rown at 30°C for 4-
5 hours before microscopy. For osmotic stress, we used elution of sorbitol ranging

from 0.45 M to 3 M. We prepared stock solutions of sorbitol at the concentrations of
4M and 6 M. The 4 M solution was used for 0.45M to 2 M working solution s
preparation, while the 6 M stock solution was used for 2.5M to 3 M sorbitol
working solutions. Working solutions were prepared by mixing s orbitol stock
solutions with SC solution 2-times concentrated (2X). We performed our
experiments in SC medium because of its low auto-fluorescence. The preparationfor

NaCl, H202and CaClzsolution was identical to sorbitol (Table A4).

Table A4. List of osmotic solutions used in this study

Stock solutions (M) Working solutions (M)
Sorbitol 4 and 6 From 0.45to 3
NacCl 5 From 0.25t0 1.5
CaCl: 3 0.2
H20:2 30.108 0.3.1C8

Strains list

Strains from this study (Table A3) have been constructed using the transformation
protocol from Sébastien Léon. Cells were grown in SC medum to ODeoo = 1 and
were centrifuged twice for 1 min at 3000 g. The supernatant was removed and the
cells were resuspended in a solution of TEL 1X (10 ul for 1 OD). TEL 1X preparation
includes TE (Tris-HCI 1 M, pH 8; EDTA0.5M pH 8) and TEL5X (5 mL TE10x + 5
mL LiAc 10X). Cells were then conserved on ice. One cell aliguotwas used for one
transformation. Janck et al. developed a versatile protocol for tagging or deleting
yeast genes [206]. Using this method, we generated a PCR produtfrom an initial
plasmid containing the desire cassette (Table A5). In cells peviously aliquoted, we
added 20 pg of carrier DNA previously boiled, 5 pl of the PCR product and 300 pL
of TEL-PEG solution. The final solution was mixed by pipetting up and down and
incubated at 30°C for 30 min. It was then transferred at 42°C fa 15 min. The
preparation was briefly centrifuged, the supernatant was replace d by YPD and cells
were plated on specific selection plates. For antibiotic seledion, the cells need to

settle for 30 min at 30°C in order to express the selective narker. Once colonies
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formed, insertion verification was performed either by PCR or by fluorescent

microscopy.

Table A5. List of plasmids used for strains construction

Name Genotype Source

pRS316- URA3 CEN6 ARSH4 mCherry Devaux's lab

mCherry

pFAG- hphNT1 PCR-toolbox (EUROSCARF)
hphNT1

pYM35 DsRed1 KanMX4 PCR-Toolbox (EUROSCARF)
pFAG- HIS3MX6 marker for gene deletion PCR-Toolbox (EUROSCARF)
HIS3MX6

pYM35- C-terminal tagging with mCherry, KanMX4 Haguenauer- e S ™ e 1S«
mCherry

Mammalian cell lines

We used two human cell lines. A549 cells are human alveolar basal @ithelial cells
and MCF-7 is a human breast cancer cell line. Both cell lines stably gpress GFP. The

gene was introduced using lentivirus (Figure A6).

Figure A6. GFP fluorescence (left) or bright field (right) p ictures of the two cell lines A549
(top) and MCF-7 (bottom) used in this study.
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These human cell lines were cultured in DMEM solution and incubated at 37°C with

5% CO2. DMEM contains 1% Antibiotics (from stock solution of 100X stock of
Penicillin, Streptomycin, L-glutamine) and 10% Fetal Bovine Serum (FBS). Cells
were cultures in 10 ml DMEM between 2 and 4 days before microswmpy
experiments. For imaging, a low-fluorescence medium called Leibovitz's L-15,
supplemented with 1% Antibiotics and 10% FBS was used. For hyperosmotic stress
induction, we used 40% (w/w) polyethylene glycol 400 diluted in t he Leibovitz's L-

15 solution.

Inverted fluorescent microscopy

The cells were observed using an Olympus 1X81 inverted fluorescent microscope
with a QuantEM 512SC camera and a x100 1.40 NA immersion oil objective.
Emission from GFP was visualized at 528 nm (38-nm bandwidth) upo n excitation at
490 nm (20-nm bandwidth); emission of mCherry was visualized at 617 nm (73-nm
bandwidth) upon excitation at 555 nm (28-nm bandwidth). Image s were acquired

through MetaMorphR software

FRAP and FLIP microscopy

FRAP and FLIP experiments on strain HOG1- 81 ™ < aseteE performed at the
Nikon Imaging Centre of the Curie Institute. Experiments were d one at 30°C on a
Total Internal Reflection Fluorescence (TIRF) Nikon eclipse Ti inverted fluorescent

microscope equipped with a QuantEM 512SC camera, a Piezo FlexureObijective
Scanner (P-721 PIFOC) and a x100 1.45 NA DIC Oil objective. Emissionilter is

525 nm and excitation filter 470 nm wavelength. For bleaching, we used a 491 nm
pulse generated by a FRAP 4D module (Roper). A cytoplasmic areaof typically

2 um diameter was photo-bleached by a 50 ms Laser pulse. A singlefocal plane was
then recorded every 50 ms with 5 ms exposure time. FLIP expeiments were
performed with the same system and conditions except that pictures were recorded
every 250 ms. For the three yeast straingpACT1-citrine, pADH1-YFP and URA1-GFP
and for the mammalian cells lines MCF-7 and A549, FRAP experiments were

conducted at the Mechanobiology Institute of the National Univ ersity of Singapore.


http://en.wikipedia.org/wiki/Total_internal_reflection
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Experiments were performed at 30°C for yeast strains and at 37°Cwith 5% CO2 for
mammalian cells. We used a Perkin Elmer Spinning disk equipped with a
Hamamatsu C9100 camera and an x100 1.40 NA DIC Oil objective. Emissino filter is
615 nm and excitation filter 445 nm wavelength. For bleaching, we used a 488 nm
pulse. A cytoplasmic area of typically 2 um diameter was photo-bleac hed by a

50 ms Laser pulse. A single focal plane was then recorded every 200 ms.

Western blot

Cells were grown in appropriate synthetic medium to OD so= 1. They were either
centrifuged at 5000 rpm for 2 min or collected by filtration 0 n a porous membrane
with pore diameter inferior at 1 um. The cells were then stressed with different

sorbitol concentrations (1M to 2.5 M) for different periods of time. To prepare

protein extracts, cultures were rapidly suspended in 10% Trichloroacetic acid and
maintained in ice at least 10 min. Cells were centrifuged and the supernatant was
discarded to leave around 100 pl in the tubes. Cells were then broken by bead-
beating the samples (10 min at 4°C) with glass beads (425600 pm). The samples
were centrifuged, the supernatant discarded and the pellet re-suspended in SDS
Buffer (1X Nupage buffer, 10% 1 mercaptoethanol and 200mM Tris) to a final
volume of 100 pl. Sampled were loaded on 10% SDSPAGE NuPage pre-cast gel in
1X NuPage running buffer and run at 180 V for 1 hour. Prot eins were transferred to
PVDF membranes at 30 V at 4°C overnight. Dual phosphorylation of Hogl on Thr-
174 and Tyr-176 was observed using an anti-dually phosphorylated p38 antibody
1:1000. The positive control corresponds to Phosphoglycerate Kinag Monoclonal
(PGK) detection using PGK primary antibody 1:1000. The detection for both

proteins was performed using the secondary antibodies goat anti-rabbit-HRP at
1:10000 (Figure A7). The bands were then visualized using ECL-plussystem in a
Fujifilm LAS 4000 imaging system. Membranes were stripped betw een Hog1PP and
PGK antibodies incubations using Tris-HCI 62.5 mM, pH 6.8 with 2% SDS.
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Figure A7. Western blots incubated successively with HoglPP and PGK antibodies. Prior to
the western experiment, proteins were either filtered (A) or centrifuged ( B) and then stressed
with different concentrations of sorbitol.

Images analyses/ Quantification of the relative nuclear localization

Quantification of the nuclear co-localization was obtained by using a combin ation of
classic software to display stack of images (Metamorph), analyze them (ImageJ) and
plot them (Igor Pro). The analysis consisted in monitoring t he co-localization of a
protein labeled GFP in the nucleus with the histone 2B asa nuclear marker (Htb2-
mCherry). Image acquisition was performed in phase contrast, GFP and RFP

channels at different time points (Figure A8).

Figure A8. Stacks obtained from image acquisition: phase ontrast, GFP (Hogl) and RFP
(Htb2-mCherry).
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A typical field of view contained at least 10 cells. The analysis was then performed
using ImageJ. It consisted in extracting data about the contaur of the cells, the
cytoplasm GFP fluorescence, the nuclear localization and the GFPinside the
nucleus. The background of the GFP stack was subtractedusing the Rolling ball
subtraction (200 pixels) command based on the rolling ball algorithm. The GFP stack
was then filtered using the Gaussian bluprogram (1 pixel) in order to reduce image
noise. We thresholded the pictures and then segmented the cells with a watershed
algorithm to avoid cell fusion. Then we used the Analyze particlescommand on this
binary stack and assigned a ROI to each cell. The whole GFP cell fluorescence

(GFP9 was measured using the ROI manager (Figure A9).

Figure A9. GFP cell fluorescence
measurement. (A) The GFP stack
was first treated through four
steps: 1- Background subtraction,
2- Stack filtering, 3- Picture
B At SR threshold 4- Cells segmentation.

Clolalo -4/~ AJR 020 =714 8] | | (B) Using Analyze particle a ROI

— was assigned to each cell. Using
these ROl measurements, the
whole GFP fluorescence was
measured on the original GFP
stack.

We perform ed similar treatments on the RFP stack to get the position of the nucleus.
The intensity of the RFP stack was corrected from photobleaching using the
Enhanced contrastommand for every pictures of the stack. The nucleus position
data were added to the ROI manager. From the GFP stack, the ncleus fluorescence
was measured: The RFP segmentation stack was used on the GFPtack in order to
measure the fluorescence of the interest protein at the nicleus position. The new
measurement was called GFPn (Figure A10). This dataset was therused to compute
the nuclear amount of GFP inside the nucleus. In a secom step, those data were
treated using IgorPro to compute the ratio of the total fluor escence intensity of the

nucleus to the cell.
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0Q?HA=N HK 2 =B R & g | (A2)

) (2

At the end of the procedure, the ratio of the nuclear intensity on the total cell is
obtained for each cell of the movie. Experiments were made in triplicate. We then

performed the mean and standard deviation from the total cell numb er.

A
Figure A10. GFP nuclear
fluorescence measurement. (A)
The fluorescence intensity of
¥ Normalize All 29 Slices the R F P StaCk was fl rst
[ [z simck Histogram normalized using the Enhance
oK | cancel contrast command. (B) Using
B : Analyze particle, a ROl was
assigned to each nucleus. From
- — — . these ROl measurements, the
¢ ROIManager Lo S B N ¢ rocoossr (= B X i GFPAif B =
7 Add [y 1729 (Agnes_S2W5_warp_11), 184 || [ 29728 (Agnes_SZM5_w2gin_129), nuclear GFP fluorescence was
Update measured on the original GFP
Delete
stack.

Rename,

Measure
Deselect

Properties

Flatten [F]

More » >«

E1I™ Show All

& -~ IV Edit Mode

Quantification of the cellular volume

Using ImageJ, we manually measured ¢‘Z1 EZse 01 S>72S1<Cle’ee’ —elZee’™MEZols"
contour. The analysis was performed on at least 10 cells per image aguisition. From

the cell area, we computed the equivalent volume assuming that cells are spheres.

Presuming that the area of cells are A=4"R?, the radius was extracted and the

volume calculated from V= 4/3 "R3. Since we were interested in volume variations,

we measured for each cell the relative volume, V/Vmax in which V max is the volume of

the cell before the osmotic compression. The mean and sandard deviation were

then calculated for each sorbitol condition.
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FRAP and FLIP analysis

FRAP and FLIP images obtained from the low-fluorescence srain HOG1- 01™<«@eXE1

were denoised using the ND-Safir procedure. This method, developed by Boulanger
et al. [207], improves the signal to noise ratio. As the pictures obtained at the
Mechanobiology Institute of the National University of Singapore presen ted high
fluorescence values, it was not necessary to denoise the piaires. We then analyzed
all the images the same way. The images were normalized on ImageJ @ dividing

the intensity of the whole bleached area fluorescence Ifrap(t), by the intensity of the
bleached area fluorescence just before the bleachlfrap-pre This operation was

performed using the function Image calculatoon ImageJ.

taod (A3)

After this operation, the bleached area becomes visible due b the difference of
intensity created by the division. An ellipse was fitted on this a rea and its intensity
of fluorescence was measured for every time point, for each @Il and condition. Files

were imported to Igor Pro and the results were plotted.

Quantification of the diffusion coefficient

From FRAP experiments, the diffusion coefficients were calculated for Hogl
(HOG1- 81 ™ amXsB-osmotic and sorbitol 1 M conditions. To obtain adequ ate
estimation of the diffusion coefficient, 2D theoretical model dev eloped by Braga et
al. was used [153]. During the time of photobleaching, diffusion can occur but is
neglected by most of the FRAP models. Instead, Bragaet al.took into account this
parameter by analyzing the profile width of the bleach ed zone during the
fluorescence recovery. Those intensity profiles were measuredon the first picture of
the experiment through a rotating line of 5-10 pixels width cen tered on the bleached
area. The mean of every pixel of the line is calculated. The rotaton angle increment
was 5° giving a total of 72 lines (Figure All). Intensity profiles were plotted for one
cell per condition, assuming that every cell presented the same intensity profile.
This measurement allowed the extraction of the width, <m, and depth, km, of the

bleached area. The initial chosen radius of the bleacled area corresponds to es. It
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was assumed to be the radius of the bleacled area at half the depth, kn. With those
parameters, the typical timescale of photo-bleaching recovery, ~ d&vas extracted from

the fluorescence recovery curves (Figure A12).

Figure A1l Representation of
the fluorescence intensity
profile. The picture on the
bottom shows the method for
the profile measurement on a

bleached cell. From the
bleached area (red circle) a 5°
increment rotating line

measures the profile on the first
picture of the FRAP movie.
From the fluorescence intensity
profile, parameters such as es
and emare extracted.

The diffusion coefficient D was then estimated by taking into account that particles
diffuse over the bleached area radius, *m, in the typical time, ~, with a diffusion
coefficient D = *m2/4~, The parameters and diffusion coefficients we obtained are

shown in the Table AG6.

Table A6. FRAP parameters and coefficients of diffusion

Osmotic conditions o m(um) "l0eZEl D (um 2s1)
SC 2.4 0.091 15.8
Sorbitol 1 M 2.4 0.85 1.7

>
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The High Osmolarity Glycerol (HOG) MAP kinase pathway in the budding y&sstcharomyces cerevigaene of the
best characterized model signaling pathways. The pathway processes external signaasefirmsmolarity into appropriate
physiological responses within the yeast cell. Recent advances in aniicd8chnology coupled with quantitative modeling, and
techniques from reverse systems engineering have allowed yet furthet ingigihis already well-understood pathway. These
new techniques are essential for understanding the dynamical processes at play when esfisegtemal stimuli into biological
responses. They are widely applicable to other signaling pathWiaysrest. Here, we review the recent advances brought by these
approaches in the context of understanding the dynamics of the HOG pathway signaling.

1. Introduction Biochemical assays provided crucial information on protein
phosphorylation and kinase activity. Microarrays revealed
Living organisms have evolved specialized biochemicdhe role of these modules in determining global gene
pathways to cope with stressful, often changing environexpression.
ments. Even in simple cells such as yeast, thousands of Signaling pathways are naturally dynanitip that cells
specialized sets of sensing and signaling proteins forrmust respond to external signals in a timely manner, and
modules used to monitor and adapt to the environmental indeed, the cellular response is oftereated by the temporal
state and its variations. Such modules can be insulategroperties of the external sigl. In addition, the internal
or, on the contrary, connected to one another. Whereaslynamics and timing of events in the signaling pathway
insulation allows for robust and sensitive response, theletermine the cellular response. These internal dynamics
interconnection of modules allows for higher-level behav-determine the information Row, allowing cells to process and
ior such as multiple input sensing and decision makingconvey information from a sensory input to a specibc protein
through cross-talkI]. For a given stimulus, the biochemical in charge of orchestrating the cellular respon8g Pntil
components of the dierent modules that play a role in recently, experimental techniques have been limited such
the cellular response are usually well described in th¢éhat most studies have examined the response of a signaling
literature. Their biological functions and interactions are pathway to a stationary stimulus. Accordingly, adaptation
known in detail, especially in model organisms such asnd cellular responses to environmental cues were usually
the budding yeast. This knowledge comes from decades studied only with respect to the magnitude of the stimulus
complex, tedious, and elegant experiments. Genetic tectwithout seriously taking into account dynamical aspects.
nigues such as gene deletion, mutation, and overexpressiddentibcation of the components of a signaling pathway
have been used to infer the connection patterns betweethrough the techniques mentioned above, combined with
proteins and the architectures of many modular functions.studies of simple stationary stimuli, is not enough to
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understand the dynamics or systems-level properties of a Input
complex biological network.
With the emergence of systems biology, there has been
an important paradigm shift, and it is becoming increasingly @ @

clear that the temporal variations of stimulatory inputs can
be directly sensed by cell§][and that studying cells in
time-variable environments is a powerful way to determine
signaling pathway architecture and to understand how they

process information 6, 7]. Experimental microRuidics-
based strategies have matured to allow for excellent control of @ @

the cellular environment both in time and spad® 9]. This ’\
1 MAPKK

MAPKKK

|

MAPKKK

technology coupled with genetic engineering to Ruorescently
tagged proteins allows for real-time observation of the
systemOs response using Ruorescence microscopy. Finally,
quantitative real-time measurements form the basis for the
development of mathematical models and the use of signal @ @
analysis tools, such as reverse engineering, to model the
Qynamlcal aspects of S|gnaI|r)g pathwa],@.'[These models ( VT ) ~ ( MAPK)
in turn provide testable experimental predictions. =
This review describes the recent strategies that have
been developed to assess quantitatively the dynamics of the
canonical HOG MAP kinase (MAPK) pathway in the yeast, g gatglysti_s 8 gﬂgzoﬁgﬁzged
Saccharomyces cerevisheeshall brst brieBy review the key Process phory
characteristics of the organization of the HOG pathway. We
then discuss the novel experimental and modeling tobls [ Figure 1: The canonical structure of a MAPK cascade. We used

11, 16618 that are allowing new insights into the pathwayOghe Systems Biology Graphical Notation (SBGH) tb represent
dynamics and systems-level behavior. the interactions between the MAP Kinases. Activations of MAPK
occur through enzymatic phosphorylation and ATP consumption.
Interactions with other components and in particular with phos-
. phatases are not shown. In the case of the HOG pathway in yeast,
2. MAPK Cascades in Yeast dual phosphorylation of the bnal MAPK (Hoglp) occurs within a

. . . . . few minutes after an hyper-osmotic stimulus.
Among signaling pathways, the Mitogen Activated Protein vp

Kinases (MAPK) family has received considerable attention.
MAPK pathways are very well conserved from yeasts to . ) o
mammals L9ER1] and several comprehensive reviews arehe response to starvation for haploid and diploid cells
available in the recent literature2, 23. MAP Kinase although the sporulation pathway is not as well known as
pathways are involved in many cellular processes suci€ other four MAPK pathways. Only its MAPK has been
as stress response, the regulation ofedéntiation and identiPed in diploid cells (Smkilp), and it is thought to
proliferation. These pathways contain a canonical module ofirive the spore cell wall assembB2]. Though they share
three protein kinases that act in seri€égfure 3. Upon phos- ~ humerous components, the bve MAPK pathways of the
phorylation by an upstreamptein, a MAP kinase kinase YeastSaccharomyces cerevisfedightly regulated by cross-
kinase (MAPKKK) phosphorylates a MAP kinase kinasdalk ano! mutual |rjh|b|t|pn which permit fa|thfyl signaling,
(MAPKK) on conserved serine and threonine residues@daptation to their environment, and regulation of growth
which in turn phosphorylates a MAP kinase (MAPK) on a @nd morphogenesi2Pl. Among these MAPK pathways, the
threonine (sometimes serine) and a tyrosine residue locateflOG pathway Figure 3 is particularly well suited to study
adjacent to each other and separated by a single amino acfignaling dynamics, since it can be reliably activated through
(Thr/Ser-X-Tyr). This dual phosphorylation site is located increasing the osmolarity of the environment.
in the activation loop of the catalytic domain and its dual
phosphorylation is needed for activation of the MAP kinase.3, The HOG MAPK Signaling Pathway

There are bve MAPK modules in yea%aljle 3 [22.
The hyperosmotic glycerol (HOG) pathway is activated inWater homeostasis is fundamental for life. In nature, the
response to a hyperosmotic stre#R8. The Cell Wall  environment can vary rapidly from isotonic to hyper or hypo
Integrity (CWI) module controls the cell wall integrity and is osmotic conditions, and yeast cells have to adapt quickly
triggered in response to numerous stresses including cell wdlR3, 47]. The brst response after a hyperosmotic shock is the
deterioration, temperature shifts, and hypo osmotic shocksapid loss in few seconds of cell volume due to wateue
[29E81]. The pheromone pathway3R, 33 controls the and the activation of membrane sensory receptors followed
mating response which involves an important morphologicalby the activation of the HOG pathway which is completed
deformation of yeast cells. Finally, the bPlamentous growtlafter a few minutesKigure 2 [11, 48). Two distinct branches
pathway B3 34] and the sporulation pathway2[Z] control of the pathway detect changes in osmolarity and activate the

MAPKK
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Table 1: The MAPK pathways i6. cerevisia&he morphological adaptation corresponds to the cell behavior in response to eathcpe
signaling input. The major molecular actors for each pathway are indicated belove &dbwall assembly during sporulation is another
morphogenetic process driven by a MAPK protein (Smk1p), but with lktlewledge on the other proteins involved and the structure of
the pathway.

External Stress Pheromone Starvation Hyperosmolarity Cell wall Stress
o o Nt

Morphological o) o o - <« . —

Adaptation ° V4 ! Ny .

Membrane Sensors Ste2/3 Shol Sint, Shoolp’yMZsz’ Hkrl, Wsc1, Mid2

MAPKKK Stell Stell Ssk2/22 & Stell Bckl

MAPKK Ste7 Ste7 Pbs2 Mkk1/Mkk2

MAPK Fus3/Kss1 Kssl Hogl Slt2

Transcription factors Stel2p 35 Stel2, Tec142 35, 36 Hotl,[SZI;ozléSsr;%g Msn2/4RIm1, Swi4/6 22 39 40|
I Msg5, Ptp2, Ptp3 TN Ptcs, Ptp2, Ptp3 Msg5, Ptp2, Ptp3, Sdpl

Inhibition [21 41 42 NN[ 21 [21, 4345 (21,30, 46

pathway. These branches converge at the level of the MAPKdUggest that Sholp is more an anchor protein than a sensor
Pbs2p. The brst branch is referred to as the SHO1 brancfor osmolarity 5. Hkrlp and Msb2p, two mucin-like$7®

[23 49, while the second is referred to as the SLN1 branch6( proteins that form heterooligomeric complexes with
[50,51]. Sholp b8 59 have recently been proposed as osmosensors

SIinlp negatively regulates the HOG signaling pathwagf the SHO1 branch. Components of the SHO1 branch
and deletion of SLN1is lethal due to pathway overacti- also take part in pseudohyphal development and mating,
vation. This lethality is suppressed by knocking out anyindicating that Sholp might not have a specibc role in
of the downstream componenSSK]1 SSK2/SSK2PBS2 osmosensing but a more general role related to cell shape
or HOG1 SInlp contains two transmembrane domains, measurementgl].

a histidine kinase domain and a receiver sequence. Sinlp MAPKKKs of these two initiating branches induce the
autophosphorylates on its histidine kinase domain. Thephosphorylation of the MAP ikase kinase Pbs2p on the
phosphate group is then transferred to its receiver domainconserved residues Ser514 and Thr56d.[Pbs2p is a
then to Ypdlp and bPnally to Ssklp. This set of three proteingytoplasmic protein essential for the activation of Hoglp by
forms a phosphorelay5p, 51], a very common signaling dual phosphorylation on theanserved Thr174 and Tyrl76
motif in prokaryotes B1], but rare in eukaryotic cells such [62. PBS2and HOGL1 are essential for osmoadaptation
as yeast. The phosphorylated form of Ssklp is inactive anals null mutations in both gess induce osmosensitivity
the downstream MAPK pathway is usually not activated[23, 63. Pbs2p also plays the role of a sold for the
However, after a hyperosmotic stress, Sinlp is inactivate8HO1 branch 49, 54, 56, 64] by anchoring the dierent

by an unknown mechanism (though it has been proposedcomponents, promoting signal propagation between proper
that SInlp is sensitive to membrane tensi@B [52) leading  protein partners and preventing improper cross-talk between
to the inactivation of Ypdlp and derepression of Ssklpthe Pheromone pathway and the HOG pathway. Once Pbs2p
Finally, unphosphorylated Ssklp binds to the MAPKKKsphosphorylates Hoglp, Hog1PP translocates to the nucleus
Ssk2p and Ssk22p, which autophosphorylate, and then can a manner that is dependent upon the karyopherin Nmd5p
phosphorylate the MAPKK Pbs2p. SIinlp seems to dominatg65]. Localization of Hoglp-GFP to the nucleus can be used
the kinetic response of the pathway while also ensurings a reliable reporter of pathway activity.

its robustness by inducingidgh basal Hoglp expression

counteracted by a fast-acting negative feedback to allow rapid

pathway response5f. Thus, this tightly tuned signaling 4. Sequential Response after

branch allows rapid and sensitive responses to environmental g Hyperosmotic Shock

changes.

Sholp consists of four transmembrane domains andThe activation of the Hoglp MAPK triggers several responses
an SH3 domain. This domain permits the recruitment of on di erent time-scalesHgure 3 [4§. A rapid non-
molecular actors, notably the MAPKK Pbs2p, to the plasmaranscriptional response in the cytoplasm corresponds to
membrane §4]. The upstream kinase Ste20p, the G-proteinthe closure of Fpslp6f and the activation of several
Cdc42p, and the MAPKKK Stellp needed for the activatiorkinases (e.g., Rck2pT], Pfk2p [68). Fpslp belongs to the
of the protein Pbs2p are also recruited to the membrés®.[  ubiquitous Major Intrinsic Protein (MIP) B9 family and
Since it is a transmembrane protein, Sholp has long beeis known to play a central role in yeast osmoadaptation
considered an osmosensosq. However, recent studies by controlling both uptake and eux of the osmolyte
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smotic size recovery. Hotlp is also involved in regulating glycerol
shock 1 inBux by inducing a strong and transient expression of

© STL1 which codes for a glycerol proton symporter located
[ ‘ -% in the plasma membranea[]]. Hoglp is dephosphorylated
w i and exported from the nucleus via the karyopherin Xpolp
@.‘ Cell [65 20 to 30 minutes after an osmotic shock depending
D‘membra”e on the severity of the shock. This is concomitant with the
3@ onset of glycerol production and restoration of osmotic
/ balance. Dephosphorylation of Hoglp is due to nuclear
L Nuclear phosphatases. Phosphatases have a critical role in down-

membrane

regulation of MAPK proteins whose excessive activation
can be lethal for the cell. In yeast, three classes of protein
phosphatases are known to downregulate MAPK pathways.
The dual specibcity phosphatases (DSPs) dephosphorylate
both phosphotyrosine (pY) and phosphothreonine (pT).

Glycerol
production

@ @ |_@ The protein tyrosine phosphatases (PTPs) dephosphorylate
only tyrosine residues. Finally, protein phosphatases type
2C (PTC) dephosphorylate threonine, serine, and some-

:l_ times tyrosine residues. For the HOG pathway, the serine-

threonine phosphatases Ptclp, Ptc2p, and Ptc3p act on both
Isotonic Hyper osmotic NuCleus Merge the Pbs2p (MAPKK) and Hog1p (MPK), while the tyrosine
phosphatases, Ptp2p and Ptp3p strictly control Hog4® [
44, 49. Ptp2p is predominantly localized in the nucleus,
Ptp3p in the cytoplasm, whiléne protein phosphatases types
2C are located both in the cytoplasm and in the nucleus.
Simultaneous knockout of botfPTP2and PTC1is lethal

for the cell B5. Deletion of PTP3induces overactivation

Figure 2: The HOG pathway. View of the main molecular actors ot 4,015 by is not lethal because it predominantly acts on
involved in the hyperosmotic glycerol pathway (see text for more

details). Two branches led by Sholp and Sinlp are sensitive t%ther MAPK proteins involved in the mating pathway.
high osmolarity and lead to the activation of Pbs2p and Hoglp
after a hyperosmotic shock. Hoglp has both a cytoplasmic and
a nuclear role, with dierent timescales, that correspond to a 5. Towards a Model of the HOG Pathway
fast non transcriptional response and a longer response involving
transcription when dealing with strong hyper osmotic shock. TheYears of genetic and biocherai@nalysis have provided us
yeast pictures at the bottom show nuclear localization of Hoglpwith an extraordinarily precise description of the key players
tagged by GFP after a moderate hyper-osmotic shock (Sorbitoin the HOG pathway. What about the signaling dynamics
1 M). Colocalization with the nucles is seen on the overlay pictures of the pathway? How does the architecture determine the
between the GFP channel (Hoglp) and the RFP channel (Htb2p)nathwayOs signal processing ability? Classic molecular biology
Note .thatllocall.zatlon is transient and reversible if the cell is pUtexperimentS were based on step shock experiments with
back into isotonic conditions. an osmotic agent, such as NaCl or sorbitol at various
concentrations. Phosphorylation states of key proteins have
been measured at dérent time points after a step shock
glycerol [70. Importantly, Fps1p is gated by osmotic changesat the population level, showing a transient increase of
[66, 71]. Indeed, this channel protein is closed under phosphorylation (lasting several minutes) concomitant with
hyperosmotic stress to enable intracellular accumulation ofiuclear enrichment of Hoglp8[]. Nuclear cytoplasmic
glycerol, whereas it is open under low-osmolarity conditionsshuttling of Hoglp was also obsed qualitatively, indicating
to allow for glycerol e ux. a fast deactivation of the pathway when cells are returned
On a longer time scale, several minutes after an osmotito an isotonic environment81]. Levels of gene expression
shock, Hoglp induces the modibcation of expression ohave been measured at érent timepoints after an osmotic
nearly 600 genes/PPr5. This transcriptional response is shock using microarrays7g. Although done with a low
driven by intermediate transcriptional factors: Hotlp, Skolp,resolution in time compared to biophysical experiments,
Smplp, and Msn2/4p 37, 38 74, 76, 77]. Importantly,  these measurements give an idea of the dynamics of the
Hoglp initiates glycerol biosynthesis via the transcriptionalactivation of the pathway.
factor Hotlp [38. Glycerol production is due to the expres- Based on such measurements, several models have been
sion of glycerol-3-phosphate dehydrogenase and glyceroproposed to describe mathematically the HOG signaling
3-phosphatase. Both enzymes are encoded by two similg@athway and more generally osmoadaptation in ye@gt [
isogenesGPD]1 GPD2and GPP1 GPP2respectively,78  The most comprehensive and the brst integrative one is due
79. The accumulation of glycerol results in an increaseto Klipp et al. [B1]. Their model takes not only the HOG
of the internal osmolarity, leading to water inBux and cell signaling cascade into account (only the SLN1 branch), but
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Figure 3: Sequential sketch of yeast adaptation to a hyperosmotic shock. The evolutidimveiof the size, phosphorylation of Hog1p, and
internal concentration of glycerol are schematically represented in the center of theep{@uAfter an increase of the external osmolarity
(green), a Prst mechanical response corresponds to a rapid loss ofbvagearrow). It leads to a decrease of the cell size and a loss of turgor
pressure. (2) HOG osmosensors (blue) activate the pathway amduallg lead to the phosphorylation of Hoglp. (3) Hog1PP induces
several processes: (a) Inactivation of the glycerol channgpRpsventing glycerol leakage; (b) direct or indirect activation afjgismic
actors, for examples-phosphofructo-2-kinase (Pfk2p) involved in glycerol synthesis; (c) translocatidreimaicleus. Note that there are
other targets of Hog1lp such as Siclp, Hsllp, Nhalp, and Tok1p. (4) Nuclear Hog1PP induces aramyitional response. In particular,
the gene GPD1 leading to glycerol synthesis is upregulated. Negative feedbaeksl(production, phosphorylation of Sholp, etc.) allow
inhibition of the pathway activity. (5) Increase of the internal glycerol leadsatemin3ux and progressive cell size recovery while Hoglp is
exported from the nucleus. (6) Pathway is,@nd turgor pressure and cell size are restored. The cell is adayte new environment.

also includes a description for the metabolic production ofinvolved in the pathway. Mutants unable to produce glycerol
glycerol, as well as an elementary gene expression model fa@pdl , gpd2 ) [83 or to close the Fpslp channel showed
the enzymes involved in glycerol production. The model alsan increased duration of HOG activity. Mutants with an
includes the closure of the membrane glycerol tranporterincreased phosphatase Ptp2p activity showed a lower level of
Fpslp and takes the dephosphorylation of nuclear Hoglphosphorylated Hoglp but a similar period of HOG activity.
by Ptp2p into account. Most reactions in the model were  Although very promising, such an approach is still
described by the mass action rate law. The model consisted ektremely di cult to bPne tune since it relies on many
70 parameters, of which 24 had to be estimated. To estimatenknown parameters. Comparison of the model outputs
this number of parameters with the limited data available,to experimental data is crucial. To further constrain and
the authors divided the model in modules and btted themtest complex models one needs quantitative, time-resolved
separately to data points. Their model reproduced accuratelgxperiments at the single-cell level in response to complex
the transient response of the HOG pathway after a singlénput signals.

hyperosmotic shock. This included the phosphorylation  As engineers do with electronic circuits and chips, a very
states of Hoglp and Pbs2p, as well as glycerol productiopowerful way to explore the dynamics of a given system is
and cell-size recovery. In addition, the model was able tdo observe its response to complex input signals. Such an
correctly predict the eect of di erent mutations of proteins approach lends itself to developing minimal models that
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l of the chemical environment of yeast celld.[Hersen et
al. [11] designed a fast binary switch to repeatedly change
the environment of single yeast cells between two chemical
conditions as fast as every secoRij(ire 4(a). They used a
(e Y-shaped Bow chamber, fth high and 50@um wide, with
-0 ‘Dog two inlets. One inlet was Plled with an isotonic medium,
% o and the other with the same culture medium complemented
«—O

with sorbitol to increase its osmolarity. At such small scales,
Bows are laminar and Ruids do not mix but rather simply
Bow side by side. The lateral position of the RBuids interface
is set by the relative hydrostatic pressureNor the relative
) RuxNof the two inlets. Changing this pressure érence
DO . . displaces the interface laterally in less than a second. Yeast
(a) (b) (c) cells, previously bxed in the channel through concanavalin-
A coating were then repeatedly switched from an isotonic
l to a hyperosmotic environment. An interesting alternative
developed by Eriksson et aflg consists of moving the
cells with optical tweezer&igure 4(b) rather than moving
) , Ruids over bxed cells. This strategy removes the potential
inBuence of cell adhesion on signaling dynamics related
to morphological changes, but at the cost of technological
‘ W complexity: Also, such a strategy is very time consuming.
- ) Holographic tweezersNa sophisticated version of optical
) tweezersNcan help to increase the number of cells that can
be observed in real timéf. Another strategy was proposed
Figure 4: Di erent microfRuidics technigues to control the chemical by Charvin et al[13 87]. Yeast cells are bxed between a
environment of single yeast cells while imaging them throughpermeable dialysis membrane and a cover slip coated with
microscopy. (a) MicroBuidic system as described in Hersen et al very thin layer of soft PDMS (Poly-Di-MethylSiloxane).
[11. Yeast cells are bxed in the channel by the lectin proteing channel is placed on top of the membrane and allows
Concanavalin A. One inlet is Plied with an iso-osmotic mediapqy of fresh media and exchange within a few minutes.
(blue) and the other with a hyperosmotic media (orange). By tightly \, +jents and other chemicals can freely dse through
controlling the pressure in each inlet, it is possible to create - - B .
e membrane. With this device, environmental exchange

periodic shock on the cells. (b) Optical tweezers system (red) & lowlv. b I |
described by Eriksson et al. permits to control the cells position in appens more slowly, but cells can grow over severa

the channel with two Ruids Rowing side by sidé]] (c) The system ~ 9enerations in a monolayer simplifying their observation
developed by Charvin et al. uses a dialysis membrane (green) to trdfrough microscopy. Indeed, Charvin et aked it to force
cells on top of a soft PDMS slic&d. (d) Multilayer microRuidic ~ periodic expression of cyclins yeast growing exponentially
device [L4. The top layer (green) is used to capture cells. Byup to 8©10 generations.
controlling the pressure inside this channel, cells can be optimally  More complex devices have been proposed, though they
trapped while subjected to periodic shocks. The bottom layer is usegequire a high degree of expertise to fabricate and manipu-
to culture cells. late. Bennet et aJ 88 developed an environmental switcher
capable of generating sinusoidal inputs. Their multilayer
device was composed of a microchemostat, with a depth

capture the dynamical properties of the pathway, such agf 4pm to force yeast cells to grow in a monolayer, and a

DO

feedback loops and signal processing abilities, without takin ,“'d mixer to generate complextime varying envwonmentall
into account all the details ofhe biochemical reactions. ignals for the cells in the chemostat chamber. They used this

These approaches require designing experimental systerﬂsv'ce' in a particularly elegant work, to revisit the wiring

in which the extracellular environment can be quickly and?® the GAL system in yeast, by subjecting cells to sinusoidal

precisely varied. We will now review the innovative method-"MPUts c}f clarbgn SO.ErCO? ovr(?r ﬁ rﬁmge r?f frquencr:;e_sd. Tay-
ologies that have been recently used to study single yedS{ €t @l [14 described a high throughput microRuidics
cells in time varying environments. Then, we will review Single-cell imaging platform to study the dynamics of the
how those measurements have been integrated into minima{?heromone response in yeast. They combined a Buidic

modeling to further study the dynamics of the HOG pathway. multiplexer, an array of channels, _and many sieve valves to
trap cells and to control Buid delivery. They were able to

perform simultaneous timeapse imaging of 256 chambers
6. Fast Control of the Chemical Environment of  with 8 di erent genotypes with several dynamical inputs.
Single Cells Such a strategy, although very sophisticated, can enhance
dramatically the quantity of data gathered to improve our
Several approaches, using microRBuidi@s9, 84, 85, have knowledge and rebPne modeling of MAPK pathways in
been recently proposed to allow for a fast and reliable controyeast f].
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Figure 5: Schematic representation of the Hog pathway models of Mettetal é0hhrid Zi et al. [LH. Pictures are redrawn from original
Pgures of these papers. Top: (a) Diagrammatic representation of Mettetad@l. Au(t) represents the osmolarity applied at titrend

the variablex andy can be identibed with the intracellular glycerol concentration and the enrichment of Hog1 in theisu€lee model
contains a feedback depending on Hoglp (with strengthnd one, which is independent of Hoglp (strength The equations for this
model readyi= (AquS x) S y andxXi= (AquS x) + y. (b) The same model, interpreted in biological terms. The export of osmolytes is
regulated by a mechanism, which does not depend on the MAPK pathvegayqlesure of Fps1p) and by a mechanism depending on Hoglp
activation. (c) Diagram of the model structure proposed by Zi et al. The model iesladsimpliped version of the MAPK pathway as well
as two di erent feedbacks induced by activated Hoglp (a slow transcriptional andreofasanscriptional). Both of these feedbacks act by
increasing the production of glycerol.

7. New Insights from Coupling Complex cytoplasmicNnuclear shuttling follows the input variations
Stimulus and Reverse Systems Engineering  faithfully [11, 17. However, when the input varies more
rapidly than every 200s, Hoglp nuclear translocation no
Using such microfRuidics strategidsiqure 4(a), Hersen et  longer follows the input faithfully, but instead integrates
al. studied the HOG pathway response to periodical osmoticver the input Buctuations J1, 17]. This typical time is
stimulation over a range of frequencies. Interestingly, thealso the slowest time (or limiting step) of activation of the
HOG pathway acts as a low-pass Plter, meaning that thpathway although it was not possible from these experiments
output of the pathway (Hog1p nuclear localization) does notto point out which biochemical step was limiting. By genetic
follow a fast varying input precisely, but rather integratesremoval of one of the two branches, the contribution of each
fast Buctuations over time. For wild-type strains, when thebranch was also measured by Hersen etad it was found
input signal varies slower than once every 200s, Hoglghat the SHO1 branch is slower than the SLN1 branch by
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almost a factor two. The SHO1 branch was actually unablelepend on itself. They monitored multiple system quantities
to integrate the too fast variations of the input whereas the(cell volume, Hoglp, and glycerol) and used varied input
SLN1 branch, when taken alone, was displaying a similawaveforms to analyze the pathway. Similar to Hao etl#, [
behavior than wild-type cells1fll. Those investigations they constructed dierent variants of a mathematical model,
clearly evidenced that the pathway can be turnedvery  each with a dierent location of the integrating component.
quickly and repeatedly, suggesting the existence of seveftthe authors found that the integral feedback property is
feedback loops acting on dérent timescales. Hoglp dependent and regulates glycerol uptake.

An attempt to decipher the dynamical aspects of these More recently, Zi et al. 15 analyzed the experimental
feedback loops has been done by Mettetal etldl], who  frequency response of the HOG pathway done by Hersen et
also examined the response of the Hoglp nuclear localizatioal. and Mettetal et al. They constructed a minimal model
in response to an oscillating input. They constructed, basethat can reproduce the response of the pathway to oscillating
on these frequency experiments, a simple predictive modeinputs (Figure 5(b) [15. They debned a signal response
which was not based on biological knowled&gg(re 5(a). gain, which is debned as the ratio of the integrated change
Subsequently, they identibed the two variables of theiof the output of the pathway to the integrated input change
model with the intercellular osmolyte concentration and the and represents a measurement for theceency of signal
phosphorylation state of Hog1p and concluded that the path-transduction. They concluded that yeast cells have optimized
way contains a Hogl-dependent and a Hogl-independenthis signal response gain with respect to certain durations
feedback mechanism. By underexpressing Phs2p, thereland frequencies of osmotic variations.
reducing the sensitivity of the Hogl-response to the input, These dierent analyses have shown that the HOG
they were able to isolate theogl-independent feedback signaling cascade can be described in a very simple and
from the Hogl-dependent feedback. Based on this theynodular way with several feedback loops operating to
concluded that the Hogl-dependent feedback is requiredieactivate the pathway: two operating on short time scales
for fast pathway inactivation. By inhibiting translation, through Hoglp activity (Sholp deactivation and glycerol
they showed indeed that the slow transcriptional respons@roduction increase), and one depending on transcriptional
triggered by Hoglp is only necessary for the adaptation t@ctivation ofGPD1 The dynamics of the pathway was also
multiple osmotic shocks, while for a single osmotic shockprecisely measured and it was shown that it behaves as
faster nontranscriptional feedback mechanisms dominat@ low-pass blter with a cutofrequency, probably set by
the response. Their conclusion is in perfect agreement witlprotein concentration. Interestingly, the SHO1 branch which
recent experimental investigations showing that even cells known to be involved in other cellular processes was shown
with Hog1p anchored to the membrane present an increaséo be slower in activating the Hoglp MAPK than the SLN1
of glycerol production after a hyperosmotic shoc89 branch. Finally, those approaches have provided us with an
Although the details are not known, Hoglp directly or easily tractable mathematical model of the HOG pathway
indirectly activates the €hosphofructo-2-kinasePRFK3J  thatcan be e ciently coupled to detailed mechanistic models
[68 which leads to an increase production of glycerolto studyin silicothe behavior of this MAPK pathway. Taken
through Gpd1p activity. together, the coupling between mathematical modeling and

Hao et al also focused on rapid non-transcriptional experimental frequency analysis of the HOG pathway has
feedback loops. First, they no#id that the response of the given very importantinsights into the HOG pathway dynam-
SHO1 branch is more transient than that of the SLN1 branchics and more generally its functioning, demonstrating the
Then, based on previous observations, they constructethterest of developing such strategies for studying signaling
three simple mathematical models, each describing anothgrathways in yeast.
possible mechanism of HOG inactivation. One model was
based on Hoglp mediating activation of a negative regulator
(phosphatases), while the other two models focused o Fyture Directions
the negative control of a positive regulator. Analysis of
the di erent models suggested a Hoglp-dependent feedAlthough the structure and the dynamics of the HOG
back mechanism occurring early in the response. Theisignaling pathway are now well understood, several key
experimental analysis conbrmed this and suggested thgibints remain to be elucidated, the most elusive one being
Hoglp acts negatively on Sholp by phosphorylation, therebthe mechanistic functioning of the two osmosensors, Sinlp
implementing a direct negative feedback loop. and the Sholp complex. Another important aspect of a

Muzzey et al [18 followed a similar approach to better understanding of the HOG pathway is to integrate
study the feedback mechanisms within the pathway. Thejts behavior with other cellular processes. In particular, in
identibPed the transient activation of Hoglp with a feature 2000, Gasch et.dI73 compiled genome expression probPles
called perfect adaptation, which states that the steady stat#f S. cerevisigeast subjected to several stress conditions and
output of the pathway does not depend on the strength of thediscovered that genes normally induced after a hyperosmotic
osmotic shock. They argued that robust perfect adaptatiorshock are downregulated in response to a hypo-osmotic
requires at least one negative feedback loop containing ashock and vice versa. The CWI pathway is activated by
integrating component9d and they analyzed the location hypo-osmotic stimulation 29, its physiological role being
of this integrator. They debPned an integrating componentto reinforce the cell wall and prevent the cell from bursting.
as a dynamic variable whose rate of change does n®1OG and CWI do not share direct components but were
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seen to interact with each othe®], 92). During cell growth  properties of HOG pathway signaling processes. These
both pathways may well be activated and deactivated withitechniques are easily extended to other signaling pathways
short intervals to balance between cell expansion and cedif interests with the Pnal goal being to understand the
wall development. The SIinlp-dependent response regulataelationships between structure, kinetics, and dynamics at
Skn7p P3 94 could have a role in linking the cell-integrity the systems-level in complex biological networks.

pathway to the HOG pathway. Skn7p also interacts with

Rholp an upstream component of the CWI pathway. The

evidence that Skn7p is apparently controlled by sensors d‘f\CknOMGdgment

both the HOG pathway and the cell-integrity pathway makesp e rsen is supported by the ANR program of the French
Skn7p an excellent candidate for a regulator that coordinateg; , arnment (ANR-JCh-DiSiP). A. Miermont and J. Uhlen-

osmkoregulat(ijor:jandbcell wall(;)iogenzs‘aﬁ[ga 94. Morel fdorf are students of the Frontier in Life Sciences PhD
work is needed to better understand the putative role ofg oo (Paris. France).

Skn7p in coordinating dierent aspects of turgor pressure
control and cell surface assembly. Using minimal models
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Gene expression plays a central rol e in the orchestration of cellular
processes. The use of inducible pr omoters to change the expression
level of a gene from its physiological level has signi cantly contrib-
uted to the understanding of the functioning of regulatory networks.
However, from a quantitative point of view, their use is limited to
short-term, population-scale studies to average out cell-to-cell vari-
ability and gene expression noise and limit the nonpredictable effects

of internal feedback loops that may antagonize the inducer action.
Here, we show that, by implementi  ng an external feedback loop, one
can tightly control the expression of a gene over many cell genera-
tions with quantitative accuracy.  To reach this goal, we developed
a platform for real-time, closed-loop control of gene expression in
yeast that integrates microscopy for monitoring gene expression at
the cell level, micro  uidics to manipulate the cells * environment, and
original software for automated imaging, quanti cation, and model
predictive control. By using an endogenous osmostress responsive
promoter and playing with the osmolarity of the cells environment,

we show that long-term control can, indeed, be achieved for both
time-constant and time-varying target pro les at the population
and even the single-cell levels. Importantly, we provide evidence that
real-time control can dynamically limit the effects of gene expression
stochasticity. We anticipate that  our method will be useful to quanti-
tatively probe the dynamic properti  es of cellular processes and drive
complex, synthetically engineered networks.

model based control | computational biology
high osmolarity glycerol pathway | quantitative systems biology

U

biology (1-6). The properties of a living system are often inferred
from the observation of its response to static perturbations. Time-
varying perturbations have the potential to be much more in-
formative regarding the dynamics of cellular functions (712).

Currently, it is not possible to precisely perturb protein levels in an
analogous manner, even though this perturbation would be in-

nderstanding the information processing abilities of bi-
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system is used to constantly update the control strategy based on
real-time observations. We propose an experimental platform that
implements such an in silico closed loop in the budding yeaSac-
charomyces cerevisia@/e show that gene expression can be con-
trolled by repeatedly stimulating a native endogenous promoter
over many cell generations¥ 15 h) for both time-constant and time-
varying target pro les and at both the population and single-cell
levels. Recently, Milias-Argeitis et al. (19) also proposed an ap-
proach for feedback control of gene expression in yeast. In contrast
to their work, we propose a method that is effective at the single-cell
level, for time-varying target pro les, and robust despite the pres-
ence of strong internal feedback loops. We start by describing the
gene induction system and the experimental platform before dis-
cussing its efciency.

Results and Discussion

Controlled System. We based our approach on the well-known re-
sponse of yeast to an osmotic shock, which is mediated by the high
osmolarity glycerol (HOG) signaling cascade. Its activation leads to
the phosphorylation of the protein Hog1l (Fig. 2A), which orches-
trates cell adaptation through glycerol accumulation. Phosphory-
lated Hogl promotes glycerol production by activating gene
expression in the nucleus as well as stimulating glycerol-producing
enzymes in the cytoplasm. After they are adapted, the cells do not
sense the hyperosmotic environment anymore, the HOG cascade is
turned off, and the transcriptional response stops (222). In con-
trol terms, yeast cells implement several short-term (non tran-
scriptional) and long-term (transcriptional) negative feedback loops
that ensure perfect adaptation to the osmotic stress (10, 23). Be-
cause of these adaptation mechanisms, it is a priori challenging to

ological systems is a central problem for systems and syntheticcontrol gene expression induced by osmotic stress. It is, thus, an

excellent system to show that one can robustly control protein
levels, even in the presence of internal negative feedback loops.
Several genes are up-regulated in response to a hyperosmotic stresg
These genes include the nonessential gei®¥L1, which codes for
a glycerol proton symporter (24, 25). We decided to use its native
promoter (pSTL1) to drive the expression of yECitrine, a uores-

SYSTEMS BIOLOG

strumental in our understanding of gene regulatory networks. cent reporter. Applying an osmotic stress transiently activated the
Indeed, despite the development of novel regulatory systems, in- HOG cascade (Fig. B), and yECitrine levels reached modest
cluding various RNA-based solutions (13), transcriptional control Values (600 uorescence units) (Fig. B). Importantly, when short
by means of inducible promoters is still the preferred method for but repeated stresses were applied, pSTL1 could be repeatedly
manipulating protein levels (14, 15). Unfortunately, inducible activated, and much higher levels could be reached (FigCL
promoters have several generic limitations. First, there is a signif-
icant delay between gene expression activation and effective
protein synthesis. Second, many cellular processes can interfereAuthor contributions: J.U., G.B., and P.H. designed research; J.U. performed research; J.U.,
with gene expression through internal feedback Ioops whose AM., T.D,, G.C.,F.F., SB., G.B. and P.H. contributed new reagents/analytic tools/software;
effects are hard to predict. Third, the process of gene expression J.U,, G.B., and P.H. analyzed data; and J.U., G.B., and P.H. wrote the paper.
shows signicant levels of noise (1618). Given these limitations,
novel experimental strategies are required to gain quantitative, This article is a PNAS Direct Submission.
real-time control of gene expression in vivo. Freely available online through the PNAS open access option.

Here, we see the problem of manipulating gene expression to o whom correspondence may be addressed. E-mail: gregory.batt@inria.fr or pascal.
obtain given temporal pro les of protein levels as a model-based hersen@univ-paris-diderot.fr.
control problem. More precisely, we investigate the effectiveness of 26.8. and P.H. contributed equally to this work.
computerized closed-loop control strategies to control gene eX- this aricle contains supporting information online at
pressioninvivo. In model-based closed-loop control, a model of the 1073/pnas.1206810109/-/DCSupplemental.
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Fig. 1. A platform for real-time control of gene expression in yeast. (

A) A hyperosmotic stress triggers the activation and nuclear translocation of Hog1.

Short-term adaptation is mainly implemented by cytoplasmic activation of the glycerol-producing enzyme Gpd1 and closure of the aqua-glyceroporin channel

Fps1. Long-term adaptation occurs primarily through the production of Gpd1. (

cascade was quickly activated, which is seen by Hogl nuclear enrichment. This transient signaling response lasted typically

B) When maintained in a hyperosmotic environment (1 M sorbitol), the HOG

<20 min. The expression level of

pSTL1-yECitrine (YFP) increased after an 20-min delay, peaked around 600  uorescence units after 100 min, and then decayed. ( C) In contrast, the uo-
rescence level showed a continuous increase when stimulated periodically (T = 30 min). The increase rate was larger for longer pulses (red, 8 min; yellow,
5 min). Black curves are the expected behaviors based on our model of the pSTL1 induction. Solid lines and their envelopes are the experimental means an d

SDs of the cells' uorescence. (D) Yeast cells grew as a monolayer in a micro

uidic device that was used to rapidly change the cells
frame) and image their response. Segmentation and cell tracking were done using a Hough transform (orange frame). The measured yECitrine

' osmotic environment (blue
uorescence,

either of a single cell or of the mean of all cells, was then sent to a state estimator connected to an MPC controller. A model (black frame) of pSTL1 induction

was used to nd the best possible series of osmotic pulses to apply in the future so that the predicted yECitrine level follows a target pro
time point (orange circle), the system state is estimated (green), and the MPC searches for the best input (pulse duration and number of pulses) (see text and
Materials and Methods ), which minimizes the distance of the MPC predictions (black curves) to the target pro
osmotic series of pulses that corresponds to the blue curve (4) was selected and sent to the micro

A closed-loop control of the pSTL1 activity requires the ac-

le. (E) At the present
SI
le (red dashed line) for the next 2 h. Here, the
uidic command. This control loop is iterated every 6 min.

stress response in yeast (10, 280). We used a generic model of

quisition and analysis of live cell images, the computation of the gene expression written as a two-variable delay differential equation
input (i.e., osmolarity) to be applied in the near future, and system, where therstvariable denotes the recent osmotic stress felt
the ability to change the cells osmotic environment accordingly by the cell and the second variable is the proteinuorescence level

(Fig. 1 D and E).

Experimental Platform. To observe the cells and control their

(Fig. 1D, Materials and MethodsTable S1 and S| Materials and
Method$. Because our goal was to show robust control, despite the
presence of unmodeled feedback loops, the adaptation mechanisms

environment, we designed a versatile platform made of standard described above were purposefully neglected. The choice of this

microscopy and microuidic parts. The micro uidic device
contained several 3.1-m-high chambers that were connected by
both ends to large channels through which liquid media could be
perfused (Fig. D). Because the typical diameter of arS. cer-
evisiaecell is 45 m, the cells were trapped in the chamber and
grew as a monolayer. Their motion was limited to slow lateral
displacement due to cell growth Fig. SJ1. This design allowed
for long-term cell tracking (>15 h) and relatively rapid media
exchanges (2 min). The HOG pathway was activated by
switching between normal and sorbitol-enriched (1 M) media.

Model of pSTL1 Induction. To decide what osmotic stress to apply
at a given time, we used an elementary model of pSTL1 in-

model was also motivated by the tradeoff between its ability to
quantitatively predict the systerts behavior (favors complexity) and
the ease of solving state estimation problems (favors simplicity).
Despite its simplicity, we found a fair agreement between model
predictions and calibration data corresponding to uorescence
pro les obtained by applying either isolated or repeated osmotic
shocks of various durations (Fig. @ and Fig. S2.

Closing the Loop. The uorescence intensity of a single cell arbi-
trarily chosen at the start of the experiment, or the average
uorescence intensity of the cell population, was sent to a state
estimator (extended Kalman lter discussed inSI Materials and
Methodg connected to a model predictive controller (31). Model

duction. Many models have been proposed for the hyperosmotic Predictive Control (MPC) is an ef cient framework well-adapted

14272 | www.pnas.org/cgi/doi/10.1073/pnas.1206810109
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to constrained control problems. Schematically, given a model of using a PI controller to reach high levels of uorescence would
the system and desired temporal prdes for the systers out- lead to a control strategy in which high stress is maintained over
puts, MPC aims at nding inputs to minimize the deviation be- extended periods of time. This condition would trigger cell ad-
tween the outputs of the model and the desired outputs. The aptation and eventually lead to a stalled situation in which the
control strategy is applied for a (short) period. Then, the new maximal stress is applied without any effect.
state of the system is observed, and this information is used to
compute the control strategy to be applied during the next time Closed-Loop Population Control Experiments. Our rst goals were to
interval. This receding horizon strategy yields an effective feed- maintain the average uorescence level of a cell population at a-
back control. In practice, every 6 min, given the current estimate given constant value (set-point experiment) and force it to follow
of the system state, past osmotic shocks, and our model of genea time-varying pro le (tracking experiment). Both types of experi-
expression, the controller searched for the optimal number of ments lasted at least 15 h, starting with a few cells and ending with
osmotic pulses to apply within the next 2 h and their optimal start 100-300 cells in the eld of view (Fig. S3. The control objective
times and durations (Fig. E). If a shock had to be applied within ~was to minimize the mean square deviations (MSDs) between the
the next 6 min, then it was applied. Otherwise, the same com- mean uorescence of the population of cells and the target prde.
putation was reiterated 6 min later based on new observations, We succeeded in maintaining the averageuorescence level at
thus effectively closing the feedback loop. Here, we dealt with a given constant value or forcing it to follow several given time-
short-term cell adaptation by imposing a maximal stress duration varying pro les (Fig. 2A-D, Figs. S3 S4 and S5 and Movies S1
of 8 min and a 20-min relaxation period between consecutive S2 andS3. Admissible time-varying target pro les were obviously
shocks. Under such conditions, cells stay responsive to osmoticconstrained by the intrinsic timescales of the system, such as the
stress at all times (Fig. €). This can be explained by the fact that, maximal protein production and degradation rates. However,
in absence of stress, the glycerol channel Fpsl1 opens (21, 32) andvithin these constraints, graded responses could be obtained. In
lets the glycerol leak out of the cell, thus effectively resetting the Fig. 2C, for example, the trapeze slope is less steep than what
osmotic state of the cells (29). maximal pSTL1 induction can deliver (Fig. 2A and B). Note that
Note that a proportional integral (PI) controller would have our control strategy opened the possibility to reach higheruo-
been an attractive alternative, because it would not have re- rescence levels than what full induction with a step shock would
quired the development of a model of the system. With Pl allow (compare with Fig. B). Indeed, because of cell perfect ad-
controllers, the applied input (i.e., stress) is simply the weighted aptation to hyperosmotic stresses, a sustained 1 M sorbitol shock
sum of the current error (deviation between target and measured triggers only a transient gene expression andiorescence peaks at
outputs) and the integral of the (recent) past errors. Consequently, moderate levels (Fig. B). By using repeated, well-separated pulses,

Fig. 2. Real-time control of gene expression can be achieved at the population level. (A and B) Set-point control experiments with target values 1,000 and 1,500

uorescence units (f.u.; red dashed line). This unit is the same across all graphs (no renormalization). To avoid desensitizing the HOG pathway, the controller
repeatedly applied short osmotic pulses (durations between 5 and 8 min). The timeline of osmotic events is shown at the bottom of each graph (color code along
the bottom). Shock starting times and durations were computed in real time. The m easured mean cell uorescence is shown as solid blue lines. The envelopes
indicate SD of the uorescence distribution across the yeast population. ( C and D) Tracking control experiments. In  C, the target has a trapezoidal shape
(maximum at 1,500 f.u.). In D, the target is sinusoidal (average value at 1,500 f.u.). In both cases, the mean | evel of uorescence successfully follows the time-
varying target pro  le. (Eand F) Open-loop control experiments. Two examples of open-loop control (the osmotic inputs were computed using our model before
starting the experiments) showing poor control quality. Errors accumulate over time. The simulated behavior of the system is represented in violet.

Uhlendorf et al. PNAS | August 28,2012 | vol. 109 | no.35 | 14273
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pSTL1 was iteratively activated (Fig. € and Movie S4). To assess in Fig. 3, we obtained results with quality that is out of reach of any
the effective control range, we performed additional control ex- conventional gene induction system, both for constant and time-
periments with target values spanning an order of magnitude (200 varying target pro les (Movies S§ S and S7). Because of intrinsic
2,000 uorescence units) Fig. S9. Despite an initial overshoot for  noise in gene expression, single-cell control was a priori more
the lower target (200 uorescence units), our results showed good challenging than population contol. Indeed, compared with the
control accuracy over time. ) ) mean uorescence levels in population control experiments, the
Quantitative limitations of our experimental platform can orig-  yorescence levels of controlled dis in single-cell control experi-
inate from the model, the state estimator, the control algorithm, ments showed larger uctuations around the target values. How-
and the intrinsic biological variability of gene expression. In silico eyer, at the cell level, the MSDs of controlled cells obtained in
analysis showed that applying the proposed control strategy to the singje-cell control experiments were signcantly smaller than the
(estimated state of the) system resulted in control performances \1sps of a cell in population control experiments (Fig. 8, Sl
that were signi cantly better than those obtained experimentally  \aterials and MethodsTable S2 and Fig. S. For set-paint control
(F'%' 2E dand”F a’édf':'g' S4. Therefore, ﬂ;e (igr}trol algorithm oy heriments in which uctuations happen around a xed reference
fneor d%rlme a\rlwvdes’t;g esl:it%raetig?l%ol\:;gtrgeer?;s fe:?gn t tr?ecgi Oenrif%/:rtﬁgl] value, we also dened the uorescence noise level as the standard
state of%he system. To assess the impgrtance of bioIF())gicaI vari—deV'atlon. (S.'D) over the mean. Again, we found that s_lngle-cell
’ control signi cantly decreased noise at the cell level (Fig.G} SI

ability and modeling limitations, we carried out open-loop control . .
experiments with the same objectives and the same model of the Materials and MethodsTa_bIe 52 andFig. 5@-.Ta'<e!1 together, these
results show that real-time control effectively improves control

system. A time series of osmotic pulses was computed before the =~ o .
experiment and then sent to yeast cells without performing real- duality and counteracts the effects of noise in gene expression when
performed at the single-cell level. Interestingly, single-cell control

time corrections. Important deviations were found, indicating clear . i
discrepancies between model predictions and the long-term systemeXPeriments showed that, in few cases, the controlled cell behaved
behavior (Fig. 2E and F). As expected, open-loop strategies cannot Signi cantly differently from the rest of the population over extended
result in a quantitative, robust control of gene expression. In con- Periods of time (e.g., see Fig. &), suggesting long-term memory
trast, closed-loop control performs well, despite signcant bi- effects for gene expression sparmy many cell generations. Lastly,
ological variability and/or limited model accuracy. the fact that, for different controlled cells but the same control ob-
jective, the decisions of the closloop controller were markedly
Closed-Loop Single-Cell Control Experiments. In a second set of different (Fig. 3E) highlights the fact that feedback control was
experiments, we focused on the real-time control of gene expres- critical to achieve good control perbrmance at the single-cell level.
sion at the single-cell level. We tacked one single cell over at least This suggests that cell-to-cell vartality and noise in gene expression
15 h and used its uorescence to feed the ME controller. As shown  fundamentally limit the quality of any open-loop inducible system.

Fig. 3. Real-time control of gene expression can be achieved at the single-cell level. (A and B) Set-point control experiments at values 1,000 and 1,500 f.u. The
yECitrine uorescence of the controlled cells is shown as orange lines. The blue line and its envelope indicate the mean uorescence and the SD of the
uorescence across the cell population. The population follows the target pro le but with less accuracy than the controlled single cell. ( Cand D) Tracking
control experiments. In  C, the target has a trapezoidal shape (maximum at 1,500 f.u.). In D, the target is sinusoidal (average at 1,500 f.u.). ( E) The uorescence
of the controlled cell in three different single-cell control experiments is represented together with the osmolarity pro les that were applied. Different
experiments are labeled with different colors, and therefore, their corresponding osmotic inputs can be identi ed. It appears that, for each cell, the controller
decisions were markedly different, showing that cell-to-cell variability was at play and that feedback control was critical when performing single -cell control.
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Fig. 4. Effectiveness of closed-loop control. ( A) Single-cell uorescence time pro les in two population control experiments (thin gray lines) and three single-
cell control experiments (thick orange lines). One representative trace of a single cell in a population control experiment is shown in black. ( B) Distribution of
the MSDs of individual cells in population control experiments (gray). MSDs are de ned with respect to the target pro les. The orange bars (stars) show the
MSDs for the controlled cells in three single-cell control experiments. These data are compared with the mean MSD of single cells when controlling the
population (black line, circle), which shows lower control quality. As expected, the control quality of the population is better (blue line, square), because noise

in gene expression is averaged out. ( C) Distribution of the noise levels de  ned as the ratio of the SD to the mean. Lower noise levels are observed for
controlled cells in single-cell control experiments (orange, star) than a random cell in population control experiments (black line).

Conclusions quantitative biology applications. Controlling small cell populations,

We showed that gene expression can be controlled in real time Or even single cells, may be needed in multicellular systems, where
with quantitative accuracy at both the population and single-cell cells differ by their genotype (38) or physical location (39).
levels by interconnecting conventional microscopy, micraidics, ~ Connecting living cells to computers is a promisingeld of re-
and computational tools. Importantly, we provided evidence that search both for applied and fundamental research. By maintaining
real-time control can dynamically limit the effects of gene ex- a system around spect operating points or driving it out of its
pression stochasticity when applied at the single-cell level. This standard operating regions, our approach offers unprecedented
model predictive control framework overcame the presence of opportunities to investigate how gene networks process dynamical
a signi cant delay between the environmental change and the information at the cell level. We also anticipate that our platform
uorescent protein observation and the action of strong non- will be used to complement and help the development of synthetic
modeled endogenous negative feedback loops. The fact that biology through the creation of hybrid systems resulting from the
good control results can be obtained in a closed-loop setting with interconnection of in vivo and in silico computing devices.
a relatively coarse model of an endogenous promoter (compare ]
with open-loop results) suggests that extensive modeling will Material and Methods
not be required to transpose our approach to other endo- and Yeast Strains and Plasmids.All experiments were performed using a pSTL1::
exogenous induction systems (e.g., the galactose, methionine, olyECitrine-HIS5, Hogl:mCherry-hph yeast strain derived from the S288C
tetracycline inducible promoters). To appreciate the difculty of  background. Cells were cultured overnight in synthetic complete (SC) medium
the control problems that we addressed, one should keep in mind at 30 °C; 4 h before loading them into the micro  uidic chip, 60 L overnight
that the controlled system, a yeast cell, is an extremely Comp|exculture were diluted into 5 mL SC, thus obtaining an OD of 0.19. During the
and partially known dynamical system and that the controlled experiment, cell growth continued, with a doubling time between 100 and
process, gene expression, is intrinsically stochastic. 250 min (S| Materials and Methods and Movies S1, S2, S3 S4, S5 S6 and S7).
Despite the fact that the importance of control theory for systems
and synthetic biology has been widely recognized for more than Micro uidics. We microfabricated a master wafer by standard soft lithography
a decade (33, 34), the actual wsof in silico feedback loops to techniques. A micro gidic chip was made by casting polydimethylsiloxane
control intracellular processes s only been proposed recently. In  (PDMS) (Sylgard 184 kit; Dow Corning) on the master wafer, curing it at 65 °C
2011, we showed that the signaling activity in live yeast cells can bePvermight, pealing it off, and bonding it to a glass coverslip after plasma acti-
controlled by an in silico feedback loop (35). Using a PI controller, vation. Cells were loaded into the imaging chamber by syringe _|n]§ct|on. ThIS
we controlled the output of a signal transduction pathway by created a positive p_res_surg, which let the cell; enter the_trap.. Liquid medium
modulating the osmotic environment of cells in real time. A similar &S OWn by aspiration into the device using a peristaltic pump (IPC-N;
framework has been proposed by Menolascina et al. (36). More Ismatec) placed after the micro  uidic device. We usgda ow rate of 230 L/
recently, Toettcher et al. (37) usd elaborate microscopy techniques ™" A computer-controlied three-way valve (LFA series; The Lee Company)
and optogenetics to control (in real time and the single-cell level) "2S Used to select between regular medium (SC) or the same medium sup-
the localization and activity of a signal transduction protein (PI3K) plemented with 1. M sorbital. A Swn?h of the valve state did not lead to an
. karyotic cells. Interestingly, they were able to buffer external |r?sta‘mtaneot_Js Fhange of th_e cells ’ environment inside the micro UIdIC_ de-
Isr;ir'?]lfjli and clamp phosphatidyli;wo'sol (3,4,5)-triphosphate (PIP3) vice: a certain time (dependingonthe ~ ow rate) was needed for th(_a uid to
levels for short time scales. Bease the'se' o frameworks neces- pass from the valve to the channels and the imaging chamber ( Fig. S1).
isltate image acquisition at a high frequency, they are not suitable for \;ic.oscopy and Experimental Setup. We used an automated inverted mi-
ong-term experiments. The most closely rela_‘ted WO”_( isthe W(_)_rk by croscope (IX81; Olympus) equipped with an X-Cite 120PC  uorescent illu-
Milias-Argeitis et al. (19). Using optogenetic techniques, Milias-  mination system (EXFO) and a QuantEM 512 SC camera (Roper Scienti c). The

Argeitis et al. (19) managed to control the expression ofa yeastgene yrp iters used were HQ500/20 x (excitation  lter; Chroma), Q515LP (dichroic;
to a constant target value over a few hours. Their approach is based chroma), and HQ535/30M (emission; Chroma). All these components were

on a chemostat culture and well-adapted for biotechnological driven by the open-source software ~ Manager (40), a plug-in of ImageJ (41),
applications, such as the productioof biofuels or small-molecules.  which we interfaced with Matlab using in-house —developed code. The tem-
However, because it does not allow for single-cell tracking and perature of the microscope chamber, which also contained the media reser-
control, it is less adapted to probe biological processes in single-cell voirs, was constantly held at a temperature of 30 °C by a temperature control
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system (Life Imaging Services). Images were taken with a 100 x objective (Pla-
nApo 1.4 NA; Olympus). The uorescence exposure time was 200 ms, with
uorescence intensity set to 50% of maximal power. The uorescence expo-
sure time was chosen such that the  uorescent illumination did not cause
noticeable effects on cellular growth over extended periods of time. Impor-
tantly, illumination, exposure time, and camera gain were not changed be-
tween experiments, and no data renormalization was done. Therefore, the
uorescence intensities can be directly compared across experiments.

Image Analysis.The cellularboundarieswereidenti  edonthebright-  eldimage
using a circular Hough transform implemented in Matlab (42). For tracking, w e
compared the current image with the previous one, de ned a cell-to-cell dis-
tance matrix, and used linear optimization to match pairs of cells. The trackin g
process was made more robust by also considering the last but one image if
a gap was detected (caused by rare segmentation errors). The YFP  uorescence
level in each cellwas de ned as the mean uorescence level taken over the cell
area after subtraction of the background uorescent level. The signaling activity
of the Hogl cascade can be estimated by measuring the Hogl nuclear enrich-
ment. We de ned the nuclear enrichment of Hogl::mCherry as the difference
between the minimal and maximal uorescence intensities within a cell. Maxi-
mal and minimal Hogl::mCherry intensities were computed by averaging the
uorescence of the 15 brightest and 15 dimmest pixels, respectively.

Modeling. The controller used a two dimensional ordinary differential
equation (ODE) model to predict the behavior of the system:

x1=udS PSgixg

and
- X2
X2 = KoX1 S ;
X2 = K2X1 92K+X2
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where X, denotes the recent osmotic stress and X, denotes the protein

uorescence level. The osmotic input ( u) is shifted by =20 min to account
for the observed delay in the system. The remaining para meters have been
estimated based on several c alibration experiments: g; = 4.02 x 1O§3, ko =
0.58,9,=37.5,K=750,and =20 (S| Materials and Methods , Table S1, and
Fig. S2.

State Estimation. We implemented an extended Kalman Iter, which esti-
mates the system state based on uorescent observations and the model of
the system. The parameters of the Iter (measurement noise R and process
noise Q) were setto R = 2,500 and Q = diag(0.37, 925).

Model Predictive Control. The controller searches for osmolarity pro  les that
minimize the squared deviations between model output and target pro le
within the next 120 min, while ful lling the input constraints (pulse duration

of 5 to 8 min separated by at least 20 min). In practice, this problem is recast
into a parameter search problem, in which parameters are used for encoding
stress starting times and shock durations and solved using the global opti-
mization tool CMAES. Because image analysis and parameter search may take
up to 3 min, the input to be applied is notimmediately available at the time of

the measurement. Consequently, we apply at time t the input that was
computed at time t S 3 min.
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S| Materials and Methods

Mathematical Model. The hyperosmotic stress response is one of
the best-studied adaptation processes in yeast (1). Many math-
ematical models with various levels of complexity have been
developed (26). In particular, the work by Mettetal et al. (2)
showed that essential aspects of the high osmolarity glycerol
signaling cascade (amplitude and temporal prde of the protein
Hogl nuclear localization) can be captured by an extremely
simple two dimensional linear model. Because simplicity is crit-
ical for state estimation (see below), we took inspiration from
this minimalistic model, and we propose the following ordinary
differential equation (ODE) model:

xYaud P ox
and

X2 .
b x

The two variablesx, and x; denote the protein uorescence level
and the recent osmotic stress felt by the cell, respectively,
whereasu denotes the osmolarity in the imaging chamber. The
recent osmotic stressx; is modeled by a term integrating the
osmotic stressi(t )] and a linear decay term ( g1X;), which
lets the in uence of past osmotic stresses diminish exponentially
with time. The term describing the osmolarity () is computed
based on (a piecewise linearization of) the prde shown in Fig.
S1 and the valve status. A delay in aggregates times for signal
transduction, gene expression, and protein synthesis. Theio-
rescence level increases linearly with the integrator with rate.
Because we did not observe any saturation of the proteinuo-
rescence levels, even for long time experiments>{0 h), in
characterization experiments (Fig. S2), we deduced that protein
degradation should not be modeled as a term proportional to its
concentration as usually assumed. A goodt altogether was
obtained using a saturating term for its degradation rate. Tot
our model parameters, we designed two types of experiments to
probe different aspects of the cell response dynamics: repeated
or isolated osmotic shocks. For both cases, we performed ex-
periments with shocks lasting 5, 6, 7, or 8 min (Fig. S2). Based on
these observations, we manually set the delayo 20 min and the
protein level corresponding to degradation half-saturation K to
750. In these conditions, degradation does not saturate in single
shocks experiments. The three other parameters have been set
using the global optimization tool CMAES (7) so that they
minimize the mean squared deviation between model predictions
and observations over all experiments. All parameters are sum-
marized in Table S1. Despite its extreme simplicity, we were able
to obtain an acceptable t to the data (Fig. 1 and Fig. S2).

% Yakoxy %

State Estimation. For linear systems, the standard approach for
state estimation is to use a Kalmanlter. Using a linear model, the
past control inputs, and (noisy) measurements, it gives an esti-
mate of the system state together with its uncertainty. For each
estimate, the lter chooses a weighted average between obser-
vation and model prediction, the weight of each term depending
on its associated uncertainty. Kalman lters can be extended to
nonlinear systems (EKF) by linearizing the nonlinear model
around the operating points (8). Note that the delay in the model
only concerns the input. In consequence, a classical EKF can be
used without the need for specic delayed system state estima-
tion techniques. An EKF requires the tuning of few parameters,

Uhlendorf et al. www.pnas.org/cgi/content/short/1206810109

the covariance matrix of the measurement errorR), and the
covariance matrix of the process noiseq), where errors in both
cases are assumed to be Gaussian-distributed with zero mean. Al-
though it is very dif cult to evaluate the quality of the state esti-
mation process, we were able to obtain good control performances
after settingR to 2,500 andQ to diag(0.37, 925). The value oR has
been chosen by estimating the variance of the observations from
experimental data. The ratio of the diagonal values i®Q has been
determined by the steady-state values ®&f and . Then, the actual
values ofQ have been determined by ensuring consistency between
the innovation residuals (the difference between model prediction
and observation) and the variance of the innovation residuals,
which is estimated by the Kalman lter.

Comparison Between Single-Cell Control and Population Control
Quality. To compare the control quality of the control loop
across different experiments, we consider the mean square de-
viation (MSD) of the measured signal with respect to the target
pro le. For single-cell control experiments, the signal is simply
the uorescence of the controlled cell. For population control
experiments, signals can either be the mean of theuorescence
across the population of cells or the uorescence of any cell within
the controlled population. Inthe rst case, we refer to the MSD of
the mean, and in the second case, we refer to single-cell MSDs in
a population experiment. The mean MSD is then the mean of the
single-cell MSDs. Note the difference between the MSD of the
mean and the mean MSD (Fig. 4 and Fig. S6). In set-point and
sine wave experiments, only the time period for which the cells
effectively follow the target has been considered (therst 250 min
of the initialization phase were disregarded). To allow for
a proper quanti cation of control performance, only cells that
have been tracked continuously for at least 5 (set point) or 7
(tracking) hours were considered.

For set-point experiments, in which the uorescence of the cells
remained around a xed target value, we dened the noise level of
a measured signal as its SD over its mean. As for control quality,
we compared (in Fig. S6) the single-cell noise level in single-cell
and population control experiments with the noise level of the
mean and the mean noise level for population control experiments.

We wondered whether controlling cells individually gives sta-
tistically better results than controlling them as members of
a population. The null assumption Hg) was, therefore, that
MSDs (or noise levels) of cells in single-cell control experiments
or population control experiments follow the same distribution.
The alternative assumption KH,) was that the MSDs (or noise
levels) in single-cell control experiments are statistically smaller
than in population control experiments. Because we worked with
samples of small sizes and could not a priori assume that MSDs
or noise levels follow a known probability distribution, we used
a nonparametric method (9), the FlignerPolicello (FP) test
(20). Like the Wilcoxon-Mann—-Whitney test, the FP test is one
of the most powerful nonparametric tests used to check whether
two independent samples have been drawn from the same dis-
tribution. However, in contrast to the Wilcoxon-Mann-Whitney
test, the FP test allows for comparison of samples having dif-
ferent variances (BehrensFisher problem) (9). This difference is
important, because we expected that single-cell control reduced
the variance of MSDs. In its one-sided form, the FP test ad-
dresses precisely the question stated abougq{vs.H,). As shown
in Table S2, the test revealed that single-cell control does sta-
tistically improve control performances for both MSDs (at least
in one case) and noise levels.
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uidic device. A ow is created in the channels thanks to a peristaltic pump placed
B) Using ink, we measured the dynamics of

uid exchange. This switching pro le

was obtained in a robust manner. ( C) Close up of the micro uidic device. (D) Cells are captured within thin chambers. The media in the imaging chamber are
exchanged by diffusion. ( E) An example of cell imaging, segmentation, and tracking is shown.
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Fig. S2. Calibration experiments. ( A-D) Isolated osmotic shocks lasting 5, 6, 7, and 8 min were applied every 4 h. (  E-H) Osmotic shocks lasting 5, 6, 7 and 8 min
were applied every 30 min. The  uorescence of yECitrine, controlled by the STL1promoter, was quanti ed. Experimental means and SDs are represented as
blue lines and blue envelopes. Model predictions using the parameters of Table S1 are represented in red. Note that the scales for uorescence intensities in
repeated or isolated shock experiments are signi  cantly different.

Uhlendorf et al. www.pnas.org/cgi/content/short/1206810109 3 of 10
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Fig. S3. Cell growth during experiments. ( A) Cell growth in the  eld of view. The number of cells detected in the eld of view is depicted in violet. In most
experiments, the eld of view is completely covered with cells after 800 —900 min. Cells growing out of the imaging chamber are washed away by the ow, and
the number of cells detected in the eld of view reaches a plateau (the maximal number of cells in the eld of view is around 300). ( B) Strong osmotic shocks
are known to transiently stop the cell cycle. In this experiment, repeated strong osmotic inputs were applied to reach the target value of 1,500 uorescence
units (f.u.). These inputs led to a slowdown of the cell cycle, and the cells grew slower compared with the experiment shown in A.

Fig. S4. Performance of the model predictive control algorithm. In this plot of the population control experiments from Fig. 2 B, the Kalman estimation is
indicated as a green line, and the predictions of the best control strategy found at each iteration of the model predictive controller are plotted as violet lines. It

shows that good (theoretical) control strategies were found by the controller. Limitations are, therefore, likely to come essentially from model in accuracies and
biological variability. The red envelope around the reference indicates a region close to the reference ( +3%).

Uhlendorf et al. www.pnas.org/cgi/content/short/1206810109 4 of 10
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Fig. S5. Assessing control capabilities of the proposed platform. We investigated the lower and higher limits for set-point control using the proposed
platform. ( A) Inthe rst experiment, we set the target value at a very low level: 200 f.u. The control result shows a signi cant overshoot at the beginning, but
after 300 min, the observed uorescence level follows the target value faithfully. Lower control objectives are hardly possible with our experimental setting,
because these control targets would be within the background uorescence level of a cell (around 30 f.u.). ( B) In the second experiment, we tested the upper
limits of the control platform by setting the target value at 2,000 f.u. The control works but shows signi cant levels of noise. These results show that one can
control gene expression within a 10-fold range using the proposed experimental setting.

Uhlendorf et al. www.pnas.org/cgi/content/short/1206810109 5 of 10
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Fig. S6. Comparison of the control qualities and the noise levels between single-cell and population control experiments. ( A-D) Histograms showing the
distribution of single-cell MSDs in population control experiments. MSD of the mean (blue bar, square), mean MSD (black bar, circle), and MSD of the con-
trolled cells in three single-cell control experiments (orange, star). ( A) Target control at 1,000 f.u. ( B) Target control at 1,500 f.u. ( C) Trapeze control (Fig. 2). (D)
Sine wave control (Fig. 2). (Eand F) Histograms showing the noise levels of single-cell  uorescence in population control experiments. Noise level of the mean
(blue bar, square), mean noise level (black bar, circle), and noise levels of the controlled cell in three single-cell control experiments (orange, s tar). Eand F
correspond to set-point control experiments at a value 1,000 and 1,500, respectively.

Uhlendorf et al. www.pnas.org/cgi/content/short/1206810109 6 of 10
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Table S1. List of parameter values

Name Value
g1 402103
9> 375
20
ko 0.581
K 750
Table S2. Computation of the U statistic, its associated P value for
MSDs and noise levels, and the two set-point control
experiments using the FP test
Experiment N1 N2 U P value*
MSD, T = 1,000 f.u. (Fig. S6A) 92 3 171 0.15
MSD, T = 1,500 f.u. (Fig. S6B) 73 3 172 17107
Noise level, T = 1,000 f.u. (Fig. S6E) 92 3 202 37103
Noise level, T = 1,500 f.u. (Fig. S6F) 73 3 144 85103

N1 and N2 are sample sizes.

*As standard for the FP test, the P value computation uses the normal

approximation.

Movie S1. Population control I. The target pro

www.pnas.org/cgi/content/short/1206810109

le is constant (T = 1,500 f.u.).
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Movie S4. Response to sustained or periodic hyperosmotic shock (1 M sorbitol).

Movie S4

Movie S5. Single-cell control I. The target pro le is constant (T = 1,500 f.u).

Movie S5

Uhlendorf et al. www.pnas.org/cgi/content/short/1206810109 9 of 10
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Movie S6. Single-cell control IIl. The target pro le is a sine wave.

Movie S6

Movie S7. Single-cell control lll. The target pro le is a trapeze.

Movie S7

Uhlendorf et al. www.pnas.org/cgi/content/short/1206810109 10 of 10
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Regulation of the cellular volume is fundamental for cell survival
and function. Deviations from equilibrium trigger dedicated signaling
and transcriptional responses that mediate water homeostasis and
volume recovery. Cells are densely packed with proteins, and
molecular crowding may play an important role in cellular processes.
Indeed, increasing molecular crowding has been shown to modify
the kinetics of biochemical reactions in vitro; however, the effects of
molecular crowding in living cells are mostly unexplored. Here, we
report that, in yeast, a sudden reduction in cellular volume, induced by
severe osmotic stress, slows down the dynamics of several signaling
cascades, including the stress-response pathways required for osmotic
adaptation. We show that increasing osmotic compression decreases
protein mobility and can eventual ly lead to a dramatic stalling of
several unrelated signaling and cel lular processes. The rate of these
cellular processes decreased exponentially with protein density when
approaching stalling osmotic compression. This suggests that, under
compression, the cytoplasm behaves as a soft colloid undergoing
a glass transition. Our results shed light on the physical mechanisms
that force cells to cope with volume uctuations to maintain an
optimal protein density compatible with cellular functions.

biophysics | HOG pathway | protein diffusion

The evolutionary adaptations of cells and organisms to speci
e

successive phosphorylation of the HOG mitogen-activated protein
kinases (MAPKSs), culminating in dual phosphorylation of the
Hoglp kinase (4) and leading to the Nmd5p-dependent nuclear
import of Hog1p, which accumulates in the nucleus (Fig.A) and
orchestrates a large transcriptional response.

One of the main physiological changes that occurs immediately
after hyperosmotic stress is an increase in the intracellular protein
concentrations and the total protein density, thus leading to mo-
lecular crowding. This may alter the mobility, folding, stability, and
association rates of several proteins inside the cell. Molecular
crowding has received little attention in living cells, although it is
usually invoked to explain why biochemical reactions rates may
vary in vivo and in vitro (26-29). For instance, the diffusion co-
ef cient of the green uorescent protein is typically 10 times lower
in cells than in vitro (30).

Cells are densely packed with proteins. An estimate in yeast
gives a typical protein density of a few hundred grams per liter for
a volume fraction of typically 26-30%. Osmotically compressed
cells will be even more crowded. However, the effects of increasing
molecular crowding on cell signaling have not been experimentally
investigated and are difcult to predict (1, 26, 28). Increasing the
protein concentration increases the probability of protein inter-
actions and protein association rates and may lead to more rapid
biochemical kinetics. However, the diffusion of proteins may be
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nvironments are well characterized. Physiological adaptations reduced in an overcrowded cytoplasm (31, 32), thus slowing down
to environmental variations are also important for cell survival and pjochemical kinetics.

growth. Environmental challenges such as changes in temperature, Changing the cell volume by altering the osmotic pressure is

pH, and osmolarity are known to alter cellular function. For ex-

a simple strategy to study the effect of increasing molecular

ample, temperature variations impact protein folding, the kinetics  crowding on active processes in living cells. Such strategy can be

of biochemical reactions, and protein-binding speccities (1). The

conveniently applied to yeast, and the HOG pathway is a natural

balance of water activity is a critical requirement for a wide range candidate for study. The HOG pathway has been extensively

of cellular functions (2-5). On the one hand, a shift to a lower

studied in response to gentle and mild osmotic stresses M

osmotic environment increases cell volume, threatening the in- sorbitol). In such cases, the stronger the osmotic stimulation, the
tegrity of the cellular membrane (4, 6, 7). To counteract such more potent and longer the duration of Hog1p nuclear localization
stress, bacteria an_d yeast are surrounded by hi_ghly resistant celk4, 11, 20, 24). A preliminary hint of what happens under more
walls that mechanically protect them from bursting (4). On the severe osmotic stresses, and thus stronger compression, came from
other hand, high osmolarity causes water efix and cell shrinkage 5 study by Van Wuytswinkel et al., who reported that Hoglp nu-
(4, 8). In yeast, osmotic shrinkage is completed within a few tens of clear import and phosphorylation were surprisingly delayed under

seconds after exposure to increased osmolarity (9). Thenal cell

severe osmotic stress (1.4 M NaCl) (33); however, no satisfying

volume is set by the mechanical equilibration of external, internal, explanation was given for this observation. Delayed nuclear import
and turgor pressures (10, 11). Hyperosmotic stress alters a variety

of cellular processes, such as disrupting the cytoskeleton structure

(12, 13), inducing chromatin remodeling (14, 15), and triggering umor contributions: AM., S.L. and P.H. designed research: AM., F.W., and S.H. per-
cell cycle arrest (16, 17) and apoptosis (18, 19) The high-osmolarity formed research; S.H., M.N.M., S.B., S.L., and P.H. contributed new reagents/analytic tools;
g|ycer0| (HOG) pathway of the buddmg yeaS]SaCCharomyCes AM., FW,, M.N.M,, S.B,, S.L., and P.H. analyzed data; and A.M. and P.H. wrote the paper.
cerevisiadFig. 1A) orchestrates adaptation (20) to hyperosmotic The authors declare no con ict of interest.

shock to ensure water homeostasis and volume recovery, notablyrhis article is a PNAS Direct Submission.

through glycerol production (4, 21). Several studies have provided Freely available online through the PNAS open access option.

a ComDVEhenSiVe, quantitative UnderStanding of the dynamiCS of 1To whom correspondence should be addressed. E-ma il: pascal.hersen@univ-paris-diderot.fr.

the HOG pathway (9-11, 20, 2225). Membrane sensors (SInlp,

This article contains supporting information online at ~ www.pnas.org/lookup/suppl/doi:10.

Msb2p, Hkrlp) are activated by osmotic stress and induce 1073/pnas.1215367110/-/DCSupplemental.
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increased (Fig. 2). Under gentle stimulation (1 M sorbitol), the
maximum nuclear intengy was reached after 2-3 min, whereas
for severe shock (1.8 M sorbitol), maximum nuclear intensity was
reached after 55 min (Fig. 2B and F and Movie S1). Thus, in-
creasing the sorbitol concentration from 1 M to 1.8 M reduced the
nuclear import rate of Hoglp by one order of magnitude. Similar
results were obtained when usg NaCl as an osmotic agentHig.
S2. As the sorbitol concentration increased, the rate of Hoglp
phosphorylation also reduced (Fig. R) and correlated well with
the time taken for nuclear localization of Hoglp to be observed
(Fig. 2 E and F). Note that Hoglp nucleartranslocation was syn-
chronously observed for all cells subjected to osmotic shock lower
than 1.8 M sorbitol. However, the proportion of cells that displayed
nuclear enrichment of Hog1p quickly decreased when the intensity
of osmotic stress increasd above 1.8 M sorbitol Fig. S2. When
exposed to 2 M sorbitol, only 25% of the cells displayed nuclear
localization of Hoglp, even after several hours of observation; this
effect was not related to cell death, because most cells remained
viable even after several hours of osmotic treatment{g. S3.

Timing of Hoglp Nuclear Import Is Correlated with the Decrease in
Cell Volume. Cell volume decreased with increasing osmotic
stress, reaching a plateau at around 40% of the initial cell vol-

ume for sorbitol concentrations above 2 M (Fig. 2C). This is in

Fig. 1. Dynamics of the HOG cascade. (A) HOG cascade. B) lllustration of
the sealed gasket chambers used to experimentally regulate the cells ' en-
vironment. ( C) Osmotic stimulation (1 M sorbitol) induced immediate cell
shrinkage (blue curve) followed by nuclear accumulation of Hoglp (red
curve). Data are represented as the mean of several cells + 1 SD ( > 20). Cells
progressively recovered their size and switched off the HOG cascade through
negative-feedback loops. ( D) Nuclear accumulation of Hoglp was rapid and
robust after a 1 M sorbitol osmotic stress. ( E) Phosphorylation levels of
Hoglp after a 1 M sorbitol osmotic stress followed the same pattern with

a rapid induction and then a slow decay. Typically, within 30 min, nuclear
Hoglp was no longer observed, and Hoglp returned to basal phosphory-
lation levels. Phosphoglycerate kinase (PGK) was used as a positive control.

and phosphorylation of Hoglp under severe osmotic stress could
be attributable to a loss of the activity of a sensor or a kinase,
a decrease in the nucleocytoplasmic transport of Hoglp, salt tox-
icity, or, alternatively, the effects of molecular crowding attribut-
able to osmotic compression, as discussed above. In this article, we
set out to address the effects of osmotic compression on signaling
dynamics by monitoring several signaling processes in yeast over
a range of osmotic stresses.

Results

Both Phosphorylation and Nuclear Import of Hog1lp Are Slowed Down
During Severe Osmotic Compression.To study the dynamics of ac-
tivation of the HOG cascade, we measured changes in the nuclear
uorescence of Hoglp-GFP yeast cells immobilized in a sealed _ o o
gasket chamber (Fig. B). The environment of the cells was rapidly Fig. 2. Severe osmotic stress reduces the kinetics of HOG activation and
Changed (typically in less than 10 sFig S:D from normal yeast nuclear translocation. ( A) Time-lapse imaging of the nuclear localization of
media to the same media supplemer'ned with sorbitol. After 1 M Hoglp in cells exposed to 1 M (red) and 1.75 M (blue) sorbitol. (  B) The rate of
itol h horvl ’ . Hoglp nuclear translocation was reduced by severe osmotic shock (red, 1 M
SOI’b]tO treatment, HOg.lp. became p. osp ory.ated and was impor- sorbitol; blue, 1.75 M sorbitol). Maximal nuclear accumulation was observed
ted into _the nU_deUS within a few minutes (_F|g-_ ]C—E) The_ cell 45-60 min after 1.75 M sorbitol treatment ( E). (C) Cell volume decreased
volume immediately decreased after osmotic stimulation with 1 M with increasing concentrations of sorbitol, down to a plateau at around
sorbitol and then restored progressively over time (Fig.Q). The 40% of the initial volume. (D) Western blots showing Hoglp phosphoryla-
dynamics of Hoglp nuclear translocation and phosphorylation tion over‘time and undt?r inpreasing osmoti.cAstress. Phosphorylationlof Hoglp‘
under these conditions were very reproducible and in agreement after 2 min at 1 M sorbitol is u§ed as a positive cont_rol (C +).(E) Time at which
with the literature (9 23) the Hoglp nuclear concentration and phosphorylation levels reached a max-

. . . imum increased with the strength of the osmotic shock. Above 2.2 M sorbitol
We then StUdIe_d the behawqr of the HOG p_athway In response (blue dashed), no cells displayed nuclear accumulation of Hoglp ( Fig. S9. (F)
to stronger osmotic sFresses (Fig. 2.)- Both the time taken to Obs.erve Same data as in E, shown as a function of relative cell volume compression.
Hoglp phosphorylation and the time needed to reach maximal The blue line is a t consistent with what is expected for a soft colloid near

Hoglp nuclear localization increased when osmotic compression a glassy transition, T=Tog--e V==, where To = 0.065 and = 3.6.

20of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1215367110 Miermont et al.
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agreement with Schaber et al who proposed the minimum

diffusion (28, 31, 32) and indicate that severe osmotic compres-

compression volume for yeast cells to be between 33% and 49%sion decreases the mobility of Hog1p.

of their normal volume (10). The delays in both Hoglp phos-

phorylation and nuclear translocation correlated with the changes Nuclear Translocation of Msn2p Is also Delayed During Severe

in cell volume: the smaller the cell volume (measured immedi-

Hyperosmotic Compression. To further test whether the observed

ately after osmotic stress), the slower the dynamics of Hoglp slowdowns in nuclear translation, phosphorylation and protein

phosphorylation and nuclear translocation (Fig. B). More pre-

mobility were speci ¢ to components of the HOG pathway, we

cisely, the timing of Hoglp activation displayed a divergent be- examined the dynamics of the nuclear translocation of Msn2p (34

havior when the cell volume approache®¥/Vax
and Fig. S4.

0.4 (Discussion

Diffusion of Hoglp Reduces in Osmotically Compressed CellsWe
conducted uorescence recovery after photobleaching (FRAP)

experiments to investigate whether the reduced rate of Hoglp (36). We nevertheless observed the same scenario as for Hoglp: the

36), a key transcription factor in the general stress response of yeast.
After hyperosmotic stress, Msn2p is hyperphosphorylated and
imported into the nucleus (37). Nuclear import of Msn2p is ach-
ieved via a different mechanism to Hoglp; Msn2p contains a nu-
clear localization signal and does not interact a priori with Nmd5p

translocation in a crowded cytoplasm could be explained by rate of nuclear translocation of Msn2p progressively reduced as

a decrease in protein mobility. We usedHOG1-GFP phs2 cells
(Fig. 3 andMovie S2. In a pbs2 background, the HOG pathway

osmotic compression increased (Fig. 4 and E and Movie S3); this
effect was not dependent on alterations to the dynamics of Hog1p,

is genetically disrupted, and Hoglp-GFP cannot be phosphory- as a similar behavior was observed inegl background Fig. S7).

lated or imported into the nucleus. FRAP experiments can thus
be performed in any osmotic environment without triggering
nuclear enrichment of Hoglp-GFP. We observed that the diffu-
sion of Hoglp-GFP (Fig. 3 andMovie S2) decreased with in-

Dynamics of the Nuclear Translocation of Yaplp, Crzlp, and Miglp
Are Delayed When Cells Are Osmotically CompressedWe further
tested the nuclear-translocation dynamics of transcription factors

creasing osmotic compression. Fluorescence recovery took lesghat are not specically activated by osmotic stress: Yaplp,
than a second in isotonic conditions, and around 5 s after a gentle Crz1p, and Miglp (Fig. 4 andMovies S4 S5 and S6). Yaplp is

osmotic stress (1 M sorbitol;Fig. S5. We obtained a diffusion
coef cientof 15 m?s>!inisotonic conditions and 1.7 m?s>t
after stress with 1 M sorbitol Fig. S5. However, no recovery
after photobleaching was observed after treatment with 2 M
sorbitol (Fig. 3A), and it was not possible to quantify the diffusion
coef cient. Fluorescence loss in photobleaching (FLIP) experi-
ments (Fig. 3D and E, Fig. S§ and Movie S2) con rmed this

involved in the oxidative stress response and contains a nuclear
localization signal but is constantly exported from the nucleus by
Crm1p (38). The addition of 300 M hydrogen peroxide (H,O5)
triggers oxidation of the cysteine residues in Yaplp, leading to
a conformational change that blocks its nuclear export by Crm1p.
Hence, Yaplp accumulates in the nucleus upon oxidative stress.
The transcription factor Crz1p is a cytoplasmic protein involved

result: cells continuously bleached at the same location entirely in the regulation of calcium ion homeostasis. Upon stimulation
lost their uorescence in isotonic conditions, but not after a sud- With calcium, Crz1p is dephosphorylated and imported into the
den, severe osmotic stress. Similar results were obtained whemucleus (39). In the presence of glucose, Miglp is dephos-
using other uorescently tagged proteins in a wild-type back- phorylated by the Reglp-Glc7p protein phosphatase complex
ground (Fig. S. These results are also in good agreement with and imported into the nucleus, where it binds to the promoters
previous measurements of the effect of molecular crowding on of glucose-repressed genes (40).

Fig. 3. Diffusion of Hoglp-GFP in the cytoplasm is decreased by osmotic
compression. (A) FRAP experiments on the HOG1-GFP pbs2 strain in SC
medium (red curve) and after 2 M sorbitol stress (blue curve). ( B) FRAP
images of HOG1-GFP pbs2 cells in SC medium before bleaching ( Left), im-
mediately after bleaching ( Center), and 5 s later (Right). The bleached area is
indicated by the black arrow, and its recovery is indicated by the orange
arrow. (C) FRAP images of a HOG1-GFP pbs2 cell in a severe osmotic en-
vironment (2 M sorbitol). In contrast to B, the bleached area did not recover
after 5 s. (D) FLIP time series for a HOG1-GFP pbs2 cell in SC medium. The
same spot was continuously bleached (black arrow), and total cell uores-
cence rapidly decreased compared with the unbleached neighboring cell. (  E)
After severe osmotic compression, the cell maintained some cytoplasmic
uorescence over a long time (orange arrow), indicating that the diffusion
of uorescent protein was very limited. Pictures are color-coded to improve
visualization (blue for low intensity and red for high intensity).

Miermont et al.

In the following experiments, the objective was to reduce the
cell volume using severe hyperosmotic shock and, simultaneously, to
activate and measure the nuclear translocation of these transcription
factors. We applied a dual input of a severe hyperosmotic shock and
a stimulus of either 300 M H ,0; (Yaplp), 200 mM cet (Crzlp),
or 2% (wt/wt) glucose, which were added to cells initially grown in
galactose (Miglp). In isotonic conditions, Crzlp localized to the
nucleus within a few minutes of the addition of C&" (Fig. 4B). This
burst of nuclear translocation was delayed by several minutes when
the cells were stimulated with C& in combination with severe
hyperosmotic shock (1.4 M sorbitol; Fig. 8 and F). Interestingly,
Crzlp was also patrtially activated to undergo nuclear translocation
by mild osmotic stress alone (Fig.B); this effect may be attributable
to variations in the internal calcium concentration following cell
shrinkage. Note that when stimulated by a severe hyperosmotic
stress alone, the dynamics of Crz1p nuclear translocation was also
slowed down, in agreement with our hypothesis that increasing os-
motic compression reduces the ratefdntracellular signaling (Fig.
4B). Similarly, we observed a marked reduction in the rate of nuclear
import of Yaplp (Fig. 4 C and G) and Mig1p (Fig. 4D andH) when
the cells were both stimulated and osmotically compressed; these
slowdowns became more pronounced with increasing volumetric
compression (Fig. 4 and Fig. S4. Taken together, these results
suggest that a nonspect slowdown in the kinetics of nuclear
translocation occurs when cellular volume is reduced through a se-
vere osmotic compression.

Dynamics of Endocytosis and Vesicular Traf cking Are Reduced
During Osmotic Shock. To gain further insight into the effect of
osmotic compression, we investigated the effects of osmotic
compression on the dynamics of three additional processes. We

PNAS Early Edition | 3 of 6
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Fig. 4. Several signaling cascades are delayed when the cell volume is suddenly decreased by osmotic compression. ( A) Nuclear localization of Msn2p in
response to gentle osmotic stress (0.45 M sorbitol, red) and severe osmotic stress (1.75 M sorbitol, blue). ( B) Nuclear localization of Crz1p in response to
calcium shock (200 mM, green), gentle osmotic stress (0.45 M sorbitol, red), severe osmotic stress (1.75 M sorbitol, blue), and combined calcium shoc  k and
severe volume reduction by osmotic stress (200 mM Ca 2* plus 1.4 M sorbitol, black). ( C) Nuclear localization of Yaplp in response to oxidative stress (300 M
H»0,, green), oxidative stress and gentle osmotic compression (300 M H,0, plus 0.45 M sorbitol, red), and combined oxidative stress and severe osmotic stress
(H20, plus 1.4 M sorbitol, black). ( D) Nuclear localization of Mig1lp in response to glucose (20 g/L, green), combined glucose and gentle osmotic stress (glucose
plus 0.45 M sorbitol, red), and combined glucose and severe osmotic stress (glucose plus 1.4 M sorbitol, black). Cells were precultured in galactose w ithout
glucose. For A-D, data are represented as the mean of many cells ( n > 20) + 1 SD. EH) Time-lapse images of the nuclear localization of Msn2p ( E), Yap1p (F),
Crzlp (G), and Miglp ( H). “ S’ indicates sorbitol, and the concentrations used and color code are the same as for ~ A-D. (I and J) Measurement of the time to
reach maximum nuclear localization of Msn2p (sorbitol), Yaplp (H ,0,), Crzlp (C&"), Miglp (glucose), and Hoglp (sorbitol) as a function of either the
additional sorbitol concentration used (1) or the relative cell volume ( J). The curves tthe function T = Tog“—e Ym==V that models the behavior of a soft colloid.

Vinax
For Msn2p, Tp = 0.035 and = 3.9; for Crzlp, To = 0.096 and = 4.4; for Yaplp, To = 0.077 and = 4.3; for Miglp, To = 0.043 and = 4.8.

rstanalyzed the mobility of the protein Abplp, an actin-binding activation of these pathways. Therefore, although decreasing the
protein that dynamically partitions between the plasma mem- cell volume inhibited the signal-processing ability of the cells, their
brane and endosomes under normal conditions (41). After signal-processing ability was recovered as soon as the cell volume
sudden and severe osmotic stress (3 M sorbitol), Abplp patcheswas restored.
suddenly stopped their random motion Fig. S8and Movie S7). ) ]
We also examined Sec7p, which is involved in protein transport Discussion
and is found in the cytoplasm and Golgi-associated coated Taken together, our experiments demonstrate that severe os-
vesicles (42). The mobility of Sec7p was drastically impaired by motic compression drastically reduces the rate of several dynamic
osmotic compression Fig. S8 and Movie S8). Finally, using processesin living cells. Reducing the volume of yeast cells led to
atracer of bulk endocytosis, the uorescent dye FM4-64 (43), we a lower diffusion coef cient and slower rates of Hoglp phosphor-
observed that the active internalization and transport of vesicles ylation and nuclear import. The dynamics of the nuclear trans-
stalled after sudden osmotic compressiorF{g. S8. location of other transcription factors (Yaplp, Crz1lp, Msn2p, and

Miglp) were similarly delayed by osmotic compression. Impor-

Signaling Dynamics Quickly Recover When Cell Volume Is Restoredf  tantly, release of the osmotic clamp on the cells led to a rapid re-
the reductions observed in the dynamics of cell signaling were only covery of signaling. Each of the proteins tested is activated by
attributable to a reduction in cell volume, the cells should be able to a different process (phosphorylation, dephosphorylation, and oxi-
recover their normal signaling activity upon the restoration of cell dation) and undergoes nuclear import via a different mechanism,
volume. Hence, we investigated signaling dynamics after the re-and yet the kinetics of their nuclear translocation displayed a similar
covery of cell volume, as illustrated in Fig. A. Hoglp-GFP or dependence on osmotic compression. In addition, the kinetics of
Msn2p-GFP cells were subjected to a severe osmotic stress andactin-binding protein mobility, vesicular traf cking, and endocytosis
then returned to a less hyperosmotic environment, to relax the were also reduced by osmotic compression. These observations
osmotic compression (Fig. B andC). We did notreturnthe cellsto  argue in favor of a general, nonspect, physical slowdown process.
isotonic conditions, because we wanted to determine whether The cytoplasm is a dense assembly of proteins in a liquid,
Hoglp and Msn2p translocated to the nucleus, which does not namely a colloid. Interestingly, when a colloid becomes too dense,
happen in isotonic conditions. Whereas cells did not show any its relaxation dynamics are dramatically slowed down, and its vis-
nuclear localization during the rst’5 min of severe osmotic stress, cosity increases dramatically. Similarly, if the cytoplasm becomes
marked, rapid localization of Hoglp and Msn2p became visible too crowded, it becomes very difcult for proteins to diffuse, and
when the cells were returned to a less hyperosmotic environment their mobility drastically reduces. Zhou et al. (44) recently dem-
(1 M sorbitol). Thus, the cells were still alive and could function onstrated that higher eukaryotic cells behave as soft colloids: col-
properly as soon as the osmotic clamp was mechanically relaxedloids made of deformable particles. During the glassy transition of
Similar experiments were performed for Crz1p, Miglp, and Yaplp soft colloids, the viscosity diverges exponentially with the colloid
(Fig. 5 D). Initially, in the presence of severe osmotic stress, the volume fraction, (45). Assuming that the diffusion coefcient of
cells did not display any localization activity for any of these path- a protein, D, scales as the inverse of the cytoplasmic viscosity, and
ways. However, relaxation of the osmotic constraintled to the rapid that the rates of diffusion limited reactions scale with D, the
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Fig. 5. Signaling-cascade dynamics are immediately restored upon recovery of the ce Il volume. ('A) Principle of signaling activation by volume recovery. Cells are
stressed and, at the same time, osmotically compressed by severe osmotic str ess (3 M sorbitol). The osmotic compression was then relaxed by areturnto  a lower
osmotic stress conditions, and we investigated whether the cells could detec  t and respond to the chemical stress that was still present in the cells  * environment. ( B—
F) Time courses of the nuclear localization of Hoglp ( B), Msn2p (C), Crzlp (D), Miglp (E), and Yaplp (F) under these experimental conditions. As soon as the
volume of the cell was restored, the studied signaling cascades could function norma lly, as indicated by nuclear localization of their respective tr ~ anscription factors.

typical timescale of a diffusion limited reaction should scale as Materials and Methods
e / . This scaling is in good agreement with our measurements veast Strains and Maintenance. Cultures were maintained in YPD medium [1%
(see the tting curve in Figs. F and 4J and Fig. S4. This yeast extract (Difco; 0127-17), 2% Bac to Peptone (Difco; 0118-17), 2% glucose
suggests that osmotically compesed yeast cells behave as soft (VWWR; 24379.294)] or in Synthetic Comple te (SC) medium (0.67% yeast nitrogen
colloids and undergo a g|assy transition under too-severe base without amino acids; Fisher; Wl706 W), 2% glu.cose (VWR; 24379.294), and
compression. This also supports our hypothesis that osmotic 0-08% Complete Supplement Mixture dropout mixture (MP Biomedicals;
compression leads to a decreasin the mobility of proteins in 114500012). Cells were grown overnight at 30 °C in SC, reinoculated into fresh
. . . SC, and grown at 30 °C for 4 -6 h before microscopy. See Tables Sland S2 for
'E:f)]e CytOplltasm, bheca!usetr?f z_;m metase in ;nmelcu'a:r CrOWd:jng' details on the yeast strains. Details on the preparation of protein extracts and
h ur results emphasize . € impor an_ce O molecular _CrOW mg_’ Western blotting are given in S| Materials and Methods .
induced by hyperosmotic compression in our experiments, in
determining th_e kinetics of b'QChemmal reactions W'Fh'n cells. Sudden Osmotic Stimulation. Perfusion chamber gaskets from Invitrogen (4
Recently, D"_l et al. (1) outlined that cellular f_UnCtlon should  chambers, 10 mm x 6 mm, 80 L; C-18128) were used as an inexpensive and
be analyzed within the context of the mechanical and thermo- simple system to switch the cells from one environment to another. A solu-
dynamic constraints exerted by the environment. Dill et al. tion of Con A (2 mg/mL; MP Biomedicals; 2150710.2) was added into the
argued that an optimal protein density must exist, which origi- chamber, and, after 15 min of incubation, yeast cells were injected and
nates from the competition between the two counteracting allowed 10 —15 min to adhere to the coverslip before starting the experiment.
effects discussed at the beginning of this article: increasing ) )
molecular crowding enhances the rate of biochemical reactions Microscopy and image Analysis. The cells were observed using an Olympus
but only up to the point where the negative effects of molecular IX81 inverted uorescent microscope with a QuantEM 512SC camera and
di tein diffusi b d . t O Its i a 100x/1.40 NA immersion oil objective. GFP emission was visualized at
fr(.)w Ing}lon protein hl' us.lon \?Vcor;le OI:mn.an .h ur ;:lesu. S mf 528 nm (38-nm bandwidth) upon excitation at 490 nm (20-nm bandwidth);
lving cells SUPF"?“ this view. ' e hypothesize that the S|ze_o mCherry was visualized at 617 nm (73-nm bandwidth) upon excitation at 555 nm
cells was determined by evolution, so that cells usually function (2g.nm  bandwidth). Images were acquired using MetaMorph software
at a protein density that enables them to resist mild and sudden (volecular Devices), and image analysis was performed with ImageJ (46).
changes in osmolarity. Thus, the total protein density is likely to The uorescence intensity of transcription factors in the nucleus was
be smaller than the optimum proposed by Dill et al. because obtained by measuring the intensity of GFP colocalized with the nuclear
cells with too high of a protein density would be at risk for the marker HtbZp-mCherry. We removed the background from the GFP channel
complete arrest of key cellular processes upon sudden osmotic (rolling ball method with a radius of 200 pixels), applied a Gaussian blur (1
shock: a behavior obviously not favored by evolution. Our pixel) to reduce noise, found a thres hold to separate the cells from the
results outline why the protein density, or the cell volume, must Packground (Otsu thresholding), a nd segmented the cells using the
be regulated in order for cells to functiE)n properly We pr(;pose “analyze particles” and “watershed ” plugins of ImageJ. We computed the

. . relative nuclear intensity as [GFP(nucleus) S GFP(cytoplasm)]/GFP(cytoplasm)
that the effects of molecular CrOdeg should be taken into and renormalized all cells by subtracting the value for rst measurement

account when CO_nSidering the bi0|09i_ca| (gene r)etworks, Sig- performed before osmotic compression. The area of the cell was measured
naling) and physical (cellular mechanics) properties that con- by tting ellipses to the contour of the cells. From the cell area, we com-
strain cellular dynamics. puted the equivalent cell volume assuming that cells are spheres with
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aradius r = (area/ ). We measured the relative volume for each cell using

V/Vmax, in Which V., is the volume of the cell before osmotic compression.

FRAP and FLIP Experimentd&=RAP and FLIP experiments were performed at
the Nikon Imaging Centre of the Institut Curie. Experiments were per-
formed at 30 °C on a total internalre  ection uorescence Nikon Eclipse Ti
inverted uorescent microscope equipped with a QuantEM 512SC cam-
era, and a 100x 1.45 NA immersion oil obj ective. The emission lIter
wavelength was 525 nm, and the excitation Iter was 470 nm. For
bleaching, we used a 491-nm pulse generated by a FRAP 4D module
(Roper). A cytoplasmic area of typically 2 m in diameter was photo-
bleached by a 50-ms laser pulse. A single focal plane was then recorded
every 50 ms with a 50-ms exposure time. FLIP experiments were per-
formed using the same system; however, the images were recorded every
250 ms. FRAP images were denoised using the ND-Sa r software on 10
cells for each condition. This proced ure, developed by Boulanger et al.
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(47), improves the signal to noise ratio and is crucial for the quantitative
analysis of FRAP data. Once denoised, the images were normalized by the

uorescence intensity of the bleached area just before the bleach. Ad-
ditional FRAP experiments were performed using a spinning disk micro-
scope at the Mechanobiology Institute of Singapore ( Fig. S6 C, D, K
and G).
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S| Materials and Methods

For western blotting and protein extract, cells were grown in ap-
propriate synthetic medium to ODsoo= 1. They were collected by
Itration and then stressed with different sorbitol concentrations
(1-2.5 M) for the indicated time period. To prepare protein ex-
tracts, cultures were rapidly suspended in 10% trichloroacetic acid
(Sigma; T0699) and maintained in ice for atleast 10 min. Cells were
centrifuged, and maximum supernatant was discarded to leave
around 100 L in the tubes. Cells were broken by bead-beating the
samples (10 min at 4 °C) with glass beads (4800 m) (Sigma;
G8772). The samples were centrifuged, the supernatant was dis-
carded, and the pellet was resuspended in SDS buffer{ NuPage
buffer, 10% mercaptoethanol, and 200 mM Tris) to a nal volume
of 100 L. Samples were loaded on 10% SDS/PAGE NuPage

Fig. S1. Quick exchange of
to generate a

uids in a gasket sealed chamber. Using a pipette at one inlet of the gasket and a paper
ow, it is possible to replace the entire volume of liquid contained in the chamber within a few seconds. The actual time it takes to replace water

precast gel (Invitrogen; NP0315BOX) in ¥ NuPage running buffer
(Invitrogen; NP0001) and run at 180 V for 1 h. Proteins were
transferred to PVDF membranes (Invitrogen; LC2005) at 30 V at

4 °C overnight. Dual phosphorylation of Hoglp on Thr-174 and
Tyr-176 was examined in a Western blot analysis using an anti-
dually phosphorylated p38 antibody 1:1,000 (Cell Signaling Tech-
nologies; 9211L), and the positive control was examined using
phosphoglycerate kinase monoclonal primary antibody 1:1,000
(Invitrogen; 22C5D8). Goat antirabbit-HRP secondary antibodies
(Jackson ImmunoResearch; 111-035-003) were used at a dilution of
1:10,000. Antibody binding was visualized using ECL-plus system
(Amersham; GE RPN2132) in a Fuji Im LAS 4000 imaging system.
Membranes were stripped between both primary antibodies using
62.5 mM TrisHCI (pH 6.8) with 2% SDS.

Iter (black area at the top) at the outlet

(light gray) with a liquid containing a dye (seen as a dark gray area rising vertically) is of the order of 1 s (there is 0.2 s between each images). A few additional

seconds are required to get the pipette and the
complete this operation.

Fig. S2. Additional data regarding Hoglp slowdown by osmotic compression. (
when plotted as a function of the relative cell volume variation. (

Iter correctly aligned with the inlet and outlet of the gasket chamber. In practice, one needs typically 10 s to

A) Both NaCl and sorbitol triggered similar slowdown of the HOG cascade

B) For mild osmotic stresses (<1.5 M sorbitol), all cells eventually displayed a Hoglp nuclear

localization. However, there was an abrupt transition around 2 M sorbitol, above which almost no cells displayed Hog1p nuclear translocation, even after more
than 2 h of observation. Fitting the data with a sigmoid gave a transition at around 1.9 M sorbitol, for which 50% of the cells were not responsive.

Miermont et al. www.pnas.org/cgi/content/short/1215367110
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Fig. S3. Prolonged exposure to severe osmotic stress. ( A) Cells can adapt to severe osmotic stress. Upon 1.8 M sorbitol stress, cells appears jammed at  rst. It
took several hours for cells to eventually adapt and divide. We did not image cells for longer than 4 h (the medium has to be changed very regularly to avoid
artifacts caused by evaporation), and, thus, we did not observe cell adaptation and recovery for 2 M sorbitol shocks. However, cells can survive and adapt to

such strong shocks as shown by colony-forming unit experiments. (B and C) We counted the number of colony-forming units on plates that were seeded after

different period of exposure to 2 or 3 M sorbitol. In both cases, short exposure (5 min) resulted in a high survival rate. For long exposure to 2 M sorbitol stress,
the survival rate was of the order of 50%. ( C) The survival rate was much lower in the case of very severe 3 M sorbitol shock. (D) Therefore, we were careful not
to let the cells stay for too long in 3 M sorbitol when we performed the experiments of volume compression and recovery shown in Fig. 4. To illustrate its s hort-

term effect on cell signaling, we applied a very severe stress (3 M sorbitol) for increasing periods of time (from 5 min to 3 h) before changing the environment

back to yeast synthetic medium supplemented with 1 M sorbitol. The average dynamics of nuclear translocation of Hog1-GFP was slower and slower even if the
proportion of responding cells was larger than 90% for stress shorter than 1 h. After a too-long exposition to 3 M sorbitol ( >1 h), cells were unable to recover
and only very few cells showed some localization ( 15%). It is tempting to hypothesize that the progressive loss of ef ciency in Hoglp dynamics and cell death
after a too-long exposure are attributable to the arrest of internal maintenance and homeostatic processes when cells are severely osmotically comp ressed.

Miermont et al. www.pnas.org/cgi/content/short/1215367110 2 of 12
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Fig. S4. Logarithmic plots of the signaling dynamics. This gure is based on data shown in Figs. 2 Fand 4J. A and Cshow log( Trmax) @nd the corresponding  tsin
function of the relative volume variation  V/Vax. B and D show log( Tmax) @s a function of the relative protein density. The protein relative density, ! max, IS
de ned as the inverse of V/Vax and normalized so that its maximum is 1 (arbitrary choice). Assuming that the cytoplasm behaves as a soft colloid, one expects

to observe an exponential increase of the viscosity with the protein density: exp( ). Here, we do not have access to the viscosity. To link our measurements
to the theoretical prediction of a soft colloid glassy transition, we assume that the diffusion coef cient of proteins vary inversely proportionally to the viscosity
[as in Dill et al. (1)]. Further assuming that the rates of diffusion limited kinetics scales as r D ,weobtain Tmax 1/r 1/ exp( ) or, alternatively, Tmax V

exp( /V).The tfunctions are in agreement with an exponential increase of the viscosity of the cytoplasm with the protein density as it would be the case for
a soft colloid near a glassy like transition.

1. Dill KA, Ghosh K, Schmit JD (2011) Physical limits of cells and proteomes. Proc Natl Acad Sci USA108(44):17876-17882.
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Fig. S5. Fluorescence recovery after photobleaching of Hoglp-GFP; pbs2 cells. (A and B) Fluorescence recovery after photobleaching (FRAP) experiments
performed in Synthetic Complete (SC) medium. ( A) Average pro le of uorescence recovery over six cells. (B) Transverse section of the averaged photobleached
area for one cell, illustrating the size of the bleached area. ( Cand D) Same results but for 10 cells stimulated by a gentle osmotic shock (SC supplemented with 1 M
sorbitol). Note that in both conditions, the size of the bleached area is large enough ( 1.8 mtheoretically, 2.4 min practice) to prevent  uorescence recovery
to the initial  uorescence value [1 in arbitrary unit (a.u.)]. It is then dif cult to estimate with precision a diffusion coef cient. To estimate the diffusion co-
ef cient, we rst extracted the average Gaussian bleached uorescent pro le. Then we determined the characteristic time of diffusion ( ) from  uorescence
recovery curves (Fig. 3 and Fig. S3). The coef cient of diffusion, D, was then estimated by taking into account that particles will diffuse over the bleached area
radius, wp,, in the typical time  with a diffusion coef  cient D :Vwm2/4 . From the FRAP data made in normal growth conditions (SC medium; Fig. 3 and Fig. S5),
we obtained = 0.091s,wy =24 m,and,thus, D= 158 m2.s>L. From the FRAP data made in SC supplemented with 1 M sorbitol, we found =0.85s,wy,=2.4
m, and, thus, D = 1.7 m2s°%. We were not able to measure it for severe osmotic stress because diffusion was apparently stalled (Fig. 3 and Fig. S6).

Miermont et al. www.pnas.org/cgi/content/short/1215367110 4 of 12
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Fig. S6. Additional FRAP/ uorescence loss in photobleaching (FLIP) experiments. ( A) FLIP data corresponding to the images shown in Fig. 3 Cfor a Hogl-GFP,
pbs2 background. Whereas the  uorescence is quickly lost outside of the continuously bleached spot (red curve) in isotonic conditions, some uorescence
remains visible outside of the bleached spot when the cell is osmotically stressed with 2 M sorbitol (black curve; see also Fig. 3). ( B) FLIP data acquired on the
uorescent protein Uralp-GFP (isotonic conditions, red; 2 M sorbitol stress, black). Severe osmotic stress led to a drastically reduced protein mobi lity (see also
E). (Cand D) Image time series of a FLIP experiment using a URA1-GFP strain. Note the green arrows that show that a residual uorescence can be seen outside
of the bleached area after a severe osmotic stress but not in isotonic conditions. ( Eand F) FRAP experiments using the Uralp-GFP protein and the  uorescent
protein yEcitrine constitutively expressed. The difference of dynamics between isotonic and hyperosmotic conditions is obvious. Images are taken before,
immediately after, and 5 s after the bleach. The arrows show the approximate location of the bleach. Whereas the bleached spot recovers (partially) it s
uorescence in isotonic conditions, there is no recovery of uorescence for strongly osmotically compressed cells, and the bleached, dark spot remains as if
uorescent proteins were “frozen.” This again shows that there is a drastic loss of protein mobility in osmotically compressed cells.

Miermont et al. www.pnas.org/cgi/content/short/1215367110 5 of 12
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Fig. S7. Crzlp and Msn2p dynamics ina hogl background. ( A) We measured Crz1p nuclear-translocation dynamicsina hogl strain (black) and compared it
to a HOGL1 strain (yellow). ( B) We also compared Msn2p nuclear-translocation dynamics in a hogl strain (black) and in a HOGL1 strain (green). Both ex-
periments showed that the slowdown is more pronounced in a hogl strain when studied as a function of the sorbitol concentration. Because Hoglp is a key
regulator of cell size regulation and cell wall integrity, it is likely that in a hogl strain, a difference in turgor, internal osmolarity, cell wall composition, or
initial cell size may be responsible for a different osmotic compressibility. Importantly, the hogl mutant appears to behave as a HOG1 strain when plotted in
function of the volume variation (  Cand D). This is in agreement with our  ndings that pointed out the relevance of volume compression: the absolute value of

the osmotic stress is not relevant here.

Miermont et al. www.pnas.org/cgi/content/short/1215367110 6 of 12
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Fig. S8. Osmotic compression slows down Abplp mobility, Sec7p transport, and endocytosis. ( A) When Abplp-GFP is observed by uorescence, it displays
a number of moving bright dots. As illustrated here, the effect of a sudden hyperosmotic compression is to freeze Abp1p motion. ( B) Typical snapshot of Abplp
localization pattern ( Left). The punctuated pattern is lost when averaging over time (40 min), evidencing Abplp diffusion ( Right). (C) Typical snapshot of
Abp1p localization ( Left; same cell as in B) after an osmotic compression (3 M sorbitol). Because the cells are in a “frozen state ” (see Results), averaging over
time does not change the localization pattern of Abplp (see also Movie S7). (D) Sec7p is also a mobile protein that can be seen as bright dots in epi  uor-
escence. € and F) The dynamics of Sec7p-mCherry (E) were immediately arrested after osmotic compression by 3 M sorbitol ( F). See alsoMovie S8. (G) En-
docytosis can be observed in live cells using the membrane binding dye FM4-64. ( H) We observed vesicles formation and motion in normal condition (green
arrows point to a few examples). (1) After a severe osmotic compression (3 M sorbitol), no FM4-64 internalization was observed, and the endocytosis appeared

as if jammed.
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Table S1. List of relevant strains used in this study

Name Background Genotype Source

yPHO015 BY4742 HOG1-GFP-HIS3 HTB2-mCherry-URA3 Hersen et al. (1)

yPHO16 yPH15 HOG1-GFP-HIS3 HTB2-mCherry-URA3 pbs2-Kan Hersen et al. (1)

yPHO033 BY4741 MSN2-GFP-HIS3MX6 HTB2-mCherry-KanMX4 This study

yPHO069 BY4741 CRZ1-GFP-HIS3MX6 HTB2-mCherry-KanMX4 This study

yPH107 BY4741 MIG1-GFP-HIS3MX6 HTB2-mCherry-KanMX4 This study

yPHO082 BY4742 YAP1-GFP-HIS3+ plasmid pRS316-mCherry F. Devaux, Université Pierre
et Marie Curie, Paris

yPH114 BY4741 ABP1-GFP-HIS3 S.L. laboratory

yPH115 BY4741 SEC7-mCherry_KanMX4 S.L. laboratory

1. Hersen P, McClean MN, Mahadevan L, Ramanathan S (2008) Signal processing by the HOG MAP kinase pathway. Proc Natl Acad Sci USA105(20):7165-7170.

Table S2. List of relevant plasmids

Name Genotype

Source

pRS316-mCherry
pFA6-hphNT1
pYM35
pFAB-HIS3MX6
pYM35-mCherry

URA3 CEN6 ARSH4nCherry
hphNT1

DsRed1 KanMX4

HIS3MX6 marker for gene deletion

C-terminal tagging with mCherry, KanMX4 marker

F. Devaux, Université Pierre et Marie Curie, Paris

PCR-toolbox Collection (1) (EUROSCARF)

PCR-Toolbox Collection (1) (EUROSCARF)
EUROSCARF

S.L. laboratory

1. Janke C, et al. (2004) A versatile toolbox for PCR-based tagging of yeast genes: New

Movie S1.
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Movie S2. FRAP/FLIP in function of osmotic compression. FRAP/FLIP experiments on Hoglp-GFP in three osmotic environments of increasing osmolarity.
Diffusion is progressively reduced. The red circles indicate the bleached area. The recovery is too fast to be seen in regular SC, whereas it remains vi sible at all
times in 2 M sorbitol.

Movie S2

Movie S3. Msn2p activity in function of osmotic compression. Differential Msn2p-GFP nuclear translocation of yeast cells subjected to either 1 or 1.75 M
sorbitol stress. The dynamics of translocation are slower in the case of a severe osmotic stress.

Movie S3
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Movie S4. Crz1p activity in function of osmotic compression. Differential Crz1p-GFP nuclear translocation of yeast cells stimulated with Ca 2* alone or together
with an osmotic compression. The dynamics of translocation are slower in the case of a severe osmotic compression.

Movie S4

Movie S5. Yaplp activity in function of osmotic compression. Differential Yaplp-GFP nuclear translocation of yeast cells stimulated with H ,0, alone or
together with an osmotic compression. The dynamics of translocation are slower in the case of a severe of osmotic compression. Note that Yap1lp-GFP does not
show a very bright nuclear localization and photobleaches quickly.

Movie S5
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Movie S6. Miglp activity in function of osmotic compression. Differential Miglp-GFP nuclear translocation of yeast cells stimulated with glucose alone or
together with an osmotic compression. The dynamics of translocation is slower in the case of a severe osmotic compression.

Movie S6

Movie S7. Abplp dynamics in function of osmotic compression. Abplp-GFP dynamics in normal medium (SC) or after a severe osmotic compression, which
drastically slows down Abplp mobility in the cell.

Movie S7
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Movie S8. Sec7p dynamics in function of osmotic compression. Sec7p-mCherry dynamics in normal medium (SC) or after a severe osmotic compression, which

drastically slows down Sec7p mobility in the cell. The second part of the movie shows that for a 1.5 M sorbitol shock, Sec7p dynamics are restored after ¢ ells

volume recovery.

Movie S8
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TITLE: SEVERE OSMOTIC COMPRESSION OF THE YEAST SACCHAROMYCES
CEREVISIAE

SUMMARY: Cells have developed several signaling pathways and transcriptional
regulatory networks to regulate their size and coordinate thei r growth with the cell division.
Importantly, the interior of a cell is naturally packed with macr omolecules and is said to be
crowded. Macromolecular crowding has been intensely studied in vitro and is known to
affect the kinetics of reactions. However, studying the effects of crowding in vivo is more
challenging due to the high level of complexity and heterogen eity in the cytoplasm. In this
thesis, we address the effects of changing the cellular volume on the kinetics of biochemical
reactions in live Saccharomyces cerevisizls. We osmotically compressd yeast cells, thus
increasing the total macromolecular density and investigated th e impact of such crowding
on the kinetics of signal transduction. Cell shrinkage is expected to increase the intracellular
viscosity and may severely slow down the functioning of signal ing pathways and cellular
processes. Indeed, by progressively increasing the level of compession, we recorded a
progressive slow-down of several, unrelated biological processes until a point for which cell
dynamics were arrested. This was observed for the nuclear tanslocation of several
transcription factors (Hogl, Msn2, Crz1, Migl, and Yapl) as well as for the mobility of the
proteins Abpl and Sec7. We further showed that increasing compression decreases the
ability of proteins to diffuse in both yeast and higher eukaryotic cells. We propose that this
slowing down upon cellular compression is very general and is reminiscent of a soft colloidal
glassy-like transition. Our results suggest the importance for cells to regulate their volume

and their cytoplasmic crowding to function properly.

KEY WORDS: Biophysics, HOG pathway, yeast Saccharomyces cerevisigeotein diffusion,

macromolecular crowding, glass transition,




