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provedeno za pouziti fluoresgem sondy pHluorin - pH citliveho derivatu zeleného
fluorescewniho proteinu. Bylo porovnanocékolik postupi pro kalibraci fluorescemi
odezvy pHluorinu na cytosolické pH. Byla prokazad@ezitost korekce pro ziskani
spravnych kalibrénich Kivkek. Bylo zjisteno, Ze cytosolické pH je ovlgmo transportnim
proteinem Nhal jak $. cerevisiagtak i v Z. rouxii, ale ne transportérem Sod2-22
piitomnym vZ. rouxii. Bylo prokazano, Ze puftai kapacita cytosolu klesa wifpmnosti
glukozy ve vSech studovanych kmenech.
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Abstract: Intracellular pH affects nearly all biochemical pesses in yeast, the processes
regulating the cytosolic pH includes function of ngatransport proteins. In this work,
the impact of selected sodium transporters on olitopH has been studied in two yeast
species: Saccharomyces cerevisiaand Zygosaccharomyces rouxincluding wild-type
and mutants with affected sodium transport. Measargs of cytosolic pH and buffering
capacity have been performed using fluorescenteprgirobe pHluorin — a pH sensitive
derivate of green fluorescence protein. Severatquores for calibration of pHIluorin
fluorescence response have been compared and thatamce of a proper correction
of the calibration curve has been demonstratedhast been shown that cytosolic pH is
influenced by the function of Nhal transport prot@i S. cerevisia@as well as irZ. rouxii

but not by Sod2-22 transporter ¥ rouxii. It has been demonstrated that the buffering
capacity of cytosol decrease in the presence abgkiin all strains studied.
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sodium transporters



1. General introduction

Since a huge variety of processes maintainingisifeoupled to the pH homeostasis, it is
truly of great importance to determine processdfuancing intracellular pH. Using
pHluorin, a derivative of green fluorescence prateve were able to quantify cytosolic pH

in Saccharomyces cerevisiard for the first time also iBygosaccharomyces rouxii

Our interest was aimed at the interdependence betvegtosolic pH and alkali-metal
homeostasis. For this purpose, mutants with delgée@nhalwere prepared for both yeast
species. In the case dlygosaccharomyces rouxalso mutants with deletexbd2-22were

used. Both genes were expected to influence cytogHl.

In the following text, a brief overview about pH rheostasis in the whole cell is given.
Then, available results on cytosolic pH are disedsét the end, we give a brief overview

about alkali-metal homeostasis in yeast.

1.1. Yeast as model organism

Yeast is eukaryotic unicellular microorganism citsg in the kingdonfungi. It is related to
higher eukaryotes with a number of homologous gehesed together. Nevertheless, this is
only one of the several reasons, why yeast hasgaders an important model organism. We

briefly summarize the reasons now:

1. Compared to higher eukaryotes, yeast posses onlgmall
and simply organized genome. The sequencBastharomyces cerevisiae
for example contains about 12000 kilobases defi®a@5 genes organized

in 16 chromosome’s

2. Fully sequenced genome of selected yeast speciessalkasy

deletion or addition of new genés

3. Evolutionary relationship to other higher eukargotbrganism
enables to extrapolate the results. It is for eXaraptimated that yeast shares
about 23% of its genome with mammalian célls



4. Yeast cells are eukaryotes sharing most of the itapbinner cell
structures with plants and animals. Hence, yedig aee similar to higher

eukaryotes in the cell structure and physiologicatessed

5. The size, generation time and accessibility of yeaske it an easy
to handle tool for phenotypic studies of genetidatians”.

6. Yeast research is economically favoured becausés adstablished

use in industry.

To study interdependence between cytosolic pH #ali anetal homeostasis we have used
Saccharomyces cerevisiamd Zygosaccharomyceasuxii as model organisms. The second
one is known for its ability to grow under condit® of high salt and/or glucose
concentration. Both yeast species are closelya@lahd belonged to the same genus until
1983, when Barnett et al. reclassifidgjosaccharomycesuxii to its current nameg

Since fully sequenced genomes for both yeast speuie available, a common ancestor
and phylogenetic tree includin§accharomyces cerevisiaad Zygosaccharomyce®uxii
could be determined (see figure 1). Beside of ikedatlose genetic relationship, there is
a growing evidence that the ancestor Hfgosaccharomyces rouxilid not undergo
the duplication of its entire genome (whole genatuelication, WGD) as it was the case

of Saccharomyces cerevisiaacestof’.

For both yeast species, there are experimental ae#lable connecting specific gene
mutations with their phenotypic expression. Fulsgsenced genomeof Saccharomyces
cerevisiaeenabled identification of membrane proteins invdiia pH and alkali-metal
homeostasi& To date, there were several data published camettg-specific pH (including

cytosolic, mitochondrial and vacuolar pY.

In the case oZygosaccharomyces rouxthere were genes identified, which are connected
to in pH and alkali metal homeostasis, but no expemtal data on cytosolic pH were
published so far. On the other hand, several studie alkali-metal transporters were

performed” 3%,



Taken togetherSaccharomyces cerevisiag the more explored yeast specigfferent

strains, transport kinetics for several transposiegtems, different experimental methods).
Beside this, our knowledge about participationlkdimetal homeostasis in cytosolic pH is
limited only on Saccharomyces cerevisid®é Thus, obtaining of experimental data on
cytosolic pH in Zygosaccharomycesuxii helps to improve our knowledge about pH
homeostasis in yeast species different fr@accharomyces cerevisia€hoosing both,

Zygosaccharomycesgouxii and Saccharomyces cerevisiaenabled us also comparison
of both organism almost directly, because expertaleemployed techniques varied only
slightly for both (see section Material and methoddubsequently, we were also able

to verify the reliability of experimental methodsedl previously™?.

Saccharomyces cerevisiae

Saccharomyces paradoxus

Saccharomyces mikatae

Saccharomyces kudriavzewvii

Saccharomyces bayanus wvar ,uvarum
Saccharomyces servazzli

Saccharomyces exiguus

Saccharomyces castellii

Kluyveromyces {(Vanderwaltozuma) polyspora
Candida glabrata

Zygosaccharomyces rouxii

Figure 1 Phylogenetic tree of selected yeast speciesexémact from phylogenetic tree
published on the web site of Genolevures consortagoess in February 2011).



1.2. pH homeostasis in yeast

Living organism can adapt to a variety of stressdalironments such as high or low
temperatures, high or low osmotic pressures, enmiemts containing oxidativetressors
and weak organic acid¥. Maintaining optimal life conditions is closelylaged to pH

homeostasis, because it affects nearly all impolechemical processes:

1. Transport of nutrients across the plasma membranebased

on correctly adjusted pH gradients inside the c&fi§

2. The ionization statesf acidic and basic amino acid side-chains
depend on the value of intracellular pH. Therebyy fluences

the structure, solubility and activity of enzymlés

3. The actual size of pH affects NAINADH equilibrium. Thus, redox

state of cells is influenced by p1I9|

4. Low pH inside the yeast vacuole is required tovaltmrrect function

of degradative enzymés
5. Vesicle trafficking is reported to be regulatedpty®.
6. Protein folding depends on a proper pH v&flie

7. Growth of yeast has been shown to correlate withdrahanges of
cytosolic pH* and a possible regulatory pathway involving cylicspH

as a second messenger has been propbsed

Because eukaryotic cells (including yeast) consfsseveral compartments, different pH
values in cell organelles can be achieved. Frosirgason, whenever it is possible, we will
make use of organelle-specific values of pH. In ¢hee of averaging over the whole cell
structure, we will use the term intracellular ptb date, reliable experimental data are

available on cytosolic, mitochondrial and vacugigir®*2.
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Before summarizing experimental data on pH homeastm yeast, we stress out two
problematic points. First, there is a controvensgud the accuracy of absolute values, which
seem to depend on experimental techniques tSe®econd, living cells are dynamic
systems and hence, pH is not an static parametather depends on selected environmental
parameters®. For example, addition of glucose to yeast depriobédnergy sources causes

a rapid change of cytosolic piA*.

Nevertheless, relative differences of pH betweeversé organelles are reported to be
preserved generally and change only under stressfuditions™. In following, we present

results focusing on values obtained for yeast ¢s#le also figure 2):

1. The reported cytosolic pH is approximately neuttalOrij et al.** determined
the value7,2 + 0,2 units in exponentially growing yeast supplied wghucose
and other nutrients. In the case of starvati6r = 0,1 units were reported.
Nevertheless, cytosolic pH is not a static paranfét@ecause presented work aims

at cytosolic pH in yeast, a more detailed overviegiven in section 1.2.1.

2. The value of mitochondrial pH in normally grown geaells is reported to be
approximately7,9 + 0,2 and hence, it is higher than the value of cytasphl *>%.
Proton gradient is thus oriented inwardly into thé&ochondrion and preserved
in the presence of glucose (or other energeticcesiibecause of ATP syntheSis
Only cells exposed to stressful environments (loancentration of glucose
for example) have shown areversed proton gradidi@tween cytosol
and mitochondria. Under such conditions, mitoch@idr pH decreases

to approximatelys, 7 units .

3. Yeast vacuoleare reported to have an acidic pH**®. Proton gradient across
vacuolar membrane is subsequently used for trahspararious compound&?’.
The actual value of vacuolar pH strongly dependshernvalue of extracellular pH,

but remains always acidfé.

4. The secretory pathway is described to acidify fré/a in the endoplasmatic
reticulum to5,2 in the secretory granuleSorrect protein sorting and modification
depend on well adjusted pH values inside of vesiéfe According to Kane,

acidification correlates with biosynthesis of V-yATPase$*



5. The value of pH in the peroxisomal lumen $&ccharomyces cerevisiag
reported to bé,2 units. Alkaline values of pH correlate with pH aptim for most

of the peroxisomal enzymes, which lies betw@amd9 units .

6. Laser microspectrofluorimetry revealed that pH desiof nucleus is0,3
eventually0,5 units higher than in cytosdf. The mechanism controlling the pH
gradient between cytosol and nucleus involves foiybi*/H* exchangeré®. This
data were obtained in higher eukaryotes (mice);omaparable data for yeast were

reported to date.

I

higher pH
————— Golgi
trans C—m——>
Early
endosome

Prevacuolar

Mitochondrion compartment
lower pH

Figure 2 Schematic overview of pH homeostasis in yeas$t, ip cytosol is
approximately neutral and depends on selected@mwiental parameters.



1.2.1. Cytosolic pH in Saccharomyces cerevisiae

So far, there are no data available on pH in yddfgrent from Saccharomyces cerevisiae

Consequently, following text describes only resalitained from this one yeast species.

Experimental assays studying specifically cytosolic

H H a) " v 08 T T ) ]
pH were performed by using ratlometrl(c T N Tl R T T R P N

- . 0.9
%12 Preceding

fluorescence protein pHIluorin

experiments using different experimental technique;é

were  organelle-nonspecific  (for details see% - 3”/;
the section 1.4.) and averaged over the whole cell o | j%/
structure including acidic vacuoles. Therefore, I = 5-1»}‘*_"%};’1
obtained results differ significantly from the aaitu i
value of cytosolic pH™. (b) 591

8 IM;'
Cytosolic pH was determined to lie within the range 7,5-} P ! .—+j+$
of approximately 5,5 to 7,5 units. Although "
therange seems to be wide, only selectedj _;_.i_i_:__
environmental parameters lead to deviations from C igg'

the pH value of approximately obtained in yeast NS UL T /S A A T
cells exponentially growing on gluco$e Cytosolic ¢ (min)

pH of 7,0is believed to be optimal for growth antt)
yeast cell supplied with sufficient energy sources ¢

maintain it rapidly*". s

T
I
The most important factors influencing pH*ss
homeostasis of cytosol include weak organic ¢

acids®®, low extracellular concentration of glucose **
10

and other nutrients such as galactose’;

or glycerol/ethanot*.

Orij et al revealed that glucose-starved yeastg®ss Figure 3 Time resolved glucose
a very low cytosolic pH of approximatey0 units, effect. Yellow curve represents
but achieve a stable cytosolic pH of approximately mitochondrial pH, red stands for
7,3 units within 30 minutes after the addition cytosolic pH. Glucose was added

of glucose' (see figure 3). at0 s Adapted from Orij et af".



The same effect was previously (without time-resdlmonitoring of cytosolic pH) reported
by Martinez-Mufioz & Kané® and confirmed later by MareSovéa et &l. Maintaining the
value of pH7,3 £0,2 seems to correlate with cell growth as shown in figure 3. Similar
effects were also described in relation to depiivatoy other energy sources such as

galactose or glycerol/ethantl

Experiments monitoring both, the cytosolic and wdau pH, revealed also a close
connection between the function of V-ATPases ardsoyic pH'®. Mutants lacking activity
of V-ATPases (known awma mutants) displayed even at p8 conditions optimal
for the growth, significantly lower cytosolic pHah wild type yeast cells. Also, the response

of vmamutants to glucose was smaftér

Only recently, Dechant et al identified cytosqgtiel as a second messenger in a glucose-
sensing pathway mediating the activation of the éAlkpendent protein kinase A (PKA)
pathway?’. They identified V-ATPases as a sensor of cytasplH and also proposed
a mechanism, how cytosolic pH acts as a signatdmpte cell growth. Surprisingly, Orij

et al found out that environmental pH in the ramde3 to 8 units did not significantly
influence the obtained values of cytosolic BH

1.2.2. Transporters maintaining pH gradients inside the yast

Lipid membranes are almost impermeable to protodscall compartments, eventually cells
as whole, are enclosed in several types of membrahkerefore, a mechanism how
to overcome such barriers has developed duringubkition. In the case of cytosolic pH,

several transporters embedded within different dypemembranes collaborate to achieve

homeostasis as described in sectib2sand1.2.1.

In this section, only the most important transpsrtavolved in pH homeostasis of the whole
yeast cell are discussed. Since our work aimsatgsses interconnected with alkali-metal
and pH homeostasis, additional transporters ppdiitig in both, are described in the section
1.3. Now, we briefly summarize the most importaansporters mediating proton transport

in selected organelles (see also figure 5):

10



1. Transport of H across plasma membranesfurigi (and also plants) is
primarily maintained by P-type ATPases Pm&ig\ccording to Ambesi et al,
Pmalp pumps protons out of the cells against tharaly orientated proton

gradient (energy is requireth

2. Respiratory chain complexes 1, Il, lll, IV transpoprotons out
of mitochondria into the intermembrane space ansergsmlly contribute
to the alkalinization of mitochondria. F-type ATlRasisually employ the built-
up proton gradient for synthesis of ATP. All of $leetransporters are embedded
in the inner membrane of mitochondria. Complexék 1]l and IV are directly
involved in respiratory chain, whereas F-type ATdaare responsible for ATP

synthesis®.

3. Acidification of vacuoles is caused by V-type ATEBsasThe structure
of V-type ATPases reassembles the structure ofdesitribed F-ATPasés V-
type ATPases are regulated by cytosolic pH (asamsemessengef.

4. V-type ATPases were also found in membranes ofia@dyanelles
like lysosomes, endosome, the Golgi apparatusetegrvesicles and clathrin-
coated vesicles®. According to Kane, they are believed to be pritpar

responsible for acidification of these organeffes

In the following sections we give a more detailecerwiew of transporters described
in the text above. Their role in the pH homeostasissecretory pathway, vacuoles,
mitochondria and cytosol will be described. Theu®oof the section will be aimed
at properties influencing cytosolic pH and its miependence with alkali metal homeostasis.
For closer details we recommend reviews from Aefi@l®, Ambesi et al*® and Martinez-

Mufioz & Kane®®.
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1.2.3. Proton pumping ATPases in the yeast membrane

Proton pumping P-type ATPases are integral proteimbedded in plasma membranes
of yeasts and plants. They are encoded by genésedMA family and play crucial role
in the physiology of yeast cells, where they esabyt contribute to the generation
of an inwardly oriented electrochemical gradientpodtons across the plasma membrane.
They pump protons out of cytosol into the extradel space. The motion of protons is

driven by ATP hydrolysi&® and consumes about 20% of cellular ATP

Proton pumping ATPases directly influence cytosplit But according to Martinez-Mufioz
& Kane, P-type ATPases have to collaborate withypét ATPases to achieve the correct
value of cytosolic pH®°. Consequently, both are essential for maintaimiRghomeostasis

in cytosol.

The activity of proton pumping ATPases contribuessentially to the yeast plasma
membrane potential, which is according to Nakango®@layman approximately @ mv*,
The electrochemical energy stored in proton grdadien then subsequently used

for secondary transport of following compouriés

1. uncharged molecules (sugars, neutral amino acidbB)ch are transported

by proton symport

2. charged molecules (anionic: chloride, phosphatéphsie, lactate, acetate,
anionic amino acids, cationic:'KNH"s, Na', C&*, Mg?*, cationic amino acids),

which are transported by uniport or proton symport
3. undesirable compounds, which are transported hgant

The activity of PmaRTPases is tightly regulated by several sigfiaRositive regulation is
rapidly achieved by addition of glucose to ye&stDecreased cytosolic pH and increased
potassium uptake are also reported as positivdategy signals'™*°. Regulation of activity
induced by internal or external pH is probably cected with maintaining a relative narrow
range of cytosolic pH°. However, molecular mechanisms controlling Pmagpsill largely

unknown®,

12



Pmalpis primarily responsible for building up the plasmambrane potential in yeast.
On the other hand, transport rate of Pmalp dependsonformational changes between
phosphorylated statéxl-P andE2-P,which are influenced by membrane potentfalThus,
decrease of the plasma-membrane potential positstghulates the activity of Pmal{.

In 1988, Perlin et al. described the leak of pretona yeast strain carrying a point mutation
in Pmal“®. Since electrochemical potential present in thestye#d not explain the leak,
simultaneous symport of potassium cations was @@gpoto occur. In other words,
potassium transport and regulation of cytosolic g¢¢ms to be interconnected (see also

figure 5).

1.2.4. pH homeostasis in mitochondria

We only briefly review the importance of electraarsport chain for synthesis of ATP, its
connection to the presence of energy sources (ggudor example) and its coupling

to the cytosolic pH. Detailed reviews are avagath the topic.

Complexesl, II, lll and IV are embedded in the inner mitochondrial membrameé are
involved in electron transport chain. They are alesponsible for pumping protons out
of the matrix. The proton gradient is then subsatiyeused by F-ATPases for ATP
synthesis. Figure 4 gives a schematic overviewarisporters embedded in mitochondrial
membrane. We want only stress out that ATP syrdhéisven by F-type ATPases depends
on presence of glucose or other energy sourceshah@n electrochemical gradient oriented
inwardly into the mitochondrion is needed, consedlyenitochondrial pH is reported to be
higher than cytosolic pEf.

As reported by Arifio et al, pH homeostasis of nhtwadrion is coupled to the alkali metal
homeostasis via (as so far knowrim38%. Assays performed on mitochondria isolated
from mdm38deletion mutants revealed low membrane potentighly reduced R/H*
exchange, high potassium content in the matrixiacirdased volume of mitochondria. Upon
the loss of its K/H" antiport function, mitochondrial swelling followddly fragmentation
of mitochondrial reticulum occurred. Mitochondri@aterial is then subsequently digested
by vacuole*®*°. Therefore, active exchange of Knd H is indispensable in mitochondrial

physiology.

13



Cytosol

JFI. \\
ADP¥7ATP

Citric acid

Figure 4 Selected transport systems embedded in mitoctadmdembrane. Complexes |,

I, 11l and IV are involved in electron transporain, complex |l takes part in citric acid

cycle. Transport protein Mdm38 mediates K+/H+ exgeand is indispensable for proper
alkali metal homeostasis in mitochondrion.

1.2.5. V-type ATPases

V-ATPases are multisubunit complexes that are ptasemultiple organelles. In yeast, their
association with membranes of endosomes, vacuGlelgi-derived vesicles and clathrin

coated vesicles is reportétl V-ATPases are indispensable for life-importart fections:

1. Growth and pH homeostasis
2. Extrusion of waste molecules
3. Receptor mediated endocytosis

4. Protein folding, trafficking and targeting

V-type ATPases are evolutionary ancestors of F-fffeases” with high degree of genetic
homology reported?®>. The domain ¥ is an integral part embedded in the membrane,
the domain Y is water-soluble and peripheral. It contains gaitalsites involved in ATP
hydrolysis®*% The energy released by ATP is then transferredtie domairVo, where it

is used for pumping of protons against their etettemical gradient. V-ATPases contribute

to organelle acidification and cytosolic alkalirtiva 3.
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Domains \§ and \\ are reported to dissociate rapidly in the caselosi glucose
concentration™®. Dissociation is reversible, after the dissociati¥/, domains are freely
available in cytosol and g/domains remain bound to the membranes. But priveorsport
does not occur®. Addition of glucose to yeast with dissociated VPases leads to rapid
reassembly of domains within minutes. Protons dren tsubsequently pumped into
the vacuoles (and other acidic organelles) and/ghee of cytosolic pH rapidly increasts

In other words, interconnections between cytosphlicand the functionality of V-ATPases

exist.

Only recently, Dechant et al revealed that V-ATRasmction also as sensors of cytosolic
pH L. Since V-ATPases are required for full activatimfrthe PKA pathway (as a response
to the addition of glucose), they probably medatesignal to PKA. Since PKA pathway is
conserved among higher eukaryotes, it is of highr@st to elucidate the role of glucose

on cytosolic pH in different eukaryotés

V-ATPases consist of several structural subunii$,dmly subunita seems to be crucial for
correct targeting of V-ATPases cell organelles. Two variants of subuaitvere described
so far . The vphlp form of subuni@ is localized to the vacuolar membranes

and the isoform stvlp is cycling between the Gajgparatus and prevacuolar compartment
55

Different functionality and assembly ratio is craicfor explaining, how different isoforms
of V-type ATPases contribute to acidification offfelient organelles. V-ATPases are
synthesized step by step. The process starts iap&®imatic reticulum and is processing
through the Golgi apparatus. Finally assembliedT\RAses are then targeted to their final
destination (regulated byMA12 VMA21 and VMA22 genes). The ability of V-ATPases
to pump protons is fully developed in their fina@stination, but already in Golgi apparatus
proton pumping activity occurs. The activity grommsthe direction of V-ATPase assembly.
The growing activity of V-type ATPases explains,withe acidification of secretory pathway

increases in the direction of V-type ATPase assgfibl
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1.3. Potassium and sodium homeostasis in yeast

High intracellular concentration of 'Ks essential for every living cell since’ ks involved

in a huge variety of functions including regulatiohcell volume, pH homeostasis, protein
synthesis and enzyme activat®¥nOn the other hand, Nis toxic and thus, yeast cells keep
its concentration relatively low.

Concentration gradients of potassium and sodiunt@ueled to the proton gradient built up
by Pmal ATPase and are influenced by each othetadtle activity of several alkali metal
transporters (figure 5). It is also suggested tiaddterance genes encoding proteins involved
in alkali metal homeostasis takes part in regufatimf cytosolic pH°"*®. However,

the molecular mechanism is still unkno®n

Since concentration gradients of End N& have an opposite direction, yeast has developed

several strategies to maintain such gradientsatig strategies are describ&d

1. Higher affinity for potassium than for sodium
2. Efficient efflux of toxic cations

3. Selective compartmentation of cations in cell orjkas

The general organization of transport dependeraliathketal homeostasis in yeast conforms
to the chemiosmotic mod&l. The electrochemical gradient built up by elecérig pumps
excreting H or Na' energizes different types of transporters embeddethe plasma

membrane as shown in figure 5.

The ability of yeast to maintain negatively chargdtperpolarized state of plasma
membrane® is essential for homeostasis of yeast. Since thereno electrophysiological
measurements of yeast plasma membrane potentialswggested values of about —200 mV
are availabl&®®,
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On the other hand, yeast belongs to the kingdédamgi and extrapolations
from electrophysiological measurements performed otimer types of fungal cells are
particularly possible. Such measurements havexamele revealed that there is an relation
between cytosolic pH, starvation ori Knd membrane potential INeurospora crass&>.
Taken together with measurements of cytosolic pab€ld on several fluorescence probes)
in mutants lacking the activity of selected alkaktal transporters, it may suggest that alkali
metal transporters form an essential part of a vpaghregulating the cytosolic pH

and probably the plasma membrane poteftial

Trk1,2 Tok1l

higher pH

lower pH

Na"’/ Kt H* Na+/ K+

Figure 5 Major transporters involved in alkali metal and ptdémeostasis embedded
in the plasma membrane, in the vacuolar membramke imrthe membranes of secretory
pathway ofSaccharomyces cerevisia€olour gradients represent a schematic overview o
pH inside of yeast. Arrows indicate transport di@t of the given cation. PVC is

abreviation for prevacuolar compartment, EE is yeagndosome, Mit stands

for mitochondrion and Nu means nucleus.
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1.3.1. K transport across the plasma membrane

The intracellular concentration of'Kanges fron200to 300 mM whereas the extracellular
concentration varies depending on environment imroainolar range®. Three types
of transport systems involved in' Kiptake in yeast have been identified so far (Sele tH).
Generally yeast posses generally more than dneptéke systerfl, but none of the studied
yeast species has more than twoulitake system$ Remarkably, onlZygosaccharomyces

rouxii represent an exception with only one singlaufitake system.

The most conserved system of potassuptake in yeast is encoded by genes of TR&
family, two gene§ RK1andTRK2belonging to the familjrave been identified so farRK1
seems to be conserved among yeast and ddhccharomyces cerevisiaand
Schizosaccharomyces pondre reported to posses both genes simultaneduntyestingly,
the role of TRK2 differs significantly in both. Whereas iBaccharomyces cerevisiae
transport activity of Trk2p is undetectable in the presence of Trk1p

in Schizosaccharomyces ponti@h transporters are equally important and mutkacisng
both of them are unable to grow at very low ¢oncentration§®. Trklpis reported to be
essential at low potassium concentrati®if§, whereas Trk2p is described as a low affinity
transportef’. At concentrations abodi0* M, potassium uptake is non-specific and mediated

by several types of membrane transpoft&td

Another potassiunuptake system is encoded by the geneslAK family and has been
identified in many (but not in all) yeast speciesd table 1). It has been proposed that Hak
transporters work as ‘KH" symporters with a high concentrative capacity. yTlaze

expressed mostly under low externdldoncentrations.

The efflux of K is mediated by only one *Kspecific system known as Toklp, which is
an outward-rectifying potassium channel embeddeteryeast plasma membrane. No grow
related phenotypes related to dysfunction of Tokdpe been reported so far (Arifio et al
2010) and although electro-physical properties wedl known ’°, physiological role

of Tok1p is not understood to d&teAnother K efflux systems are Enalp and Nhalp, which

are primarily responsible for N&fflux (see the following section).
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Table 1 Genes encoding transporters involved ihtkansport in yeasts. Adapted from
Arifio et al.®. Plus sign means that selected protein is presginys that it is not present
in the given yeast species

System for K influx K* channel
TRK1 TRK2 HAK1 TOK

S. cerevisiae + + - +

S. pombe + + + -

D. hansenii + - + -

Z. rouxil + - - +

C. albicans + - + +
Y. lipolytica + - + +

1.3.2. Na' transport across the yeast plasma membrane

The Nd concentration is regulated by two major typesafigport systems. The first system
is made up of cation extrusion P-type ATPases esttdiy genes oENA family and is
expressed at high levels Non-specific extrusion of other monovalent cagi@s potassium
was also observelf. The second system is represented by/H\{antiporters. In contrast
to cation extrusion ATPases, they are expresseg anllow levels 2 The extrusion
of cations uses energy stored in inwardly oriempesdiient of protons”.

Both systems cooperate to achieve alkali-metal lostasis®’. At alkaline extracellular pH
values, mainly the Enal ATPase is active and aadigic external pH, the Nhalp takes over
the role of Enalf®. In the absence of Enalp alkali-metal homeostagisficantly depends
on the activity of N&H" antiporters””.

Na' efflux system belonging to tHENA family was shown to form a cluster. In the case of
Saccharomyces cerevisjagrious non-identical copies BNA gene have been identifiéd
The ENA1gene has been identified also in the yeagtygiosaccharomyces rouxil ENA1

is reported to be primarily responsible for soditoterance in Saccharomyces cerevigiae

Deletion mutants possessing none of the Ena trarespavere strongly sensitive to sodium
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and lithium cation$®>”’, they displayed also a significant growth defedtigh pH values®.
Nevertheless, only the expression of one singles desm theENA cluster, namelyEnal,
restored the salt tolerance. Expression of Enadm Saccharomyces cerevisi@e other
fungi ® revealed its ability to increase Nand Li" tolerance. A decrease of intracellular'Na

and Li' content was also observéd

The second transport system is made of/Maantiporters. In the case &accharomyces
cerevisiae it is encoded by genes belonging to A family. Based on Hill equation
of enzyme kinetics, Tse et al. determined that Waecation and two binding sites for'H
allosterically influence each oth& Non-specific L and RB transport mediated byhal
was also observed”’®. Properties of Nhalmre more closely discussed in following

sections. Now, we only want to stress out that lghalalso involved in pH homeostasis

of yeast’’.

Table 2 Genes encoding transporters involved i lansport in yeasts. Adapted from
Arifio et al (2010). Plus sign means that selectedem is present, minus that it is not
present in the given yeast species. Question nmagess the lack of data.

Na'/H" antiporters N&efflux
NHA SOD2 ENA1
S. cerevisiae + ? +
S. pombe ? + ?
D. hansenii ? ? ?
Z. rouxii + + +
C. albicans + ? ?
Y. lipolytica + ? ?
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1.3.3. Na'/H" antiporters in yeast

Na'/H" antiporters form a large family of transportersser in most eukaryotes. They are
embedded in plasma-membrane and also in organellebmanes, where they are
responsible for detoxification from surplus sodiucations, the maintenance of pH
and potassium homeostadisAccording to Pribylova et al. and Bafiuelos ef te family
of yeast plasma membrane 4" antiporters can be divided in two distinct subfamsil*:
1. Antiporters with substrate specificity only for Nand Li" responsible

for primary detoxification of cells

2. Subfamily of antiporters mediating transport of laast four alkali metal
cations responsible for regulation of intracellukd’ concentration, pH and cell

volume. They also play a role in elimination of togations.

So far, N&/H" antiporters were identified in several yeast sgcThey are known as Nhalp
in Saccharomyces cereviside and Debaryomyces hanseni, as Cnhlp inCandida
albicans ®, as ZrNhalp and ZrSod2p iAygosaccharomyces rouxif®®, as YINhalp
(eventually as YINha2p)in Yarrowia lipolytica and as Sod2p(eventually Sod22p)

in Schizosaccharomyces ponibe

In the case oBaccharomyces cerevisiaewas shown thahhal deletion mutants display
an increased cytoplasmatic pH and display diffetegitaviour in presence of 'KThus,
the addition of KCI| to starvedhhal deletion mutants caused higher alkalinization

of cytoplasmatic pH compared to the wild type c&lls

Remarkably, yeast species closely relate§docharomyces cerevisiaacode usually only
one N&/H" antiporter which posses broad substrate specifioityt least four cations®>®,

Evolutionary more distant specie¥arowia lipolytica and Schizosaccharomyces pombe
posses two proteins belonging to the'M& antiporter family. One of them is involved

in detoxification and the second one takes papHrand potassium homeosta®ige.
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1.3.4. Na'/H" antiporters in S. cerevisiae and Z. rouxii

Saccharomyces cerevisigmsses only one N&K* antiporter with a broad specificity
for different cations. On the other hand, the 78&ain ofZygosaccharomyces rouxiias
reported to posses two ME* antiporters. They were named ZrNhalp and ZrSogq2/22
In a different strain oZygosaccharomyces rouxthe ATCC 42981 strain) two other genes
were identified. They are known &Sod2’* and Z-Sod22%°. However, ZrSod2-22p
display99.7%identity with Z-Sod2p an83.9%identity withZ-Sod22**. As a consequence,
all three genes are believed to be allelic. Nonethef encoded proteins transportd K
and ZrSod2—22p was confirmed to transport only &tad Li" . Both Z-Sod2pandZ-Sod22p
enhance the NaCl tolerance of a salt-sensiaecharomyces cerevisiatrain, but only

Z-Sod2was confirmed to be transcribeddggosaccharomyces rouxiélls "4,

Sequence analysis performed by Pribylova et alarlsledemonstrated that ZrNhalp
and ScNhalp are more closely related to each dtharZrSod22p and ScNhalp eventually
ZrNhalpand ZrSod2-22f. In other words, primary and secondary structdr&@rdlhalp
resembles the structure of ScNhalp. Genetic andtstal homology causes also similar
transport properties as described by Pribylovéal.ef. at was shown that ZrNhalposses
affinity for both K" and N4 cations and consequently seems to express siondad affinity

for different cations as th®cNhalp. However, ZrNhalp seems to prefetdNa' ’.

The contribution of N&EK™ antiporters to the salt tolerance has been studietivo ways:
by expressing the genes from a plasmid $aacharomyces cerevisiamitant strain lacking
both Nd-ATPase and NaH" antiporter genesfal-4 nhala) * and also by studying them
in their native surrounding®’. The impact of N4K* antiporters on pH homeostasis was
studied exclusively inSaccharomyces cerevisial, so there are no data available

for Zygosaccharomyces rouxii.

The expression of ZrSod2-22p frafiygosaccharomyces rouxni enal-4andnhaldeletion
mutantsrevealed its high transport capacity for lithiundaodium, but Kand RB were not
recognized as substrates. The Nhalp fisatcharomyces cerevisiaksplayed a broad
substrate specificity for at least four alkali Metions™ but the contribution to the overall
cell tolerance at high external concentration of NaLi* cations seemed to be lower than
in the case of N#&K* antiporters fronZygosaccharomyces rouxii*“.
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1.4. Measurements of pH in yeast

Due to high mobility and rather small dimensions yafast cells, microelectrodes are
inappropriate for measurements of pH in living ye¢asFrom this reason several different

experimental techniques have been developed:

1. In 1950 Conway and Downey performed measuremernitsg usicroelectrodes.
To enable the measurements an invasive proceduee pggormed (yeast was frozen

and then rapidly thawed uf)

2. Equilibrium distribution of radioactively labelledeak acids or bases in the yeast

cells revealed intracellular pH indirecfl%

3. To quantify intracellular pH the amount of benzoic dadnside the biomass

and in the supernatant was measdfed

4, Dynamic intracellular pH measurements were performay applying low

concentration pulse of benzoic acid to the yedit %

5. Nuclear magnetic resonance 6fP is a non-invasive technique to monitor

intracellular pH changes in time scales of aboux 4€&cond§>°4%*,

6. Cells were loaded with several pH-sensitive fluoeegse probes, whereby pH could

be monitored continuousf7®".

7. Inducing production of fluorescence protein probgsinserting plasmids carrying

genes encoding them enables continuous pH measutstme> .

In this work we have measured cytosolic pH of yeastg the fluorescence probe pHluorin.
Since pHluorin is a pH sensitive derivative of Grdduorescence Proteitne following
sections review the most important facts about GRE pHIluorin. The focus is aimed

at properties influenced by pH.

23



1.4.1. Green fluorescent protein

Shortly after the discovery of Green Fluorescerdtéin (GFP), excitation and emission
spectra of GFP were obtain&y. It was shown that excitation spectrum of GFPifsdulal
and peaks &95and475 nm(figure 6). However, the intensity of fluoresceratd75 nmis
very low. The emission spectrum peaks onlyp@8 nm. Consequently, GFEonverts blue
excitation light into green fluorescence light,tjas the name d&&FP suggests.

Fluorescence properties of GFP are tightly conmetiereactions influencing protonation
states of GFP. No essential conformational chabhgtseen pH values,5and10imply that

protonation—deprotonation reactions are constrairfettording to Miesenbock et al.,
protonation involves only the amino acid residiye66 *. Only two protonation states were

identified %1%

1. neutral form of the chromophore excitabl&86 nm
2. ionized form, excitable a75 nm

Prasher et at’? Chalfie et at®® and Inouye & Tsujt®*

expressed GFP in several organisms
to demonstrate its abilities as a fluorescence ear@enerally, fluorescence probes derived
from GFP can be classified in two families: ratidriee (for example pHIuorin)
or nonratiometric (for example EGFP). To date EGEP been used to monitor cytosolic pH
in Golgi apparatus® and in synaptic vesicle cycling at nerve termirtdfs For measuring
pH especially in organelles of yeast, ratiometrietmods are better suitable. In yeast,

ratiometric GFPs were used to measure cytosoli¢ptf* and mitochondrial pH.

1.4.2. GFP derivative pHluorin

Using the structure-directed combinatorial mutageneMiesenbock et al. prepared
a modified version of GFRalled pHluorin®®. The modified version increased the gain
of fluorescence in its deprotonated state (figuye Thus, only the ratio of fluorescence
at two distinct wave lengths has to be monitoredratellular concentration of pHluorin
therefore does not interfere with measurementswégellular pH. Since conformational
changes of pHluorin follow pH changes instantly,lygin is suitable for measurement

of pH in real time***%%,
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Insertion of plasmids encoding pHIuorin employs tedl apparatus itself to synthesize
the fluorescent probe and no additional staininocedures are required. Proper signal
sequences enable us to control the targeting ofiquifil in selected cell organellé§’.
As reported by Orij et al., the expression of pHinan yeast has no significant impact
on their physiology'* and pHluorin therefore represent an easy to hamble-invasive
and organelle-specific method of pH measurementdi& using pHluorin were performed
in several strains obaccharomyces cereviside"*#?**°. To our knowledge, there are no
data about intracellular pH in other yeast spe¢gsh asZygosaccharomyces rouxii

available to date.

100 100
80 80
G0 G0
40 40
20 20
1 [ 04—
350 400 450 200 350 400 450 500
Excitation wavelength (nm) Excitation wavelength (nm)

Figure 6 Excitation spectra of a wild-type GFP (a) andrasometric derivative pHluorin
(b). Spectra were obtaindd vitro by Miesenbock et af®. Samples contained 27.5mM
chromophore, 50mM sodium cacodylate, 50mM sodiunetaie and were adjusted
to the indicated pH values. The ordinate scaleleageihormalized differences in emitted
fluorescence intensity. Adapted from Miesenbocil ét.

1.4.3. Buffering capacity of yeast

As shown in section¥.2.and1.2.1, under constant environmental conditions yeashtag
cytosolic pH in a relatively narrow range. In othenords, cytosol behaves similar
as a chemical buffer and buffering capacity is usedescribe its properties. We define it
in the following way: buffering capacity equals the amount of strong base (eventually

strong acid), that increases (decreases) the dtqad by one unit:
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;B:E

In chemical buffers only purely physico-chemicabgesses are involved in maintaining
a relatively narrow range of pH as a response diitiad or removal of A from the solution.
But in yeast, there are two additional mechanismwlved: active transport of protons
across the plasma or organelle-specific membramesreetabolic pathways. Since transport
mechanisms respond faster than metabolic pathwlagselative contribution of both can be

separated by time-resolved measurements.

In this approach, the extracellular space is rgpadkalinized by addition of a weak baBe
(such as ammonium chloride) to a defined conceatrdB] . The extracellular space
contains dissociated and electrically neutral mdks of weak base B. Neutral forms can
cross the plasma membrane of yeast by a simplesdfi and increased cytosolic pH can be
observed. In the equilibrium state a steady comaBoh of dissociated base can be
calculated, we label the concentration of dissedabaseB in the cytosol agBH] .
The buffering capacity can be then expressed &sifsi

p = 125 T
pH

where 4pHi; labels the change of cytosolic pH and the conceatraof dissociated

molecules of weak base has to be computed frorfotlosving equation:

IB ]:rrmf IH+]int
(Ko + [H " lext)

[BH " Jiny =

where K is the dissociation constant of MHH]ex iS the proton concentration in the buffer

and [H]; is the intracellular proton concentration afte thcrease of cytosolic pH.

The buffering capacity of cell-free extract fromage was studied by two group¥*°®, but
no influence of biological processes on bufferingpacity could be determined due
to the experimental techniques used. MareSova etedsured the buffering capadityvivo
by quantifying the effects of addition of ammoniwhloride to citrate-phosphate buffers

and buffering capacity of approximatel§ %15 mMwas determinedf.
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Figure 7 Schematic overview of measurements determiningebuff capacity of cytosol.
For sake of clarity ammonium chloride was seleeted weak base.
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2. Methods

2.1. Yeast strains and transformation plasmids

Measurements of cytosolic pH were performed in teast species: ilbaccharomyces
cerevisiae(yeast strains BY4741 and BY4742) afyhosaccharomyces rouxXyeast strain
CBS 732). Selected yeast strains possessed aliraB mutation (see table 3). To assess
the influence of selected alkali-metal transportenscytosolic pH, mutants with affected
sodium transport were constructed. Mutant strainth wleleted genesihal ZrNhal
or ZrSod2-2Zhave the corresponding genes replaced eitherthgtkanMXor loxP cassette
(see table 4).

To determine cytosolic pH transformation using plais pHI-U (known also as pVT100U)
and pHI-G was performed. Beside of the gene foupkih synthesis, both plasmids contain
selection markers. In the case of pHI-U, the ggiRA3 enables uracil synthesis and thus

allows the selection of transformed yeast by ugirmgvth media without uracil.

The pHI-G plasmid was constructed from pHI-U by lae;mg URA3 with the kanMX
cassette. By subsequent genetic manipulations sgengired for geneticin resistance were
added (for details see MareSova et'3l. Thus, yeast transformed by pHI-G was resistant

against geneticin, but supply of uracil was reqtiire

Table 3 Designation of yeast strains used in this worlastestrains used in this wotk were
not able to synthesize uracil without additionahggc manipulation.

Yeast species genotype
BY4741 Saccharomyces cerevisiae MATa his3 leu3 fneta3
BY4742 Saccharomyces cerevisiae MATIS3 leu2 lys2 ura3
CBS 732 Zygosaccharomyces rouxii ura3
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Table 4 Selected haloterance genes from yeast strainSaaicharomyces cerevisiae
andZygosaccharomyces rouxiiere deleted. In the table an overview is givethefwhole
genotype and designations used in this work.

Yeast Genotype deleted
strain description transporter
Scl WT BY4741 MATo his3 leu3 metl5 ura3 none
Sc2 WT BY4742 MATa his3 leu2 lys2 ura3 none
MAT o his3 leu2 lys2 ura3
Sc2 Nhad BY4742 nhalp
nhald::kanMX
Zr WT CBS 732 ura3 none
Zr Nhalu CBS 732 ura3 nhal::loxP ZrNhalp
Zr Sod2-22 CBS 732 ura3 sod2-22::loxP Zr Sod2-22p
ZrSod2-22 p
Zr Nhald Sod2-22  CBS 732 ura3 sod2-22 nhald::loxP
ZrNhalp

2.1.1. Growth media

Mutant strains transformed by pHI-U were grown I tminimal medium YNB without
uracil. Mutants transformed by pHI-G were growrheitin the full medium YPD containing
geneticin at 1mg/ml concentration or in YNB mediwnontaining uracil at 76 mg/l
concentration and geneticin at 1mg/ml concentrationStorage was performed

at approximatelyi°C.

Table 5 Composition of YPD (YEPD) - the full medium. Agaas added for cultivation
and storage of yeast in Petri plates, liquid fofnYBD was prepared without agar. Glucose
was autoclaved separately from yeast extract actbpaptone.

compound concentration amount
bactopeptone 2% 20 g/l
yeast extract 1% 10 g/l
glucose 2% 20 g/l
agar* 2% 20 g/l
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Table 6 Composition of YNB - the minimal medium. Agar wasdad for cultivation in Petri
plates. Glucose was autoclaved separately YNB aerdstupplement URA were filtered
(MILLEX® GP, Millipore Express, 0,22um filter) and mixed together at room temperature.
Geneticin and uracil were used only for cultivatieith selection on geneticin.

compound concentration amount
YNB 0,17 % 1,7 g/l
URA 0,19% 1,92 g/l
glucose 2% 20 g/l
agar* 2% 20 g/l
uracil* 0,08% 76 mg/l
geneticin* 1,00% 14/

2.1.2. Cultivation of S. cerevisiae and Z. rouxii

Yeast was cultivated in Erlenmayer flasks (volurh&@eventuallyl00 m) in fluid growth
media described in previous section. During the wgnp flasks were shaken
and the temperature was kept stabl@0aC

Yeast prepared for measurements of cytosolic pHe weitivated in two steps. In the first
step, cells were grown into the stationary phasen ta specified amount of yeast (optical
density 0,2) was transferred into the same type of growthiomdand yeast was grown

into the mid-exponential phase. The two step caftbn helps to synchronize the yeast

for pH measurements.

Growth curves ofSaccharomyces cerevisiagere previously obtained by MareSova et al
under the same conditions as employed in this wBrkAccording to the obtained growth
curves, Saccharomyces cerevisiaestrains reached the mid-exponential phase

after approximatel$ hours of growth in YNB and the stationary phagderdf6 hours.

Growth curves foZygosaccharomyces rouxiiere obtained for all strains described in table
4 (see figure 8). AlZygosaccharomyces rowstrains were transformed by pHI-U plasmid.
Therefore, YNB without uracil was used as growthdimm. Growth curves were obtained

by transferring a specified amount of yeast (gromto stationary phase) into a fresh YNB
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medium (initial optical density dJ,2 units).Zr WTreached the mid-exponential phase after
18 hours, Zr Nhald and Zr Sod2-221 after 24 hours. Zr Nhald Sod2-22 reached
the mid-exponential phase af@&f hours of growth. Afted8 hours of growth all four strains

reached the stationary phase.

Optical density was measured I8 nmin polymethylmethacrylate cuvettes with 3ml
volume. Two different instruments Novaspec |l andvakpec Il were used. Although
optical density is well defined physical quantiglues obtained by Novaspec Il did not
match exactly the values defined by Novaspec Ig sonversion formula was used and only

values defined by Novaspec Il are given in thiskwvor

— W
—_—r50d2-224
— T NRETA
Lrisod2-224 Nhath
ZrWT with NH,

o

optical density

time [hours]

Figure 8 Growth curve obtained fafr WT and three deletion mutant&r WT reaches
the mid-exponential phase after approximatéhhours,Zr Nhald andZr Sod2-22 after24
hours.Zr Nhald Sod2-22 reached the mid-exponential phase afiérhours of growth.
After 48 hours of growth all four strains reached the stetry phase.
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2.2. Fluorescence measurements

To determine cytosolic pH ilsaccharomyces cerevisiaad Zygosaccharomyces rouxii,
the ratiometric fluorescence probe pHluorin wasdusis fluorescence signal was measured
on FluoroMAX-II spectrophotometer (Jobin-Yvon Spédx) applying emission wavelength
of 520 nm Fluorescence was monitored at a right-angle éartbident beam. Samples were
measured in polymethylmethacrylate cuvet@m(volume, optical density df,2 units)

Excitation spectra (emission wavelength &80 nm)were integrated ovef,4 seconds
with excitation and emission slits of monochromatset at5 nm. Measurements
of cytosolic pH required to measure fluorescengnali only at excitation wavelengths
of 410and470 nm(emission wavelength &0 nm) The obtained values were then divided
and the fluorescence ratidsi0470 Was calculated. Excitation and emission slits

of monochromators were set3ahm integration time at second.

Preparation of samples containing living yeast meguto separate yeast from growth
medium (YNB and YPD give rise to a significant ftaecence signal). Mid-exponentially
growing yeast was therefore harvested by centrifogand washed twice in distilled water.
A suspension of washed yeast in distilled water prapared. Finally yeast suspension was
added to a selected type of buffer (to a final@tdensity 00,2 units). The centrifugation
procedure required abo@b minutes. During this time no energy sources wegglable to

yeast.

2.2.1. Calibration Buffers

Excitation spectra of pHIluorin obtained vitro andin vivo are influenced by different
surroundings®*®®. Therefore, fluorescence of pHluorin has to beibcaied in vitro.
Calibration requires manipulation of cytosolic pia desired and quantifiable value. Thus,
buffers titrated to desired values are preparedottain compounds which either enable
movement of proton across the plasma membranepmpaunds which disable yeasts
mechanisms of controlling cytosolic pH (we disctles problematic more closely in section
3.1.5.). After a properly selected time of incubatan equilibrium state is reached, in which

cytosolic and extracellular pH are believed tolmdame.
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In this work, calibration was performed by usindfers titrated to six different but specified
values of pH The composition of calibration buffers (see table niatches exactly
the parameters employed by MareSova ef.alable 7 does not list ionophores (as used
by Brett et al® and Martinez-Mufioz & Kan& since they were shown (see section 3.1.5.)
to have a negligible impact on calibration. Calitma buffers were titrated to the desired pH

values by adding NaOH eventually HCI.

Table 7 Composition of one litre of calibration buffernimphores are not listed.

Compound Concentration Mass
MES 50 mM 10,66 g/l
HEPES 50 mM 11,9 g/l
Ammonium acetate 200 mM 15,4 g/l
KCI 50 mM 3,73 g/l
NacCl 50 mM 2,92 g/l
2-deoxy-D-glucose 10 mM 1,64 g/l
Sodium azide 10 mM 0,65 g/l

2.2.2. Measurements of cytosolic pH and buffering capacity

To obtain cytosolic pH and buffering capacity undemtrolled conditions, two types
of citrate-phosphate buffers (CP buffers) were greg. The potassium buffer was prepared
by dissolving30 mMK,;HPQ, in one litre of distilled water. Similarly, sodiu@P buffer was
prepared by dissolvin@OmM NaHPOQO, in one litre of distilled water. CP buffers were
titrated with citric acid to either pH 6 or pH 8.

To determine buffering capacity yeast was incubateditrate-phosphate buffers at pH 8
(incubation time of 10 minutes for Saccharomyces cerevisiaand 15 minutes
for Zygosaccharomyces rouxii Ammonium chloride was then added to the final
concentration ofl0 mM samples were stirred and the fluorescence ra#ie monitored
through the whole procedure. The initial value @eabefore adding ammonium chloride)
and final value (after the addition of ammoniumocide) were recorded and buffering
capacity was calculated according to the formutegection 1.4.3.
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2.3. List of chemical compounds

Table 8 lists the compounds used in this work. Detabout manufacturer and purity

of the compounds are described.

Table 8 List of compounds used in this work

Compound

Description

2-deoxy-D-glucose

2- Deoxy-D-glucose, Grade II, min 98 %, SIGMA
eventually 2 -Deoxy -D -glucose, FLUKA

agar

ROTH

ammonium acetate

ammonium acetate SigmaUltra, miniman98%,
SIGMA

ammonium chloride

SIGMA

OXOID LP0037, total nitrogen 14,0

bactopeptone
citric acid citric acid, PENTA
geneticin G418, disulphate salt, SIGMA
glucose D-glucose, PENTA
HCI SIGMA
HEPES HEPES 99,5 %, SIGMA
KCI SIGMA
MES MES, low moisture content, SIGMA
NacCl Fluka, minimun® 99,5%
NaOH SIGMA

sodium azide

Sodium azide, SigmaUltra, SIGMA

URA

Yeast Synthetic Drop — out Medium Supplement
Without Uracil, SIGMA

yeast extract

Yeast Extract SERVABACTER

YNB

Difco, Yeast nitrogen base w/o Amino Acids
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3. Results

3.1. Calibration

Because excitation spectra obtaingd vitro and in vivo are influenced by different
surroundings’>®®, calibration of fluorescence ratios obtained winj yeast is necessary.
In this way, calibration points are obtained, whigbre then fitted with sigmoidal curve

according to section 3.1.3.

In section 3.1.1, we show that calibration meditself has a significant fluorescence signal
at410 nm To suppress its impact on calibration, we havpleyed a correction (see section
3.1.1.). In section 3.1.2., we demonstrate thatection is crucial for proper calibration.
Otherwise (without correction) systematic error afout 0,6 units of pH can occur.

Calibration curves for strains used in this worle gresented in the section 3.1.3.
and the following section discusses the role of pprly adjusted incubation time
on calibration. In section 3.1.5., we demonstrakat tionophores do not influence

the obtained calibration curves and thus can bétedi

3.1.1. Correction to the background fluorescence of calibation buffers

Excitation spectra (emission wavelengd20 nm) of pure calibration buffers revealed
a relative high fluorescence signal (see figureT®)asses the impact of different pH values
of calibration buffers on the signal acquired, vavé used buffers titrated to six different
values in the range 05,5 to 8,0 units, but no significant differences were observed
The obtained excitation spectra at different valokepH were then averaged. The resulting
background signal was then plotted against exoiativavelengths and compared
with fluorescence signal from pHluorin (see fig@)e The comparison revealed that both are

comparable and correction to the background signa¢cessary (see the text below).

To quantify which compounds contribute to the baiokgd signal the most, we have
dissolved the constituents of calibration bufferdistilled water. KCI, NaCl and sodium
azide were dissolved together (referred as mixtirsalts). MES, HEPES, 2-Deoxy-D-
glucose and ammonium acetate were dissolved separdthe obtained spectra are

presented in figure 10
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Figure 9 Excitation spectra of water, calibration mediunvef@aged over pH values)
and pHluorin obtained fronZr WT (in typical concentration as used for measurement
of cytosolic pH). Emission wavelength was 580 nm.At 410 nmthe fluorescence signals
from calibration buffer and pHluorin are comparatleapproximately440 nmRaman peak

of water is visible.
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Figure 10 Excitation spectra of compounds contained witkailibecation buffer. Compounds
were dissolved in distilled water at five times ae¥ concentration compared
to the concentrations used in calibration buffet. approximately440 nm Raman peak

of water is visible.
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Excitation spectra for calibration buffer and pHinoin living yeast were acquired under
the same conditions (described in section 2.2.pr8fore, excitation spectra of pHluorin
in living yeast (sections 3.2. and 3.3.) can beeamed directly by subtracting the spectrum

of calibration buffer from the spectrum of pHluarin

In the case of cytosolic pH measurements a diffeapproach has to be used. The actual
measurements of cytosolic pH were performed ira@tphosphate buffers, but calibration
curves are acquired from calibration buffers. Trardy the difference between background
signal from calibration buffer and citrate-phosghabuffer has to be subtracted.
The background signal of citrate-phosphate buffergas proofed to be independent

from the amount of sodium or potassium salts used.

By comparison of signal acquired from calibratiomda citrate-phosphate buffer
(under conditions applied during measurements tisojic pH), we were able to quantify
the differences (see table 9). Correction procedwelved the subtraction of 58000 units

from signals acquired dtL0 nm and 2000nits at470 nm(fluorescence in arbitrary units).

Table 9 Values of signals obtained form different buffersidar conditions used
for measurements of cytosolic pH.

signal a¥10 nm signal a470 nm
calibration buffer 68000 7000
citrate-phosphate buffer 10000 5000
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3.1.2. The impact of correction on measurement of cytosaipH

In this section, we demonstrate the impact of @biwa on correct measurement of cytosolic
pH. Calibration points were obtained from livingage afterlO (Saccharomyces cerevis)ae
eventuallyl5 minutes Zygosaccharomyces rouxidf incubation in calibration buffer (see

section 3.1.4. for settings of incubation times).

To demonstrate that significance of correction gromith decreasing fluorescence signal
obtained from living yeast, two cases are presemtedhe case of low fluorescence signal,
the strain Sc2 WT transformed by pHI-G plasmid is presented. ThaistiSc2 WT

transformed by pHI-U plasmid is used to presentdhge of relatively high fluorescence

signal. Corrected and uncorrected calibration caifee both are shown in figure 11.

Generally, corrected calibration curves lie unds tincorrected curves (see figure 11).
Correction is performed to reduce only the fluoesme signal from compounds present
in calibration buffers (the background signal framater remains) and thus, fluorescence

ratios obtained in citrate-phosphate buffers doreqtire any correction.

Subsequently, by using uncorrected calibration esitying below the corrected curves we
would obtain lower values of cytosolic pH. In thase ofSc2 WTtransformed by pHI-G,
thefluorescence ratio ofl,0 returns cytosolic pH of approximately,2 units by using
the uncorrected calibration curve and approximagpy using corrected calibration curve.
Thus, using uncorrected calibration results in stesyatic error of approximate;6 units.

In the case o6c2 WTtransformed by pHI-U, the correction is much lowan]y aboutO,2
units. Taken together, the higher is the fluoreseemsignal, the less important is

the correction.

Correction to the background fluorescence&sa® WTalso revealed that error bars increase
significantly after the correction. This effect acg due to relative high intensity of noise
when compared to the low fluorescence signal obthfromSc2 WTtransformed by pHI-G.

The increase of uncertainty for other strains usetthis work was less significant because

of lower signal-to-noise ratio.
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Figure 11 Comparison between uncorrected and correctetbraabn curves for strain
Sc2 WTtransformed by pHI-G (red and wine) and 8c¢2 WTtransformed by pHI-U.
At fluorescence ratid,0 uncorrected curve for transformation with pHI-Guras cytosolic
pH of approximatelys,2 units, whereas corrected curves gives a valu@pfoximately6,8
units. In the case of yeast transformed by pHI4y @ correction of approximate;2 units
is observable.

3.1.3. Corrected calibration curves and their reproducibility

Calibration points were obtained from living yeasdter 10 (Saccharomyces cerevis)ae
eventually 15 minutes Zygosaccharomyces rouxigf incubation in calibration buffers
of specified pH. Calibration buffers according &ble 7 were used (no ionophores were
added). Incubation times were selected in accomlaocsection 3.1.4. Calibration points
(after the correction) for every yeast strain usedhis work are presented in table 10
for Saccharomyces cerevisiaeand in table 11 for Zygosaccharomyces rouxii
The fluorescence rati®s10470 Was measured in several biological replicateshef diven
strain (see tables 10 and 11), then subsequentgraged and plotted against
the corresponding buffer pH. Calibration points evéitted with a sigmoidal curve given

in the text below.
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Table 10 Calibration points obtained from transformed yestshins of Saccharomyces
cerevisiae Calibration points were used for constructioncafibration curves. Corrected

values are presented.

plasmid pHI-U pHI-U pHI-G pHI-U
cytosolic pH Sc1WT Sc2 WT Sc2 WT Sc2 Nhal
5,5 0,41 + 0,02 0,43+0,01 0,46 £+ 0,01 0,42 +0,01
6,0 0,52 +0,04 0,56 +0,01 0,57 +0,01 0,57 +0,01
6,5 0,80 + 0,06 0,83+0,01 0,81 +£0,05 0,83+0,01
7,0 1,14 + 0,08 1,16 + 0,02 1,14 + 0,05 1,12 + 0,02
7,5 1,45 £ 0,09 1,50 £ 0,03 1,34 £ 0,10 1,54 £ 0,03
8,0 1,71+ 0,09 1,76 £ 0,05 1,52 +0,20 1,86 + 0,08
replicates 14 12 8 12

Table 11 Calibration points obtained from transformed yesisdins of Zygogccharomyces

cerevisiae Calibration points were used for constructioncafibration curves. Corrected

values are presented.

plasmid pHI-U pHI-U pHI-U pHI-U
cytosolic pH ZrWT Zr NhalA Zr Sod2-22A  Zr NhalA Sod2-22A
5,5 0,44 +£0,01 0,44 +£0,01 0,44 +£0,01 0,43+0,01
6,0 0,59 +0,01 0,57 +0,01 0,57 +£0,01 0,56 + 0,02
6,5 0,80 +£0,01 0,79+0,01 0,78 £0,01 0,78 £0,01
7,0 1,12 + 0,02 1,13 +0,03 1,09 + 0,03 1,12 + 0,02
7,5 1,46 + 0,02 1,46 + 0,05 1,41 + 0,07 1,46 + 0,03
8,0 1,70+ 0,03 1,72 + 0,06 1,64 +0,10 1,70 + 0,04
replicates 10 8 8 8

By comparison among different transformed straims h@ve come to the conclusion that
calibration curves are almost identical (in thegeof obtained experimental errors) for both
yeast species (see tables 10 and 11). This meantscytosol in both species behaves
in a very similar manner with respect to its impaectpHIluorin. Beside this we have decided
to use one single and unique calibration curve deery strain and for every mutation

performed to suppress experimental errors.

40



Extrapolation of calibration was performed by figi the calibration points

with the following sigmoidal function:

I -pH™
= f:j £ — + konst
K— Ful _|_ }}H. |

0.5

R4 10/ 470

Crucial for obtaining correct and reproducible loediion curves is to set the experimental

parameters properly. We discuss this topic morsetjoin following sections.

3.1.4. Adjustment of incubation time

Properly adjusted time of incubation in calibratiboffer should guarantee that cytosol
and calibration buffer achieve a stable state, whaosolic pH equals the extracellular pH.
This cannot be proofed directly, thus fluorescerat® R410/470 has to be monitored during
the incubation. After a given time at equilibriutate, fluorescence ratiBs10/470 remains

essentially stable.

To identify proper incubation time, wild type straiSc2 WTwas resuspended in calibration
buffers titrated to six different pH values. Fluscence ratios were monitored during
the whole incubation in calibration buffer (appnmetely 10 minutes forSc2 W). Results

are presented in the figud2 The same procedure was repeated als&ZfMWT, it was
proofed that longer incubation time 1B minutes for is necessary (results are not presented

in graphical form).

To quantify the dependence of properly adjustedubation time on calibration curve,
experiments monitoring the fluorescence raii@,47o directly after the resuspension $€2
WT in calibration buffer and aftetO minutes were performed. Corresponding calibration
curves were then constructed (see figure 13). fiegnit differences are visible. Calibration
curve obtained directly after resuspension liesrdte curve obtained aftefO minutes

of incubation.

Using small incubation times would therefore retusgstematic errors. According
to figure 13, fluorescence ratio 1,0 returns cyliogoH of approximately6,6 by using small
incubation time and approximatelg,8 by using longer incubation time. An error
of approximately0,2 units would be the result. This is comparablehtodffect of correction.
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Figure 12 Time dependence of uncorrected fluorescence katjs70in calibration buffer
without ionophores. Two biological replicatesSf1WT strain were averageéluorescence
ratio was measured directly after resuspensioreatiycells in calibration buffer. The x-axis
shows the time progression of the measurement.sPaak artefacts caused by changing
the samples. The given pH values represent exluéarepH.
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Figure 13 Calibration curves obtained directly after rgmrsion ofSc2 WTin calibration
buffer (without ionophores) and afte&f0 minutes of incubation in calibration buffer
(without ionophores).
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3.1.5. The impact of ionophores on calibration

To date, several groups>*°

performed calibrations in buffers containing compds
as described in table 7. Originally, the calibmatimethod was developed by Brett et’al
Martinez-Mufioz & Kane used also the same approictOnly MareSova et al, used
an alternated variant of calibration buffer, wherophores were omitted. They believed,

ionophores did not exhibit any impact on calibmatid

A different approach of pHluorin signal calibratieras used by Orij et at. Yeast cells were
incubated in PBS containing digitonin 400 x«g/ml concentration. After ten minutes
of incubation yeast was resuspended in citric dmidfers of desired pH, where also
the calibration itself was performed. Since theredr calibration of pHluorin signal is
crucial for measuring correct cytosolic pH valuége importance of ionophores has to be
investigated more closely. Thus, we have perfornsederal experiments involving
modification in composition of calibration buffefsithout or with selected ionophores)

at different incubation times.

Calibration buffers were prepared as describedablet 7. The effect of four different
ionophores on calibration curves was tested. TWferdnt concentrations of the combination
monensin and nigericin have been tested. In eash, ¢a&o types of incubation times were

tested (incubation time d0 minutes and directly after the resuspension oftyeas

Table 12 Four types of ionophores were used, two of theareveombined and used in two
different combinations.

Description of modification lonophore concentration

1 " L , Nigericin: 5uM
addition of nigericin and monensin _
monensin: 3&M

2 N S _ Nigericin: 10uM
addition of nigericin and monensin .
Monensin: 75 uM

addition of digitonin Digitonin: @O0 xg/mi

4 addition of ODDC ODDC10uM
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Figure 14 Comparison of calibration curves obtained with mojghore ODDC and without
ionophores. Both calibrations were acquired aft@rniinutes of incubation. ODDC was
added to the calibration buffer Hd xM concentration. Calibration curves were corrected.
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Figure 15 Calibration curves for different ionophores showyoan insignificant spread
of values compared to each other. Calibration cwere corrected
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3.1.6. Calibration curves for yeast transformed by pHI-U and pHI-G

Insertion of plasmids encoding pHluorin and a gedacmarker induces new properties
into selected yeast strain. Gene encoding pHIluenables us to measure cytosolic pH via
fluorescence and selection marker is required lecsenly transformed yeast. In this work
selection markemura3 encoding proteins required for uracil synthesis waed. Yeast
transformed by plasmid encodingra3 is capable to synthesize uracil and thus grow
on media without uracil. On the other hand, uragihthesis could have an impact either
on cytosolic pH or pHluorin itself. Therefore, phaisl pHI-G was constructed, wheuvea3
was replaced and a selection marker inducing genetesistance was added (see section
2.1.). Subsequently yeast of str&c2 WTwas grown according to section 2.1.2.

Comparison between transformation with pHI-U and-@Hevels (see figure 16) that both
curves are almost identical within the range ofesipental error, but calibration curve
of yeast transformed by pHI-G shows significanéggler errors due to higher signal-to-noise
ratio. We also conclude that both curves differydrgécause of small expression of pHIuorin

in yeast transformed by pHI-G.

fluorescence ratio

0.9
0B ] ey
0.3 i T I . , T , T , T ,
5.5 &0 ] 7.0 75 a.n
cytosolic pH

Figure 16 Corrected calibration curves obtained gl WTtransformed by pHI-U (red)
or pHI-G plasmid (black). Error bars obtained fddl{6s are larger because of lower
fluorescence signal acquired. Both curves are macty identical, but this is partially
caused by e large experimental error in the capélbis.
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3.2. Cytosolic pH in Saccharomyces cerevisiae

To explore the interdependence between cytosoliaptHsodium transport, wild type yeast
(Scl WTand Sc2 WY andnhal deletion mutants were prepared. To ensure thatgiilu
expression was successful, excitation fluorescepeetra fromScl WT were acquired (see
figure 17). To determine whether pHI-G plasmidugable for pH measurement, yeast was
transformed by pHI-G and cytosolic measurementsswerformed (3.2.1.). Comparison
to yeast transformed by pHI-U revealed that expoessef pHIuorin from pHI-G is lower.
From this reason, a larger ratio of signal-to-noises obtained. From this reason, pHI-U
plasmid was employed for further measurements.ifipact of Nhalp on cytosolic pH was
studied under several environmental conditions sischifferent extracellular concentration
of H*, K" and N4& (see section 3.2.2.). Addition of glucose revedigther effects related
to the interdependence between Nhalp and cytgghli(see section 3.2.3.). In accordance
to Maresova et al (2010), we have determined tHtetdg capacity forSc2 WTand Sc2
Nhald (see section 3.2.4.), so the mechanisms contrdputnregulation of cytosolic pH
could be quantified.

= 1200000 : pH 5,0
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Figure 17 Emission spectra of pHluorin from Saccharomyoe®visiae. Strain BY4741
carrying pHI-U plasmid was incubated in calibratmuffer without ionophores. Background
correction was performed. Spectra were renormaliaedsobestic point (approximately
429 nn). Three biological replicates have been measunddchseraged.
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3.2.1. Measurements of cytosolic pH by using pHI-G plasmid

Transformation with pHI-U requires yeast strain hwispecific auxotrophic mutations
(deletion ofura3d). But it can be problematic to compare yeast ssravith two different
auxotrophies to each other. Therefore,3aé WTstrain was transformed by pHI-G and pHI-

U plasmid. A broad range of environmental condsiaras employed figure 18).

Cytosolic pH obtained for yeast growing on YNB wittacil is larger than in yeast growing
without uracil, but two problematic points emerderst, large experimental errors were
obtained for yeast transformed by pHI-G (yeast gngwn YPD or in YNB with uracil).
Second, errors calculated as standard deviationsnatoinclude experimental errors
of calibration. But in section 3.1.6., we have shathat transformation with pHI-G leads
to smaller signal-to-noise ratio. We have also grenkd T-tests (with pHI-U as reference),
which demonstrated low significance (T-test for 485lin YPD returned 25%, for pHI-G
in YNB with uracil 41%). Thus, we conclude that reased cytosolic pH in yeast
transformed by pHI-G is only an artefact. Subsetyeonly transformation with pHI-U
plasmid was used for further measurements.

I YNB with uracil

- B Y~D
=] B YNB without uracil

cytosolic pH

paotassium CP potassium CP sodium CP sodiom CP

buffer pH B buffer pH 8 buffer pH B buffer pH &

Figure 18 Cytosolic pH of yeast strain BY4741 transformedeitwith pHI-U or pHI-G.
Yeast transformed by pHI-U was grown only in YNBzagt transformed by pHI-G was
grown in YPD (wine-coloured column) and YNB contiam uracil (red-coloured column).

Yeast was deprived of energy sources for about Bites. At least six replicates for each
measurement were used.
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3.2.2. Cytosolic pH in the absence of energy sources

To determine the role of Nhalp in regulation ofosglic pH, wild type strairsc2WTand
deletion mutanSc2 Nhakl (transformed by pHI-U) were exposed to several remvnental
conditions. Yeast was harvested in mid-exponepii@se and cut from energy supply due

to several necessary procedures for aBéuhinutes before the measurement.

Cytosolic pH of yeast (without supply of energy mms) was determined to be
approximately 6,6 units. Wild type yeast and deletion mutant exhiba significant
differences except of sodium buffer at pHwhere a difference of approximatélyl5 units
was observed. The difference lies within the ramigexperimental error (also T-test returned
9%). Thus, only restricted conclusions can be ma#le. increased cytosolic pH
of approximately0,1 units can be observed, when comparing potassiudferbwat pH at6

and8. But as before, the effect lies within the ran§experimental error.

B Sc2 w1

701 Bl S5c2 Nhats

6,9-‘ ...............................................................................................................................................................

cytosolic pH

potassium CFP potassium CF sodium CP sodium CP

buffer pH & buffer pH & buffer pHE& buffer pH &

Figure 19 Cytosolic pH inSc2 WTand ScNhal under several environmental conditions
No energy sources were available for abtiutminutes before the measurement. In the case
of Sc Nha¥ in sodium CP buffer at pH 6, a decreased cytoguticwas be observed.
At least10 biological replicates were used.
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3.2.3. Cytosolic pH after addition of glucose

A deprivation of energy sources &% minutes was proofed to result in decreased cytsoli
pH. It is therefore expected that addition of gee@auses further effects, which may give
insight into the interdependence between Nhalpcokolic pH. For this purpose, wild

type strainSc2WTand deletion mutanbc2 Nhall (transformed by pHI-U and harvested

in mid-exponential phase) were used.

Both yeast strainshow an increased cytosolic pH after addition otgke (figure 20). This
effect is known as glucose effect (Orij et al 200Bjutants with deletedNhal show
a smaller decrease of approximately 0,3 units taggum CP buffer an@,5 units in sodium
CP buffers. Wild type strain displayed also a digant dependence of cytosolic pH
on extracellular pH, cytosolic pH in sodium CP leufivas increased by approximatély2
units compared to potassium CP buffer. Strain$ wiéletedNhal exhibit also a minor
dependence of cytosolic pH on extracellular pH, thet effect is small (approximatefy1
units) and lies within the range of experimentaber

In the case o6c2 WT also time-resolved measurements of glucose effiectre 21) were
performed. First, yeast was incubated idr minutes in CP buffer at pH 8,0. A stable
cytosolic pH of approximately6,7 units was observed, then glucose was added.
After transient acidification at the beginning, ichplkalinization followed and within only

minutes cytosolic pH increased to approximai&iunits.

Comparison with Orij et af* reveals the same qualitative results. On the dtaed, slightly
different quantitative parameters were observedst Ff all, 45 minutes long starvation
resulted in cytosolic pH of approximate6;7 units, whereas two hours long starvation
performed by Orij et al* resulted in pH 06,0 units. Therefore, we conclude that afér
minutes only a state of partial starvation was exadul. This hypothesis is supported also
by time dependence of the observed glucose eff@et.have observed that yeast gained
a stable cytosolic pH 07,4 after approximatel\b minutes, whereas Orij et & observed

a much longer time of approximately one hour.
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Figure 20 Cytosolic pH inSc2 WTand Sc Nhall after incubation with 0,2% glucose.
The values were obtained in two different CP busffat different values of external pH.
The picture shows a significant decrease of cyiogoH in yeast with deleted sodium
transporteNhal
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Figure 21 Time resolved glucose effect in CP buffer at 8t0. Immediately after
the addition of glucose a transient alkalinizatadnapproximately0,1 units was observed,
then within approximatelyb minutes a stable plateau of approximat&ly units was
maintained. Measurements from three biologicalicapgs ofSc2 WT(transformed by pHI-
U) were averaged. Error bars of approximatélyl units were estimated as standard
deviations and are not shown because of readabflitye graph.
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3.2.4. Buffering capacity

To explore the impact of Nhalp on buffering capacseveral environmental conditions
were applied to both: wild type yeast aBd2 Nhall. The dependence on the presence
of glucose was explored by determining bufferingpamaty after incubation witlD,2%

glucose.

Measurements without supply of glucose (see taBJadvealed that potassium and sodium
concentrations did not influence the buffering ayasignificantly. Only resuspension
of Sc2 Nhak in sodium CP buffer revealed an increase of buffecapacity. A much larger
impact was caused by the presence of glucose &xde 14). In the absence of glucose
buffering capacity of approximateld0 mM was observed, whereas in the presence

of glucose buffering capacity decreased to appratefg15 mM

Table 13 Buffering capacity of selected yeast strainerafipproximately one hour
of energy source deficiency.

SclWT Sc2 WT Sc2 NhaA

potassium buffer 39 £t BM 44 + 10mM 41 + 4mM

sodium buffer 35+ 1M 32+ 6mM 56 £ 4mM
biological replicates 3 4 4

Table 14 Buffering capacity of selected yeast strainsrafi@ minutes long incubation
in citrate-phosphate buffer containing 0,2% glucose

Sc1 WT Sc2 WT Sc2 NhaA
potassium CP buffe 13+4 11+3 17+£3
with 0,2% glucose
sodium CP buffer 166 18+4 17+ 4
with 0,2% glucose
biological replicates 3 4 4
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3.3. Cytosolic pH in Zygosaccharomyces rouxii

To explore the interdependence between cytosoliaptHsodium transport, wild type yeast
(Zr WT) and mutants with affected sodium transport wenpleyed. To ensure that pHIuorin
expression was successful, excitation fluorescesmectra fromZr WT were acquired
(figure 22).

The impact of Nhalp and Zr Sod2-22p on cytosolic wHs studied under several
environmental conditions (such as different extitata concentration of H K" and N4),

for details see section 3.3.1. Addition of glucoseesaled also further effects (section 3.3.2.).
In accordance to Maresova et & we have estimated the buffering capacity for all
employed yeast strains dfygosaccharomyces rouxXsee section 3.3.3.), so the mechanism

of cytosolic pH regulation could be quantified.
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Figure 22 Emission spectra were obtained from living yedistygosaccharomyces rouxii
the strainZr WT was used. Three biological replicates have beeasured. The obtained
spectra have been averaged and renormalized totlyggveame fluorescence signal in the
isobestic point (approximately 427 nm). The backguofluorescence signal was subtracted.
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3.3.1. Cytosolic pH in the absence of energy sources

To explore the interdependence of sodium transpuattcytosolic pH, wild type straity WT
and mutants with affected sodium transport (alhgfarmed by pHI-U) were exposed
to several environmental conditions. Yeast was ésied in mid-exponential phase and cut
from energy supply due to several necessary proesdfor about4d5 minutes before

the measurement.

Wild type yeast and deletion mutants displayed igaifscant differences in cytosolic pH
(see figure 23). The only exception were mutargiissZr Nhald andZr Nhald Sod2-22

in sodium buffer at pHs, where a difference of approximatélyl5 units was observed. For
the mutant straiZr Nhald the difference lies within the range of experiméetaors (also
the T-test returned 10%), but in the cas@ioNhald Sod2-22 a significant difference was
observed (T-test returned 1%), Interestingly ther@most no difference betwe&n Nhala
andZr Nhald Sod2-22 in sodium buffer at pi.

An increase of approximatefy1 units of cytosolic pH was observed in potassiumbGfer.
But as with the previous observation, the effees$ Mvithin the range of experimental error.
The value of cytosolic pH in potassium CP buffepldtof 6,0and in sodium CP buffer &0
are approximately the same for both yeast strdine.value of approximately,6 units was

determined.

By comparison of potassium buffer of @Dto the same type of buffer at @;lan increase
of approximately0,1 units can be observed for all yeast strains. Tectelies partially
within the range of experimental error. The valoégytosolic pH in potassium CP buffer
at8,0 and in sodium CP buffer at p6J0 eventually8,0 are approximately the same for all
yeast strains (without the previously describedeption ofZr Nhald andZr Nhald Sod2-
224 in sodium buffer of6,0) . Cytosolic pH of yeastZygosaccharomyces rouxivithout
supply of energy sources) was thus determined to approximately 6,8 units

and a dependence on environmental conditions wserodd.
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cytosolic pH

[ zrwT

I Zr Nha1a
B Zr Sod2-224

B Zr Nhaia Sod2-22A
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potassium CFP potassium CFP sodium CP sodium CP
buffer pH 6 buffer pH & buffer pH & buffer pH 8

Figure 23 Cytosolic pH in wild type and three deletion mugtaf Zygosaccharomyces
rouxii (see the legend). Yeast strains were deprivedefgy sources for abodb minutes
before the measurement No significant effects ccieade with different environmental
conditions were observed. Only in the caseZbfNhald in sodium CP buffer at pH 6,
a decreased cytosolic pH was observed. Error bare wbtained as standard deviations
from at least six biological replicates.

3.3.2. Cytosolic pH in the presence of glucose

Deprivation of energy sources fdb minutes was proofed to result in decreased cytosoli
pH. It is therefore expected that addition of gee@auses further effects, which may give
insight into the interdependence between sodiumsparters and cytosolic pH. For this
purpose, wild type straidr2WT and mutants with affected sodium transgtndnsformed

by pHI-U and harvested in mid-exponential phasefjewesed. Yeast strains were incubated
with glucose and time monitored measurements ofosojic pH were performed.
Measurements revealed essentially the same resgltoobtained forSaccharomyces
cerevisiaein section 3.2.3.: aftet5 minutes increased but stable cytosolic was achieved

From this reasons, incubation timel& minutes for all strains was employed.
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According to figure 24, all yeast stra@xhibit an increased cytosolic pH after the additio
of glucose. This is known as glucose efféciThe increase of cytosolic pH is significantly
larger in Zr WT than in deletion mutants. The difference is appr@tely 0,2 units
in potassium CP buffer ar@j15units in sodium CP buffers. No dependence of cyiogd

on the type of CP buffer was observed. The onlyepton is the double muta@r Nhala
Sod222A, where a difference of approximat€lyl units at extracellular pH &,0is visible.
The effect lies in the range of experimental emod has therefore a low significance.
On the other hand, a significant increase of cytoguH with extracellular pH could be
observed for the same yeast str@dnNhald Sod222A. All other yeast strains show no

evidence of such dependence.

I zr WT

B Zr Nhala
B Zr Sod2-22A

75 B Zr Nhata Sod2-224

cytosolic pH

potassium CP potassium CP sadium CP sodium CP

buffer pH B buffer pH 8 bufferpH G buffer pH &

Figure 24 Cytosolic pH in wild type and three deletion mitaof Zygosaccharomyces
rouxii (see the legend) after incubation in CP buffershwit2% glucose. Values were
obtained in two different CP buffers at two diffietevalues of external pH. The picture
shows a significant decrease of cytosolic pH insyeaith deleted sodium transporters
ZrNhalor/andZrSod2-22 Error bars were obtained as standard deviations.
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3.3.3. Buffering capacity

To explore the impact of sodium transporters orfdsufy capacity, several environmental
conditions were applied to the yeast strains. Téqgddence on the presence of glucose was
explored by determining buffering capacity aftecubation with0,2% glucose. Yeast was

deprived of energy sources for about 45 minutesrbedhe measurements.

In the absence of glucose no differences amongitn@oyed yeast strains were observed
(table 15). Only in the case @& Nhald a non-specific increase caused by experimental
uncertainty (large experimental error) is visibBecause there was no comparable effect
observed inZr Nhald Sod2-22, we conclude it to be an artefact. Moreover, diolyr
biological replicates were employed. From the sag@sons, we conclude that the increase
of buffering capacity irZr Nhald andZr Sod2-22 supplied with glucose is rather a result
of small statistical set, than a real effect obfengene deletion. Generally, buffering capacity

was shown to decrease in the presence of glucalsiegt15 and 16).

Table 15  Buffering capacity of selected yeast straingrafpproximately one hour of
energy source deficiency.

Zr NhalA
ZrWT Zr Nhal A Zr Sod2-22A
Sod2-2A
potassium CP buffer 307 60x 20 30+10 32+10
sodium CP buffer 297 54 +17 34+10 265
biological replicates 6 4 4 6

Table 16 Buffering capacity of selected yeast strainsréfte minutes incubation in citrate-
phosphate buffer containing 0,2% glucose.

ZrWT Zr Nhal A Zr Sod2-22A Zr NhalA
So0d2-2A
potassium CP buffer 14 +10 38+8 3410 13+£3
with 0,2% glucose
sodium CP buffer with 16 + 10 34+8 34+10 205
0,2% glucose
biological replicates 6 4 4 6
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4. Discussion

4.1. Calibration

Experimental techniques used in this work are baseplapers previously published by Brett
et al®, Martinez-Mufioz & Kané®, and MareSova et a. All three groups have performed
calibrations, which were based on the same caiibrabuffer. MareSova et al. omitted
ionophores?. Remarkably, pHluorin expressed in different yesisiins gave rise to unique
and different calibration curves for every yeasaist Also values of cytosolic pH obtained
by the three groups differ. Hence, we have systieaiBt explored the role of ionophores

for calibration.

Four different ionophores at usual concentratiomsewemployed (section 3.1.5.), but no
impact on calibration was observable. Thus, ionophaould not explain the differences.
On the other hand, incubation time (section 3.le4hibited a significantly larger impact
on calibration (approximately,2 units of cytosolic pH when recalculated). However,
incubation time could not explain different calittoa curves obtained after expression
of pHIuorin from different plasmids (pHI-U and pld}. Since low expression of pHIluorin
after transformation with pHI-G was the only ondfedence compared to transformation
with pHI-U, possible background and parasitic fesmence from calibration buffer were

more closely investigated.

Excitation spectra of pure calibration buffer weanpared to excitation spectra of pHluorin
and a relative high noise-to-signal ratio was disced (section 3.1.1.). Thus, correction
to the background signal was necessary. After applgorrections to yeast transformed
by pHI-G and pHI-U both curves have overlapped msséy. In the case of pHI-G,
a correction of approximatel,6 units of cytosolic pH was achieved. Correctionyefst
transformed by pHI-U was shown to lie in the ran§error caused by unsuitable incubation
time, correction of approximatel®,2 units was achieved. Moreover, applying correction
to all obtained calibration curves obtained witktiis work gave rise to similar calibration
curves for both yeast specieSagtcharomyces cerevisiadd Zygosaccharomyces rouii
This is expected, when pHluorin does not interfeitt the cell surrounding significantly.

The extent of correction was proofed to depend twn degree of pHIluorin expression

in yeast: the larger the expression of pHluorin #nealler was the correction. Different
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expression of pHIuorin may emerge due to sevecabfa. In the case of pHluorin expressed
from pHI-G, lower selection pressure enforced byajein can be significant. Thus,
although both pHI-U and pHI-G contain the same ptam lower selection pressure
of geneticin causes that yeast requires less camfieggHI-G plasmids to be expressed
and smaller expression of pHluorin is the resulhother reason may be physiological
changes after deletion of selected gene. Thustioelenutants can express pHIluorin
differently compared to wild type yeast and differenoise-to-signal ratio is the result.
Therefore, by using uncorrected calibration curves, only an error in absolute values
of cytosolic pH is obtained, also systematic emdi emerge, when one tries to compare

yeast strains with different level of pHIuorin egpsion.

To our knowledge, previously published results bgréfova et al. did not involve any
corrections to background fluorescerigebut systematic error seems to lie within the eang
of experimental error. This assumption is basedaagood agreement of results obtained
in this work with those published by MareSové et4lin the case of Brett et al, background
subtraction to the scattering on yeast was perfdrmievertheless, background subtraction
with respect to signal of calibration medium wassimg@robably not performed. This
assumption is based on the use of normalizatidhgmbtained calibration curves at gH
This indicates that different calibration curvesrevebtained for each strain. Therefore,

systematic errors arise by comparison among diftereast strains.

4.2. Cytosolic pH in wild type yeast strains

We have successfully determined cytosolic pH indwiype yeast ofSaccharomyces
cerevisiaeand Zygosaccharomyces rouxkor Saccharomyces cerevisideprived of energy
sources for about45 minutes a value of approximatelg,6 units was obtained.
Zygosaccharomyces rousirain possessed a cytosolic pH of approximagelyunits under
the same conditions. It seems that cytosolic pbinly slightly dependent of environmental
pH in the range of pH 6 to pH 8. Also presenceaafism and potassium revealed only small

differences.

For Zygosaccharomyces rouxino data were ever published to our knowledge, so no
comparisons can be performed. In the casBamicharomyces cerevisjageveral data were

published Values obtained from wild type strains ®ccharomyces cerevisiaee in a good
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agreement with results published by Mare$ova éf.aBrett et al’ and Martinez-Mufioz &
Kane*. Remarkably, Orij et al have obtained cytosolic@fHpproximatelys,0 units after 2
hours long starvatioft. Consequently by comparing the results, we comchit yeast is

in a state of partial starvation after deprivatodrenergy sources for abotf minutes.

This conclusion is also supported by time resolvadasurements of glucose effect
performed in wild type strain @accharomyces cerevisi@egure 21). Obtained results were
in good qualitative agreement to results publishgdOrij et al*: Shortly after addition
of glucose, a transient alkalinization of cytosolldwed by a rapid increase of pH was
observed, but different quantitative parametersewdetermined. Orij et al observed
an increase of cytosolic pH lasting for aboB® minutes before the stable value
of approximately7,4 units was achievetf. In our case, only approximatebyminutes were
necessary. Taken together for both yeast species, have determined a value
of approximately 7,6 wunits for Saccharomyces cerevisiaeand 7,4 units
for Zygosaccharomyces rouxResults obtained fd8accharomyces cerevisiaee in a good
agreement with previously published results. Thecesses observed within the glucose
effect are related to glycolysis and to functiontwd ATPases. The transient decrease
of cytosolic pH at the beginning is explainablepogcesses involved in glycolysis. Then
within seconds, Pmalp and V-ATPases are believebetactivated™ and cytosolic pH
increases therefore, until an equilibrium stateapproximately7,4 units is reached (see
figure 21).

Measurements of cytosolic pH revealed also sewdifidrences betweelsaccharomyces
cerevisiaeand Zygosaccharomyces rouxiFirst of all, measurements with glucose added
to wild type strain ofSaccharomyces cerevisideve shown that cytosolic pH depends
on extracellular concentration of potassium evdhtsadium. But no similar effect could be
observed irZygosaccharomyces rouxifferences can be explained by higher salt-tolee

of Zygosaccharomyces rouxii

Buffering capacity of cytosol was determined in Hboteast species. In the absence
of glucose, buffering capacity within the range 3f to 40 mM per one unitof pH was
observed. In the presence of glucose the buffecagacity decreased to approximatéby
mM per one unitn both yeast species. No significant dependemcthe presence of either
sodium or potassium cations in extracellular spem@ld be proofed due to relative large
errors. The decrease of buffering capacity is &efaat connected with the use of logarithmic
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scale for H concentration. Consequently, changing pH by orieinithe absence of glucose
results in the change of free concentration 6flbiyl approximately220 nM (from pH 6,6

to pH 7,6). In the presence of glucose, freé ebncentration changes by approximately
36 nM (from pH 7,4 to pH 8,4). Subsequently, recalculating the buffering cayaci
as the amount of strong base (acid)riM required to change the concentration of frée H
by 1 nM gives following values: In the absence of gluc@gmroximately0,15 mMof strong
base are required to raise the free ddncentration byl nM. In the presence of glucose,

approximatelyd,4 mMare necessary to increase the fréeshcentration byt nM.

Although still in the range of experimental errovge have determined smaller values
of buffering capacity (imM per one unit gpH) than MareSova et df. This is not an effect

of calibration correction since both the initialwa and final value (after addition of strong
base) of cytosolic pH during the measurements wereected by almost the same value.

More likely, this is caused only by experimentatenrainties.

4.3. Cytosolic pH in mutants with affected sodium transprt

Mutant strains with affected sodium transport réséainsights into physiological
interdependence between cytosolic pH and alkalehteansport mediated by transporters
homologous to Nhal. Remarkably, both yeast spemibsbited a very similar behaviour.
Deletion mutants deprived of glucose for abébiminutes possessed a similar cytosolic pH
in all types of CP buffers, when compared to wilde strains. Only the sodium CP buffer
atpH 6 caused a decreased cytosolic pH in mutdatking Nhalp Since
Zygosaccharomyces rouxipsses two different transport system for sodiooth the single
deletion mutant ofhalgene and the double mutant with deletdd1 and sod2-22genes
can be compared to each other. Remarkably, bottiolelmutants exhibit almost the same
decreased cytosolic pH, which can not be obsenvela single deletion mutant cdd2-22
gene. Thus, Nhalp seems to have a larger impactytwsolic pH than Sod2-22p.
On the molecular level, Nhalp is believed to beoiwed in activation of PmaATPases.
Thus, whennhal is not present, Pmalp is less active and a smalleton efflux
from cytosol takes place. Such an effect was nsenled in potassium CP buffer at pH 6
due to the presence of a huge variety of potassransporters, which positively activate
Pmalp. At extracellular pH 8, the effect can nobbeerved due to proton gradient oriented

inwardly into the cytosol.
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After the addition of glucose to strains with affst sodium transport, even a more
significant decrease of cytosolic pH could be eated for both yeast species. All mutant
strains possessed pH in the range of approxim&iglio 7,3 units, whereas wild type yeast
possessed cytosolic pH of approximatély units for Zygosaccharomyces rowaind 7,5
eventually7,7 units for Saccharomyces cerevisiaBimilar measurements were performed
by Brett et al (2005), but instead of increasedosgtic pH wild type yeast possessed
a decreased cytosolic pH when compared with deletiotants. However, these experiments
(with glucose in APG) were performed in acidic eomiment at pH 2,7 and a large proton
gradient oriented inwardly into cytosol was theuies Under such conditions, Pmalp
ATPase can not effectively pump protons out of sgto Glucose is enters the cytosol
of yeast by symport with Naln wild type yeast, Nhal transporters export bya antiport
with H" and cytosolic pH decreases. In contrast, mutaainstlacking Nhalp cannot import
H* and alkaline values of cytosolic pH are the rednltour case, environmental pH of 6
eventually 8 units was employed for measurements thus, Pmalp ATPases cannot be
omitted. Since Pmalp is positively activated by Nhawhich is not expressed in mutant
strains, proton efflux is less effective and adodifion of cytosol is the result. Effect is
observable in all types of CP buffers independeotiythe actual activity of Nhalp, because

wild type yeast expresses it constitutively.

SinceZygosaccharomyces rouxiossess two transport systems for sodium, additeffects
due to the action ddod2-22pcan be expected. But only in the case, when giue@s added

to CP buffer at pH 8, a different behaviour Hfgosaccharomyces rouxwas observed.
The double mutanZr Nhald Sod2-22 showed an increased cytosolic pH in comparison
to single mutant strains. On the other hand, wieenpared to wild type strain, cytosolic pH
was still decreased. Because at the molecular,lemyy little is known abouSod2-22 we
restrict ourselves to assumption, that glucose akaline values of cytosolic pH may be

involved in activation oSod2-22

In both yeast strains, the buffering capacity oftamt strains did not show any significant
differences. Only in the case oEygosaccharomyces rouximutants Zr Nhald
andZr Sod2-22 supplied with0,2% glucose, increased buffering capacity was observed.
However, this observation is inconsistent with Ibldfering capacity of double mutant strain
Zr Nhald Sod2-22. This could mean that the actual experimentalremas underestimated

or systematic errors occurred. Therefore, a bigtgistical set of data should be acquired.
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5. Conclusion

Measurements of cytosolic pH have been successpdisformed using pH sensitive
fluorescent protein pHluorin. It was shown thatdphores are redundant in calibration
buffers and can be therefore omitted. Calibratiaffdss were proofed to give a significant
background signal. Moreover, differences in pHInagkpression in different yeast strains
lead to different ratios of background to pHluasignal. Therefore, correction was necessary
to clear the calibration from artificial impacts.okkover, correction resulted in correct
calibration curves (differences 0f2 to 0,6units) similar for yeast belonging to various yeast
strains and yeast species. Corrected calibratioresudid not depend on the expression level

of pHluorin.

For the first time, cytosolic pH and buffering caipa of Zygosaccharomyces rouxiere
determined. For the purpose of comparison, the squoamtities were determined also
for Saccharomyces cerevisia&Studies were performed with wild type and mutants
with affected sodium transport. Cytosolic pH of apgmately 6,7 units was determined
for Zygosaccharomyces rouxin the absence of glucose. In the presence of g&co
an increased cytosolic pH of approximat&y units was observed. Similar results were
obtained also foiSaccharomyces cerevisiat has been demonstrated that the buffering
capacity of cytosol decreases in the presenceuabgk in all yeast strains and yeast species
studied. Moreover, the role ®&thalin pH homeostasis was shown to be almost identical
for both yeast species. Generally, the Nhalp deletesulted in acidification of cytosol,
because Nhalp contributes to the activation of Pnflrbton extrusion ATPase). The impact
of Zr Sod2-22on pH homeostasis idygosaccharomyces rouxiwas proofed to be less

significant.
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