S.1. PFiprava nastroju genového inZenyrstvi pro Z. rouxii

Poznani procest probihajicich v kvasince Z. rouxii na molekularni drovni je dosud
velmi limitované, a to hlavné z diivodu chybégjiciho souboru metod pro genové manipulace v
této kvasince. Pro identifikaci a charakterizaci genl Z. rouxii se doposud vyuzivala pievazné
jejich heterologni exprese v S. cerevisiae. Z. rouxii je nicmén¢ zajimava pravé z hlediska
svych specifickych vlastnosti, které jsou pravdépodobné zajistény specifickymi geny.
Vzhledem k tomu, Ze izolace a studium specifickych genli nemusi byt prostiednictvim jejich
exprese v heterolognim hostiteli umozné€no jednodu$e z toho divodu, Ze v heterolognim
hostiteli bud’ nefungu;ji viibec nebo je jejich funkce odlidna, je pro identifikaci a charakterizaci
specifickych genli Z. rouxii esencialni moznost genovych manipulaci pifimo v této kvasince.

Soubor nastroji umozZiujici manipulovat s genovou vybavou Z rouxii dosud
neexistoval. Zatim byly k dispozici pouze dva auxotrofni mutantni kmeny: Z rouxii UL4
(ura3), derivat divokého kmene CBS 732" pfipraveny autorkou této dizerta¢ni prace v ramci
jeji diplomové prace (Piibylova, 2002), a Z rouxii MA11 (leu2), derivat divokého kmene
ATCC 42981 (Ushio et al., 1988). Jedinym dominantnim selekénim genem vyuZzitym dosud v
Z. rouxii byl kanMX. MozZnosti selekce transformantli tak byly omezeny. Neexistovaly
specifické plasmidy pro Z rouxii s polylinkerem, ani jednoducha a ucinnad technika
transformace. Jedina publikovand metoda pro transformaci Z. rouxii byla pracna technika
vyuzivajici protoplastd (Ushio er al, 1988). Nebyl k dispozici ani nastroj umoZiiujici
vicenasobné delece, jakkoli jiz bylo zndmo, Ze pro cilené delece v Z rouxii lze vyuzit
homologni rekombinaci (Iwaki et al., 1999; Tang et al., 2005; Watanabe ef al., 1995).

V této dizertacni praci se nam podafilo pfipravit soubor nastroji pro genové
manipulace v Z rouxii, zahrnujici u¢innou a jednoduchou metodu transformace, moZnost
exprese geni z centromerovych nebo episomalnich plasmidi a selekce transformanth
prosttednictvim ruznych selekénich genl, systém pro vicenasobné delece, a t€Z moZnost
znaCeni protein v bunkach Z rouxii pro urleni jejich vnitrobunééné lokalizace. Vysledky

jsme zvefejnili (publikace ¢. 1 - 3) nebo odeslali k recenznimu fizeni (publikace €. 4).
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S.1.1. Publikace ¢ 1: Efficient transformation of the osmotolerant yeast

Zygosaccharomyces rouxii by electroporation

Ptibylova4, L., Sychrova, H. (2003) J Microbiol Methods 55(2): 481 - 484

Prvnim krokem pro vytvofeni souboru nastroju pro genové manipulace v Z. rouxii bylo
optimalizovat metodu transformace. V soucasné dob¢ je jednou z nejjednodussich a nejvice
pouZivanych metod transformace kvasinek elektroporace. V této praci jsme navazali na
vysledky ziskané v autor¢iné diplomové praci, ve které byl pfipraven kmen Z. rouxii UL4 s
mutaci ura3 (Ptibylova, 2002).

Vytvoftili jsme jednoduchy protokol pro transformaci dvou dostupnych mutantnich
kment Z. rouxii - UL4 (ura3) a MA11 (leu2; Ushio ef al., 1988) elektroporaci. Zjistili jsme, Ze
kmeny pro uCinnou transformaci vyzaduji odliSné podminky inkubace s latkami
rozvolfiujicimi bunéény povrch. Na buiikky kmene UL4 bylo téeba pied aplikaci elektrického
pulzu plsobit kromé DTT jesté ionty Li”, i¢innost transformace kmene MA11 se pisobenim
Li* naopak snizovala. Kmen UL4 téz vyzadoval deldi dobu piisobeni latek rozvoliujicich

bunécny povrch nez kmen MA11.

Vzhledem k tomu, Ze typovym kmenem Z rouxii je CBS 732", jehoz celkova sekvence
genomu bude v brzké dobé vefejné dostupnd, bylo vyhodné ptipravit nastroje genového
inZenyrstvi pro manipulaci DNA ve kmenech s genetickym pozadim CBS 732", Pro ptipravu
nastroji pro manipulaci DNA Z. rouxii byl proto v nasledujicich pracich vyuzit hlavné kmen

Z. rouxii UL4.
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Abstract

A rapid and simple electroporation method to transform osmotolerant yeast Zygosaccharomyees rouxii has been developed
and conditions for efficient transformation of mutants derived from different Z. rowxii wild-type strains optimized.

€ 2003 Elsevier B.V. All rights reserved.
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Zvgosaccharomyees rouxii belongs to the group of

hemiascomycetous yeasts with high tolerance to os-
motic stress. This typical feature is supposed to be due
to the fact that this yeast possesses some sets of
specific genes conferring the ability to grow in media
with high concentrations of salts and/or sugars, i.c.
under conditions restrictive to Saccharomyvees cerevi-
sige. Thus, cloning of Z rouxii genes mvolved 1n
osmoresistance and their expression in the industrial
strains of S. cerevisiae could improve the growth and
fermentation capacitics of industrial strains in adverse
conditions.

Though the physiological and biochemical pro-
cesses of Z. rouxii have been studied cxtensively
(Kurtzman and Fell. 1998; van Zyl ct al.. 1990), our
knowledge of cell propertics at the molecular level
lags far behind those of S. cerevisiae and other model
yeast specics. Onc of the rcasons for this situation is

* Comesponding author. Fax: +420-241-06-24-88.
E-mail address.: sychrovaibiomed.cas.cz (H. Sychrova).

the high resistance of Z. rouxii cells to routine and
quick transformation procedures. The method mainly
uscd for its transformation so far is the time consum-
ing and laborious transformation of spheroplasts in the
presence of polyethyleneglycol (PEG) and Ca™ ™ cat-
ions {Ushio et al., 1988).

To develop an efficient and quick transformation of
Z. rouxii, we used auxotrophic mutant strains derived
trom two different Z. rouxii wild types. UL4 is a ura3
strain derived from Z. rouxti ATCC 56077 (CBS 732)
and MAT11 is a len2 mutant of ATCC 42981. MATLl
has been already transformed with a Z. rowxii pSR1-
based vector containing the ScLEU2 (Ushio et al.
1988). Plasmid pLUI used in this work contains the
ZrLEU2 gence (Sychrova, 2001) cloned into YCplac33
(S. cerevisiae CEN/ARS and URA3) and complements
the auxotrophics of both mutant strains. Cells were
grown overnight in the YPD standard ycast rich
medium (1% yeast cxtract, 2% Bacto-Peptone, 2%
glucose) at 30 °C with shaking (200 rpm) and
harvested when the ODggo reached 0.6-0.8 (2-
2.7 x 107 cells/ml). All experiments were carried out

0167-7012/03/S - see tront matter 2 2003 Elsevier B.V. All rights reserved.

doi:10.1016/S0167-7012(03)00197-Q



4R2 L. Pribviova, I Svetirova Journal of Microbological Methods 35 (2003) 481484

at Ieast m triplicate and results summarized in tables
correspond to mean valucs. Mcan deviations were in
all cases less than 10%.

First, we tried to transform the MATI strain using
several techniques widely uscd for yeast cells. Neither
the classical transformation of intact yeast cells in the
presence of Li" and PEG (Mo ct al.. 1983; Ogawa ct
al., 1990) nor the transformation of frozen cell stocks
used for Pichia species (Passoth und Hahn-Hagerdahl,
2000) were efficient for Z. rouxii. Using these two
methods, we obtained less than 10 transtormants/jg of
pDNA and also the clectroporation techniques used
for S. cerevisiae (Bloch et al.. 1992: Meilhoc ct al.
1990) or C. multosa (Kasuske ¢t al., 1992) gave only
few transformants. To increase the efficiency of elec-
troporation, we first tested different conditions of cell
treatment with dithiothreitol (1550 mM DTT 1in
H,0, room temperature vs. 30 °C, incubation S 30
min and standing on bench vs. shaking). The best
results were obtained if harvested cells were shaken at
30 °C with 25 mM DTT for 30 min. After this
treatment, the electroporation gave tens to hundred
transformants per microgram pDNA.

Another factor influencing the transformation cfti-
ciency could be the composition of the growth medi-
um. One of the major components of Z. rouxii cell
wall 1s chitin, and it was shown that Z. rouxii ccells
grown in a mild salt stress contained less chitin and
probably thinner cell wall (Tomita ¢t al.. 1996). To
check whether the cell-wall thickness could influence
the transtormation cfficiency, we performed the trans-
formation of cclls grown in the presence of NaCl
(150, 300 or 600 mM, respectively) and we found that
addition of 300 mM NaCl to YPD increased the
number of transformants about tive times.

Table |
Yield of 7. rowxit MATL transtormants‘pe pDNA as a function of
pDNA concentration

pDNA added to competent Transformants/jg

cells (pg) pDNA
0.05 2X20
0.1 3490
0.25 2492
0.5 1696
1.0 787

Tabie 2
Effect of Li” concentration on transformation efficiency of Z. rowxit
UL4

[1A¢ concentration in Transtormants/jg
DTT-premcubation pDNA
mixture (mM)

0 10
5 650
20 1010
60 1100
100 830

Expenments were carned out at least in triplicate; results sum-
marized in the table correspond to mean values. Mean deviations
were 10 all cases less than 10%.

Electroporation was carried out using standard
clectroporation cuvettes (0.2 ¢cm) and GHT 1287-B
clectropulsator (JOUAN, France) dclivering squarce-
wave pulses where voltage (up to 1 500 V) and pulse
duration (up to 24 ms) were independently adjustable.
We tested the voltage ranging from 470 to 1500 V
and pulse duration from 6 t 24 ms. Most trans-
formants were obtained when 625 V was applied for
24 ms. Table | summanzes the yields of Z. rouxii
MAIL transformants depending on pDNA amount
added to competent cells. The quantity of pPDNA was
not the limiting step for the transtormation cfficiency:
the highest numbers of transformants were obtained
with less than 0.5 pug pDNA in the transformation
mixture. The same cfficiency of transformation was
observed when the competent MA LT cells were trans-
formed with the multicopy plasmid pKU24 (not
shown).

[f the optimum conditions (30-min preincubation
with DTT, 0.1 pg pDNA, clectroporation 625 V/24
ms) giving approx. 3500 transtormants/pg pDNA
for the MAII strain were used to transform the

Table 3
Ettect of pulse (625 V) duration on transtormation efficiency of
7. rouxit U4

Duration of pulse (ims) Transtformants/ g pDNA

6 100
12 390
18 SK0
24 1000

Experiments were carried out at least in triplicate; results sum-
marized in the table correspond to mean valucs. Mean deviations
were in all cases less than [0%.

Experiments were carried out at least m triphcate: results sum-
marized i the table correspond to mean values. Mean deviations
were in all cases less than 10%.
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Panel |
Protocols for Z. rowai transformanion by clectroporation

(A) Strains derived from ATCC 429%1

(B) Stratns derived from ATCC 56077 (CBS 732)

® Grow cells in 830 mi of YPD-300 mM NaCl to ODgun~0.7-0.8

® Wash cells with ddH,O (3500 x ¢, 3.5 min)

® Resuspend in 8 mi of 25 mM dithiothreitol in ddbhO. Incubate
at 30 “C tor 30 min with shaking

® For next steps chill on ice

® Add 4 ml of ice-cold H,0O. Pellet (3500 xg. 4 “C. 3.5 min)

® Resuspend in 3 ml of ice-cold EB (10 mM Tris - HCIL 0.1 mM
MgCl,, 270 mM sucrose. pH 7.5)

® Pellet (3500xg. 4 “C. 3.5 min). Resuspend in 800 pl of
ice-cold EB

® Transter 100 pl of the cell suspension into a chilled
electroporation cuvette. Add 0.1-0.25 pg pDNA

¢ Place the cuvette in the electroporation chamber and apply an
electric pulse of 3.13 kV/em.
24 ms (GHT 1287-B Jouan, 625 V, 0.2 ¢m cuvettes)

® Add immediately 100 pl of ice-cold ddH-0 and incubate
for 10 min, RT

¢ Plate on selective medium

® Resuspend in 16 ml of 25 mM dithiothreitol+20 mM LiAc
in TE, pH & Incubate at 30 C for 60 min with shaking

UL4 mutant strain (derived from ATCC 56077).
surprisingly. only about 10 transformants wecre
obtained.

Changes in the strength and duration of the clectric
pulse did not lead to a sigmficantly higher ctficiency
of UL4 transformation (not shown). To increase the
transformants’ number, the addition of Li~ cations
and buffering the DTT-preincubation mixture to pH
8.0 25 mM DTT in a TE buffer, pH 8.0) was
necessary. As shown in Table 2, the lowest concen-
tration of LiAc increasing significantly the number of
transformants was § mM, and the maximum was
obtaincd with cclls preincubated in the presence of
20 mM LiAc. UL4 cells treated with Li" and DTT
were electroporated under different conditions (volt-
age and pulse duration, amount of pDNA). and

Table 4
Transformation cfficiency of Z. rouxii strains according to protocols
Aand B

Strains derived from Transformants/ug pDNA

Protocol A Protocol B

ATCC 42981 3490 550
ATCC 56077 (CBS 732) 10 1000

Experiments were carried out at least in triplicate: results sum-
marized in the table correspond to mean values. Mean deviations

were in all cases less than 10%,.

similarly as for the MATI strain, maximum number
of transformants was obtained with 0.1 pg pDNA and
625 V24 ms (cf. Table 3). The same ctficiency was
observed if a multicopy pSRl-based vector with
SclURA3 was used instead of the monocopy pLUY
(not shown).

The two protocols for efticient transtormation of
UL4 and MA11 strains arc summarized in Pancl 1. If
the same conditions as for UL4 were tested for MALL,
the presence of 20 mM LiAc decreased the transfor-
mation efficiency for cells derived from Z. rouxii
ATCC 42981 (Table 4).

We have optimized the clectroporation proccdure
to yield the maximum number of Z. rouwxii trans-
formants per microgram of input DNA. The optimal
conditions for transformation of Z. rouxii by electro-
poration differ not only from those used for other
yeast species. e.g. S, cerevisiae (Bloch et al., 1992),
Schizosaccharomyces pombe (Suga and Hatakeyama.
2001). Candida spp. (Kasuske ct al., 1992; Thompson
ct al,, 1998), but they are not the same for different Z.
rouxii strains.
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5.1.2. Publikace &. 2: Expression of the Saccharomyces cerevisiae MPRI gene encoding N-
acetyltransferase in Zygosaccharomyces rouxii confers resistance to L-azetidine-2-

carboxylate

Piibylova, L., Sychrova, H. (2006) Folia Microbiol 51(3): 203 — 209

Pro selekci transformanti a pfedev§im dele€nich mutantd se pfi genovych
manipulacich kvasinek vyuzivaji dominantni selekéni geny. Mezi nejrozsitenéjsi patti kanMX.
jinym genetickym pozadim nez CBS 732" (Tang et al., 2005; Ushio ef al., 1988). Vyuziti
kanMX pro selekci transformantii a dele¢nich mutanti odvozenych od kmene CBS 732" jsme
potvrdili v publikaci ¢. 4. Pfi genovych manipulacich je vSak vyhodné mit vice moZnosti
selekce, a tedy je Zadouci 1 vétsi vybér dominantnich selekénich gend.

Za Ucelem rozsifeni moZnosti dominantni selekce v Z. rouxii jsme zkoumali vyuZziti
genu MPRI kvasinky S. cerevisiae jako selekéniho genu. ScMPRI, kddujici enzym
detoxifikujici analog prolinu (AZC), byl nalezen ve kmeni S. cerevisiae £1278b (Shichiri et
al., 2001). Tento kmen je proto rezistentni k pfitomnosti AZC v médiu. VétSina laboratornich
kmena S. cerevisiae funkéni kopii genu ScMPR1 neobsahuje, a je k ptitomnosti AZC citliva.
Pokud exprimuji gen ScMPRI, stanou se rezistentnimi. V databazi Génolevures 1, ktera
predstavuje soubor sekvenci ziskanych pfi castecné sekvenaci genomu Z. rouxii CBS 7327,
jsme nenalezli zadny gen homologni k ScMPRI, dalo se tedy piedpokladat, ze i burky Z.
rouxii budou k AZC citlivé.

V této praci jsme potvrdili, Ze buriky Z rouxii jsou citlivé k piitomnosti AZC v
rustovém médiu, pficemzZ exprese genu z plasmidu je uéinila rezistentnimi. Nicménég, pfi
selekci transformantd na zakladé jejich rezistence k AZC (tj. selekénim médiem bylo médium
obsahujici AZC) dochazelo k vyskytu spontanné rezistentnich kolonii. Gen ScMPRI lze tedy v
Z. rouxii pouzit pouze jako pomocny selekéni gen, nikoli dominantni. TotéZ jsme potvrdili pro

S. cerevisiae.
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ABSTRACT. The osmotolerant yeast Zygosaccharomyces rouxii is sensitive to the toxic L-proline analo-
gue, L-azetidine-2-carboxylate (AZC). The possibility of use of the Saccharomyces cerevisiae MPRI gene
(ScMPRI) encoding the AZC-detoxifying enzyme as a dominant selection marker in Z. rouxii was examined.
The heterologous expression of ScMPRI! in two Z rouxii strains resulted in AZC-resistant colonies, but that of
ScMPRI as a dominant marker gene in vectors was affected by a high frequency of spontaneously resistant
colonies. The same was found for an AZC-sensitive S. cerevisiae strain in which the ScMPR/] was expres-
sed. In both yeasts, ScMPRI can be used only as an auxiliary marker gene.

Zygosaccharomyces rouxii is a hemiascomycetous yeast with a high tolerance to osmotic stress.
This species apparently possesses some sets of specific genes conferring the ability to grow on media with
high concentrations of salts and/or sugars, ie. under conditions restrictive to Saccharomyces cerevisiae. Thus
the cloning of Z. rouxii genes involved in osmoresistance and their expression in industrial strains of 8. cere-
visiae could improve the growth and fermentation capacities of industrial strains in adverse conditions.
Although the physiological and biochemical processes of Z. rouxii have been studied extensively (van Zyl et
al. 1990; Kurtzman and Fell 1998), our knowledge of cell properties at the molecular level lags far behind
that of S. cerevisiae. One of the reasons is the lack of tools for genetic engineering with this yeast. In our
previous study, we optimized the transformation procedure to efficiently introduce plasmid DNA (Piibylova
and Sychrova 2003), but the possibilities to select Z. rouxii transformants remain few. As far as auxotrophic
mutants are concerned, only the /eu2 (Ushio et al. 1998) or ura3 (Piibylova and Sychrova 2003) mutants are
available, and the only one dominant selection marker successfully used in Z rouxii so far is the kanMX
gene.

L-Azetidine-2-carboxylate (AZC) is a proline analogue that is incorporated into proteins competiti-
vely with L-proline and causes the synthesis of abnormal misfolded proteins. It inhibits cell growth due to its
alteration of the protein structure (Fowden ef al. 1963), thus providing a possible mechanism for use as se-
lection reagent for transformation. Two AZC-resistance genes (MPR/ and MPR2) have been isolated from
the genome of S. cerevisiae £1278b (Takagi et al. 2000; Shichiri ef a/. 2001) and proven to have a role in
oxidative stress (Nomura and Takagi 2004). Mprlp is a 229 amino-acid-long acetyltransferase that has been
shown to detoxify AZC by acetylating it in the cytoplasm (Shichiri et al. 2001). The resulting N-acetyl-AZC
is not recognized by L-prolyl-tRNA synthetase, so that only L-proline is incorporated into proteins and the
yeast can grow in the presence of AZC.

Compared to 1278b, other S. cerevisiae strains, e.g. S288C, are AZC-sensitive and do not contain
a functional copy of the MPR1/2 genes (Kimura et al. 2002). On the other hand, MPRI genes or highly
homologous DNA fragments were found in the genomes of Schizosaccharomyces pombe (pprl™), S. para-
doxus (SpaMPRI), S. bayanus, S. pastorianus, S. mikatae, S. kudriavzei and S. kluyveri (Kimura et al. 2002;
Nomura ef al. 2003; Nomura and Takagi 2004). Among S. paradoxus, S. bayanus and S. pastorianus, only
S paradoxus was resistant to AZC; the S. bayanus and S. pastorianus gene products probably lost acetyl-
transferase activity due to gene mutation(s) at the essential region for catalysis, or due to a functiona!l defect
of the promoter or terminator region (Kimura et al. 2002). Expression of the ScMPRI and ScMPR2 genes
from the S. cerevisiae £1278b strain conferred AZC resistance to sensitive S. cerevisiae strains (Takagi et al.
2000). Hence, the detoxication of AZC could serve as a dominant selection tool after transformation with

*Corresponding author
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vectors containing ScMPRI as a marker gene. In this work, we tested the sensitivity and/or tolerance of two
Z. rouxii strains to AZC, and the use of ScMPRI as a dominant selection marker for Z. rouxii or S. cerevisiae
transformation.

MATERIALS AND METHODS

Strains and plasmids. All yeast strains used were haploid. The Z rouxii wild-type strains were
ATCC 2623 (CBS 732) and ATCC 42981. Z. rouxii UL4 was an ura3 derivative of CBS 732 (Pfibylova and
Sychrova 2003). Z rouxii MA11 (leu2) was provided by Prof. Y. Watanabe (E£hime University, Ehime,
Japan). The S. cerevisiae wild-type strains were £1278b (MATa), S288C (MATa) and FL100 (MATa). FRJI
(MATa ura2 trpl-4) was the FL100 derivative (Schacherer ef al. 2004). The plasmids used were: YCplac33
(ScURA3 CEN4 ARS! Amp"; Gietz and Sugino 1988), pLUI (ScURA3 ZrLEU2 CEN4 ARSI AmpF; Piiby-
lova and Sychrova 2003), pMHI1 (ScMPR! ScURA3 2 Amp"; Takagi et al. 2000) and YCpAZC. YCpAZC
was constructed by inserting the 2.4 kb Bg/ll-Sacl fragment of the pMHI plasmid containing the ScMPR/
gene and its promoter region into the BamHI-Sacl restriction sites of YCplac33.

Media, growth experiments and transformation. Yeast cells were grown in standard YPD (in %:
Bacto peptone 2, glucose 2, yeast extract 1) or YNB-NH, (0.67 % Yeast Nitrogen Base without amino acids,
2 % glucose) media at 30 °C. YNB-Pro and YNB-urea were the YNB-NH4 media where diammonium sul-
fate was substituted for 0.1 % proline or 0.1 % urea. To test the effect of AZC, media were supplemented
with 0-1 g/l AZC (Sigma) after autoclaving. AZC was stocked at 4 °C as a 20 g/L water solution sterilized
by filtration (0.22 pum; Millipore). To estimate the AZC sensitivity of stationary cells (drop tests), YNB-NH,
plates with increasing concentration of AZC were inoculated with 5 pL drops of serial 15-fold dilutions of
saturated yeast cultures previously stored on solid YPD at 4 °C. To explore the AZC sensitivity of cells
growing exponentially in liquid YPD + 0.3 mol/L NaCl, the 100 pL aliquots (=3 x 106 cells) of the Z rouxii
culture (4ggp = 0.5) were spread on solid YNB-NH4 or YPD media supplemented with 0.3-0.9 g/L AZC.
S. cerevisiae and Z. rouxii cells were transformed by electroporation (Pfibylovéa and Sychrova 2003). For star-
vation experiments, immediately after application of the electric pulse and before plating, transformed Z. rouxii
MAI1 cells were transferred to 500 puL of distilled H,O and incubated with shaking (12.5 Hz, 2 h, 30 °C).

RESULTS AND DISCUSSION

The presence of ScMPRI homologous sequences has been already found in the genomes of several
yeast species (Kimura ef al. 2002; Nomura et al. 2003; Nomura and Takagi 2004). A blast search performed
in the Génolevures2 protein database (Dujon et al. 2004) detected homologous sequences also in Kluyvero-
myces lactis, Yarrowia lipolytica, Debaryomyces hansenii and Candida glabrata. Exploring the NCBI pro-
tein database, we also found homologous proteins in Candida albicans. On the other hand, a blast search in
the partially sequenced Z rouxii genome in the Génolevures! database (de Montigny et al. 2000) did not re-
veal any ScMPR! homologues.

To test the sensitivity or resistance of Z rouxii wild-type strains, (CBS 732, i.e. ATCC 2623 and
ATCC 42981) to AZC, a drop test was performed (Fig. 1). Resistant (£1278b) and sensitive (S288C) S. cere-
visiae strains were used as controls. After inoculation of stationary cells, only S. cerevisiae £1278b cells
harboring the MPR/ gene started to grow on plates with AZC. This test showed that Z. rouxii wild-type cells
were sensitive to AZC, and similar sensitivity to AZC as for wild types was observed for Z rouxii auxo-
trophic mutants (UL4 and MA 1; not shown).

To study the function of ScMPRI gene in Z rouxii, and its possible use as a dominant selection
marker, Z rouxii UL4 cells were transformed with YCpAZC or “empty” YCplac33 (as the control). The
YCpAZC plasmid was constructed because 2 u-based vectors are not replicable in Z rouxii, and thus the
original multicopy pMH1 could not be used. The use of centromeric plasmid (YCpAZC) harboring the
ScMPRI gene with its own promoter and the SclURA3 marker made it possible to select transformants for
uracil prototrophy and/or for AZC resistance. First, cells were selected for uracil prototrophy on minimal
YNB-NH4 media, and Ura* colonies were then tested for AZC resistance (Fig. 2). Only Z rouxii cells har-
boring the YCpAZC plasmid were able to grow on media with 0.5 g/L AZC, thus the ScMPRI gene proved
to be transcribed from its own promoter in Z rouxii cells, and its product was functional in AZC-detoxi-
cation.
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Z. rouxii
CBS 732

2. rouxii
ATTC 42981

S. cerevisiae
§288C

S. cerevisiae
I1278b

Fig. 1. Growth of Z. rouxii on YNB-NH, medium supplemented with 0, 0.3 and 1.0 g/LL AZC; strains S. cerevisiae S288C (AZC-sen-
sitive) and £1278b (AZC-resistant) were used as controls.

Z. rouxii
UL4 (YCplac33)

Z. rouxii
UL4 (YCpAZC)

S. cerevisiae
T1278b

Fig. 2. Growth of Z. rouxii UL4 transformants on YNB-NH4 medium with 0 and 0.5 g/L AZC; S. cerevisiae
X1278b was used as positive control.

To test the possible use of ScMPRI as a dominant selection marker in Z. rouxii, ATCC 42981 wild-
type cells were transformed with the YCpAZC plasmid and transformants were selected directly on YNB-NH4
media supplemented with 0.5 g/ AZC. A very high number of colonies appeared on the negative control
(without plasmid DNA added), which made it impossible to distinguish between transformants and non-
transformed cells. This experiment suggested that exponentially growing cells used for the electroporation
procedure were more resistant to AZC compared to stationary cells used in drop tests.

The AZC sensitivity of two wild-type Z. rouxii strains exponentially growing in liquid YPD + 300
mmol/L NaCl, i.e. under conditions used for Z. rouxii transformation was tested. Exponentially growing
cells (=3 x 10°) were directly spread on plates supplemented with AZC. On rich medium (YPD), a very high
number of colonies of both strains appeared even in the presence of the highest concentration of AZC (0.9 g/L)
after 3—4 d. In the case of YNB-NH4 medium supplemented with AZC, the ATCC 42981 strain formed
thousands of colonies, the CBS 732 strain only about 20 colonies per plate (the number of colonies did not
vary at different AZC concentrations tested). To verify the stability of the AZC-resistant phenotype, ten
ATCC 42981 colonies were transferred on a new YNB-NH4 plate with AZC. The cells also grew there, the
phenotype was stable, and cells had gained resistance. This result confirmed that exponentially growing cells
cultured for efficient electroporation were able to better resist the toxic effect of AZC than stationary cells.
Thus the selection of transformants directly on media with AZC was not possible for the ATCC 42981 strain.
For the CBS 732 strain (and thus also for its derivative UL4), the YNB-NH,4 medium with AZC could be
considered a selective one. This strain always formed several colonies on this medium, both at low (0.3 g/L)
and high (0.9 g/L) AZC concentrations. The concentration of 0.5 g/l AZC was chosen for further expe-
riments as the background growth could represent only a minority of colonies that appear after electro-
poration.

Z. rouxii UL4 cells were transformed with the YCpAZC vector (0.2 pg) and transformants were
selected on YNB-NH,4 medium with 0.5 g/L AZC and 15 mg/L uracil (uracil was added so that the only selec-
tive pressure was the presence of toxic AZC). Several tens of colonies appeared on the selection medium
when the cells were transformed with YCpAZC and also on the negative control (cells subjected to the trans-
formation procedure without plasmid DNA; Table [). Because the numbers of AZC-resistant colonies were
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very similar for cells without YCpAZC and for cells harboring the Sc /PRI gene on plasmid (60 vs. 100, ¢f.
Table 1), our next approach was to lower the undesirable background growth.
As shown above Z. rouxii stationary cells were more sensitive to

Table L. Transformation of 7 rou- AZC than exponentionally growing cells; the possibility of rendering

i ULd by the YCPAZC plasmid the transformed Z rouxii cells more sensitive to the AZC effect by

starvation was therefore tested. /. rouxii MA 11 cells were transformed

Plasmid DNA? nb with the pLUT vector, and starved for 2 h prior to plating. The yield of

transformants after this procedure was 5x lower than in cells plated

None 0 within 20 min after electroporation. Starvation after the electropora-

1 0N tion greatly reduced transformation efficiency, and therefore could

;;l(,‘Ui\‘](‘ ?:;; not be an effective approach to improve the selection of transformed
pas L00¢ cells on AZC-containing plates.

Another possible way to lower the background growth after trans-

02 g formation was to change the nitrogen source (ammonium) in the selec-

®Number of colonies growing on tion media for a nonrepressing nitrogen source (i.e. proline, urea). It

the YNB-NH4 medum  after was shown that AZC as a proline analogue is efficiently imported into

electroporation S. cerevisiae cells by four amino acid transporters, including two nitro-

“Supplemented with 0.5 g/L. AZC +
15 mg/L uracil.
dpositive control

gen-regulated transporters (ScPut4 and ScGapl) and two transporters
that are regulated by the SPS sensor of extracellular amino acids
(ScAgpl and ScGnpl) (Andreasson er al. 2004). ScGapl (“general
amino acid permease™) and ScPut4 (proline-specific transporter) are
inactive in the medium with ammonium as nitrogen source. In the presence of a nonrepressing, poor nitrogen
source, these transporters are active and facilitate the uptake of amino acids and their analogues, including
proline and AZC, into cells (ter Schure er al. 2000). Hence, more AZC molecules might be transported into
the cell and the toxic effect enhanced during growth with a poor nitrogen source. On the other hand, AZC is
a toxic competitor of L-proline (Takagi e/ a/ 1997), and less AZC might enter the cells in the presence of
L-proline. To test the influence of the nitrogen source on the Z rouxii (CBS 732 and ATCC 42981) resis-
tance to AZC, cells were grown on YNB-NH,. YNB-Pro and YNB-urea plates containing different concen-
trations of AZC (0-1 g/L) with S cerevisiac £1278b used as a resistant control. Plates were inoculated with
cells cultured to the mid-exponential growth phase in the liquid YPD medium. In the case of urea, only the
growth of Z rouxii CBS 732 and S. cerevisiae £1278b was tested. because the ATCC 42981 strain was not
able to use urea as a nitrogen source. A better growth of both Z. rouxii wild types with AZC when L-proline
was used as a nitrogen source was found. This suggested a competition between L-proline and AZC (pro-
bably on the level of transport) as had been described for S. cerevisiae and tobacco cells (Takagi et al. 1997,
Zhang et al. 2004). This enhanced AZC resistance of Z rouxii cells was not observed when urea was used as
anitrogen source, and the cell growth on YNB-urea plates in the presence of AZC was inhibited similarly
ason YNB-NH4 + AZC.

To test the use of YNB-urea + AZC for selection of AZC-resistant transformants, UL4 was trans-
formed with the YCpAZC vector (0.2 ng) and transformants were selected on YNB-urea medium containing
0.5 g/LL AZC and 15 mg/L uracil. Several tens of colonies appeared on the selective medium when the cells
were transformed with YCpAZC and also on the negative control. Spontaneously resistant cells appeared at
a frequency of 7.5 x 1076, Thus, similar results with urea and ammonium as nitrogen sources were obtained.
Cells after the transformation procedure showed a higher resistance to AZC toxicity; we were not able to
distinguish between transformants expressing the ScAPRI gene and colonies originated from spontaneously
resistant cells.

The use of ScA/PRI as a dominant selection marker in its natural host S. cerevisiae was examined.
AZC-sensitive S. cerevisiae FRJT was transformed with YCpAZC and transformants were selected on
YNB-NHjy4 supplemented with 0.5 g/L. AZC and 15 mg/L tryptophan and uracil. As for /. rouxii transforma-
tion, several tens of spontancously resistant colonies appeared on negative-control plates (no plasmid DNA
added). The same result was obtained when the pMHI plasmid (episomal, /.. with more copies of ScWMPRI
per cell) was used for transformation. There was no significant difference in the number of colonies on nega-
tive-control plates and on plates with pMHI transformed cells. Both Z rouxii UL4 and S. cerevisiae FRJ1
expressing ScMPRI could grow on YNB-NH, medium with AZC, but the positive selection for transfor-
mants on AZC-containing medium was not possible due to the presence of spontancously resistant colonies,
and a first selection based on complementation to prototrophy was necessary. Similar results have also been
obtained for ScAIPR1 expression in tobacco plants (Zhang et al. 2004). The use of a strong promoter for the
MPRI gene expression in Z rouxii cells would probably not help, as many spontaneously resistant colonies
appear after transformation. Whether these colonies result from a sudden switch of the Z rouxii MPR! homo-
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logue expression in some cells remains to be established when the complete genome sequence of Z. rouxii
genome is available.

Although the ScMPRI gene is functional in AZC detoxication in Z rouxii, it cannot be used as
adominant selection marker for this yeast species.

We thank Prof Y Watanabe (Ehime University, Emme, Japan) for providing the Z. rouxir MA11 strain and Prof Hiroshi
Takagi (Fukui Prefectural University, Fukui, Japan) for the pMH|1 plasmid. This work was supported by grants from the Grant Agency
of the Czech Republic (GACR 204/05/0028. GACR 204/03/H066) and /nstitutional Research Concept AV 0Z 5011 0509
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5.1.3. Publikace ¢. 3: Characterization of Zygosaccharomyces rouxii centromeres and
construction of first Z. rouxii centromeric vectors

Piibylova, L., Straub, M.L., Sychrova, H., de Montigny, J. (2007) Chromosome Res (v tisku;
DOI 10.1007/s10577-007-1136-z)

Pro expresi gend v kvasinkach jsou ¢asto pouzivany centromerové plasmidy, které
zajisti stabilni pfenaseni genu do dalSich generaci hostitele a jeho pfitomnost v burikach v max.
dvou kopiich. Takové plasmidy pro Z. rouxii dosud neexistovaly. Pro expresi gent sice bylo
moZno pouZzit centromerové plasmidy S. cerevisiae, protoze ARS S. cerevisiae je rozeznavana
1 replika¢nim aparatem Z. rouxii, ale nebyla zajisténa regulace poctu kopii plasmidu v burice
ani jeho stabilni pomnozovani (Ushio er al., 1988). Sekvence centromery Z. rouxii dosud
nebyla znama.

Za tGcelem konstrukce centromerovych plasmidt pro Z rouxii jsme v této praci
identifikovali a funk¢éné charakterizovali centromery Z. rouxii. V databazi Génolevures 1 jsme
na zakladé homologie s oblastmi DNA blizce pfibuzné kvasinky S. cerevisiae obsahujicimi
centromery identifikovali Ctyfi fragmenty piedstavujici patrné centromery Z rouxii. Dva
fragmenty jsme vybrali pro funkéni analyzu. Useky piedstavujici pravdépodobné centromery
jsme vlozili do plasmidu obsahujiciho pouze ARS S. cerevisiae, a funk¢nost plasmidi jsme
sledovali jak v bunkach Z rouxii, tak S. cerevisiae. Prokazali jsme, Ze v Z. rouxii plasmidy
funguji jako centromerové, a fragmenty tak skute¢né piedstavuji centromery. Hybridizacni
analyzou DNA-DNA (Southern blot) jsme zjistili, Ze se jedna o centromery chromosomu 1.
resp. VII. Centromery jsme potvrdili jako druhové specifické - plasmid nesouci centromeru Z.
rouxii nebyl rozpoznan jako centromerovy v S. cerevisiae a naopak.

Zjistili jsme, Ze centromery Z. rouxii maji obdobnou strukturu jako centromery blizce
piibuznych kvasinek S. cerevisiae nebo K. lactis - téz jsou uspoiadané do oblasti CDE I, I a
I11, pticemz usek CDE Il Z rouxii je delsi nez ptislusny usek S. cerevisiae a kratsi nez CDE Il
K. lactis. Pravé rozdilna délka tohoto useku patrné z velké &asti pfispiva k druhové specificité
kvasinkovych centromer.

Vzhledem k sekvenéni homologii pravdépodobné ptedstavuji vechny ¢étyfi fragmenty
identifikované v této praci centromery Z rouxii. Jejich sekvence byla odeslana do databaze

GenBank. Pripravené plasmidy predstavuji prvni centromerové plasmidy Z. rouxii.
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monocopy plasmid

Abstract

Lygosaccharomyces rouxii is a hemiascomycetous yeast known for its high osmotolerance. the basis of which
stilt remains unknown. By cxploring the Génolevures | database, four Z. rouxii fragments homologous to
Saccharomyces cerevisiae centromercs were identified. Two of them were subjected to further analysis. Their
function as centromeres in Z. rouxii was proved, and they were localized to Z. rowxii chromosomes 11 and VII,
respectively. The species-specificity of centromeres was observed; plasmids with a Z. rowxii centromere were not
recognized as centromeric in 8. cerevisiae, and a S. cerevisiae centromere did not function as a centromere in Z.
rouxii. Constructed plasmids bearing Z. rowvii centromeres serve as the first specific centromeric plasmids. and
thus contribute to the so-far limited set of genetic tools needed to study the Z. rouxit specific features.

Introduction

Iygosaccharomyces rouxii is a non-conventional
hemiascomycetous yeast closely related to Saccha-
romyces cerevisiae. Unlike this model species and
most other yeasts. Z. rouxii is capable of growing in
highly concentrated environments (3.4 M NaCl, 60%
sugar; Bamett er al. 1990. Hosono 1992), which
makes it onc of the most osmotolerant ycast species.
However, the basis of its unique osmotolerance still
remains unknown. The close relation between Z.
rouxii and S. cerevisiae could result in interesting
biotechnological applications for S. cerevisiue. Z.
rouxii’s high osmotolerance is supposedly due to
specific genes; the identification and cloning of these
genes and their expression in industrial strains of §.
cerevisiae could then improve the growth and

fermentation capacities of industrial strains under
adverse conditions. The identification of Z. rouxit
specific genes remains difficult, as the system of
genctic tools for manipulating Z. rouxii DNA is not
well established-so far, only two auxotrophic
mutants (leu? and wrad) and few multicopy vectors
are available (Ushio er al. 1988, Pribylova &
Sychrova 2003).

To develop new tools, c.g. stable monocopy
plasmids. the identification and functional character-
ization of centromeric sequences is nccessary. The
identification of Z. rouxii centromeres can also assist
in studying ycast evolution: the organization of a
centromeric sequence and its adjacent genes s
related to speciation and represents relevant infor-
mation to adjust the position of the species in the
phylogenctic tree.



Z. rouxii together with Kluvveromyces lactis
belong to the Kluvveromyces clade and are closcly
related to the Saccharomyces clade (Souciet ef al.
2000). S. cerevisiae and K. lacris share similar
organization of their centromeric sequences. The §.
cerevisiae centromere is a short DNA  sequence
125 bp in size. a so-called point centromere. and s
composed of threc CDE elements: an 8 bp sequence
PuTCACPuTG (CDE 1), followed by a 78-86 bp AT
rich (> 90%) region (CDE [I) and a 23 bp sequence
TGTTT(T/A)TGNTTTCCGAAANNNAAAAA
(CDE HI: Clarke 1998). In K. factis the centromere is
also organized into CDE blocks, as in S. cerevisiae,
but the CDE 1l region is about twice as long
(161-164 bp; Heus er al. 1993). The organization
of a centromere into three CDE regions is also found
in Candida glabrata, but not in other budding yeasts
such as Debarvomyces hansenii. Yarrowia lipolytica
or C. albicans (Dujon er al. 2004, Sanyal er al. 2004).

During the Génolevures | project a low-coverage
genomic cxploration of Z. rowuxii DNA was per-
formed (de Montigny ¢ «l. 2000). A sct of 3000
random sequence tags (RST) was obtained and
further analysed. This set of scquences provided a
tool for searching for potential Z. rouxit centromeres.

In this study four Z. rowxii putative centromeric
sequences were identified. Two of them were further
analysed by a plasmid-based assay and chromoblot
analysis. They were proved to function as centro-
meres in Z. rouxii. but not in §. cerevisiac. The newly
identified Z. rowvii centromeres made it possible to
construct the first centromeric, t.e. low-copy and
stably propagated plasmids for this yeast species.

Materials and methods

Strains and growth conditions

Z. rouxii CBS 732 (wt) was uscd for the i1solation of
the putative Z. rouxii centromeres and chromoblot

Table . Plasmids used for Z. rouvic and S. cerevistae transformation

L. Pribylova et al.

analysis. Z. rouxii UL4 (ura3; Pribylova & Sychrova
2003) and S. cerevisiae W3031A (MATa ade 2-1
canl-100 his3-11115 leu2-3/112 mallO trpl-1 wura3-1.
Wallis er al. 1989) were used as hosts for the
plasmids. Non-transformed cells were grown in
YPD media. Transformants were grown on standard
YNB-NH,; plates with auxotrophic supplements
(20 pg/mb when required. For growth curves an
overnight preinoculum was used: 20 ml of the
medium was then inoculated with the preinoculum
to a density of Aggn 0.06 and cultures were cultivated
at 30°C, 200 rpm.

Plasmids

Plasmids were yeast/E. coli shuttle vectors (ScARS/,
ori, Amp®) based on pUCI9 (Yanisch-Perron er al.
1985) (Table 1). pLUI contained a S. cerevisiae
centromerc. pZCA containing a 816 bp fragment of the
putative Z. rouxii centromere A and pZCC with a
588 bp fragment of the putative Z. rouxii centromere C
were constructed by PCR-based cloning: Genomic
DNA of Z rowvii CBS 732 was used as a template,
prepared as previously described (Hoffman & Winston
1987). The primers arc listed in Table 2. The Nhel
{forward primers) or Spel (reverse primers) restriction
sites. respectively were introduced into the 3 ends of
primers. The amplified fragments were digested by
Nhel and Spel and cloned into YCplacd3 (Gietz &
Sugino 1988) instead of the Spel-Nhel fragment
(1251 bp) containing ScCEN4. YRp33 without a
centromeric sequence was constructed from YCplac33
by removing the Spel-Nhel fragment (1251 bp)
containing ScCEN4 and circularization of the resulting
4.4 kb Spel-Nhel fragment by ligation.

Yeast transformation
Cells of both yeast species were transformed by

electroporation i (.2 c¢cm cuvettes. Z. rowxii UL4
cells were transformed according to Pribylova &

Plasmid Size (kb) Centromerc Marker gene Reference

pZCA 5.2 Z. rouxii A Scl/RA3 This work

pZCC 5.0 Z. rouxii C ScURAS This work

YRp33 4.4 none SclURAZ This work

pLUI 8.2 ScCENS ScURASZ. ZrLEU2 Pribylova & Sychrova 2003
YCplac33 5.6 ScCENA ScURAT Gietz & Sugino 1988
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Table 2. Primers used for cloning of Z. rowui fragments containing putative centromeres A and C

Primer Sequence (5'-3")

Af CTCTACTAGTAGGCATTTGTTTATTACCAG

Ar CAGTGCTAGCATCGATCGGGCACTAACTTAGTGTCA
Cf CTCTACTAGTCAGTATACTCTTGGTTAGAT

Cr CAGTGCTAGCATCGATATAGCTTAAATATTTAGTT

f. Forward primer: r. reverse primer. Spel and Nhel restriction sites are underlined.

Sychrova (2003) with slight modifications: cells were
washed with | M sorbitol and electroporation was
performed using an Eppendorf Electroporator (9 kV/
em; 6 ms). S. cerevisiae cells were treated before
electroporation according to Meilhoc er al. (1990).
and an electric pulse (3.13 kV/em, 24 ms) was
applied in the GHT 1287-B Jouan clectroporator.

DNA manipulations

DNA manipulations werc performed according to
standard protocols (Sambrook et al. 1989). To avoid
mismatch basc pairing during the synthesis of PCR
products, Pfx DNA polymerase (Invitrogenc) with
intrinsic proofreading activity was used. DNA sequenc-
ing was performed in the ABI PRISM 3100 DNA
sequencer using the BigDye Terminator v3.1 Cycle
Sequencing Kit (Applicd Biosystems).

Plasmid loss test

Transformants carrying the plasmids were grown
with shaking in 20 ml YPD at 30°C for 24 h. The
cultures were then diluted and spread on YPD media
to obtain single colonies (approximately 200 colonies
pet plate). Colonies were replica plated on YNB-NH,
media with or without uracil and the percentage of
colonies that were unable to grow without uracil (i.e.
lost the plasmid) was estimated.

Pulse-field gel electrophoresis (PFGE)

Entire chromosomal DNA was prepared according to
aprotocol designed for S. cerevisiae (Vezinhet et al.
1990) with slight modifications: lyticase from
Arthrobacter luteus (Sigma) was usced for cell
treatment (100 pg/1.5 % 107 cells/ml). The 1% aga-
rose gels were prepared from pulse-field certified
agarose (Bio-Rad Laboratories) and run on a Bio-
Rad CHEF (contour-clamped homogencous electric

ficld) apparatus in 0.5 x TBE at 14°C. The operating
conditions were: switch time 300 s, run time 100 h,
angle 106°, voltage 3 V/cm.

Southern blot and chromoblot analvses

For Southern blot analysis the total DNA was
isolated (Hoffman & Winston 1987) and digested
with EcoRl and BamHI1. DIG-labelled DNA probes
were prepared using a DNA labelling and detection
kit (Roche). Oligonucieotides used for probe ampli-
fication were the same as for plasmid construction
(cf. Table 2). After hybridization the membranes
were photographed with a digital camera (Nikon
Coolpix 4500) and densitometry analyses of the
Southern blot digital images were performed using
the computer program Aida 3.28 (Advanced Image
Data Analyzer, Germany). Chromoblot analysis was
performed using the same probes and membranes
containing the chromosomes previously separated
by PFGE.

Results and discussion
In-silico identification of putative centromeres

As described previously (Sychrova et al. 2000), the
Z. rouxii CBS 732 genome consists of seven
chromosomes. To identify the Z. rouxii centromercs,
the set of scquences obtained by partial sequencing
of Z. rouxii CBS 732 genomic DNA during the
Génolevures 1 project was used.

As the specific regions of centromeres (CDE
blocks) are short and not conserved enough (espe-
cially CDE 1) among yeasts, a blast(n) analysis
could not be applied to identify the centromeric
sequences in the large set of Génolevures | data. For
this purpose we sclected all the genomic DNA
inserts with the first RST including a centromeric



orthologous gene located on the right arm of a
defined chromosome and the second RST including
a centromeric orthologous gene on the left arm of
the same chromosome (for example YLLOOL and
YLROOL). With chromosomal map conservation
between Z. rouxii and S. cerevisiae, the non-
sequenced DNA region between the two RST could
contain a Z. rowxii centromere. The sequencing of
these regions revealed four putative Z. rowxii centro-
meric sequences (A, B. C and D).

Z. rouxii putative centromeres (fragments A, B. C
and D) were organized into CDE 1. IT and 111 blocks,
similarly to the centromeres of S. cerevisiae or K.
lactis (Figure 1). The CDE I and IIl regions were
well conserved and flanked the CDE 11 AT-rich area.
In the CDE I region the TCA motif was conserved
among all three yeasts. as was also the case for the
TTCCGAA motif in the CDE I region. However,
the Z. rowxii CDE 11 region proved to be longer
(134-136 bp) than S. cerevisiae CDE 11 (78-86 bp)
but shorter than K. lactis CDE I (161-164 bp). ORF
flanking the Z. rowxii A, B and C putative centro-
meres were orthologues of §. cerevisiae ORF flank-
ing CEN/2, CENIS and CEN7. respectively. Putative
centromere D was surrounded by orthologues of
YNLOOIw (neighbour of S. cerevisiae CENI4) and
YCROO2¢ (neighbour of S. cerevisiae CENZ). As S.
cerevisiae has 16 chromosomes (Goftfeau er al. 1996)
and Z. rouxii only seven (Sychrova ¢r al. 2000). 1t is
evident that there were different rearrangements of
genomes during the evolution of these two relatives,
e.g. whole genome duplication in a S. cerevisiae
ancestor. The differences in the surroundings of

CDE| CDEIIl

L. Pribylova et al.

the Z. rouxii and §. cerevisiae centromeres could
result from those rearrangements.

Functional analvses of putative centromeres

For further functional analyses of the putative Z.
rouxti centromeres, A and C DNA fragments were
chosen. In order to prove that they act as centromeres
in Z. rouxti, we used a functional approach (Murphy
& Fuzgerald-Hayes 1990). The putative Z. rouwxii
centromeres were inserted into a plasmid containing
a sclectable marker gene and a sequence that enables
plasmid replication (autonomously replicating sequence,
ARS). We wanted to demonstrate that such a plasmid
(a) would be stably propagated in Z. rowxii and (b)
would be present in only one or two copies per cell.
These properties arc attributed exclusively to a
centromeric plasmid by the presence of a functional
centromere. The centromere in the plasmid uses the
same partitioning machinery as chromosomes, which
cxplains why a plasmid will be propagated in
generations almost as stably as an entire chromo-
some; an excess of centromeres in a yeast cell causes
chromosome missegregation and thus is toxic for the
cell.

For Z. rouxii the ARS still remains unknown,
although it has alrcady been shown that a plasmid
carrying S, cerevisiae ARSI was replicable in Z
rouxit (Ushio er al. 1988) and the ScURA3 gene
complemented the Z. rowuxii wra3 mutation (Pribylova
& Sychrova 2003). To prepare plasmids with
putative Z. rouxii centromercs the YCplac33 plasmid
was used. Its ScCEN4 fragment was replaced with

CDE Ill

S. cerevisae

[PUTCACPUTG H78-86 bp (AT >90%) HTGTTT(T/A)TGNTTTCCGAAANNNAAAA |

Z. rouxii orthologs
of S. cerevisiae

A -ZrYLR001c >{ATCACATG }H__ 134 bp (AT 87%) HTGTGGCTTACTTCCGAAACCTCTAAT H<ZrYLLOOTw}
B —ZrYOR001w-[GTCATGTGH 134 bp (AT 84%) } {TGTATTTGTGTTCCGAAGATAAATT  }-<ZrYOLOO 1w}~
¢ HzrYGLOO1c >{ATCACGTGH 134 bp (AT 89%) HTGTCTACGGCTTCCGAAGATAAAAAG HZrYGROOIC
D -{ZrYNLOO1w>—{ATCACGTGH{ 136 bp (AT 82%) HTGTACCTCGGTTCCGAAGATAAAAA |-ZrYCROO2c}

K. lactis

[ATCACGTGA H_ 161-164 bp (AT >86%)

_HINNTTTATGTITCCGAAAATTAATAT |

Figure 1. 7. vouxii putative centromeres and their comparison with - cerevisiae and K. lactis centromere consensus. Rectangles represent
CDE regions, arrows symbolize Z rouxii orthologues of S. cerevisiae genes flanking the CDE regions, bars represent non-coding regions.
Conserved sequence motifs are in bold. The GeneBuank Accession Nos. for AL B. € and D are AJ298246. EFS12461, AJ303361 and
AJ303360.
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Figure 2. Southern blot analysis of Z. rouxii UL4 transformants.
DNA isolated from UL4 [pZCA] was digested with EcoRl (a
wique site in the pZCA backbone); DNA from UL4 [pZCC| with
BamH1 (a unique site in the pZCC backbone). Thus, a probe
against the A fragment detected a linearized pZCA plasmid and a
single larger genomic EcoRl1 fragment. Similarly, the C-fragment
pobe visualized the linearized pZCC and a genomic fragment
containing the C sequence. As control. the labelling of a non-
trnsformed Z. romnii UL4 genomic DNA digested with EcoRI or
BamHl1 is shown. Broken arrows indicate bands corresponding to
chromosomal centromeric sequences, full arrows point to bands
corresponding to plasmid DNA. A: DNA labelled with the probe
against the Z. rouxii putative centromere A; C: DNA labelied with
the probe against the putative Z. rowxii centromere C.

fragments carrying Z. rouxii putative centromeres A
or C, respectively, which resulted in the pZCA
(carrying the putative centromere A) and pZCC
(carrying the putative centromere C) construction
(Table 1). Z. rouxii UL4 cells were transformed with
pZCA, pZCC and YRp33 (as a control) and Ura*
transformants were selected. The cells transformed
with a plasmid without a centromere (YRp33) did not
show a stable Ura® phenotype. To verify the pZCA
and pZCC stability in cells, the transformants were
grown under non-selective conditions (in YPD) for
24 h. After this cultivation the loss of the Ura®
phenotype (i.e. loss of the plasmid carrying the
selectable ScURA3 gene) was estimated (Table 3).
Both plasmids were stably maintained in Z. rouxii
cells, even under non-selective conditions. The
difference in plasmid losses (0.2% for pZCA versus
3.1% for pZCC) could be due to different lengths of
the centromeric fragments A and C present on the
plasmids (816 bp and 588 bp, respectively) and/or to
different lengths of entire plasmids. or to the
different effect of circularization of the centromeres
on their function. The cfficient propagation of the
plasmids in Z. rouxii was also confirmed by growth
curves in selective YNB-NH,; medium: the growth of
Z. rouxii UL4 [pZCA] or |pZCC] transformants was
similar to the growth of the non-transformed strain in
YNB-NH, + uracil or to the growth of wild-type
(CBS 732) cells in YNB-NH, (Figure 3).

To confirm that pZCA and pZCC really represent
centromeric, i.e. low-copy plasmids for Z. rowuxii.
their copy number in Z. rowvii transformants was
estimated by Southern blot analysis (Figure 2). In
both cases two bands were obtained-one corre-
sponding to the chromosomal copy of A or C, the
other to the A or C fragments present in pZCA and
pZCC plasmids. respectively. The intensity of bands
revealed, when assuming that a haploid cell contains
a single chromosomal copy of the centromere per cell.

Table 3. Transformation efticiency and plasmid loss of pZCA, pZCC and pLUI in yeast hosts

PMasmid Number of transformants/ug DNA Plasmid loss (%)
Z. rouxii S. cerevisiae Z. rouxii S. cerevisiae
1ZCA 1.4x10* Lix1o? 0.2 63.2
pZCC 1.6x10* 1.5x 107 3.1 64.8
LUl 1.3x10* 1.0x 10* 64.7 7.7

Values are averages from threc independent analyses.
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Figure 3. Growth curves of Z. rouxii UL [pZCA] and {pZCC] transformants in the minimal YNB-NH; medium. As a control, the growth of Z.
rouxii UL4 in YNB-NH, medium supplemented with uracil and of Z. rouxii CBS 732 in YNB-NH, is shown. Symbols: w_ Z. rouvii UL4 [pZCAY;
o . Z rouxti UL4 [pZCCl 0. Z. rouxii UL4: . Z. rowxt CBS 732

that the copy numbers of pZCA and pZCC corre-
sponded to 1.1 and 1.0 per cell, respectively. These
results confirmed that pZCA and pZCC behaved as
stable and monocopy, i.c. centromeric plasmids in Z.
rouxit.

To reveal which Z. rouxii chromosomes the A and
C sequences belong 1o, a chromoblot analysis was
performed with the samc probes as used for the
Southern blot analysis. The probe against putative
centromere A hybridized to chromosome I, the
other one to chromosome VII of Z. rouxii CBS 732
(not shown).

Species-specificity of centromeres

Our data showed that all plasmids efficiently trans-
formed both Z. rowxii or S. cerevisiae hosts (1-2 x
10 transformants/ug DNA), i.c. SCARS/ was repli-
cable in both yecast species (Table 3). However, only
the plasmids carrying the putative Z. rouxii A or C
centromeres were stably maintained in Z. rowxii
although. on the other hand. they were unstable in
S. cerevisiae transformants. Similarly, pLU1 carrying
the S. cerevisiae centromere was stable in S,
cerevisiae, but not in Z. rouxii. These results showed
that the A and C inserts were recognized as
centromeres only in Z. rowuxii, and ScCEN4 was
recognized as a centromere only in S, cerevisiac.
This species-specificity ol centromeres might be due

to the length of the CDE Il region, which was
previously shown as crucial in §. cerevisiae (Murphy
& Fitzgerald-Hayes 1990). The Z. rouxii CDE 1
region may be too long to enable the Z. rowvii
centromere to adopt a functional conformation in S.
cerevisiac, and the S. cerevisiae centromere may be
cqually too short to tunction properly in Z. rowxii.
The species-specificity of centromeres was also
obscrved for K. lactis (Heus er al. 1993). Our results
thus correspond to a general assumption that yeast
centromerces do not function in other specices, cven in
closely related ones. From our results and those
obtained for K. lactis (Heus er al. 1993), it can be
concluded that it is mainly the length and sequence
of the CDE II region that underlies this centromere
specificity.

Conclusions

Our functional analysis of A and C DNA fragments
proved that they represent the Z. rouxit centromeres
of chromosomes Il and VII, and that these Z. rowxir
centromeres are species-specific. Based on the
sequence similarity and synteny with the S, cerevi-
siue genes flanking the centromeres, it can be
assumed that the other two identified DNA fragments
(B and D) may also represent Z. rouxii centromeres.
The remaining three centromeres can be identified



Characterisation of Zygosaccharomyces rouxit centromeres 7

using the same approach (scarching for ncighbour
othologues of genes flanking S, cerevisiae centro-
meres) when the whole Z. rouii genome sequence is
available (the Génolevures 11 project). The pZCA
and pZCC plasmids constructed in this work repre-
sent the first low-copy, stably propagated centro-
meric plasmids for Z. rouxii and can serve for genetic
manipulations of this osmotolerant ycast species.
which is by its phylogenctic position an interesting
preduplication model.
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5.1.4. Publikace ¢. 4: Tools for the genetic manipulation of Zygosaccharomyces rouxii
Piibylova, L., de Montigny, J., Sychrova, H.

odeslano k recenznimu fizeni do ¢asopisu FEMS Yeast Res

Vytvoieni transformaéniho protokolu, mozZnost vyuziti ScMPRI! jako pomocného
selekéniho genu a ptiprava centromerovych plasmida pfedstavovaly rozsifeni do té doby
limitovanych mozZnosti pro genové manipulace v Z rouxii. V kvasinkach, a zvlasté v
modelové kvasince S. cerevisiae, viak nastrojii pro genové manipulace existuje celd rada.
Velmi ¢Casto se naptiklad pouzivaji pro expresi gend episomalni plasmidy (s replikonem 2p),
které zajisti, Ze vnaSeny gen bude v burikach stabilné pomnoZovan v nékolika kopiich (viz kap.
2.3.2.1.). Tyto plasmidy vSak v Z. rouxii neni mozné pouzit, protoze replika¢ni aparat Z. rouxii
nerozeznava 2u. Z. rouxii nicméné obsahuje pfirozeny plasmid pSR1, ktery je velmi podobny
2p, a ktery jiz byl vyuzit pro konstrukci plasmida (Ushio ef al., 1988); jednalo se vsak o
plasmidy neobsahujici polylinker, ktery by umoznil vnaseni genda.

Dalsi velmi uZite¢nou technikou pro genové manipulace v kvasinkach je mozZnost
cilené delece genil prostfednictvim dele¢nich kazet a homologni rekombinace (viz kap. 2.3.3.).
V kvasince Z. rouxii jiz byla potvrzena moznost cilenych disrupci/deleci gend vyuZzivajicich
homologni rekombinaci (Iwaki ef al., 1999; Tang et al., 2005), nebyl vSak k dispozici nastroj
umoZiujici vicendsobné delece. Ani jedna z disrupci/deleci navic nebyla provedena ve kmeni
s genetickym pozadim CBS 732"

Pro expresi genli v kvasinkach je téZ vyhodné vyuzit regulovatelnych promotort
(jednim z nejCastéji pouzivanych regulovatelnych promotorli je ScGALI) a znaceni jejich
proteinovych produktil pro urceni jejich lokalizace v burnikach (GFP; viz kap. 2.3.2.). Takové
moznosti pro Z. rouxii zatim nebyly.

V této praci jsme proto metody pro genové manipulace Z. rouxii rozsifili do té miry,
abychom ziskali soubor nastroji umoznujici jak expresi gend z rGznych plasmidi, tak
vicenasobné delece gend. JelikoZz jedinym dosud dostupnym auxotrofnim mutantem
odvozenym od typového kmene Z rouxii CBS 732" byl kmen Z. rouxii UL4, rozsifili jsme
moznosti selekce o dalsi auxotrofni mutanty a plasmidy obsahujici piislusné selekéni geny.
Byly pfipraveny kmeny nesouci rlizné kombinace mutaci ura3, leu2 a ade? a zkonstruovany

specifické episomalni a centromerové plasmidy s rlznymi auxotrofnimi selekénimi geny
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(ScURA3, ZrLEU2 a ZrADE?) a polylinkerem. Pro konstrukci episomalnich plasmida byla na
zékladé dostupnych informaci o plasmidu pSR1 vyuzita ¢ast jeho sekvence zajistujici
replikaci a stabilitu plasmidd v buiikadch. Sada centromerovych plasmidi byla pfipravena
odvozenim od centromerového plasmidu zkonstruovaného v rdmci publikace ¢. 3. Sekvence
piipravenych plasmidi byly odeslany do databaze GenBank. Byl vytvofen systém pro
vicenasobnou deleci genl v Z. rouxii vyuzivajici opakovatelné pouzitelné delecni kazety loxP-
kanMX-loxP piipravené prostfednictvim PCR a plasmidu nesouciho rekombinasu cre. Pro
umoznéni lokalizace proteind v buikach Z rouxii byl zkonstruovan plasmid pZGFP. Byla
testovana funkce promotoru ScGAL/! v Z. rouxii — ukazalo se, Ze k expresi genti pod kontrolou
tohoto promotoru dochazi v Z. rouxii i pii ristu bun€¢k na glukose, a tento promotor tak neni
mozno pouZzit pro konstrukci plasmida pro regulovatelnou expresi gena.

Vytvofené metody predstavuji soubor nastroji genového inZenyrstvi vyuZitelny pro
genové manipulace kvasinky Z. rouxii, a tak vyznamné roz§ifuji moznosti studia specifickych

vlastnosti této kvasinky.
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Abstract

A set of tools for the genetic manipulation of the osmotolerant yeast Zygosaccharomyces
rouxii was developed. Auxotrophic mutants (ura3 leu2, ura3 ade2, ura3 leu? ade2)
derived from the CBS 732 type strain were prepared. Centromeric and episomal Z.
rouxii/E. coli shuttle plasmids with different marker genes (ScURA3, ZrLEU2, ZrADE?2)
and with multiple cloning sites were constructed, together with a plasmid enabling GFP-
tagging. A system for repeatable targeted gene deletion in Z rouxii was established,
involving first the integration of a PCR-generated loxP-kanMX-loxP cassette, and second
the removal of kanMX from the genome using a Z rouxii plasmid harbouring cre

recombinase.

Abbreviations

GFP, green fluorescent protein

Introduction

Zygosaccharomyces rouxii is a hemiascomycetous yeast closely related to the model yeast
Saccharomyces cerevisiae. It is known for its ability to grow in environments with high
concentrations of salts and/or sugars, which restrict the growth of most other yeast species
(incl. S. cerevisiae). As one of the most osmotolerant yeast species, it is one of the main
spoilage microorganisms in the food industry. The reason for its high osmotolerance has
not yet been discovered, and is probably due to some sets of specific genes. Considering
the close phylogenetic relationship between Z. rouxii and S. cerevisiae (de Montigny et al.,
2000), identifying the genes that are responsible for Z. rouxii’s osmotolerance would be of
great interest to the food industry - their heterologous expression in industrial strains of S.
cerevisiae could improve the growth capacities of these strains under adverse conditions.
Z. rouxii is also interesting as a species that phylogenetically precedes the event of whole
genome duplication, which took place in an ancestor of S. cerevisiae (Wolfe & Shields,
1997; de Montigny et al., 2000). The DNA of the CBS 732 type strain has already been
sequenced and is currently being annotated (the Génolevures 3 project,

http://cbi.labri.fr/Genolevures/).



Though the physiological and biochemical processes of Z rouxii have been studied
extensively (van Zyl er al.,1990; Kurtzman & Fell, 1998; Jansen et al., 2003; Martorell er
al., 2007), our knowledge of its cell properties at the molecular level lags far behind that of
S. cerevisiae, mainly due to a lack of tools for Z rouxii genetic manipulation. For this
reason, most of the Z. rouxii genes and their products that have been studied so far were
identified and/or characterized by heterologous expression in S. cerevisiae mutants (Iwaki
et al., 1999; Sychrova er al., 1999; Sychrova, 2001; Wang et al., 2002; Kwon et al., 2003;
Watanabe et al, 2004). To characterize Z rouxii specific genes, a set of tools for
manipulationg its genome, i.e. an efficient transformation procedure, various auxotrophic
mutants, centromeric and episomal plasmids with different auxotrophic markers, a system
for repeated gene deletions and protein-tagging would be helpful. Such a set of genetic
tools has so far been missing for Z. rouxii.

In our previous studies, we optimized a transformation procedure to efficiently
introduce plasmid DNA into Z. rouxii by electroporation (Pribylova & Sychrova, 2003;
Pribylova et al., 2007b), but the available methods for selecting Z. rouxii transformants
remained few. So far, the only auxotrophic mutant derived from the Z. rouxii CBS 732
type strain was a ura3 strain (UL4; Pribylova & Sychrova, 2003). A leu2 mutant was also
available, Z. rouxii MA11 (Ushio et al, 1988), but unfortunately in a different genetic
background. Both mutants were prepared by UV mutagenesis. Of the dominant markers,
the use of kanMX to select transformants (Ushio et al., 1988) or prepare mutants (Tang et
al., 2005) has been described. Attempts to adopt another gene (ScMPRI) as a dominant
selection marker failed (Pribylova & Sychrova, 2006).

As far as the gene disruptions or deletions in Z. rouxii are concerned, there have been a
few studies employing a ScLEU2 disruption cassette with several hundred bp of target
sequence homology (Watanabe ef al., 1995, 1999, Iwaki ef al., 1998, 1999) and one study
employing a kanMX deletion cassette with 40 bp target sequence homology (Tang et al.,
2005). Although these papers proved that the frequency of homologous recombination in
Z. rouxii is high enough to be employed in targeted gene deletions, they did not provide a
suitable general tool, as there was no way to delete more genes within the same strain.
Moreover, none of the gene deletions were performed in a strain with the Z. rouxii CBS
732 genetic background, i.e. in the strain where the complete genome sequence will soon
be available.

As far as plasmids for Z rouxii are concerned, some of the S. cerevisiae centromeric

plasmids can be used for transformation, but they are not stably maintained in Z. rouxii



cells, i.e. do not behave as centromeric (Pribylova er al., 2007b). Our study of Z. rouxii
centromeres resulted in the first Z. rouxii-specific plasmid with a multiple cloning site, Z.
rouxii centromere and the ScURA3 marker, pZCA (Pribylova et al., 2007b). The 2u
replicon of S. cerevisiae does not function in Z. rouxii (Araki et al., 1985; Ushio et al.,
1988), and thus S. cerevisiae episomal plasmids cannot be used. The replicon of pSR1, a
cryptic plasmid of Z rouxii similar to the 2p plasmid of S. cerevisiae, was already being
used for plasmid constructions (Ushio et al., 1988), but no Z. rouxii episomal plasmid with
a multiple cloning site was available.

In this paper, we report a set of tools developed for genetic manipulations in Z. rouxii,
i.e. (1) various auxotrophic mutants derived from CBS 732, (ii) specific centromeric and
episomal plasmids with different markers and a multiple cloning site, (iii) a plasmid for
GFP (Green Fluorescent Protein)-tagging and (iv) a system for repeated targeted gene
deletion employing a PCR-generated loxP-kanMX-loxP cassette and cre recombinase

expression.
Materials and methods

Strains and growth conditions

The Z rouxii strains used were UL4 (ura3; Pribylova & Sychrova, 2003), MAI11 (leu2;
Ushio et al., 1988) and the CBS 732 wild type. S. cerevisiae W3031A (MATa ade 2-1
canl-100 his3-11/15 leu2-3/112 mall0 trpl-1 ura3-1; Wallis et al., 1989) was used for the
construction of plasmids by homologous recombination and for testing plasmid
functionality in a S. cerevisiae host. E. coli XL1-Blue (Stratagene) was routinely used as
the host strain for plasmid amplification. Yeasts were grown in standard YPD or YNB-
NH4 media with 2% glucose. Growth curves were measured as described previously
(Pribylova et al., 2007b). When required, auxotrophic supplements (20 pg ml™") or G418
(100 pg ml*, MP Biochemicals, Germany) were added. For growth tests on galactose,
galactose was substituted for glucose in the media. E. coli transformants were grown in

standard LB medium supplemented with ampiciline (100 ug ml”', Sigma).

DNA manipulations

DNA manipulations were performed according to standard protocols (Sambrook et al.,
1989). Genomic DNA and plasmid DNA from yeast cells were isolated according to
Hoffman & Winston (1987), plasmid DNA from E. coli was isolated using the GenElute™



Plasmid Miniprep Kit (Sigma). GENECLEAN® Turbo was used for the isolation of DNA
fragments from agarose gels. To avoid mismatch base pairing during the synthesis of PCR
products, a mixture of Taq polymerase (PPP Master Mix, Top-Bio) and ISIS™ DNA
Polymerase (QBIOgene) with intrinsic proofreading activity was used (2.5 U Taq and 0.1
U ISIS per 20 pl reaction). DNA sequencing was performed in an ABI PRISM 3100 DNA
sequencer using the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems).

Plasmids

The plasmids used are listed in Table 1. New plasmids were constructed either by standard
restriction and ligation, or by homologous recombination in S. cerevisiae (Zaragoza, 2003).
The primers used for plasmid constructions are listed in Table 2. pZEU with the ScURA3
marker gene was prepared by restriction and ligation: a 1207 bp long fragment of pSR1
(positions 2509 — 3716; Araki et al., 1985) was amplified by PCR using pSRTS (Ushio et
al., 1988) as a template. Clal restriction sites were introduced into the 5° and 3’ ends of the
primers. The amplified fragment was digested with Clal and cloned into the Clal site of
pFL34 (Bonneaud et al., 1991). Plasmids pZEA and pZCAA with the ZrADE2 marker
gene (Sychrova et al., 1999) and pZEL and pZCAL with the ZrLEU2 marker gene
(Sychrova, 2001) were constructed by homologous recombination: Fragments containing
ZrADE?2 or ZrLEU2 were amplitied by PCR using the genomic DNA of Z. rouxii CBS 732
as a template. The amplified fragments were cloned into pZEU or pZCA (Pribylova et al.,
2007b) plasmids by replacing the ScURA3 gene. pCUG6 was constructed by insertion of
the ScARS1/ScCENG fragment from pFL38 (Bonneaud et al., 1991) into pUG6 (Guldener
et al., 1996): pFL38 was digested by Clal, and the recessed 3’ termini of the fragment
harbouring ScARS1/ScCEN4 were filled in with the Klenow fragment (DNA Blunting and
Ligation Kit, Fermentas). The resulting 811 bp fragment was cloned into the Pvull site of
pUG6. pZCRE was constructed by digesting the pSH47 plasmid (Guldener et al., 1996)
with Sacl and Sa/l endonucleases and inserting the resulting 1919 bp fragment containing
cre recombinase behind the ScGALI promoter into the Sacl-Sall restriction sites of pZEU.
The pGLG plasmid harbouring the GFP-tagged ZrLEU2 gene behind the ScGALI
promoter was prepared by homologous recombination: A fragment containing the ZrLEU2
gene was amplified by PCR using pLUI as a template. The amplified fragment was cloned
into YCpCJ025 (De Craene et al., 2001) behind the ScGALI promoter and in frame with
the GFP sequence. pZGFP for GFP-tagging in Z. rouxii was constructed by restriction and
ligation: pGRU! was digested with EcoRI and Srul and the 1352 bp fragment containing



the GFP coding sequence was cloned into pZEU by replacing the 669 bp EcoRI/Stul

fragment.

Yeast transformation and plasmid loss
Z. rouxii and S. cerevisiae cells were transformed and plasmid losses were measured as

described previously (Pribylova et al., 2007b).

Construction of the loxP-kanMX-loxP deletion cassettes

Cassettes containing 40 or 80 bp long target sequence homology were amplified by PCR
with pUG6 as a template. The primers used for amplification are listed in Table 3. The
PCR products were purified in an agarose gel. A cassette containing the long (268 and
1354 bp) target sequence homology for the deletion of ZrLEU?2 was constructed via several
steps: The cassette with 40 bp-long regions homologous to the ZrLEU2 locus was
amplified by PCR with pUG®6 as a template and cloned by homologous recombination (in
S. cerevisiae) into the pLU1 plasmid by replacing a 1646 bp fragment of the ZrLEU?2
coding sequence. The resulting plasmid was digested with BamHI and Sphl endonucleases
and the 3243 bp fragment representing the loxP—kanMX—loxP cassette with the long (268

and 1354 bp) regions homologous to the ZrLEU2 locus was purified in an agarose gel.

Gene deletions and removal of the integrated kanMX marker

Z. rouxii cells were transformed with 1 pg of the deletion cassette. Before plating on
selective YPD + 100 pug ml"' G418, the transformation mixtures were grown for 2 h in
YPD at 30 °C. Targeted integration of the cassette was verified by phenotypic (drop test)
and genotypic (PCR) analyses. For removal of the G418 resistance marker (kanMX) from
the genome, cells were transformed with pZCRE and transformants were grown selectively
on YNB-NH; plates for two days and then non-selectively in liquid YPD for 24 hours.
Cultures were diluted and plated on YPD to obtain single colonies. Three days later,
colonies were replica-plated on YPD, YPD + 100 pug ml" G418 and YNB-NH, and clones
with both Ura” and G418-sensitive phenotypes were selected. The removal of kanMX from

the genome was confirmed by PCR analysis.

Fluorescence microscopy
Cultures were grown exponentionally in YNB-NHs. When the ODggo reached 0.3, cells

were harvested by centrifugation and immediately observed with an Olympus AX70



fluorescent microscope. For GFP visualizing, an U-MWB fluorescent cube was used with

excitation filter 450—480 nm and barrier filter 515 nm.

Results and Discussion

Construction of Z. rouxii episomal plasmids with different markers

So far, there has been no Z. rouxii episomal plasmid available with a multiple cloning site.
To construct the first Z. rouxii episomal plasmids, a 1.2 kb pSR1 fragment was selected as
a replicon, as this fragment was previously shown to contain ARS and elements for stable
partitioning into subsequent generations (Jearnpipatkul et al., 1987a, 1987b). Three Z.
rouxii-specific episomal plasmids with multiple cloning sites were constructed, pZEU,
pZEA and pZEL, harbouring ScURA3, ZrADE?2 or ZrLEU?2 as marker genes, respectively,
and pSR1 as a replicon (Fig. 1A).

To confirm the function of the pSR1-derived plasmids in yeasts, the function of pZEU
was tested in both Z rouxii and S. cerevisiae. Z. rouxii UL4 and S. cerevisiae W3031A
were transformed with pZEU and YEp352 (a S. cerevisiae plasmid containing the 2p
replicon), and Ura" transformants were selected. pZEU transformed both species with high
efficiency, which proved that the pSR1 fragment contained an ARS functional in both Z.
rouxii and S. cerevisiae (Table 4A). The YEp352 plasmid transformed only S. cerevisiae
cells, which was due to the fact that 2p-derived plasmids do not replicate in a Z. rouxii host
(Araki et al., 1985; Ushio et al., 1988). To test the stability of pZEU in Z. rouxii and S.
cerevisiae transformants, plasmid loss was measured (Table 4B). pZEU loss from Z. rouxii
cells (in absence of selection pressure) was much lower than from S. cerevisiae cells (56.1
% compared to 98.8 %), which confirmed the function of the pSR1 fragment present in the
plasmid in the maintenance of pZEU in Z. rouxii, but not in S. cerevisiae cells. The loss of
pSR1 from Z rouxii was higher compared to the loss of YEp352 from S. cerevisiae (56.1
% versus 34.5 %). To test the function of pZEU in complementing the Z rouxii ura3
mutation and its efficient propagation in Z. rouxii, growth curves of the Z. rouxii UL4
[pZEU] transformant in selective minimal YNB-NH4 medium and of a non-transformed Z.
rouxii UL4 strain in YNB-NH4 medium supplemented with uracil were measured. Both
strains grew similarly, which confirmed that the pZEU plasmid efficiently complemented
the ura3 mutation and was efficiently propagated (not shown).

The multicopy status of pZEU in Z rouxii was confirmed, when the ZrSOD2-22 gene

encoding a plasma membrane antiporter (Kinclova et al., 2001) was inserted into pZEU



and the resulting plasmid pZEU_ZrSOD2-22 expressed in a sod2-22 mutant of Z. rouxii
UL4. The pZEU ZrSOD2-22 harbouring transformants grew better with high NaCl in the
media than wild-type Z rouxii UL4 harbouring empty pZEU, proving that the
pZEU_ZrSOD2-22 transformants contained more copies of the antiporter, i.e. several
copies of the plasmid (not shown).

The pZEA (ZrADE?2 marker) and pZEL (ZrLEUZ2 marker) plasmids were constructed as
derivatives of pZEU. They complemented the ade2 and /eu2 mutations respectively in both
Z. rouxii and S. cerevisiae, and the efficiency of transformation of both species was similar
to that of pZEU.

The pZEU, pZEA and pZEL plasmids represent the first Z rouxii/E. coli shuttle
plasmids that are episomal in Z. rouxii and contain different marker genes and a multiple

cloning site. These constructed plasmids’ features are summarized in Table 5.

Construction of centromeric plasmids with different markers
In our previous work, we constructed a Z rouxii centromeric plasmid with the ScURA3
marker gene, pZCA. which was stably maintained in Z. rouxii but not S. cerevisiae cells
and was monocopy in Z. rouxii (Pribylova et al., 2007b). To enrich the set of Z. rouxii-
specific plasmids, two Z rouxii centromeric plasmids with different markers were
constructed, pZCAA (containing ZrADE2) and pZCAL (containing ZrLEUZ2). Both
plasmids are derivatives of pZCA (Fig. 1B). They complemented the ade? and leu2
mutations respectively in both Z rouxii and S. cerevisiae, were stably maintained only in
Z. rouxii and the efficiency of transformation was similar to that of pZCA, i.e. approx. 10*
transformants pug™' DNA.

The pZCAA and pZCAL plasmids represent new Z. rouxii/E. coli shuttle plasmids, are
centromeric (i.e. stable and monocopy) in Z. rouxii and contain different marker genes and

a multiple cloning site. These plasmids’ features are summarized in Table 5.

Function of the ScGALI promoter

In S. cerevisiae, a galactose promoter (for example ScGAL/) is used for regulable gene
expression, i.e. repression in media with glucose and activation in media with galactose
(Mumberg et al., 1994). In order to explore the possible use of the ScGALI promoter for
regulated gene expression in Z. rouxii, the pGLG plasmid harbouring the ZrLEU2 gene
under the ScGAL/ promoter was constructed (Table 5). Z. rouxii MA11 was transformed

with pGLG and pLU1 (containing the ZrLEU2 gene expressed from its own promoter) as a



control and transformants were selected on YNB-2% galactose. The efficiency of
transformation was similar for both plasmids (approx. 10* transformants pg' DNA). To
reveal the function of the ScGAL! promoter in Z. rouxii, growth curves of MA11 [pGLG]
and MA1l [pLUI1] transformants in YNB-NH4 with 2% glucose or 2% galactose were
measured. Both pGLG and pLU]1 harbouring transformants grew in the medium with
glucose, although the growth of MA11 [pGLG] was reduced to about 63 % of MAI1l
[pLUI1] (not shown). This indicated that in medium with glucose, the ScGAL! promoter
was either only slightly repressed or simply not as active as the intrinsic ZrLEU2 promoter.
The growth of both transformants on galactose was weak, which suggested that galactose
is not an efficient source of carbon for Z rouxii CBS 732 derivatives. The variable
assimilation of galactose by Z. rouxii CBS 732 has been reported previously (Kurtzman &
Fell, 1998).

The results obtained showed that the ScGALI promoter, as it was not repressed
significantly by glucose, cannot be used in Z. rouxii for regulable gene expression, and that
in Z. rouxii, genes under the control of the ScGALI promoter are expressed in media with

glucose.

Function of GFP and construction of a new plasmid for GFP-tagging

In S cerevisiae and other organisms, GFP is used for the determination of protein
localization in cells (Niedenthal er al., 1996). To explore the use of GFP in Z rouxii, a
pGLG plasmid containing the ZrLEU2 gene fused to the GFP sequence was introduced to
MALIL1 cells. In S. cerevisiae, the beta-isopropylmalate dehydrogenase encoded by the
LEU2 gene is soluble and localized in the cell cytosol. The MA11 [pGLG] transformants
were observed in a fluorescent microscope together with the control, MA11 [pLU1]
transformants. The fluorescent signal was detected only in the cytosol of MA11 [pGLG]
cells. This experiment proved that the GFP is functional in Z. rouxii and can thus be used
for localization of GFP-tagged proteins. The pZGFP plasmid was constructed for such
purpose, which is multicopy in Z rouxii and has a multiple cloning site upstream of the
GFP sequence (Table 5). As the plasmid is replicable in S. cerevisiae and can be
maintained there under selection pressure, the construction of a plasmid harbouring the
gene of interest fused to the GFP sequence can be performed easily by homologous

recombination of overlapping 40 bp regions in S. cerevisiae.



Development of a system for targeted gene deletion

In S. cerevisiae, the targeted gene deletion requires only 40 bp of target sequence
homology and is very efficient (20 — nearly 100 % depending on the targeted locus; Baudin
et al., 1993). However, for some other yeasts, such as Kluyveromyces lactis, Candida
albicans or Yarrowia lipolytica, the necessity of using longer target sequence homology,
sometimes extrapolated even to several hundred bp, has been reported (Sanglard et al.,
1997; Fickers et al., 2003; Kooistra et al., 2004). From previous studies in Z. rouxii, it was
not clear how long a target sequence homology is required for an efficient targeted gene
disruption/deletion (Watanabe er al., 1995. 1999; Iwaki et al., 1998, 1999; Tang et al.,
2005). Besides, no disruptions/deletions have been performed in the CBS 732 genetic
background.

To reveal how long a target sequence homology is necessary for gene deletions in the Z.
rouxii CBS 732 genetic background, we attempted to delete the ZrLEU2 gene in the UL4
strain using a system employing the loxP-kanMX-loxP deletion cassette, originally
designed for S. cerevisiae (Guldener ef al., 1996).

First, the sensitivity of Z. rouxii UL4 to G418 was tested. A concentration of 100 pg ml’
' G418 in YPD plates showed to be sufficient to suppress growth. To test whether kanMX
is efficient in G418 detoxification in Z rouxii UL4, the pCUG6 plasmid harbouring the
loxP—kanMX-loxP module and a S. cerevisiae centromere was constructed (Table 5) and
used for Z rouxii UL4 transformation. Transformants were selected on YPD + 100 pg ml™
G418 with an efficiency of ~ 10* transformants pg' DNA, which proved the correct
functioning of the kanMX encoded enzyme in G418 detoxification.

To analyse the effect of the length of the sequence homology on gene deletion in Z.
rouxii, three types of a loxP—kanMX-loxP deletion cassette differing in the length of their
regions homologous to ZrLEU?2 locus were constructed: A) 40 bp, B) 80 bp and C) 268 bp
upstream and 1354 bp downstream, respectively (Fig. 2). Z. rouxii UL4 was transformed
with the purified cassettes. Table 6 shows the frequencies of G418® transformants and
deletion mutants obtained and the targeting efficiency. Only cassettes containing longer,
ie. 80 bp or 268/1354 bp target sequence homology, were effective in replacing the
ZrLEU2 gene with the loxP-kanMX-loxP module. This result suggests that in the Z. rouxii
CBS 732 background, 40 bp target sequence homology is not long enough to be efficiently
used for gene deletion. To determine whether this observation also applied for other loci, a
deletion of ZrSOD2-22 was attempted using deletion cassettes with 40 bp or 80 bp target

sequence homology, respectively. No G418® clones were obtained with 40 bp homology,
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whereas 80 bp was enough to target the cassette to the ZrSOD2-22 locus. This suggested
that the impossibility of using short target sequence homology for gene deletion in Z
rouxii UL4 is probably general, not dependent on the locus. As different Z. rouxii strains
have already been shown to have different properties and to respond differently to the
treatments used in molecular biology techniques (Pribylova & Sychrova, 2003; Pribylova
et al., 2007a), the fact that Tang er al. (2005) succeeded in deleting a gene in the Z. rouxii
NRRL Y2547 strain using only 40 bp target gene homology, could be due to the different
genetic background of the strains used.

Both deletion cassettes with longer homologous regions were effective in the ZrLEU2
deletion, and had similar targeting efficiency (approximately 1 %). Although increasing the
length of the homologous regions from 80 to several hundred bp had no influence on
targeting efficiency, it resulted in a higher frequency of G418 transformants, and thus also
in a higher number of deletion mutants obtained (Table 6). A similar observation has
already been made for K. lactis (Kooistra et al., 2004).

Though the cassette with the longest homologous regions was the most effective in
targeted gene deletion in Z. rouxii UL4, such a large deletion construct has to be prepared
by several laborious cloning steps. For this reason, a PCR-generated deletion cassette
containing an 80 bp-long region homologous to the target sequence represents an optimal

tool for targeted gene deletions in the Z rouxii CBS 732 genetic background.

Construction of various auxotrophic mutants and repeated use of the loxP-kanMX-
loxP cassette

While testing the use of a loxP—-kanMX-loxP deletion cassette in Z. rouxii, Z. rouxii DL1
(ura3 leu2A:-kanMX), a derivative of CBS 732 type strain, was obtained. To enrich the
collection of Z. rouxii auxotrophic mutants derived form CBS 732, the deletion of ZrADE2
in Z. rouxii UL4 was performed. Z rouxii UL4 was transformed with the PCR-generated
loxP—-kanMX-loxP cassette containing 80 bp long regions homologous to the ZrADE2
locus, and the Z. rouxii DA1 (ura3 ade2 A: -kanMX) mutant strain was selected from among
the G418" transformants. The Ade” and Leu’ phenotypes of the two mutants were verified
by PCR, drop tests and by complementation with the corresponding genes on plasmids.

In S. cerevisiae, the loxP-kanMX—loxP module can be removed from the locus by
recombination between the two /oxP sites mediated by cre recombinase expressed under
the control of the ScGALI promoter from the pSH47 plasmid (Guldener et al., 1996). To
test the cre/loxP system in Z. rouxii, Z. rouxii DL1 was transformed with pSH47 (URA3
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marker). However, the plasmid was poorly replicable in Z. rouxii, as the growth of DL1
[PSH47] was very slow in selective YNB-NH4 medium without uracil and supplemented
with leucine. This was possibly due to the ScARS1/ScCEN6 replicon of pSH47, which did
not function well in Z. rouxii. For this reason, pZCRE bearing the Z. rouxii pSR1 replicon
and cre recombinase under the ScGAL! promoter was constructed (Table 5) and used for
removing kanMX from the ZrLEU2 locus of the Z rouxii DL1 strain. As the ScGALI
promoter is not repressed on media with glucose in Z. rouxii (cf. above), the procedure of
removing kanMX did not involve the activation of cre recombinase expression by growing
of transformants with galactose, but growth on standard selective YNB-NH,4 with glucose
was sufficient for cre expression. PCR analysis and a G418-sensitivity test of the resulting
strain confirmed that the kanMX marker was removed from the genome leaving a single
loxP site in its place, thus producing the wura3 leulA::loxP strain, DL2. Similarly, the
kanMX marker was removed from Z rouxii DAIl, producing the DA2 strain (ura3
ade2A::loxP).

To prove that the loxP-kanMX-loxP module can be used repeatedly, a deletion of
ZrADE?2 in Z. rouxii DL2 was performed using the same cassette as for the ZrADE2
deletion in Z rouxii UL4, and the Z rouxii DLA1 (ura3 leu2A::loxP adel2A::kanMX)
strain was obtained. The kanMX marker was then removed from the genome by pZCRE,
producing the DLA2 (ura3 leu2 A::loxP ade2 A: :loxP) strain.

In summary, the first double wra3 leu2 or ura3 ade2 and triple ura3 leu? ade?2
auxotrophic Z. rouxii mutants were constructed. Their genotypes are summarized in Table

7. All these CBS 732 derived mutants can be used for further gene deletions.

Conclusions

Three new Z. rouxii auxotrophic mutants (with different combinations of the ura3, leu2
and ade2? mutations), and six new Z rouxii plasmids with multiple cloning sites were
constructed: three episomal (pZEU with ScURA3, pZEL with ZrLEU2 and pZEA with the
ZrADE?2 marker genes), two centromeric (pZCAL with ZrLEU2 and pZCAA with ZrADE2
marker genes) and one for GFP-tagging (pZGFP). Tables 5 and 7 summarize the features
of all the plasmids and strains constructed in this work. Together with the Z. rouxii ura3
strain, UL4 (Pribylova & Sychrova, 2003), and the pZCA plasmid which is centromeric in
Z. rouxii and contains the ScURA3 gene as a marker gene (Pribylova et al., 2007b), this

series of auxotrophic mutants and plasmids represents an efficient set of tools for selecting



Z. rouxii transformants. For repeatable gene deletions in Z. rouxii, a system employing the
loxP—kanMX-loxP deletion cassette and the cre/loxP system was established, employing
the newly constructed plasmid harbouring cre recombinase, pZCRE.

This set of tools for genetic manipulations with Z. rouxii will serve to enable the study
of Z. rouxii-specific features, mainly the basis of its high osmotolerance. Together with the
fact that the complete Z. rouxii CBS 732 genome sequence will soon be available, the
existence of such genetic tools makes this species an interesting model to study yeast
osmotolerance. Moreover, as a species that phylogenetically precedes the event of whole

genome duplication, Z. rouxii also represents an interesting "preduplication” model.
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Tables

Table 1. Plasmids used in this work

Plasmid Reference

pFL34 (Bonneaud et al., 1991)
pFL38 (Bonneaud e al., 1991)
pGRUI NCBI. Acc. No AJ249649
YCpCJ025 (De Craene et al., 2001)
pLUI1 (Sychrova, 2001)
pSH47 (Guldener et al., 1996)
pSRTS5 (Ushio et al., 1988)
pUG6 (Guldener er al., 1996)
pZCA (Pribylova et al., 2007b)
YCplac33 (Gietz & Sugino, 1988)
YEp352 (Hill er al.. 1986)




Table 2. Primers used for plasmids' construction

Primer

Sequence (5°-3)

For plasmid Description

pZEUf

pZEUr

pZELf

pZELr

pZCAAf

pZCAAr

pZCALS

pZCALr

pGLGf

pGLGr

CGTGATCGATAGATCCTACA
AAATATGTAA
CTCTATCGATTTAGTTTAGCT
TAATATAAT
tcactgeccgcetttccagtegggaaacctgtegt
gccagcGATCATTGCTCATTGTC
CCA
accgcctctceeccgegegttggccgattcatta
atgcagcGTTTATGTGTACACAA
TAAT

gtgagtttagtatacatgcatttacttataatacag
tttACGTGACCATGGTATCAC
AT

gattcggtaatctccgaacagaaggaagaacg
aaggaaggCAATATAAAAGACA
CAGAAA

gtgagtttagtatacatgcatttacttataatacag
tttGATCATTGCTCATTGTCCC
A
gattcggtaatctccgaacagaaggaagaacg
aaggaaggGTTTATGTGTACACA
ATAAT

tacctctatactttaacgtcaaggagaaaaaact
ataATGTCAAAAAACATCGTT
GTCCT
tactgttaattgctccagcaccagcaccageac
ctgctcc TGCCAAGATTTCCTTG
ACTG

pZEU

pZEU

pZEL

pZEL

pZCAA,
pZEA

pZCAA,
pZEA

pZCAL

pZCAL

pGLG

pGLG

Clal restriction site underlined

Clal restriction site underlined

Lower case, region homologous to
pZEU upstream ScURA3; upper case,
region homologous to ZrLEU2 locus
Lower case, region homologous to
pZEU downstream ScURA3; upper
case, region homologous to ZrLEU2
locus

Lower case, region homologous to
pZCA or pZEU upstream ScURA3;
upper case, region homologous to
ZrADE2 locus

Lower case, region homologous to
pZCA or pZEU downstream ScURA3;
upper case, region homologous to
ZrADE?2 locus

Lower case, region homologous to
pZCA upstream ScURA3; upper case,
region homologous to ZrLEU2 locus
Lower case, region homologous to
pZCA downstream ScURA3; upper
case, region homologous to ZrLEU2
locus

Lower case, region homologous to
pScGALI in YCpCJ025; upper case,
region homologous to ZrLEU2

Lower case, region homologous to
GFP sequence in YCpCJ02S5; upper

case, region homologous to ZrLEU2

f, forward primer; r, reverse primer; pScGALI, ScGALI promoter.
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Table 3. Primers used for amplification of deletion cassettes

Primer Sequence (5°-3°) Description
ZrLEU2 40f atgtcaaaaaacatcgttgtcctaccaggtgaccatgec  Lower case, region homologous to
gTTCGTACGCTGCAGGTCG ZrLEU2 locus; wupper case, region
homologous to pUG6 upstream loxP-

kanMX-loxP
ZrLEU2 40r tcatgccaagatttecttgactgecttggegatggcgtca Lower case, region homologous to
GCATAGGCCACTAGTGGA ZrLEU2 locus; upper case, region
homologous to pUG6 downstream /oxP-

kanMX-loxP
ZrLEU2_80f gacctagtatcatgtcaaaaaacatcgttgtcctaccagg Lower case, region homologous to
tgaccatgccggtcaagaaatcgetcaagaagecatca ZrLEU2  locus; upper case, region
aaTTCGTACGCTGCAGGTCG homologous to pUG6 upstream /oxP-

kanMX-loxP
ZrLEU2 80r taatttattaatcatgccaagatttecttgactgecttggeg  Lower case, region homologous to
atggegtcaccgacttcagaagtgcetgttagaaccace  ZrLEU2  locus; upper case, region
GCATAGGCCACTAGTGGA homologous to pUG6 downstream loxP-

kanMX-loxP
ZrADE2 80f agggataataatgaattcgcaaactgttggtatacttggt Lower case, region homologous to
ggtggccaattgggtegtatggttgttgaagetgctaata ZrADE2  locus; upper case, region
TTCGTACGCTGCAGGTCG homologous to pUG6 upstream loxP-

kanMX-loxP
ZrADE2 80r tactgaattatttactcaaggcccatgtaattcttgtaacca Lower case, region homologous to
gaattttccaattttttagecttttctageacttctacGCA  ZrADE2  locus; upper case, region

TAGGCCACTAGTGGA

homologous to pUG6 downstream /oxP-

kanMX-loxP

Names of primers are composed of the name of the targeted locus followed by “f” for

forward primers and by “r” for reverse primers. Numbers (40, resp. 80) in the names

signify the use for amplification of cassettes containing 40, resp. 80 bp target sequence

homology.
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Table 4. Transformation efficiency and plasmid loss of pZEU and YEp352 in yeast hosts

A Number of transformants/ug DNA B Plasmid loss (%)
Plasmid Z. rouxii S. cerevisiae Z. rouxii S. cerevisiae
pZEU 2.5x 10* 1.1x 10* 56.1 98.0
YEp352 0 1.2x 10 - 34.5
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Table 5. Plasmids constructed in this work

Size Yeast replicon Marker LacZ  Construction Other features Acc. No.
Plasmid  (kb) gene
A Z rouxii centromeric plasmids
pZCAL 5.7 ScARS1/ZrCENA ZrLEU2  yes HR AMG697671
pZCAA 64 ScARS1/ZrCENA ZrADE2  yes HR AMG697672
B Z rouxii episomal plasmids
pZEL 5.1 pSR1 ZrLEU2  yes HR AMG696690
pZEA 6.1 pSR1 Zr4ADE2  yes HR AM696691
pZEU 4.8 pSR1 ScURA3  yes R+L AM696689
C Other plasmids
pCUG6 4.8 ScARS1/ScCEN4 kanMX  no R+L loxP-kanMX-loxP AM701829
pGLG 7.8 ScARS1/ScCENG ZrLEU2, no HR pScGALI, GFP

ScURA3

pZCRE 6.7 pSR1 ScURA3 no R+L pScGALI, cre AM697668
pZGFP 5.5 pSR1 ScURA3  yes R+L GFP AM697669

All plasmids are Z rouxii/E. coli shuttle vectors (ori, Amp®). Zr. Z. rouxii; Sc, S.

cerevisiae; HR, construction by homologous recombination in S cerevisiae; R+L,

construction by restriction and ligation: pScGALI. ScGALI promoter. Plasmid sequences

have been submitted to the EMBL Nucleotide Sequence Database.
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Table 6. The effect of different length of target sequence homology on efficiency of gene

deletions

Length of  target Frequency of Frequency of Targeting
sequence homology G418% deletion mutants efficiency (%)
(bp) transformants

40 0 0 0

80 20x 10" 2.1x 10" 1.1

268/1354 23x 107 23x107 1.0

Frequency of G418® transformants was calculated by dividing the number of G418®
transformants by the number of cells subjected to transformation. Frequency of deletion
mutants was calculated by dividing the number of deletion mutants obtained by the number
of G418® transformants. Targeting efficiency was calculated by dividing the Frequency of
deletion mutants by the Frequency of G418® transformants, and multiplying the resulting

number by 100.
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Table 7. Z rouxii CBS 732 derived mutants constructed in this work

Strain Genotype

DLI1 ura3 leu2 A:-kanMX

DL2 ura3 leu2 A::loxP

DAl ura3 ade2 A: :kanMX

DA2 ura3 ade2 A::loxP

DLAI ura3 leu2A: -loxP ade2 A: :kanMX
DLA2 ura3 leu2 A::loxP ade2 A: :loxP
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Figure legends

Fig. 1. Structure of episomal (A) and centromeric (B) Z rouxii plasmids with different
markers and multiple cloning sites (MCS). Each schematic map corresponds to three
plasmids harbouring ScURA3, ZrLEU2 or ZrADE2 marker genes, respectively. A: The
pZEx schematic map represents the pZEU (ScURA3 marker), pZEL (ZrLEU2 marker) and
pZEA (ZrADE?2 marker) plasmids. B: The pZCAx schematic map represents the pZCA
(ScURA3 marker), pZCAL (ZrLEU2 marker) and pZCAA (ZrADE2 marker) plasmids.
Unique restriction sites are shown. MCS box is for pZEU: EcoRl, Sacl, Kpnl, Xmal, Smal,
Xbal, Sall, Pstl, Sphl, Hindlll; for pZEL: EcoRI, Sacl, Xmal, Smal, Pstl, Hindlll; for
pZEA: Sacl, Kpnl, Xmal, Smal, Sall, Pstl, Sphl, Hindlll; for pZCA: Sphl, Pstl, Sall, Xbal,
BamHI, Xmal, Smal, Kpnl, Sacl, EcoRl; for pZCAL: Pstl, BamHI, Xmal, Smal, Sacl,
EcoRI; for pZCAA: Sphl, Pstl, Sall, BamHI, Xmal. Smal, Kpnl, Sacl.

Fig. 2. Schematic map of deletion cassettes with different lengths of target sequence
homology constructed to delete ZrLEU2. A: Deletion cassette with 40 bp target sequence
homology. B: Deletion cassette with 80 bp target sequence homology. C: Deletion cassette
with 268/1354 bp target sequence homology. Lines represent sequences homologous to
ZrLEU?2 gene flanking regions, full boxes correspond to sequences homologous to ZrLEU2

coding sequence, open squares represent the loxP-kanMX-loxP module.
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S.2. Osmotolerantni vlastnosti Z. rouxii

Nejcastéji studovanymi divokymi kmeny Z rouxii jsou CBS 732" a ATCC 42981. Jiz
z vysledk ziskanych v publikaci €. 1 bylo patrné, Ze se tyto kmeny ve svych vlastnostech 1isi.
Buriky jejich derivatd vyzadovaly jiné podminky pro rozvolnéni svych bunénych povrchi
pred elektroporaci, coz naznacovalo odliné sloZeni ¢i strukturu bunéénych stén. U nékolika
druht kvasinek jiz bylo prokazano, ze vlastnosti bunéénych stén jsou provazany s vlastnostmi
osmotolerantnimi (viz kap. 2.1.2.). Ze se budou vlastnosti osmotolerantni a vlastnosti bun&éné
stény obou kmenl Z. rouxii navzijem ovliviiovat, naznacoval jiz fakt, Ze k jejich uspésné
elektroporaci bylo zapotiebi buriky kultivovat za mirného solného stresu (v pfitomnosti 300
mM NaCl; viz publikace ¢. 1).

Rozhodli jsme se proto tyto dva divoké kmeny porovnat, a to hlavn¢ z hlediska jejich
vlastnosti tykajicich se osmotolerance a bunéénych stén. Zjistili jsme vyznamné rozdily v
toleranci k solim, produkci a asimilaci glycerolu, sloZzeni bunéénych stén, karyotypu. Ziskané

vysledky jsme zverejnili ve védeckych ¢asopisech (publikace ¢. 5 a 6).
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5.2.1. Publikace ¢. 5: Osmoresistant yeast Zygosaccharomyces rouxii: the two most
studied wild-type strains (ATCC 2623 and ATCC 42981) differ in esmotolerance and
glycerol metabolism

Piibylov4, L., de Montigny, J., Sychrova, H. (2007) Yeast 24(3): 171-180

Buniky kment Z. rouxii ATCC 2623 (1. CBS 732"y a ATCC 42981 byly porovnany z
hlediska svych morfologickych, fyziologickych a genomovych vlastnosti. Kmen ATCC 42981
vykazoval vyS$si toleranci k solim, vy$si produkci glycerolu a na rozdil od kmene CBS 732"
byl schopen asimilovat glycerol. Za podminek osmotického stresu produkovaly oba kmeny Z.
rouxii vyrazné méné glycerolu nez S. cerevisiae, coZz by naznacCovalo pfitomnost pienasece
aktivné transportujiciho uniknuvsi glycerol zpét do buiikky nebo schopnost efektivné zadrzet
produkovany glycerol v burice, jak tomu jiz bylo navrZzeno v pract van Zyl et al. (1990).
Rozdily byly nalezeny téZ v v karyotypu - kmen ATCC 42981 obsahuje o jeden chromosom
vice a mé celkové v&tsi genom nez CBS 732", a dale v morfologii bun&k - buiiky kmene CBS
732" jsou elipsoidni aZ protahlé a mensi nez ATCC 42981, zatimco buniky ATCC 42981 jsou
kulaté a vétsi, coz naznacuje odlisné vlastnosti bunéénych stén téchto kmend.

Analyza mezigenovych sekvenci prostiednictvim PCR potvrdila, Ze se i pfes zjisténé
rozdily jedna o kmeny Z. rouxii. Nedavno byla zveiejnéna hypotéza, Zze kmen ATCC 42981 je
ve skute¢nosti ziejmé kmenem hybridnim - tedy vznikl pravdépodobné slou¢enim genomu
kmene Z rouxii a jiného kmene Zygosaccharomyces (James et al., 2005). Tomu by
odpovidaly i nami zjisténé rozdily kmenii v karyotypu a fakt, ze ve kmeni ATCC 42981 jsou
Casto nalézany geny ve dvou kopiich. Zaroveii je mozné, Ze schopnost kmene ATCC 42981
asimilovat glycerol je dusledkem pravé hybridniho plvodu. Pfesny plivod kmene ATCC
42981 zbyva jesté stanovit; nami provedend analyza PCR doklada, Zze genom ATCC 42981
minimalné z¢asti odpovida druhu Z. rouxii.

Schopnosti kmene ATCC 42981 rist v piitomnosti vys$si koncentrace soli nez CBS 732
nebo produkovat vice glycerolu mohou byt dany pravé tim, ze kmen ATCC 42981 obsahuje
geny podilejici se na osmotoleranci (napt. SOD, HOG, GPD, viz kap. 2.2.) ve dvou kopiich.
Jeho vysoka tolerance k solim v médiu prameni patrné z toho, Ze se jedna o izolat z tradi¢ni
japonské slané kofenici smési zvané miso; kmen CBS 732" byl naopak izolovan z vinného
mostu, tedy z prostiedi, kde vysokou osmolaritu zplsobuji cukry, nikoli sole, a nema tedy

natolik u¢inné systémy umoziujici riist v pritomnosti soli.
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Abstract

The yeast Zygosaccharomyces rouxii is known for its high tolerance to osmotic stress,
which is thought to be caused by sets of specific genes. Relatively few Z. rouxii
genes have been identified so far, all of them having homologues in Saccharomyces
cerevisiae; none of them was Z. rouxii-specific. Most of the known Z. rouxii genes were
isolated from two wild-type strains, ATCC 2623 and ATCC 42981. In this study, we
compared these two strains with regard to some of their morphological, physiological
and genomic properties. Important differences were found in their salt tolerance and
assimilation of glycerol and karyotype; slight differences were also present in their
cell morphology. The ATCC 42981 strain showed a higher resistance to salts, higher
glycerol production and, unlike ATCC 2623, was able to assimilate glycerol. Under
conditions of osmotic stress, the glycerol production in both Z. rouxii strains was
much lower than in a S. cerevisiae S288c culture, which suggested the presence of a
system that cfficiently retains glycerol inside Z. rouxii cells. The karyotype analysis
revealed that ATCC 42981 cells contain more chromosomes and have a bigger genome
size than those of ATCC 2623. Copyright © 2007 John Wiley & Sons, Ltd.
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miso; Fleet, 1992; Onishi, 1963). The ability of
Z. rouxii to grow in such concentrated envi-

Introduction

Zygosaccharomyces rouxii belongs to the group
of hemiascomycetous yeasts with a high toler-
ance to osmotic stress. This typical feature enables
it to grow in environments with high concen-
trations of salts and/or sugars, i.e. under condi-
tions restrictive to most other yeast species. Thus,
Z rouxii poses a major problem for the food
industry — fruit juices and concentrates, jams and
salad dressings are among the products commonly
spoiled by this microorganism. On the other hand,
it is employed in the fermentation processes of
some salted oriental foodstuffs (e.g. Soy sauce,

Copyright © 2007 John Wiley & Sons, Ltd.

ronments is probably due to some sets of spe-
cific genes. Until now, relatively few Z. rouxii
genes (and their products) involved in osmotoler-
ance, e.g. ZrGPDI (Iwaki er al., 2001; Watanabe
etal., 2004), ZrHOG! (Iwaki et al., 1999; Kin-
clova eral., 2001), ZrFPSI (Tang et al., 2005),
or in Na't extrusion from cells, e.g. ZrSOD2,
Zr§SOD22, ZrSOD2-22 (Iwaki et al., 1998; Kin-
clova et al., 2001; Watanabe et al., 1995), ZrENAI
(Watanabe et al., 1999), have been at least par-
tially characterized. Isolated Z. rouxii genes corre-
sponded to known homologues of Saccharomyces



in

cerevisiae, and most of them were obtained by
complementation of S. cerevisiae functions or by
screening of Z. rouxii’s genomic library with a
probe against S. cerevisiae or Schizosaccharomyces
pombe genes. None of them were Z. rouxii-specific.
Most of these Z. rouxii genes have been iso-
lated from two wild-type strains, ATCC 2623 (CBS
732) and ATCC 42981. Recently, the ATCC 2623
genome has been partially sequenced. The 18S and
25§ IRNA sequence comparison and measurement
of synteny placed Z. rouxii into the Kluyveromyces
clade, close to the Saccharomyces clade (de Mon-
tigny et al., 2000). This close relationship between
§. cerevisiae and Z. rouxii, and thus the expected
high homology of their genes, led to the identi-
fication of some other Z. rouxii genes by using
§. cerevisiae GeneFilters (Schoondermark-Stolk
etal., 2002).

During our previous study, we observed a very
different susceptibility of ATCC 2623 and ATCC
42981 derivatives to transformation by electropo-
ration (Pribylova and Sychrova, 2003). Considering
this fact, we have compared the two Z. rouxii wild-
type strains regarding some of their morphological,
physiological and genomic properties.

Materials and methods

Yeast strains

The Z. rouxii wild-type strains used in this study
were ATCC 2623 (CBS 732; formerly ATCC
56077) and ATCC 42981. The S. cerevisiae strains
were S288c, B31 (Banuelos et al., 1998) and
FL100 (ATCC 28 383).

Media and growth experiments

Yeast cells were grown in the following media: YP
(1% yeast extract, 2% peptone), YPD (YP sup-
pemented with 2% glucose), YNB (0.17% yeast
nitrogen base without amino acids and ammo-
nium sulphate, 2% glucose, 0.1% nitrogen source is
quoted in the text), YNB-NH,4 (0.67% yeast nitro-
gen base without amino acids, 2% glucose). For
carbon source assimilation tests, media were pre-
pared by substituting glucose in YNB-NH4 medium
for the corresponding carbon source (2% sugars,
3% alcohols and acetate). The growth on glyc-
erol was tested on YP plates with various glycerol
concentrations. To estimate the cell tolerance to

Copyright © 2007 john Wiley & Sons, Ltd.
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alkali metal cations, media were supplemented with
NaCl, KCI and LiCl, as indicated in the text. Solid
media were firmed with 2% agar, media with a salt
concentration higher than 2 M with 3% agar. For
growth experiments on solid media, plates were
inoculated with 5 ul drops of serial 15-fold dilu-
tions of saturated yeast cultures. For growth curves,
an overnight pre-inoculum was used; 20 ml of the
medium in a 100 ml Erlenmayer flask was then
inoculated with the pre-inoculum to a density of
6 x 10° cells/ml (ODggo = 0.02; spectrophotome-
ter, Spekol 211 spectrophotometer, Car! Zeiss). The
cultures were cultivated in a rotary shaker at 30 °C,
200 r.p.m. The increase of absorbance at 600 nm
was measured. When ODggg of the liquid cultures
reached 1:

1. The number of cells in 1 ml of the cell sus-
pension was determined: 10 pl aliquots were
taken, 10%-fold diluted and 100 pl of the diluted
cell suspension was spread on YPD plates (two
experiments were performed in parallel). Three
days later, colonies were counted and the num-
ber was then recalculated for I ml of the original
culture.

2. The dry weight of biomass was estimated: | ml
of the cell suspension (washed twice with water)
was exposed to 90°C for 4 h and the cooled
dry biomass was subsequently weighed (two
experiments were performed in parallel).

Total glycerol content measurement

To analyse the total glycerol content, yeasts were
grown in the YPD media supplemented with var-
tous NaCl concentrations to ODgyy = 0.9-1.2.
Samples of 1 ml were then withdrawn, boiled for
10 min, mixed vigorously with a vortex and cen-
trifuged (14000 x g, 10 min). The glycerol con-
tent was estimated in supernatants using the Free
Glycerol Determination Kit (Sigma), following the
instructions in the manual. Each measurement was
taken twice in parallel, and each experiment was
repeated three times.

Microscopy

Cells in the exponential phase of growth (in YNB-
NH; medium) were viewed with an AX70 micro-
scope (Olympus) in Nomarski contrast, magnifica-
tion 100x, and photographed.
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Isolation of genomic DNA and PCR

Genomic DNA was isolated (Hoffman and Win-
ston, 1987) and used as a template for PCR reac-
tion. PCR amplification was performed with Taq
DNA polymerase (PPP Master Mix, Top-Bio) using
a Gradient MasterCycler (Eppendorf).

Chromosomal DNA isolation and pulse-field
gel electrophoresis (PFGE)

Chromosomal DNA in plugs was prepared accord-
ing to the protocol designed for S. cerevisiae (Vez-
inhet et al., 1990) with slight modifications. Lyti-
case from Arthrobacter luteus (Sigma) was used for
cell treatment (100 pg/1.5 x 10° cells/ml). The 1%
agarose gels were prepared from pulse-field cer-
tified agarose (Bio-Rad Laboratories) and run on
a Bio-Rad CHEF (contour-clamped homogenous
electric field) apparatus in 0.5x TBE at 14 °C. The
operating conditions were: switch time, 300 s; run
time, 100 h; angle, 106°; voltage, 3 V/cm.

Results

Osmotolerance

The tolerance of the two Z. rouxii strains to high
osmotic pressure was first studied as the ability to
grow in the presence of high salt concentrations
in the media. To determine their halotolerance
limits, Z. rouxii strains ATCC 2623 and ATCC
42981 were grown on solid YNB-NH,4 media with
increasing concentrations of KCl, NaCl and LiCl.
The highest salt concentrations allowing growth
are summarized in Table 1. For comparison, the
halotolerance of a S. cerevisiae wild-type strain is
shown.

Both Z. rouxii strains grew up to the highest
KClI concentrations tested (3 m). For ATCC 2623,

Table I. The highest salt concentrations enabling growth
of Z rouxii and S. cerevisige strains on solid YNB-NH,4 media

Salt concentration (M)

KCI NacCl LiCl
Z. rouxn ATCC 2623 30* 25 0.1
Z rouxn ATCC 42981 3.0 30" 0.6
S. cerevisiae FL100 20 1.8 0.4

* Maximal concentration allowing solidification of plates.

Copyright © 2007 John Wiley & Sons, Ltd.

this was the limiting concentration, as a decel-
eration in growth was observed. The growth of
ATCC 42981 remained strong under these con-
ditions. Both strains tolerated higher concentra-
tions of KCl than S. cerevisiae. When their NaCl
tolerance was tested, the growth of ATCC 2623
began to be inhibited at a concentration of 2 M;
a 2.5 M salt concentration was its limit, allow-
ing only very slow growth. ATCC 42981 grew
well even at the highest concentration tested (3
M). When the strains were cultured on YPD (a
medium with higher osmotic pressure than YNB-
NHs), the concentration limit for ATCC 2623
was 1 m NaCl; the ATCC 42981 strain grew
well even in the presence of 2 M NaCl. Both
strains proved to be more NaCl-tolerant than
S. cerevisiae.

In the case of LiCl, the toxicity of Lit cations
influences growth more than the osmotic pressure
caused by the presence of the salt. The growth of
both strains began to reduce at much lower con-
centrations compared to KCI or NaCl. The growth
of ATCC 2623 was reduced at a concentration
of 0.06 m and limited at 0.1 M. The growth of
ATCC 42981 was reduced at 0.2 m LiCl; it grew
slightly up to 0.6 M, which we considered to be the
limiting concentration for this strain. For S. cere-
visiae FL100, the limiting concentration of LiCl
in the medium was 0.4 m. Thus, in this case,
the ATCC 2623 strain tolerated lower concentra-
tions of lithium cations than S. cerevisiae, while
the ATCC 42981 strain was again the most toler-
ant.

To avoid the effect of cation toxicity when test-
ing osmotolerance, we examined the growth of
the two strains in the presence of high concen-
trations of sorbitol or sucrose. Both strains grew
well on YPD plates with 35% sorbitol or 20%
sucrose (not shown). When the cells were grown
in liquid YPD with 40% sucrose, the growth
of ATCC 42981 was similar to in YPD. This
was different from ATCC 2623, which was able
to reach a higher OD in YPD than in YPD +
40% sucrose. In comparison with S. cerevisiae,
both Z. rouxii strains grew better in the pres-
ence of high sorbitol or sucrose concentrations (not
shown).

Thus, we confirmed the higher osmotolerance
of Z. rouxii compared to S. cerevisiae but also
revealed differences between the two Z. rouxii
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strains concerning their osmotolerance and sensi-
tivity to toxic lithium cations.

Glycerol content

To determine whether the observed difference in
osmotolerance between the two Z. rouxii strains
is related to different levels of accumulation of
glycerol as a compatible solute upon osmotic stress,
we measured glycerol production in the two strains.
The total amount of glycerol was estimated in
yeast cultures grown exponentially in YPD, YPD +
0.3 M NaCl (a low osmotic stress medium) and
YPD + 1 M NaCl (a high osmotic stress medium;
Figure 1). In the medium without osmotic stress
(YPD), Z. rouxii ATCC 42981 and S. cerevisiae
S288c produced similar amounts of glycerol (0.33
and 0.31 mg/ml, respectively); by contrast, the
glycerol production of ATCC 2623 was about half
(0.15 mg/ml). This difference between the strains
remained in YPD 4 0.3 M NaCl, where a slight
increase in glycerol concentration (a factor of
approximately 1.1-1.2) was apparent in all strains.
In the medium with a high NaCl concentration (1
M), S. cerevisiae S288c strongly produced glycerol
(3.91 times more than in YPD), i.e. a markedly
higher amount than both the ATCC 2623 and ATCC
42981 strains, whose glycerol contents increased
by a factor of 2.47 and 1.67, respectively, compared
to YPD. Comparing the two Z. rouxii strains, the
production of glycerol in ATCC 2623 increased
more rapidly upon osmotic stress but the total
concentration of glycerol always remained lower
than in ATCC 42981.

Z. rouxii ATCC 2623

Z. rouxii ATCC 42981

L. Pribylova, ). de Montigny, H. Sychrova

14 - —
1.2 1
Lo O Zr. ATCC 2623

I W Zr. ATCC 42981

2 03 O S.c. S288¢

:

8

2

[

YPD + NaCl (M)

Figure |. Total glycerol concentration in exponentially
growing yeast cultures in YPD supplemented with different
NaCl concentration. S. cerevisige S288c was used for
comparison. Z.r., Z. rouxii, S.c., S. cerevisiae

Colony and cell appearance

The colonies formed by cells of the two Z. rouxii
wild-type strains were similar in appearance, with
smooth surfaces, white to cream-white coloured,
margins finely lobed (not shown); on the other
hand, the cell sizes and shapes differed (Figure 2).
The cells of ATCC 2623 were elongated and
formed chains, which fully corresponded to the
features shown in the taxonomic classification of
Kurtzman and Fell (1998). The cells of the ATCC
42981 strain were bigger than those of ATCC 2623,
ellipsoid or round and did not form chains. The
cells of both Z. rouxii strains proved to be larger
than those of S. cerevisiae.

S. cerevisiae B31

Figure 2. The appearance of Z. rouxii and S. cerevisiae cells from the exponential phase of growth in liquid YNB-NH4 media.

Bar, 5 um

Copyright © 2007 John Wiley & Sons, Ltd.
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Growth characteristics in a rich medium

To compare the growth characteristics of the two
Z. rouxii strains in medium abundant in nutrients,
the strains were grown in liquid YPD. The growth
curves were similar for both strains (not shown),
except that ATCC 2623 was able to reach a higher
ODgop (approx. 7.0) than ATCC 42981 (approx.
4.0), suggesting a better utilization of nutrients by
ATCC 2623. When the number of cells and the dry
weight of biomass in 1 mi cell suspension was esti-
mated, no significant differences were found (for
both strains, ODggp = 1 corresponded to approx.
3 x 107 cells/ml, i.e. 1.16 mg dry weight/ml).

Utilization of carbon sources

The assimilation of 16 different carbon sources
by the two Z rouxii strains was tested on solid
YNB-NH4 medium, as described in Materials and
methods. If it was difficult to interpret the results,
we also tested the growth in a liquid culture in
order to avoid the influence of agar as a possible
carbon source (although the cells did not grow on
YP-plates).

Of the sugars, eight monosaccharides or their
derivatives (D-glucose, methyl «-D-glucoside, D-
rhamnose, D-xylose, D-ribose, D-arabinose,
D-galactose, D-fructose) and four disaccharides
(sucrose, lactose, trehalose, maltose) were tested.
Both strains were able to utilize almost all the sug-
ars tested, except for b-rhamnose, D-ribose and lac-
tose. No significant differences between the strains
were found.

Concerning non-fermentable sources of carbon,
we tested ethanol, methanol, acetate and glycerol.
On solid media, both strains could utilize ethanol,
methanol and acetate. Concerning the assimilation
of glycerol, a difference was found — glycerol was
assimilated only by ATCC 42 981. This observation
was confirmed by growth tests of both Z. rouxii

strains in liquid YP and YPD with various con-
centrations of glycerol (0—20%). Both strains grew
well in the medium with both glucose and glyc-
erol (YPD 4+ 20% glycerol); the growth of ATCC
2623 was only slightly reduced. On the other hand,
only ATCC 42981 was able to grow in medium in
which glycerol was substituted for glucose. Table 2
demonstrates the different assimilations of glycerol
by the two Z. rouxii strains.

Nitrogen sources and osmotolerance

Osmotolerant yeasts grow on a broad range of
nitrogen compounds. In some cases, the utilization
of a nitrogen source is affected by a high external
osmotic pressure. To explore the influence of a
medium with increased osmotic activity on the
assimilation of a nitrogen source, Z. rouxii ATCC
2623 and ATCC 42981 cells were grown on YNB
plates with six different sources of nitrogen in
the presence/absence of 2 M KCl (Table 3). We
observed a differing utilization of urea (the ATCC
2623 strain was able to grow, but the ATCC 42981
strain was not) and «-aminoadipic acid (ATCC
2623 did not grow, while ATCC 42981 grew
weakly). High external osmotic pressure decreased
the growth of ATCC 2623 on lysine or urea,
but it improved the growth of both strains on o-
aminoadipic acid.

Table 2. Growth of Z. rouxii strains in YP + 3% glycerol

ODyy, in liquid
Z. rouxii strain Solid media after 5 days media after 43 h
ATCC 2623 0.02*
ATCC 42981 2.36

* Value corresponding to inoculation.

Table 3. Dependence of growth of the two Z. rouxii strains on the various nitrogen sources and osmotic pressure

Lys Trp Urea o-aa

NH,4* Pro
Nitrogen source 4
Z. rouxii strain KCI (M) 0 2 0
ATCC 2623 + + +
ATCC 42981 + + +

+, positive; £, positive but slow; w, weak; —, negative; Pro, proline; Lys, lysine; Trp, tryptophan; a-aa, a-aminoadipic acid.

Copyright © 2007 John Wiley & Sons, Ltd.
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Conservation of synteny

To compare the two strains on a molecular level,
we used PCR amplifications with primers designed
to recognize several previously sequenced Z. rouxii
DNA fragments. From the ATCC 42981 strain,
we chose two DNA fragments containing the alle-
les of genes encoding for the Nat/H* antiporters
ZrSOD2 and ZrSOD22. From the ATCC 2623
strain, we chose five previously sequenced DNA
fragments: ADE2 (Sychrova et al., 1999); HIS3
(Sychrova et al., 2000b); LEU2 (Sychrova, 2001);
HOG1 (Kinclova etal., 2001) and Zrl0-4
(Sychrova et al., 2000a). Four of these seven
fragments comprised more than one gene — the
ADE2 fragment consisted of ZrADE2, ZrRGAI
and part of the ZrCPF1 gene; the HIS3 fragment
of ZrPET56, ZrHIS3 and part of the ZrMRP51
gene; the LEU2 fragment of ZrLEU2, ZrNSFI,
the Zr10-4 fragment of the ZrRGDI gene and
two ORFs with homology to S. cerevisiae ORFs

L. Pribylova, ). de Montigny, H. Sychrova

of unknown function. Three DNA fragments con-
tained only one gene (ZrHOGI, ZrSOD2 or
ZrSOD22).

PCR reactions were run with combinations of
primers amplifying DNA fragments that cov-
ered parts of adjacent genes and the correspond-
ing intergenic regions (if the sequenced DNA
fragment contained only one gene, at least one
of the primers was designed to attach outside
the coding sequence). An example of primer
positions and the bands acquired by PCR is
shown in Figure 3. Altogether, 11 combinations
of primers were used to amplify different frag-
ments of Z rouxii DNA. The genomic DNA
of S. cerevisiae FL100 was used as a con-
trol.

Except for the PCR amplification using primers
for the ZrSOD22-containing fragment, the patterns
shown by both Z. rouxii strains were identical for
the same combinations of primers. In the case of
ZrSOD22, no PCR product was obtained when

A ADE?2 RGAI CPF1

1 > < ‘57785
T: 2454 3112 ‘l_b _2:6204 7275‘2;

B la+1b M _2a+2b

262342981Sc

262342981Sc

Figure 3. Conservation of synteny between the ATCC 4298| and the ATCC 2623 ADE2 fragments. (A) Positions of
primers designed for the ADE2 fragment. (B) PCR reactions run with two combinations of primers: la + Ib and 2a + 2b.
2623, Z rouxii ATCC 2623; 42981, Z. rouxii ATCC 4298I; Sc, S. cerevisiae FL100; M, DNA Molecular Weight Marker |

(Roche)

Copyright © 2007 John Wiley & Sons, Ltd.
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the genomic DNA of ATCC 2623 was used. This
fully corresponded to the previous observation that
the ATCC 2623 strain contained only one copy
of the SOD2 gene (ZrSOD2-22; Kinclova et al.,
2001). When the DNA of S. cerevisiae was used
as a template, either no DNA was amplified or the
pattern was different compared to Z. rouxii. These
results suggest the conservation of synteny between
the two Z. rouxii strains.

Comparison of the karyotype by PFGE

The protocol designed for the isolation of chro-
mosomal DNA (Vezinhet et al., 1990) required
treatment with Novozyme 234, a commercially
prepared mixture of cell-wall degrading enzymes.
Instead of Novozyme 234, we used Lyticase
(Sigma), which works in a similar way. For the
preparation of Z. rouxii chromosomal DNA, we
followed the protocol designed for S. cerevisiae
(Vezinhet et al., 1990) but we prolonged the time
of the cell treatment by Lyticase to approximately
5h.

The karyotype of the two Z. rouxii strains is
shown in Figure 4. Each strain had a different pat-
tern. The ATCC 2623 strain seemed to have seven
chromosomes, whereas ATCC 42981 appeared to
contain eight. ATCC 2623 chromosomes VI and
VII were also conserved in ATCC 42981 (chro-
mosomes VII and VIII), and chromosome V from
ATCC 2623 was missing in ATCC 42981. The
other chromosomes of both strains were not con-
served so far as their sizes were concerned. Alto-
gether, ATCC 42981 seems to have a larger
genome than ATCC 2623.

Discussion

The cells of the two Z. rouxii strains differ in
their size and shape. In our previous study, we
revealed the necessity of using different protocols
for their transformation (ATCC 2623 required LiAc
treatment to weaken its cell surface structures;
Pribylova and Sychrova, 2003). This, together
with the different cell morphologies, suggested
a different organization of the cell wall in the
two strains. By contrast, the colonies look similar
and are also similar in the number of cells and
the dry weight of biomass corresponding to 1 ml
of exponentially grown cells in YPD. However,

Copyright © 2007 John Wiley & Sons, Ltd.
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Figure 4. Karyotype of the two Z rouxii strains.
Chromosome numbers are indicated by roman numerals

ATCC 2623 seems to utilize the nutrients in YPD
more effectively than ATCC 42 981.

Concerning salt tolerance, both Z. rouxii strains
supported higher KCl or NaCl concentrations in
the media than S. cerevisiae. On the other hand
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ATCC 2623, of the three strains tested, was the
most sensitive to LiT cations (even to concen-
trations without osmotic effect), which inhibit the
activity of RNA modifying enzymes (Dichtl er al.,
1997). The partial toxicity of sodium cations could
also be observed in our experiments — the highest
acceptable concentration of NaCl was always lower
than that of KCI. In all cases, ATCC 42981 proved
to be more resistant than ATCC 2623. The question
arises, whether Z. rouxii is halophilic rather than
just halotolerant. Our experiments proved Z. rouxii
to grow better in the absence than in the presence
of salts on solid media, as previously observed in a
study focused on the ATCC 42981 strain (Watan-
abe and Takakuwa, 1984). However, in liquid cul-
tures, ATCC 42981 grew better in the presence of
of 1 or 2 M NaCl than in a medium without salt
(Watanabe and Takakuwa, 1984). The discrepancy
between the effects of NaCl on cell growth in static
vs. shaken cultures could be explained by different
aeration levels. A conditions-dependent halophilic
behaviour has already been shown for another
salt-resistant yeast, Debaryomyces hansenii, whose
growth was stimulated by NaCl at higher tempera-
tures (Almagro et al., 2000).

When we cultured the two Z. rouxii strains in
the presence of high concentrations of osmotically
active compounds, which do not exhibit the addi-
tional toxic effect as salt ions do (sorbitol, sucrose),
the growth of both Z. rouxii strains was similar, and
better than S. cerevisiae growth.

The difference in salt tolerance between the two
Z rouxii strains can be related to the conditions
in which they naturally evolved. ATCC 2623 was
isolated from grape must, which is from an envi-
ronment high in sugars but not in salts. Thus, this
strain had no need to be highly halotolerant. The
ATCC 42981 strain was isolated from the Japanese
traditional salty seasoning miso. Consequently, this
strain either had to adapt its metabolism to high
cytoplasmic concentrations of salts or develop effi-
cient cfflux systems to maintain a low intracellular
level of alkali metal cations that enter the cells
along their concentration gradient.

The ATCC 42981 strain is known to contain
two gene alleles encoding a Na*/H™' antiporter
(Iwaki et al., 1998; Watanabe er al., 1995), while
the ATCC 2623 strain has only one (Kinclova
etal, 2001). Also, the genes involved in the regu-
lation of cell response to osmotic shock are usu-
dly found in two copies in the ATCC 42981

Copyright © 2007 John Wiley & Sons, Ltd.
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strain, e.g. HOG/ (Iwaki et al., 1999), GPD/ and
GCYI (Iwaki et al., 2001). This doubling of genes
involved in adaptation to osmotic shock could be
the reason for the high halotolerance of ATCC
42981. Besides only one copy of the Na*/H*
antiporter gene, the ATCC 2623 strain only con-
tains one copy of the HOG/! gene (Kinclova er al.,
2001); no data are available for GPD! or GCY!
genes in ATCC 2623. Recent findings referred to Z.
rouxii ATCC 42 98] as a possible hybrid, as it pos-
sesses two copies of many nuclear-encoded genes,
one copy closely related to Z. rouxii ATCC 2623
and the other showing a higher sequence diver-
gence (James et al., 2005). Our results concerning
the different karyotypes of the two strains tend
to favour this hypothesis. Z. rouxii ATCC 2623
contains seven chromosomes with a total nuclear
genome size of about 12.8 Mb (Sychrova et al.,
2000a), while ATCC 42981 seems to have a big-
ger genome size with eight chromosomes. For Z
rouxii, several attempts to estimate the number and
size of its chromosomes have been published (de
Jonge et al., 1986; Johnston et al., 1989; Oda and
Tonomura, 1995; Torok et al., 1993). The number
of chromosomes ranged from six (de Jonge er al.,
1986) to nine (Johnston et al., 1989), depending on
the strain and conditions of electrophoretic separa-
tion. Polymorphism in chromosome number and/or
length could result from the hybrid nature of some
Z. rouxii strains, as already confirmed for NCYC
1682, NCYC 3060 and NCYC 3061 and sug-
gested for ATCC 42981 (James et al., 2005). Our
results of synteny conservation between the two
strains support the hypothesis that ATCC 42981
is a hybrid of Z. rouxii ATCC 2623 and another
Zygosaccharomyces strain.

Concerning the growth characteristics in a rich
medium and utilization of different sources of car-
bon or nitrogen, the two Z. rouxii strains behaved
very similarly but one interesting difference was
found — the strains differed in their ability to uti-
lize glycerol. According to its taxonomic classi-
fication (Kurtzman and Fell, 1998), Z. rouxii is
able to assimilate this source of carbon. Our exper-
iments showed that this was only true for the
ATCC 42981 strain. As glycerol is an impor-
tant factor affecting osmotolerance, this differ-
ence in glycerol metabolism (different biosynthesis
and/or degradation) could be related to the different
osmotolerance that each strain exhibited. The total
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glycerol measurements showed that under non-
stressing conditions, the ATCC 42981 strain pro-
duced higher amounts of glycerol than ATCC 2623.
This higher glycerol production obviously enables
ATCC 42981 to support higher concentrations of
osmotically active compounds (as was shown for
salts) than the ATCC 2623 strain. When compared
to S. cerevisiae, although the glycerol contents of
ATCC 42981 and S288c under non-stressing con-
ditions are similar, the glycerol production differs
strongly when cultured in a high concentration of
NaCl. S. cerevisiae produces glycerol at a much
higher level than both of the Z. rouxii strains, but
at the same time it is only able to survive a much
lower salt concentration. This supports the hypothe-
sis that Z. rouxii may possess a system that enables
it to either retain glycerol inside the cells, which
would be normally lost by diffusion, or to retrans-
port it back into the cell. Such a transporter in Z.
rouxii was already predicted by kinetic studies (van
Zyl et al., 1990); but no gene has been identified
so far.

Our data showed that besides the predicted dif-
ferences in cell wall properties (Pribylova and
Sychrova, 2003), marked differences between the
two most-studied Z. rouxii wild-type strains exist in
crucial properties, such as osmotolerance and glyc-
erol production and metabolism. The abilities of the
ATCC 42981 strain to tolerate high salt concentra-
tions and to produce and assimilate glycerol were
higher than those of ATCC 2623, which suggested
a different gene content or regulation. The kary-
otype analysis supports the hypothesis that ATCC
42981 is a hybrid.
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5.2.2. Publikace €. 6: Differences in osmotolerant and cell wall properties of two
Zygosaccharomyces rouxii strains

Ptibylova, L., Farka$, V., Slaninova, 1., de Montigny, J., Sychrova, H. (2007) Folia Microbiol
(v tisku)

Na zakladé rozdilnych vlastnosti bunéénych povrchi kment CBS 732" a ATCC 42981
zjisténych v publikaci ¢. 1 (odlisné podminky pro rozvolnéni bunétnych stén pted
elektroporaci) a publikaci ¢. 5 (rozdily v morfologii) jsme se rozhodli porovnat slozeni a
strukturu buné¢nych stén obou kment. Fakt, Ze k Gspé3né elektroporaci kment odvozenych od
CBS 732" a ATCC 42981 bylo zapotfebi buriky kultivovat za mirného solného stresu (v
pfitomnosti 300 mM NaCl; viz publikace ¢. 1), naznaCoval, Ze se budou vlastnosti
osmotolerantni a vlastnosti bunééné stény obou kmend Z. rouxii navzajem ovliviiovat, jak jiz
bylo prokdzédno u né€kolika druht kvasinek (viz kap. 2.1.2.). U obou kmenl jsme proto
sledovali vliv osmotického stresu na slozeni, odolnost a strukturu bunééné stény.

U bunék jsme sledovali rezistenci k enzymOm lyzujicim buné¢nou sténu (Lyticasa,
Zymolyasa), obsah polymeri tvoficich buné¢nou sténu a mikromorfologii bunéénych stén.
Vlastnosti jsme porovnali jak za ristu v nestresovych podminkach (bohaté médium YPG), tak
v podminkach mimé zvy$ené osmolarity (YPG + 300 mM NaCl). Rozdily nalezené mezi
kmeny naznaluji, Ze buiiky méné osmotolerantniho kmene CBS 732" maji rigidn&jsi
buné¢nou sténu neZ builkky osmotolerantnéj§iho ATCC 42981, jejichZz bunécnd sténa byla
dokonce méné odolna k ptisobeni lytickych enzymi neZ sténa bunék osmosenzitivni kvasinky

------

osmotického tlaku, a tak pfispivat k vys$§i osmotoleranci kmene ATCC 42981.
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ABSTRACT. The osmotolerant and cell wall properties of the two most studied wild-type Zygosaccharo-
myces rouxii strains (CBS 732 and ATCC 42981) were examined. Differences in their (/) tolerance to high
salt content in the medium, (2) resistance to the lysing enzymes lyticase and zymolyase, (3) cell-wall poly-
mer content and (4) cell wall micromorphology suggested that the less osmotolerant CBS 732 strain posses-
ses a more rigid cell wall than the more osmotolerant ATCC 42981, whose cell wall seems to be more fle-
xible and elastic.

Abbreviations

CFU colony-forming units ETL electron-transparent layer
Cwp cell-wall protein GleNAc N-acetyl-D-glucosamine
DTT 1,4-dithiothreitol YPD YPD broth

EOL electron opaque layer YPD+NaCi  YPD + 0.3 mol/L NaCl

Zygosaccharomyces rouxii is a hemiascomycetous yeast known for its high tolerance to osmotic
stress. For this unique feature, it is employed in the food industry (fermentations of concentrated Japanese
seasonings) but it is also known as a spoilage yeast of concentrated food products (jams, salad dressings etc.).
So far, the reason for its high osmotolerance remains unknown. Considering the close phylogenetic relation-
ship of Z. rouxii and Saccharomyces cerevisiae (de Montigny et al. 2000), identifying the genes that are res-
ponsible for Z. rouxii osmotolerance would be of a great interest to the food industry — their heterologous
expression in industrial strains of S. cerevisiae could improve the growth capacity of these strains under ad-
verse conditions.

Properties of the cell wall are one of the factors influencing the osmotolerance of the yeast cell
(Klis et al. 2006). Four classes of macromolecules, which are all interconnected by covalent bonds, form the
§. cerevisiae cell wall: the mannosylated CWPs, 1,3-B-D-glucan, 1,6-B-D-glucan and chitin (a polymer of
GlcNAc). The cell wall consists of an inner (electron transparent) layer of load-bearing polysaccharides,
acting as a scaffold for a protective outer (electron dense) layer of CWPs that extend into the medium. This
apparently rigid structure maintains a high degree of flexibility needed for adapting to different developmen-
tal programs and to different environmental conditions (Klis et al. 2006; Farkas 2003).

So far, little is known about Z. rouxii cell wall. The derivatives of the two most studied Z. rouxii
wild-type strains, CBS 732 and ATCC 42981, responded differently to Li* treatment before transformation
by electroporation (Pfibylova and Sychrova 2003), which suggested different cell wall composition or organi-
zation (Ito er al. 1983). The cuitivation of both Z. rouxii strains in the presence of 0.3 mol/L NaCl enhan-
ced the transformation efficiency, which indicated that a mild salt stress affected the cell wall by rendering it
more permeable for DNA.

Here we compare the halotolerant and cell wall properties (i.e. sensitivity to the lysing enzymes
lyticase and zymolyase, cell-wall polymer content and cell wall micromorphology) of the two Z. rowxii wild-
type strains. The effect of salt stress on cell wall properties is examined.
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MATERIALS AND METHODS

Strains. The Z. rouxii wild-type strains were CBS 732 (ATCC 2623) and ATCC 42981. Standard
laboratory S. cerevisiae wild-type strains (FL100 and S288C) were used for comparison of Z. rouxii and
S. cerevisiae properties.

Media and growth experiments. Cells were grown in YPD (5 %,; Difco) medium at 30 °C. For growth
experiments on solid media (drop tests), plates were inoculated with 5 mL drops of serial 15-fold dilutions of
saturated yeast cultures. Halotolerance was tested on minimal YNB-NH,4 (0.67 % yeast nitrogen base without
amino acids, Difco, 2 % glucose) medium, as this medium has lower osmotic pressure than YPD, and thus
enables better determination of the halotolerance limits.

Lyticase and zymolyase treatment. Lyticase from Arthrobacter luteus, activity 233 pkat/mg protein
(Sigma, cat. no. L2424) and zymolyase-100 T, activity 1.7 pkat/mg protein (Seikagaku America, cat. no.
120493-1) were used as lysing enzymes. 1.3 x 108 cells in the mid-exponentional phase of growth in YPD or
YPD+NaCl were washed with EDTA (50 mmol/L, pH 8.0), resuspended in | mL CPE (mmol/L: Na;HPO4
120, citric acid 40, EDTA 20), incubated with 33 nkat/mL of lyticase or zymolyase for 20 min, appropriately
diluted and plated on YPD. After 3 d, the survival percentage was estimated.

Cell-wall content analysis. Exponential-phase cells were washed with cold water and disrupted by
ballotini beads in a rotary disintegrator (Novotny 1964) immersed in an ice-bath until >96 % of the cells were
broken. The slurry was decanted with water, centrifuged (1200 g, 10 min) and the pellet was washed 20x
with | mol/L NaCl and finally with water. The isolated cell walls were lyophilized. For the determination of
B-glucan, 10 mg of the cell walls was suspended in 0.2 mL of ice-cold 70 % (¥/¥) sulfuric acid and the tubes
kept in the ice overnight. After that, 2 mL of water was added to each tube; the tubes were sealed and heated
for 8 h at 105 °C. The hydrolysates were neutralized with 5 mol/L NaOH, the volume was adjusted with
water to 5 mL and glucose was determined in aliquots with a glucose oxidase—peroxidase kit (Lachema,
Czechia). GlcNAc was determined in the enzymic digest of native (representing the total chitin) and/or alkali-
extracted (representing the crystalline chitin) cell walls. Ten mg of lyophilizedcell walls were suspended
in 2 mL of | mol/L NaOH and heated for 1 h at 80 °C. The cell walls were then collected by centrifugation
(1500 g, 10 min) and the supernatant was used for the determination of CWP by the Lowry method. The pel-
let was subsequently washed with 1 mol/L acetic acid and 2 x with water. Ten mg of the native cell walls or
their alkali-extracted equivalent was suspended in 0.5 mL of incubation mixture containing 25 mmol/L acet-
ate buffer (pH 5.5), 0.2 mg of Serratia marcescens chitinase (Sigma), 1 mg of dialyzed glusulase (Sigma)
and 200 ppm sodium azide. The mixtures were incubated for 2 d at 30 °C. GlcNAc in the hydrolyzates was
determined with the Ehrlich reagent (Davidson 1966). All analyses were done 2x and the determinations per-
formed in duplicate.

Electron microscopy. Cells grown in YPD or YPD+NaCl were harvested and pelleted by centri-
fugation. Pellets were washed 3 x with H,O and fixed in 3 % glutaraldehyde solution in cacodylate buffer
(0.13 mol/L, pH 7.4) for 3 h at room terperature. Cells were then washed in 0.1 mol/L cacodylate buffer for
30 min 3 x and post-fixed in 1 % osmium tetroxide in 0.1 mol/L cacodylate buffer for 1 h at room tempera-
ture. After rapid dehydration in a graded series of ethanol, cells were embedded in an “LR-White” mixture.
Ultrathin sections, obtained with a diamond knife on an Ultracut Reichert-Jung ultramicrotome, were placed
on Formvar coated copper grids, stained with 2.5 % uranyl acetate (6 min) and lead(IV) citrate (3 min) and
observed with a Philips Morgagni transmission electron microscope.

RESULTS

Halotolerance. The ATCC 42981 strain proved to be more salt tolerant than the CBS 732 strain.
It grew well in the presence of 3 mol/L KCI or NaCl (not shown), while for the CBS 732 strain, 3 mol/L KCl
and 2.5 mol/L NaCl were the limiting concentrations allowing growth (Fig. 1). Compared with the S. cere-
visiae FL.100 wild type (which supported no more than 1.8 mol/L NaCl or 2.0 mol/L KCl in the media), both
Z. rouxii strains were shown to be significantly more salt-tolerant. On the other hand, CBS 732 was the most
sensitive to Li* cations, even to a concentration without osmotic effect: it could not grow if the concentrat-
ion of LiCl was >0.1 mol/L, while the limiting concentration for ATCC 42981 was 0.6 and 0.4 mol/L for
S. cerevisiae FL100.

Resistance to lysing enzymes. In order to see if the cell walls of the two Z. rouxii wild-type strains
differ, we tested their sensitivity to lyticase and zymolyase and compared it to that of S. cerevisiae S288C
wild type. The two lysing enzymes affected the yeast strains differently (Table I). For all strains, zymolyase
was more effective in lysing than lyticase; the survival of cells after zymolyase treatment was always lower
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than their survival rate after lyticase treatment. The ATCC 42981 strain was the most sensitive of the three
strains tested. Lyticase affected only S. cerevisiae S288C and Z. rouxii ATCC 42981 cell survival, whereas
it did not lyse Z. rouxii CBS 732 cells. The eftect of lyticase on strains S288C and ATCC 42981 was enhan-
ced by cultivating the cells in NaCl.

CBS 732

Fig. 1. Growth of the two Z. rouxii wild-type strains
on YNB-NH4 medium without (0) or with (2.5 mol/L)

ATCC 42981 NaCl afier S d of cultivation.

Table 1. Survival of cells (% CFU) cultivated in YPD and/or YPD+NaCl after 20-min
cxposure to lyticase or zymolyasc‘Lb

Strain Lyticase Zymolyase

Z. rouxii CBS 732 101 110 65.3 729
ATCC 42981 6213 430 10.9 9.30

S.cerevisive  S288c vy 8§ 782 73.6 549

315t columns ~ YPD, 2nd columns - YPD+NaCl  PAvcrages from 3 independent analyses.

Visualization of the cell walls by electron microscopy. The cell wall of the Z. rouxii strains consis-
ted of two layers, the inner layer being ETL, the outer one EOL. In ATTC 42985 gells cultivated in YPD, the
ETL (inner) was more or less constant in thickness and the EOL (outer) was thin (Fig. 2A). In contrast, in
CBS 732 cells cultivated in YPD, both layers were of varying thickness; where the ETL was thin, the EOL

Fig. 2. Visualization of ultrathin secuions of Z rowxii cell walls by electron microscopy. Strains were
cither cultivated in YPD (A, ATCC 42981, C. CBS 732), or in YPD+NaCl (B, ATCC 42981; D, CBS
732). arrows - regions with distorted cell wall, bar =2 pym
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was thicker. At some locations, only a thin EOL was detected and the ETL was missing (Fig. 2C). The cells
of both strains cultivated in YPD+NaCl showed abnormality in their cell walls (Fig. 2B,D). This abnorma-
lity was more pronounced in CBS 732 cells than in ATTC 42981 cells. The cell wall of ATCC 42981 culti-
vated in YPD+NaCl was also thinner compared to ATCC 42981 cultivated in YPD.

Cell wall polymer content in cells cultivated in YPD or in YPD+NaCl was determined (Table 1I).
Compared to CBS 732, the ATCC 42981 strain contained more CWP, more chitin (both crystalline and total),
its crystalline chitin content being less affected by cultivation in NaCl. Slight influence of NaCl on B-glucan
and CWP was observed: in both strains, the B-glucan content was slightly reduced, and, on the other hand,
the CWP content was slightly increased.

Table . Polymer content (%) in cell walls of the two Z. rouxit wild-type strains®P
GleNAc
Strain CWP Glucans®
NaOH-extracted native

CBS 732 238 1.52 2.92 214 547 5.7 57.9 54.5

ATCC 42981 291 271 336 3.52 5.51 6.06 554 525
A5t columns = YPD, 2nd columns - YPD+NaCl bAy crages from 2 independent analyses. “Both 1,3- and 1,6-B-D-glucan.
DISCUSSION

All strains of Z. rowxii and §. cerevisiae were more sensitive to zymolyase than to lyticase. Possible
explanations might be that the declared activity units of the two B-glucan-digesting enzymes are not of the
same quality and/or there are more proteinases present in zymolyase, which car facilitate the access of the
glucanase to the polysaccharide network. As far as differences among the strains are concerned, the CBS
732 strain was the most resistant and its resistance was not affected by the presence of NaCl in the cultivat-
ion medium. ATCC 42981 was on the other hand the most sensitive, even more than S. cerevisiae. This
finding was interesting together with the observation that the ATCC 42981 strain was (compared to CBS 732)
more halotolerant, contained more chitin and its cell wall architecture, as visualized by electron microscope,
seemed to be more stable and less disorganized when cultivated with NaCl (although thinner than when
cultivated without NaCl).

Evidently, the organization of the cell walls of the two Z. rouxii strains differs. This is supported by
the cell sizes and shapes of the two strains. Z. rouxii CBS 732 cells were smaller and ellipsoid, while ATCC
42981 cells were bigger and more spherical (nor shown). ATCC 42981 was much more sensitive to lysing en-
zymes than CBS 732, though it contained more chitin and CWP and similar amounts of B-glucan. This could
be due to the degree and nature of association of the polymers into a 3-D network, which plays a crucial role
in cell wall functionality. The glucan—chitin-CWP network could be more rigid in CBS 732, which may lead
to a higher resistance to lysing enzymes but also to a lower elasticity and flexibility, which could then cause
the distorted cell-wall pattern seen under the electron microscope and possibly also its lower osmotolerance.
When yeast cells are transferred to a hypertonic medium, they rapidly shrink because of the loss of internal
water. They recover volume by accumulating glycerol to levels that equilibrate the inner and outer osmolarity
(Hohmann 2002). These changes in cell volume represent a stress for the cell wall and it can be assumed that
an elastic and flexible cell wall can deal with these rapid volume changes more efficiently. The ATCC 42981
cell wall may thus adapt to the osmotic stress better than the apparently more rigid cell wall of CBS 732. The
necessity of additional Li* treatment of CBS 732 cells before transformation compared to ATCC 42981 (P¥i-
bylové and Sychrova 2003) also pointed to a more resistant cell wall in CBS 732. It is also obvious that the
presence of NaCl in the cultivation medium affects the Z. rouxii cell wall by lowering the chitin content (as ob-
served by Tomita er al. 1996) though it has no eftect on CBS 732 resistance to lysing enzymes.

In §. cerevisiue and Candida albicans, coordinated activity of the high osmolarity glycerol (HOG;
Hohmann 2002) and protein kinase C (PKC; Gustin et al. 1998) pathways, mediating adaptive rearrange-
ments in cell wall composition and architecture, are coping with osmotic stress (Wojda et al. 2003; Eisman
et al. 2006). With Z. rouxii, the differing cell wall properties and osmotolerance of the two strains may be
related to the presence of differing numbers of HOG/ genes in each strain (ATCC 42981 contains two co-
pies; Iwaki er al. 1999, while CBS 732 only one; Kinclova et al. 2001) and also to the fact that the CBS 732
strain is not able to assimilate glycerol, in contrast to ATCC 42981 (Pfibylova er al. 2007).
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5.3. Na'/H'-transportni proteiny

Na'/H-transportni proteiny patfi mezi membranové prenasece kationti alkalickych
kovii, které se podileji na iontové homeostazi burky, a tedy i na osmotoleranci (viz kap.
2.1.3.). Z tohoto dlivodu jim v této praci byla vénovana zvysena pozornost.

Abychom zjistili, jak jsou jednotlivé skupiny kvasinkovych pienasect alkalickych
kovi fylogeneticky konzervované, provedli jsme srovnavaci analyzu sekvenci kvasinkovych
pfenaSe¢t homolognich k ScNhalp, ScNhx1p a ScKhalp. Vysledky jsme shrnuli do publikace
¢. 7 (kap. 5.3.1.).

Co se ty¢e Na'/H'-transportnich proteint kvasinky Z rouxii, zatim byl v typovém
kmeni Z rouxii CBS 732" identifikovan pouze pienase¢ stzkou substratovou specifitou
(ZrSod2-22p, schopny eliminovat z cytoplasmy ionty Na" a Li’, ale nikoli K*; viz kap. 2.2.1.),
jehoz funkce byla zatim studovana pouze prostfednictvim heterologni exprese v S. cerevisiae
(Kinclova et al., 2001a, 2002). V jiném kmeni Z. rouxii (ATCC 42981) byly identifikovany
dva geny kodujici Na'/H"-transportni proteiny (ZrSOD2 a ZrSOD22), oba vykazujici vysoky
stupeni podobnosti s genem ZrSOD2-22, z nichZ pouze ZrSod2p byl popsan jako podilejici se
na eliminaci sodnych kationti z bunék, ZrSOD22 zfejmé neni v burikdch vibec piepisovan
(Iwaki et al., 1998; Watanabe et al., 1995). V Z. rouxii tak dosud nebyl identifikovan Na'/H'-
transportni protein se specifitou pro transport draselnych kationti.

V této dizertatni praci se nam v genomu kmene Z rouxii CBS 732" podatilo
identifikovat dosud neznamy gen kodujici transportni protein s primarni strukturou velmi
podobnou rodiné kvasinkovych Na'/H"-antiportérii plasmatické membrany, ktery jsme nazvali
ZrNhalp. Protein jsme funkéné charakterizovali (jak piimo v Z rouxii, tak prostfednictvim
heterologni exprese v S. cerevisiae), a urili jej jako prenaSe¢ sodnych, lithnych a zaroven
draselnych kationt. Za pomoci nastroji genového inzenyrstvi vyvinutych pro Z. rouxii jsme
dale studovali i funkci Na'/H'-transportniho proteinu ZrSod2-22p ptimo v této kvasince.

Funkce obou pfenasecii jsme porovnali. Tyto vysledky popisuje kap. 5.3.2.
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5.3.1. Publikace & 7: Exploration of yeast alkali metal cation/H™ antiporters: Sequence
and structure comparison

Ptibylova, L., Papouskova, K., Zaviel, M., Souciet, J.-L., Sychrova, H. (2006) Folia Microbiol
S1(5): 413 -424

Pro zjisténi vyznamu konkrétnich oblasti Na'/H -antiportért kvasinek pro jejich funkci
jsme ve vefejné dostupnych databdzich obsahujicich alespori ¢asteéné sekvence genomi
patnacti riznych kvasinek lokalizovali proteiny homologni k Na'/H-transportnim systémim
ScNhalp, ScNhxlp a ScKhalp, a jejich sekvence porovnali na urovni DNA i proteind.
Identifikovali jsme konzervované aminokyselinové zbytky ¢i celé motivy, které tak vypovidaji
o funkénim vyznamu téchto oblasti. Fylogenetickd analyza piibuznosti identifikovanych
prenade¢t s Na'/H-transportnimi proteiny ostatnich organismid ukézala, Ze proteiny Nhx]1
jsou piibuzné savéim a rostlinnym pifenaseClim plasmatické membrany i vnitrobunéénych
membran, proteiny Khal jsou podobné bakteridlnim pfenaSeCim a proteiny Nhal tvofi
skupinu, jejiz predstavitelé byly zatim identifikovany pouze v houbovych organismech a
nedavno i v lidském genomu (Brett ef al., 2005).

Zajimavé bylo, Ze dva kvasinkové druhy, Y. lipolytica a S. pombe, obsahovaly hned
dva geny kodujici Na'/H'-antiportéry homologni k ScNHAI, z nich pouze Spsod2 byl
charakterizovany (Jia et al., 1992; Kinclova et al., 2002). Kolegyné Mgr. Klara Papouskova
identifikované antiportéry charakterizovala a zjistila, Ze tyto kvasinky obsahuji kazda dva
Na'/H"-antiportéry lisici se substratovou specifitou (jeden transportujici pouze Na" a Li’,
druhy piednostné K', a také Na" a Li"), které patrn& hraji rozdilné role v bun&né fyziologii.
Ostatni kvasinky obsahovaly jen jeden gen kodujici ptenase¢ Na'/H'; ve druzich, kde jiz byl
charakterizovan, plnil vzdy funkci transportéru viech tfi kationtdi (tj. Na’, Li* i K*; Banuelos
et al., 2002; Kinclova et al., 2002; Velkova a Sychrova, 2006). Bylo divodné piedpokladat, Ze
i kvasinka Z rouxii, ve které byl dosud identifikovan pouze pienase¢ Na' a Li* (ZrSod2-22p),
bude obsahovat antiportér typu Na'/H" rozeznavajici jako sviij substrat K*. JelikoZ pfenase¢
ZrSo0d2-22p byl dosud studovan pouze heterologni expresi v S. cerevisiae, rozhodli jsme se
sledovat jeho funkci pfimo v Z. rouxii. Zaroveni jsme vyuzili pfistupu do zatim nevetejné
databaze Génolevures 3 obsahujici kompletni sekvenci genomu Z. rouxii pro vyhledani

moznych dal$ich gent kédujicich prenasece typu Na'/H". Ziskané vysledky shrnuje kap. 5.3.2.
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ABSTRACT. The Saccharomnces cerevisiae genome contains three genes encoding alkali metal cation/H*
antiporters (Nhalp. Nhx1p, Khalp) that differ in cell localization. substrate specificity and physiological
function. Systematic genome sequencing of other yeast species revealed highly conserved homologous ORFs
in all of them. We compared the yeast sequences both at DNA and protein levels. The subfamily of yeast
endosomal/prevacuolar Nhx!1 antiporters is closely related to mammalian plasma membrane NHE proteins
and to both plasma membrane and vacuolar plant antiporters. The high sequence conservation within this sub-
family of yeast antiporters suggests that Nhx1p is of great importance in cell physiology. Yeast Khal pro-
teins probably belong to the same subfamily as bacterial antiporters. whereas Nhal proteins form a distinct
subfamily.

Abbreviations

aa amuno acid tnd(s) transmembrane domain(s)
ORF  open reading frame

Microorganisms in antiporter names

Cal Candida albicans Sca Saccharomyces castellii

Cgl Candida glabrara Sce Saccharomyces cerevisiae
Crr Candida mapicalis Sku Saccharomyces kudriavzevii
Diia Debaryonnyces hansenii var. hansenii Smi Saccharomyces mikatae

Kla Khoveromyces lacnis Spa Saccharomyces paradoxus
Pan Pichia (Hansenula) anomala Spo Schizosaccharomyces pombe
Pso Pichia sorbitophila 1 Yarrowia lipolvtica

Sba Saccharomyces bavanus Zro Zyvgosaccharomycas rouxii

The maintenance of intracellular alkali-metal-cation homeostasis is a crucial task for the survival of
a yeast cell. In yeast cells. potassium is the major cytoplasmic cation involved. among others, in the regula-
tion of cell volume and intracellular pH. whereas sodium s toxic. Thus. yeast cells spend energy to accumu-
late high intracellular concentrations of K*, on the one hand, and efficiently eliminate surplus Na* on the
other. To maintain an optimum cytoplasmic concentration of potassium and a stable high intracellular K*/Na*
ratio. yeast cells employ transport systems mediating cation efflux and influx with different substrate specifi-
cities and using diverse mechanisms, e.g.. ATPases, symporters, antiporters and channels (Rodriguez-Navar-
ro 2000: Sychrova 2004).

For effective Na* transport, the cells of most organisms use Nat/H* antiporters as well as ATPases
(Brett ef al. 2005a). Although alkali metal cation/H* antiporters represent conserved transport systems exist-
ing 1 almost all types of organisms (archaea. bacteria, fungi. parasites, insects. plants. and mammals), their
structure, substrate specificity and probable cell function have diverged dunng their evolution. While most
microorganisms and plants use the inward gradient of protons created by the plasma membrane H*-ATPase
as a driving force to pump alkali metal cations out. animal cells usually consume the Na* gradient resulting
from Na*/K*-ATPase activity in order to force the excess protons out and regulate intracellular pH. Cells of
higher eukaryotes usually express several Na*/H* antiporters in parallel. e.g.. the 9 isoforins in human cells
(Orlowski and Grinstein 2004) or 3-5 isoforms in many plants (Blumwald 2000. Mansour er a/. 2003). Yeast
cells usually express only a few types of alkali metal cation/H* antipotters and thus become a suitable model
to study their molecular properties and diverse functions.

*Corresponding author. fax +420 241 062 488, e-mail sychrova@biomed.cas.cz
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Systematic sequencing of the Saccharomyces cerevisiae genome revealed three ORFs encoding
putative Na*/H* antiporters —- YDR456w. YJL094¢ and YLR138w (Andre 1995: Nelissen et al. 1997: Paul-
sen er al. 1998). None of these genes is essential. and a triple mutant harboring deletions of all three genes is
viable though extremely sensitive to exteral salts of alkali metal cations (Maresova and Sychrova 2005).

YDR456w encodes Nhx1p (TC2.A.36) which is an endosomal/prevacuolar Na*/H* exchanger par-
ticipating 1n salt tolerance by the compartmentation of toxic cations inside the cell (Nass er al. 1997: Nass
and Rao 1998). The physiological role of Nhx1p is more complex. since it was found to participate in intra-
cellular protein trafficking (Bowers et al. 2000: Ali et al. 2004). to contribute to cell resistance to hyper-
osmotic shock (Nass and Rao 1999). to participate in the regulation of intracellular pH (Brett er al. 20055)
and also to transport potassiwn cations (Fukuda er a/. 2004). Antiporters with a high similarity to yeast Nhx1p
were found in nematodes (Nelwke and Melvin 2002), mammals and plants. In mammalian cells. the NHE
family has at least 9 members localized either in the plasma or intracellular membranes (Orlowski and Grin-
stein 2004). Nhx1 homologues were found in the plasma membrane of 4rabidopsis thaliana (Shi et al.
2000). in the tonoplast membrane in many different plant species (Blumwald er a/. 2000) and some of them
(e.g.. OsNhxlp from Oryza sativa) were shown to complement niix/A defects in S. cerevisiae (Kinclova-
Zimmermannova ef al. 2004).

The product of YJL094w. named Khalp (TC2.A.37) is the least-characterized antiporter in S. cere-
visiae cells. Though it was thought to mediate K*/H* exchange at the plasma membrane level (Ramirez et
al. 1998). it has been shown to be localized intracellularly, probably in the Golgi apparatus, and play an
important role in the growth of the cell at alkaline pH levels (Maresova and Sychrova 2005). Similar sequen-
ces can be found in the genomes of many organisms (e.g.. bacteria. Neurospora crassa, Aspergillus nidulans,
Xenopus laevis. Drosophila melanogaster) but their corresponding products have not been characterized.

The NHAI gene (YLR138w) encodes an antiporter (TC 2.A.37) that is localized in the plasma mem-
brane and has a broad substrate specificity for at least 4 alkali metal cations (K*. Li™, Na*. Rb*) (Bafuelos e/
al. 1998: Kinclova er al. 2001b). Nhalp is also involved in the regulation of intracellular pH (Sychrova et al.
1999: Brett ef al. 2005b). in the response of cells to osmotic shock (Kinclova er al. 20015: Proft and Struhl
2004). and its importance for the regulation of the cell cycle has been demonstrated (Simon er al. 2001).

So far, only genes encoding Nhal-type Na*/H* antiporters have been identified and characterized in
other yeast species, namely Schizosaccharomyces pombe (Jia et al. 1992). Zvgosaccharomyces rouxii (Wata-
nabe er al. 1995). Candida albicans (Soon et al. 2000). Pichia sorbirophila (Baiuelos et al. 2002) and Deba-
rvomyvces hansenii (Velkova and Sychrova 2006). Here we present an inventory of all alkali metal cation/H*
antiporters resulting from a detailed search in yeast genome databases. together with a comparison of their
deduced protein sequences and structures.

MATERIALS AND METHODS

The following databases and programs were used to search for the sequences encoding antiporters,
to compare the DNA and protein sequences and to predict protein hydropathy profiles:

Biotools: http://saier-144-37 . ucsad.edu/ (Saier 2000)
Candida database: http://genolist.pasteur.fr/CandidaDB/
ClustalX: http://www.hgmp.mrc.ac.uk/Registered/Option/clustalx.html
(Thompson et al. 1997)
EBI: http://www.ebi.ac.uk/
Génolevures: http://cbi.labri.fr/Genolevures/Genolevures.php (Dujon eral 2004)
HMMTOP: http://www.enzim.hu/hmmtop/ (Tusnady and Simon 2001)
MEGA2.2: http://www.megasoftware.net/ (Kumar eral 2001)
MEMSAT: http://www.cs.ucl.ac.uk/staff/D.Jones/memsat.html
(McGuffin er al. 2000)
MIPS: http://mips.gsf.de/genre/proj/yeast/index.jsp (Mewes et al. 1998)
S. castellii DB: http://www.genetics.wustl.edu/saccharomycesgenomes/
(Cliften er al. 2003)
SGD: http://www.yeastgenome.org/ (Cherry et al. 1998; Kellis er al. 2003)
TMHMM Server 2.0: http://www.cbs.dtu.dk/services/TMHMM/ (Sonnhammer ef al. 1998)
TMPred: http://www.ch.embnet.org/software/TMPRED_form.html
(Hofmann and Stoffel 1993)
TransportDB: http://66.93.129.133/transporter/wb/index2 html (Ren eral 2004)
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Transport proteins: http://www.biology.ucsd.edu/~msaier/transport/ (Saier 2000)
Lasergene99 (DNASTAR Inc., USA)
UWGCG package version 8.1 (Devereux er al. 1984)

RESULTS AND DISCUSSION

DNA sequences highly homologous to S. cerevisiae NHAI and corresponding to the entire ORF size
were found in 12, mainly hemiascomycetous. yeast species (Table I). In 6 species. Nhalp activity was cha-
racterized in detail. Antiporters from S. cerevisiae, C. albicans. P. sorbirophila and D. hansenii transport at
least four substrates whereas those of Z. rouxii CBS732 and S. pombe seem to be specific to toxic sodium
and lithium cations (Kinclova er al. 2002). In some species. two ORFs homologous to Nhalp were found in
the databases. The S. pombe genome contains two candidates. but only one of them has been characterized
(Dibrov et al. 1997). Also Y. lipolvtica chromosomes encode two putative Nhal antiporters. one of them
being much shorter (516 aa) than the other (853 aa). The function and transport properties of both proteins
remain to be established. The number of genes encoding Nhal antiporters can vary within a species depen-
ding on the strain. For example, one Z. rouxii strain contains two similar genes, SOD? and SOD?2? (Wata-
nabe et al. 1995; Iwaki er al. 1998) whereas only one copy (SOD.2-2?2) encoding the Nhal-type antiporter
exists in another strain (Kinclova er al. 2001a). ZroSod2-22p (806 aa) is highly similar to ZroSod2p (791 aa)
but it contains a segment of 15 aa residues specific to ZroSod22p (808 aa) (Kinclova er al. 2001a). When
both NHA| alleles of a diploid P. sorbitopliila strain were sequenced and analyzed. their sequences were only
93 % identical at the protein level (Banuelos ef al. 2002).

Single copies of Sce NHX'I homologues were found in the genomes of 11 species, but none of them
has been characterized so far. In the case of KH4/. homologous ORFs were identified in only 7 species (see
Table I). Whereas the Génolevures database predicts an intron for the KHA/ gene of K. lactis. we propose
no introns in this sequence, according to the DNA translation and protein sequence comparison. Surprisingly.
KHAI has not been found in the genome of Y. /ipolvtica, and this is the only example of an alkali metal ca-
tion/H* antiporter missing in a yeast species with a completely sequenced genome.

In the partially sequenced genomes of Kiinveromyces thermotolerans and some Saccharomyces spe-
cies. pats of the sequences corresponding to NHA!. KHAI and NHY! were also found. suggesting that all
three antiporters exist in these yeast species as well.

Svuteny. Studying the conservation of synteny using complete genome sequences permits a high
level of precision. When species of the same genus were compared (S. cerevisiae. S. paradoxus. S. mikatae,
S. bavanus). a high conservation of synteny was found for DNA fragments containing the genes for all the
respective antiporters. The SGD and Génolevures databases allowed us to perform a sumple search for syn-
teny among DNA fragments with genes encoding the alkali metal cation/H* antiporters of S. cerevisiae,
C. glabrata. K. lactis. D. hansenii and Y. lipolvtica. Our search revealed that a DNA block of =45 kb. com-
posed of 20 genes and containing the NH.A4/ coding sequence, shares almost the same gene order and orien-
tation in both S. cerevisiae (YLR126¢ to YLR148w) and C. glabrata (CAGLOMO04213g to CAGLOMO04653g).
In K. lactis. D. hansenii and Y. lipolvtica. the synteny of the NHA! locus is absent or almost undetectable.
For KHAI. synteny is well conserved between C. glabrata and S. cerevisiae, this long block of =33 kb is
also conserved in K. lactis but the KHAI gene is localized on another chromosome. As far as the NHX7 locus is
concemed, synteny of flanking genes was observed between S. cerevisae and C. glabrata but to a lower extent,
and is absent in K. lactis and D. hansenii. The presence of syntenic clusters of variable size illustrates that
numerous rearrangements have occurred during the evolution of the various lineages and that the processes
of chromosomal dynamics by segmental duplication play a key role in genome evolution (Dujon et al. 2004).
Syntenic clusters diminish in size and number as the phylogenetic distances between the studied species in-
creases.

Protein similarity. Table II summarizes the levels of similarity and identity between the antiporters
from the different yeast species. The most similar proteins exist in the Saccharomyces family together with
the antiporters of C. glabrata. D. hansenii Nhalp appears to be very close to the Nhalp of two other osmo-
tolerant species, C. albicans (70.6 % identity) and P. sorbitophila (70.2 %). whereas the level of identity with
the third osmotolerant yeast Z. rouxii is much lower (49.4 %). Besides the phylogenetically distant S. pombe,
also the longer Y. lipo/vtica Nhal protein seems to be less related to the others (¢f. Table II). In spite of their
high sequence homology, the group of kinetically characterized Nhal antiporters can be divided, as far as sub-
strate specificity and probable cell function are concemed, into two distinct subgroups (Banuelos ef al. 2002:
Kinclova er al. 2002: Velkova and Sychrova 2006): (/) the group of antiporters with substrate specificity only
for Na* and Li* (S. pombe. Z. rouxii antiporters) and primarily a detoxication function in cells. and (2) the
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group of antiporters (S. cerevisiae. C. albicans. P. sorbitophila. D. hansenii) mediating the transport of all
alkali metal cations that. besides the elimination of toxic cations. have a role in other cell functions (regu-
lation of intracellular pH. cell volume, the cell cycle). The distribution of yeast antiporters in the subfamilies
does not reflect their level of protein identity, as the S. cerevisiae Nhalp and Z. rouxii Sod2-22p share a high
degree of similarity (Table II) but belong by their substrate specificity to different subfamilies.

Table II. Level of protemn idenuty (%) and similarin (%. italics) between veast atkali metal caton/H” antiporters of the three sub-
fanuhes (Nhal. Khal, Nhx1)®

Antiporter Nhal

Cal Cgl Crr Dha Kla Pan Pso Sca Sce Spa Spo Yn Zro

Cal 100 535 816 70.6 56.4 585 70.7 60.1 336 54.1 445 513 495
Cgl 66.0 100 525 525 594 58.4 514 673 78.9 66.9 430 582 595
Crr 85.5 2.0 100 63.0 518 56.7 63.2 534 520 510 44.4 51.0 532
Dha 77.8 2.8 70.7 100 504 57.0 70.2 512 525 532 43.1 557 494
Kia 66.2 67.0 59.8 509 100 57.6 51.0 606 59.3 58.8 41.3 597 55.0
Pan 66.2 66.60 03.5 00.9 60.l 100 56.2 57.1 54.9 572 43.2 46.3 514
Pso 78.1 62.0 09.4 77.7 59.1 04.2 100 49.0 527 53.9 440 48.0 46.8
Sca 69.1 74.4 2.4 6l.1 69.0 05.1 5817 100 68.6 68.3 443 44.4 60.5
Sce 71.4 65.2 60.4 02.0 74.1 72.3 70.2 74.7 100 96.3 41.9 41.6 56.0
Spa 64.3 74.4 59.7 03.2 67.1 65.9 63.2 74.8 97.4 100 43.0 547 58.6
Spo 56.7 33.0 56.8 35.8 539 53.7 55.1 55.0 05.9 3.8 100 425 433
Yl 2.3 69.2 60.4 05.5 09.3 56.7 57.6 54.9 04.2 05.1 539 100 474
Zro 60.7 68.0 6.2 38.1 64.0 60.2 56.7 08.9 73.8 68.0 33.7 583 100

Antiporter Khal

Cgl Dha Kia Sba Sca Sce Spa Spo
Cgl 100 458 471 65.3 646 63.7 643 46.6
Dha 56.1 100 450 S1L6 451 427 49.5 49.5
Kla 69.7 555 100 549 349 471 544 457
Sba 73.1 02.0 04.9 100 66.6 875 87.5 449
Sca 72.5 50.3 05.5 73.1 100 69.0 68.6 463
Sce 79.0 04.8 09.7 9.3 75.5 100 958 30.2
Spa 72.8 59.9 05.0 91.0 75.3 00.9 100 46.2
Spo 61.5 63.1 00.1 59.8 0i.7 54.0 61.4 100

Antiporter Nhxl

Cal Cgl Dha Kla Sba Sca Sce Sku Smi Spa Spo 1
Cal 100 66.9 76.4 737 67.2 66.0 66.7 66.7 66.8 67.6 648 66.8
Cgl 729 160 66.8 758 76.5 76.5 74.4 78.4 784 783 56.9 65.6
Dha §0.9 73.1 100 750 68.2 67.3 64.7 67.4 68.2 68.1 63.7 722
Kia 80.4 81.1 §1.7 100 74.5 75.0 747 737 749 4.7 59.9 67.6
Sba 73.2 82.6 75.0 79.9 100 79.2 922 935 916 93.2 56.1 65.9
Sca 72.4 80.7 74.3 813 §3.4 100 791 78.8 78.0 793 585 67.7
Sce 73.5 85.4 78.5 §0.0 03.5 2.7 100 94.0 95.2 96.8 546 62.6
Sku 73.7 84.6 74.9 70.8 95.1 82.0 94.9 100 938 95.1 56.3 66.1
Smi 73.2 83.9 75.1 80.4 93.2 81.5 90.4 95.2 100 96.0 56.2 66.4
Spa 74.0 83.3 74.7 80.0 94.3 83.1 97.2 05.7 96.§ 100 57.1 72.9
Spo 77.0 60.4 70.0 68.4 07.0 68.2 73.9 06.8 03.8 07.3 100 60.0
Y 73.2 72.8 78.6 74.7 71.9 73.3 77.1 72.0 72.9 66.6 68.8 100

For species abbreviation see p. 413

The Nhx1 proteins have higher levels of identity. compared to the subfamilies of Nhal and Khal, res-
pectively. The most distant member. Nhx1 in S. pombe. shares >54 % identity with other Nhx antiporters
whereas some Nhal or Khal proteins share <45 % identity (Table II). The highest degree of sequence dis-
parity exists between S. cerevisiae and S. pombe Khalp (30.2 % identity).
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Table III. Prediction of S. cerevisiae Nhalp secondary structure

Prediction tmd N-terminus? Tromemembrane
total ] 2 3 4 5 [
Kyte-Doolittle 12 1-13 14-33 37-57 71-91 105-126 135-153 168-192
SGD 11 1-13 14-32 36-62 69-97 97-125 176-194 202-229
TMHMM 2.0 9 1-111c 12-33 38-60 103-125 204-226 246-265 293-315
MEMSAT2 10 1-102 1c 103-126 135-153 178-194 204-227 245-261 268-284
HMMTOP 13 1-13 ec 14-33 42-61 70-89 102-126 135-154 173-192
TMPred 11 1-131¢c 14-33 37-60 75-93 107-129 178-195 208-227

3¢ - intracellular. ec ~ extracellular

Hvdropathy profiles. Alkali metal cation/H" antiporters should. similarly to other transporters. con-
sist of hydrophilic N- and C-ternuni, hydrophobic segments embedded in the membrane and hydrophilic con-
necting loops. Most yeast transporters are believed to consist of an even number (usually 10 or 12) of tmds
with N- and C-termini facing the cytosol. though there are only a few examples of experimental confirma-
tion of the predicted structure (e.g.. Gapl, general amino acid permease with 12 tmds: Gilstring and Ljung-
dahl 2000). A number of programs and/or methods exist for the prediction of protein tmds. We have tried six
of them (Table III) to predict the number. length and position of the tinds of SceNhalp as a model alkali
metal cation/H™ antiporter. Surprisingly, each method gave a different result as to the number of tmds (9-13)
and/or their position within the protein structure. We have chosen the Kyte-Doolittle-based prediction me-
thod (Kyte and Doolittle 1982) for further analysis of antiporters. This program predicted 12 tmds for Nhalp
(Fig. 1), and best fitted when used for the prediction of Gaplp's secondary structure (not shown). For all
other antiporters from the Nhal. Nhx1 and Khal families. the Kyte—Doolittle method also predicted 12 trans-
membrane segments. As far as mamumalian Nhx1 homologues (the NHE family) are concerned. most of them
are believed also to consist of 12 tmds (Orlowski and Grinstein 1997). Bacterial NhaA proteins were repor-
ted to form dimers of monomers composed of 12 transmembrane helices each (Williams 2000: Gerclunan ef
al. 2001). On the other hand. vacuolar 4. thaliana Nhx1p was shown to consist of 9 tmds. Three hydropho-
bic regions do not appear to span the tonoplast membrane: yet appear to be membrane-associated. And whereas
the N-terminus of 4. thaliana Nhx1p faces the cytosol. almost the entire C-terminal hydrophilic region
resides in the vacuolar lumen (Yamaguchi er al. 2003). Altogether, comparison of the methods for the pre-
diction of membrane protein secondary structure revealed that the prediction is very approximate and no
definitive conclusions can be drawn without accompanying experimental data.

The prediction and comparison of the secondary structure of all antiporters from the three families
revealed that they have relatively short hydrophilic N-termini. 12 tmds and C-termini of widely ranging
sizes. The hydrophobic transmembrane segments and connecting loops have a conserved size in all anti-
porters (from 397 aa for SpoKhalp to 426 aa for several Nhalp: Table IV), and also the distribution of tmds
within this section (i.e. the length of the loops) is very similar with the members of all three families (1ot
shown).

Nhal antiporters have the shortest and highly similar N-termini (12 or 13 aa: Table IV) with con-
served residues W4 and H13 in all antiporters. and Q6 in all of them except for P. anomala. The N-termini
of Khal proteins are longer compared to Nhal antiporters, but they contain several conserved residues (N13,
Y17. P22 in all antiporters. and G7. P14, S21 in all except for S. pombe). The longest and least conserved
are the N-termini of Nlix1 proteins. Their size ranges from 30 to 61 aa residues and, though some conserved
stretches exist in the N-termini of several Nhx1 antiporters, the only conserved residues are ES7, immedia-
tely preceding the first tmd in all Nhx1p. and P53 conserved in all except S. pombe.

The length of tmds and connecting loops is smallest for S. pombe antiporters in all three families
(Table IV). The membrane section (tmd + loops) of Nhalp from other yeasts is 425-426 aa residues long
(Sposod2 only 421 aa) and highly conserved regions exist in both the tmd and loops. For example, the 11th
tmd shares >50 % identity among all Nhalp (5th and 6th tinds >40 % identity), and the extracellular loop
between the 9th and 10th timd is >40 % identical in all Nhalp. As for Nhx! proteins. their transmembrane
segments seem to be more conserved compared to Nhal antiporters. Only three tinds exhibit <50 % identity.
and the 3rd transmembrane segments have 20 out of 23 aa residues identical (87 %). On the other hand,
Nhx1p's loops are less conserved. The cytoplasmic loop between the 4th and 5th tind is only 6 aa long but
none of these residues is conserved in all members of the family. Similarly to Nhal. the most conserved loop
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domain
C-ternunus
7 8 9 10 11 12 13

205-227 245-275 293-313 323-349 362-382 411439 - 440-985
249-277 295-318 324-351 357-384 410438 - - 438-985
327-349 364-381 412434 - - - - 435-985 ec
296-315 323-340 362-382 411429 - - - 430-985 ec
205-224 245-263 268-285 296-314 323-340 363-382 413437 438-985 1c
246-265 293-315 330-349 366-386 411429 - - 430985 ec

1s between the 9th and 10th tmd (67 % identity). Khalp tinds and loops have the lowest level of identity
compared to Nhal or Nhx1 proteins.

Charged amino-acid residues conserved in transmembrane domains and loops. As the substrates of
antiporters are positively charged cations. charged aa residues should be involved in substrate binding and
passage through the protein molecule. Therefore the charged aa residues indispensable for antiporter activity
should be conserved in the antiporter subfamilies. Altogether. 21 charged residues are conserved in the tmd
(16) and loops (5) of all yeast Nhal proteins (Fig. 1). Detailed studies of mutagenized Sposod2 antiporters
revealed that five Asp (corresponding to D145, D177, D241, D266 and D267 in SceNhalp: Fig. 1) and one
His (H367) residues are important for alkali metal cation and/or proton translocation (Dibrov ef al. 1998;
Wiebe et al. 2003). Three negatively charged residues from tnds (E90. D145, D17) and one positively
charged residue from a loop (R166) are conserved not only within the yeast species but also in bacterial
Na*/H* antiporters. Khal and Nhx! proteins have more conserved charged residues in the connecting loops
than in the transmembrane segments (10 m the loops. 7 in the tinds for Khalp: 15 in the loops. 9 in the tmds
for Nhx1p). As far as Nhx1p is concerned. 10 residues. both in the tmds and loops. are conserved in plant
homologues as well. and 4 conserved charged residues (D500. ES02. D601. K606) can also be found in
Nhx1p C-termini.

The high importance of two conserved charged residues in one of the loops of a bacterial Na*/H*
antiporter has been recently reported (Tzubery er al. 2004). Residues K249 and E252 in the intracellular loop
between tinds 8 and 9 are directly involved in £. coli NhaA activity. Lysine at three amino acids away from
a glutamate is present in the loop connecting the 8th and 9th tmds of almost all yeast Khal antiporters (except
for that of K. lactis with alanine instead of glutamate, but a sequencing error in this case cannot be ruled out)
and in most Nhal proteins. In Nhx1 antiporters. two lysines are conserved in this loop, but neither of the
negatively charged residues (E or D) is.

If the tmds and loops of Nhal and Nhx| proteins are compared, two highly conserved motifs can be
found. The first of them. ATDP (aa 143-146: Fig.1) is conserved in the Sth tmd of all yeast Nhal and Nhx1
antiporters. except for S. pombe (STDP). The ATDP muotif is fully conserved also in some plants (4. tha-
liana Sosl Na*/H* plasma membrane antiporter) and partly in mammalian NHE antiporters (AVDP in Rat-
tus norvegicus NHE1, NHE2. NHE3 proteins). The neighboring 6th tind contains the conserved motif
ESGCND (aa 172-177: Fig. 1) in all Nhal antiporters and a similar motif ESLLND exists in the 6th tmd of
Nhx1 antiporters (ESILND for S. pombe). The difference between the two motifs is the presence of two
highly hydrophobic residues in the middle of the Nhx1p motif. The same motif (ESLLND) can be found in
rat NHE proteins and with some modifications also in plant Na*/H* antiporters (ESLMND in A. thaliana
Soslp, EGVVND in Onza sativa Nhxlp). Part of this motif also exists in Khal proteins, where the ND
preceded by at least one hydrophobic residue is present in the 6th tmd. The highly conserved aspartate at the
end of the motif was shown to be indispensable for proton translocation via the S. pombe sod2 antiporter
(Wiebe et al. 2003). and its conservation across the family of alkali metal cation/H™ antiporters from dif-
ferent organisms confinmns its importance for protein activity.

Conserved motifs in C-rermini. The C-termini of yeast antiporters are less conserved than other
regions, and differ significantly both in length (Table IV) and primary structure. In spite of this. C-termini
play an important role not only in the regulation of antiporter transport activity but are probably also
involved in other cell functions. The long hydrophilic SceNhal C-terminus that forms 55 % of the antiporter
(Fig. 1) was shown to be important in several cell processes, besides its role in the regulation of Nhalp
transport activity. Its observed importance for cell survival upon hyperosmotic shock caused by solutes other
than salts (e.g.. glucitol) suggests a role in the inunediate cell response to osmotic shock (Kinclova er al.
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Fig. 1. Model for the membrane topology of the S. cerevisiae plasma membrane Na™‘H™ anuporter Nhal with 12 transmembrane
domains (I-XII) and a long hydrophilic C-termunus. Charged ammuno-acid residues conserved in the transmembrane domains and con-
necting loops of all yeast plasma membrane Na*/H™ antiporters are accenred (negative in black. positive in grey), conserved regions in
the C-terminus are marked with arrows (C 1-C6). and conserved motfs in the transmembrane helices are boxed; €C - extracellular, i€ -
intracellular.

20015). SceNhalp and its long C-terminus may play an important role in the regulation of the cell cycle,
since NHAI expression was able to clear the blockage at the G;-S transition in cells with conditional sit4
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hal3 mutations (Simon er al. 2001). This function was independent of the role of the antiporter in improving
the tolerance to sodium cations. and it required the integrity of a relatively large region (aa 800-948) of its
C-terminus. A screening for loss-of-function mutations in the C-terminus revealed a number of residues re-
quired for Nhalp functionality in the cell cycle. most of them clustering in two regions. from residues 869 to
876 and 918 to 927 (Simon er al. 2003). The importance of different regions of the Nhalp C-terminus for its
functionality was also confirmed in a study comparing the strucrure and activity of four Na™/H™ antiporters
(Kamauchi et al. 2002). Six distinct conserved regions were found in Nhalp C-termini (C/-C6: Fig. 1) and
the first one (C/. 16 aa) was found to be important both for transport activity and plasma membrane tar-
geting of the protein (Mitsui et al. 2004a.b). A comparison of all yeast Nhal antiporters showed that these
six conserved regions exist in all of them. except for the very short C-terminus of Sposod2p that contains
only C!. and for ZroSod2-22p in which €6 is missing.

Table IV. Companson of the number of anuno-acid residues mn three subfamulies of veast alkali metal cation H* antiporters

Number of amino acids
Antiporter
total i N-terminus in tmd and loops mn C-terminus

Antiporter Nhal
CalCnhl 800 12 426 362
Cg/Nhal 945 13 426 506
CrrNhal 975 12 426 537
DhaNhal 940 12 426 502
KlaNhal 901 12 425 464
PanNhal 954 13 426 515
PsoNhal 927 12 426 489
ScaNhal 957 13 425 519
SceNhal 985 13 426 546
SpaNhal 985 13 426 546
Sposod2 468 12 421 35
YIiNhal 853 12 425 416
ZroSod2-22 806 12 425 369

Antiporter Khal
CglKhal 876 21 405 450
DhaKhal 822 25 405 392
KiaKhal 781 22 401 358
SbaKhal 875 22 405 448
ScaKhal 879 21 405 453
SceKhal 873 22 405 446
SpaKhal 873 22 405 446
SpoKhal 898 29 397 472

Antiporter Nhxl
CalNhx1 663 43 424 196
Cg/Nhx1 618 43 420 155
DhaNhx1 671 46 424 201
KlaNhx1 614 51 422 141
SbaNhx1 631 57 420 154
ScaNhx1 653 58 420 175
SceNhx1 633 57 420 156
SkuNhx1 633 57 420 156
SmiNhx1 632 57 420 155
SpaNhx1 633 57 420 156
SpoNhx1 569 30 409 130
¥7iNhx1 600 61 414 125

The search for conserved motifs in the C-termini of Nhx1 proteins revealed two highly conserved
regions. The first domain TTAGMLEVLNIKTGCISEEDTSDDEFDIE (aa 478-507 in SceNhxlp) is in close

proximity to the last tmd. as in Nhal proteins. but these two C'/ domains share no significant level of homo-
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logy. The highly conserved C2 domain (QWFONFDEQVLKPVFLD) spans the region of aa 595-611 in
SceNhx1p. Regions homologous to CI and C2 can also be found in plant Nhx1 proteins (e.g.. 4. thaliana,
Zea mayvs. Lycopersicon esculentiim) but not in mammalian NHE proteins. In the case of Khal antiporters,
their C-termini have a low level of similarity and conserved domains can only be found in the Saccharo-
myces genus.

Conclusion. Yeast alkali metal cation/H* antiporters belong to a broad family of secondary active
transport systems that possess 12 transmembrane hydrophobic segments with their N- and C-termini most
probably facing the cytosol. Their primary protein structures show sequence similanty with sodium-specific
antiporters from both prokaryotes and higher eukaryotes. The fact that such transport systems were conser-
ved through the evolution from bacteria to humans. confirms the general need of a cell to efficiently regulate
the mtracellular concentration of potassium and toxic sodium cations. Fig. 2 shows a phylogenetic tree of 25
fungal. 2 bacterial. 3 plant and 3 mammalian alkali metal cation/H" antiporters. It is evident that the sub-
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Fig. 2. Phylogenetic tree of Na™‘H™ antiporters. The set of 33 transporters contains 25 fungal members
(23 yeast). 2 bactenal (rriangles). 3 plant (circles) and 3 mammalian (squares) representatives of both
plasma membrane and intracellular antiporters: the tree 1s based on muluple-sequence ahignment (Clus-
talX) and drawn with the Mega2 2 program: abbreviations i protein names: Af — Aspergiilus fumigatus.
At — Arabidopsis thaliana, Ca - Candida albicans. Cq - Candida glabrata. Ct — Candida tropicalis.
Dh - Debaryomyces hansenii var. hansenii. EC — Escherichia coli. Hp — Helicobacter pylorii. Kl - Khao-
veromyces lactis, NC — Neurospora crassa. Pa — Pichia (Hansenula) anomala, Ps - Pichia sorbitophila.
Rn ~ Ratrus norvegicus. S¢ — Saccharomyces cerevisiae, Sp — Schizosaccharomyces pombe. Yl - Yar-
rowia lipolytica, Zm — Zea mays. Zr - Zygosaccharomyces rouxii.

family of yeast prevacuolar/endosomal Nhx! antiporters is closely related to mammalian plasma membrane
NHE proteins and to both plasma membrane and vacuolar plant antiporters. The highest sequence conservat-
1on within this subfamily of yeast antiporters suggests its high importance for cell physiology. Yeast Khal
proteins seem to belong to the same subfamily as bacterial antiporters. and Nhal proteins fonm a distinct sub-
family that has so far only been characterized in fungi. though some evidence appears (Brett ef al. 2005a)
that homologous genes could also exist in the human genome.
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5.3.2. Charakterizace Na'/H'-transportnich proteint Z. rouxii

Autorce této dizertacni prace byl vzhledem k jeji ucasti na projektu Génolevures 3
umoznén pfistup do databaze obsahujici dosud neanotovanou sekvenci genomu Z. rouxii.
Tohoto pfistupu jsme vyuzili a databazi prohledali ve snaze identifikovat geny, které by mohly
piedstavovat dosud neznamé prenasece patiici do rodiny Na'/H'-transportnich proteint.
Identifikovali jsme gen, ktery jsme nazvali ZrNHAI. Funkci ZrNhalp jme studovali jak
heterologné v S. cerevisiae, tak pfimo v Z. rouxii.

Déle jsme sledovali, jakou funkci ma v Z rouxii ZrSod2-22p. Tento Na'/H'-
transportni protein byl totiz doposud studovan pouze prostrednictvim heterologni exprese v S.
cerevisiae, kde umoznil burikam postradajicim vlastni Na'/H"-antiportér a ATPasy Ena riist
v piitomnosti sodnych a lithnych ale nikoli draselnych kationt(, a buriky jej exprimujici byly
schopny transportovat sodné, nikoli draselné kationty (viz kap. 2.2.1.). Zajimalo nas, zda se i
v bunkach Z. rouxii ZrSod2-22p podili pouze na trasportu sodnych a lithnych kationt(i, a ne na
trasportu kationtl draselnych, a dale zda existuji rozdily ve funkci ZrNhalp a ZrSod2-22p. Ke

studiu jsme vyuzili nastroje pro genové manipulace Z. rouxii vytvorené v této praci.
5.3.2.1. Identifikace a izolace ZrINHA I

V dosud neanotované databazi Génolevures 3 obsahujici sekvenci genomu Z. rouxii
CBS 732" jsme na zakladé homologie s genem ZrSOD2-22 identifikovali gen kodujici patrné
prenaseé typu Na'/H", ktery jsme vzhledem k jeho podobnosti s SCNHAI nazvali ZrNHA|.

Gen ZrNHAI jsme izolovali prostiednictvim PCR a vlozZili do mnohokopiového
vektoru YEp352 za promotor ScNHAI, a ptipravili tak plasmid YEp352_ ZrNHAI. Pro
potvrzeni spravnosti izolované sekvence byl usek plasmidu obsahujici vlozeny gen ZrNHAI
sekvenovan. Sekvence nami izolovaného genu i jim kodovaného proteinu vykazovala mimé
rozdily oproti sekvenci nalezené v databazi. Jelikoz byla pro izolaci genu pouzita polymerasa s
tzv. ,proofreading” aktivitou (tedy schopna opravit pfipadnou nukleotidovou zdménu pfi
procesu polymerace), je rozdil v sekvenci ptitomné v databazi a sekvence izolované mozno
vysvétlit tim, Ze klon kmene CBS 732" pouzity pro izolaci genu ZrNHAI nebyl totozny s
klonem CBS 732" pouzitym pro sekvenaci (Prof. Jacky de Montigny, osobni sdéleni). V
sekvenci DNA nami izolovaného genu bylo nalezeno sedm nukleotidovych substituci, Ctyfi z

nich vedly k zaméné aminokyselinového zbytku v kédovaném proteinu (R658 za G, V694 za
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A, H806 za R a T938 za S, viz Pfiloha 10.1.). Proteinovou sekvenci nalezenou v databazi jsme
spolu s proteinovou sekvenci nami izolovaného genu porovnali se sekvencemi pienasech
ZrSod2-22 a ScNhalp a zjistili jsme, Ze viechny Ctyfi nalezené aminokyselinové zamény se
nachéazeji mimo transmembranové oblasti, v hydrofilnim C-konci. Vzhledem k tomu, Ze na
funkci prenasecd Na'/H' se podili hlavné oblast transmembranovych domén. ve kterych se
sekvence produktu nami izolovaného gene nelisi od produktu genu v databazi, lze uginit zavér,
ze protein kédovany nami izolovanym genem ZrNHAI by mél mit velmi podobné nebo i

totoZzné transportni vlastnosti jako protein vznikly pfepisem a prekladem sekvence v databazi.
5.3.2.2. Sekvenéni analyza ZrNhalp

Produkt nami izolovaného genu, ZrNhalp, je tvofen 994 aminokyselinovymi zbytky
(viz Ptiloha 10.1.). Porovname-li jej s homolognimi ZrSod2-22p a ScNhalp, zjistime, Ze svou
délkou se protein ZrNhalp blizi spiSe proteinu ScNhalp, tj. ma, stejné¢ jako ScNhalp a na
rozdil od ZrSod2-22p, pomérmne¢ dlouhy C-konec (tab. 2 a viz Ptiloha 10.2.).

Tab. 2. Struktura prenaseci ZrNhalp, ZrSod2-22p a ScNhalp podle modelu navrzeného pro ScNhalp
(Kinclova et al., 2001b).

Antiportér Pocet aminokyselinovych zbytka

Celkem N-konec TMS+smycky C-konec
ScNHAI 985 12 419 554
ZrSOD2-22 806 11 418 377
ZrNHAI 994 11 419 564

TMS, transmembranova oblast (transmembrane segment).

Srovname-li sekvenéni identitu celkovych proteini a sekvenéni identitu
konzervovanych transmembranovych oblasti antiportéri, které jsou klicové pro transportni
specifitu proteinl, je ZrNhalp v obou pfipadech podobnéjsi spiSe ScNhalp nez ZrSod2-22p
(tab. 3). Na zakladé pozorované homologie mizeme odhadnout, Ze protein ZrNhalp obsahuje,
stejn¢ jako ScNhalp, kratky cytoplasmaticky N-konec, 12 transmembranovych domén a
dlouhy cytoplasmaticky C-konec. Tyto vysledky naznacovaly, Ze tento dosud neznamy

prenaSe¢ by mohl v bunikach Z. rouxii plnit funkce obdobné funkci ScNhalp v S. cerevisiae.
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Tab. 3. Sekvenéni identita (%) celych proteini/transmembranovych oblasti + smycek antiportéra.

Antiportér ScNhalp ZrSod2-22p ZrNhalp
ZrSod2-22p 45,6/76,6 - 47,5/76,6
ZrNhalp 52,6/79,5 47,5/76,6 -

K porovnani sekvenci byl pouzit program Vector NTI (Invitrogen).

5.3.2.3. Heterologni exprese ZrNhalp v S. cerevisiae BW31

Abychom zjistili substratovou specifitu, transportni vlastnosti a pravdépodobnou
funkci identifikovaného pienaseCe, byl izolovany gen piitomny v plasmidu YEp352 pod
kontrolou promotoru ScNHAI heterologné exprimovan v buitkach kmene S cerevisiae
postradajiciho vlastni systémy pro vystup kationtl alkalickych kovi (kmen BW31, nhalA
enal-44; Kinclova-Zimmermannova et al., 2005). Takto bylo mozno porovnat vlastnosti
proteinu ZrNhalp s vlastnostmi pfenaSeCi ZrSod2-22p a ScNhalp, které byly

charakterizovany za stejnych experimentalnich podminek (Kinclova er al., 2002).
5.3.2.3.1. Vliv ZrNhalp na toleranci S. cerevisiae BW31 k solim v médiu

Tolerance bunék BW31 exprimujicich ZrNHA 1 ke zvySené koncentraci soli NaCl, KCl
a LiCl v médiu byla porovnana s toleranci bun¢k exprimujicich ZrSOD2-22 nebo ScNHAI
(pozitivni kontroly) a bunék obsahujicich prazdny vektor (negativni kontrola). Pfitomnost
funkéniho prenasece byla detekovana jako zvySeni tolerance, podminéné schopnosti proteinu
eliminovat nadbyte¢né kationty z cytoplasmy. Protein ZrNhalp umoznil bunikam rist za vyssi
koncentrace vSech tii testovanych soli, a je tedy zfeymé schopen eliminovat z cytoplasmy
viechny tii typy kationtd (Na', Li" i K*; obr. 5). Na médiu s NaCl nebo LiCl byla schopnost
proteini ZrNhalp a ScNhalp eliminovat kationty srovnatelna, nejvyssi toleranci vykazovaly
bunky exprimujici ZrSod2-22p. Tyto v$ak, na rozdil od bunék exprimujicich ZrNhalp nebo
ScNhalp, nebyly schopny ristu za vy$siho obsahu KCl (v souladu s jiZz publikovanymi
vysledky; Kinclova er al., 2002). Nejvyssi tolerance ke KCI v médiu dosahovaly buiky
exprimujici ScNhalp.

73



bez soli 1000 mM NaCl 1000 mM KCl 20 mM LiCl

YEp352_ZrNHAI
YEp352_ZrSOD2-22
YEp352_ScNHAI

YEp352

Obr. 5. Rust bungék S. cerevisiae BW31 exprimujicich rizné pfenaSee na médiu YNB-NH,

obsahujicim zvy$ené koncentrace riznych soli.

5.3.2.3.2. Lokalizace ZrNhalp v buiikiach S. cerevisiae BW31

Abychom ovéfili, ze ZrNhalp je ptenaSeCem plasmatické membrany a ne
vnitrobunéénych organel, byla na 3' konec genu ZrNHA piipojena sekvence GFP tak, aby pfi
expresi genu v buiikach vznikl fizni protein. Toto bylo provedeno tak, ze byl gen vloZen do
plasmidu pGRU1 pod kontrolou promotoru ScNHAI. Buiiky S. cerevisiae nesouci plasmid
pGRU1_ZrNHAI pak obsahovaly fuzni protein ZrNhalp-GFP.

Bylo potvrzeno, ze GFP neovlivnil aktivitu proteinu, protoZe tolerance bunék
exprimujicich flzni protein byla totoZna s toleranci bun€k exprimujicich nezna¢eny ZrNhalp.
Lokalizace ZrNhalp-GFP v buiikach rostoucich v médiu YNB-NH, bez pfidanych soli byla
zji§téna fluorescenéni mikroskopii. Obr. 6 ukazuje, Ze protein je lokalizovan pobliZ bunééného
povrchu, a nikoli v membranach vnitrobunéénych. Tento vysledek je potvrzenim, Ze protein

ZrNhalp je pfenase¢em plasmatické membrany.

Obr. 6. Lokalizace proteinu ZrNhalp

znateného GFP v burikach S. cerevisiae.
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5.3.2.3.3. Vystup kationtu z bunék S. cerevisiae BW31 exprimujicich ZrINHAI

Pro ovéfeni, Ze zvySena tolerance k solim bunék BW31 produkujicich pfenase
ZrNhalp, patrna z obr. 5, byla skute¢né zpisobena exportem kationtti z buné€k, jsme sledovali
vystup sodnych a draselnych kationti z bun¢k BW31 produkujicich ZrNhalp. Funkénost
proteinu byla porovnana s aktivitou druhého antiportéru Z. rouxii (ZrSod2-22p), majiciho
uzkou substratovou specifitu, a proteinu ScNhalp kvasinky S. cerevisiae, transportujiciho
z bunék i draselné kationty. Méfeni vystupu a analyzu obsahu kationtd provedla Mgr. Klara
Papouskova prostfednictvim metody plamenové atomové absorpéni spektrofotometrie

(Kinclova et al., 2001b; obr. 7).
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Obr. 7. Vystup sodnych (A) a draselnych (B) kationti z bunék S. cerevisiae BW31 produkujicich
rizné Na'/H'-antiportéry plasmatické membrany. o Buiiky transformované YEp352 (negativni
kontrola), m butiky produkujici ScNhalp, ¢ buiiky produkujici ZrSod2-22p, A buriky produkujici
ZrNhalp.

Z obr. 7A je patrné, Ze v bunikach exprimujicich kterykoli z antiportnich proteinti
dochazi k vyraznému exportu sodnych kationt (obsah Na’® v burikach postupné klesa).
Aktivita ZrNhalp je pfitom niZ8i neZ aktivita druhych dvou pfenaSecl, nejvyssi aktivitu
vykazuje pienae¢ ScNhalp. Niz8i vystup sodnych kationtd z bunék exprimujicich ZrSOD2-
22 nez z bun€k exprimujicich ScNHAI je v souladu s jiz publikovanymi vysledky (Kinclova et

al., 2002).
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Z obr. 7B je patrné, Ze nepatrny vystup draselnych kationtl z bunék byl naméfen i v
ptipadé bunék exprimujicich ZrSOD2-22, jehoz produkt nerozpoznava K* jako substrat, a z
bunék obsahujicich pouze prazdny plasmid YEp352. Mgr. Papouskova sestavila tabulku, ktera
ukazuje primérny ubytek draselnych kationtd z bunék exprimujicich rtizné ptenasece za dobu

méieni 120 min (tab. 4).

Tab. 4. Primérna ztrata K' z bunék S. cerevisiae BW31 produkujicich rizné antiportéry béhem 120

min.
Pienasec Primérna ztrata K* (nmol/mg suché vahy)
Zadny (YEp352) 96,63 + 2,54
ScNhalp 290,07 + 26,29
ZrSod2-22p 70,85 + 3,70
ZrNhalp 160,00 £ 10,78

Tab. 4 dokazuje, Ze buiiky neobsahujici systém pro vystup K* (obsahujici prazdny
plasmid YEp352 nebo exprimujici ZrSOD2-22) ztraci v prabéhu 120 min pfiblizn¢ 70 — 100
nmol K'/mg suché vahy bunék. V tomto piipadé se ziejmé na ubytku K z bunék podileji
neznamé nespecifické transportéry. Bunky exprimujici ZriVHA I exportuji za 120 min pfiblizné
1,7 az 2,3krat vice draselnych kationtl neZ obé negativni kontroly. Nejvyssi vystup draselnych
kationtd byl v souladu s vysledky kapkovych testd naméfen u bun€k exprimujicich ScNHA /. 1
zdanlivé pomaly vystup K* z bunék naméfeny u bunék obsahujicich ZrNhalp je ziejmé zcela
dosta¢ujici pro umoznéni ristu bunék za pritomnosti vyssich koncentraci K* v médiu (viz obr.
5).

Ziskané vysledky potvrzuji, Ze zvyS$ena tolerance k pfitomnosti NaCl a KCl kmene
BW31 produkujiciho ZrNhalp v porovnani s negativni kontrolou (obr. 5) je dana aktivnim
exportem sodnych resp. draselnych kationtli z bun€k S. cerevisiae.

Vyse uvedené vysledky ukazuji funkci pfenasec¢li exprimovanych heterologné v S.
cerevisiae. Abychom zjistili, zda tyto proteiny zastavaji v Z rouxii stejné funkce, jako kdyz
jsou heterologné exprimovany v S. cerevisiae, studovali jsme podil pfenaseci na halotoleranci

bun€k Z rouxii prostiednictvim sledovani fenotypu dele¢nich mutanti.
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5.3.2.4. Delece genii ZrSOD2-22 a ZrINHAI v Z. rouxii

Ve kmeni Z. rouxii UL4 byly pomoci metody vyuZivajici dele¢ni kazety loxP-kanMX-
loxP (viz publikace ¢. 4) vytvofeny delece gend ZrSOD2-22 a/nebo ZrNHAI, a byly tak
pfipraveny mutantni kmeny wura3 Zrsod2-224::loxP (S2), ura3 ZrnhalA::loxP (N2) a ura3
Zrsod2-224::loxP  Zrnhald::loxP (NS2). Pro ptipravu delecnich kazet byly vyuzity
oligonukleotidy SOD2-22kanf a SOD2-22kanr (pro deleci ZrSOD2-22) a NHAlkanf a
NHAlkanr (pro deleci ZrNHAI; viz kap. 4.2.2. tab. 1). Delece geni byly ovéfeny
prostfednictvim PCR.

5.3.2.5. Vliv deleci ZrSOD2-22 a ZrNHAI na halotoleranci bunék Z. rouxii

Podil pienaSect ZrSod2-22p a ZrNhalp na halotoleranci bunék Z. rouxii byl sledovan
prostfednictvim rlstu dele¢nich mutanti S2, N2 a NS2 za ptitomnosti soli NaCl a KCI (200 -
2000 mM) na bohatém médiu YPG a na minimalnim médiu YNB-NH, s uracilem. Rust
mutantl v pfitomnosti LiCl (10 — 60 mM) byl sledovan pouze na médiu YNB-NHj s uracilem,
protoZe jiz velmi mirna koncentrace LiCl (10 mM) v médiu YPG znemoziiovala rist
rodi¢ovského kmene Z. rouxii UL4, a tedy i od n€ odvozenych mutantnich kmend. Tento
rozdil v toleranci k LiCl bunék rostoucich v médiu YPG oproti buiikdm rostoucim v médiu
YNB-NH, spociva zieymé v tom, ze médium YPG ma vyssi pH (cca 6.2) nezZ YNB-NH;4 (cca
4.8), tj. ve vn¢j$Sim prostiedi bunék rostoucich v médiu YPG se nachazi nizs§i koncentrace
protont, a proteiny tak nemohou fungovat efektivné v disledku sniZzené hnaci sily gradientu
protond pfes membranu, jiz ke své funkci vyuZivaji.

Obr. 8 ilustruje toleranci kmenli S2, N2 a NS2 ke zvySené koncentraci soli v médiu.
Delece ZrSOD2-22 snizila schopnost bunék rist v médiu obsahujicim zvySenou koncentraci
NaCl nebo LiCl, ale neméla vliv na rist bun¢k v pfitomnosti KCI (viz rist S2). Samotna
delece ZrNHAI zhorsila schopnost ristu bunék v pfitomnosti zvySené koncentrace KCl, a do
mensi miry také NaCl nebo LiCl (viz rist N2; na vybraném obrazku neni zhorSeni rastu
v médiu s LiCl patrné; rozdil oproti kontrole byl ztejmy az za vysSich koncentraci LiCl, viz
dale). Delece obou pienaSecti zaroven rist bunék v médiich s NaCl nebo LiCl v porovnani

s jednotlivymi delecemi jesté vice omezila (viz riust NS2).
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A bez soli 200mMNaCl 1000mMKCl B bez soli 10 mM LiCl

UL4

Obr. 8. Rist kmenl Z. rouxii postradajicich ZrSod2-22p (S2), ZrNhalp (N2) nebo oba pienasece
(NS2) a kmene UL4 (pozitivni kontrola) za ptitomnosti zvySené koncentrace soli na médiu YPG (A) a
YNB-NH, (B).

Delece ZrSOD2-22 zhorsila schopnost riistu bunék v pfitomnosti NaCl na obou typech
médii (YPG 1 YNB-NH,) obdobné — i na médiu YNB-NH, bylo pozorovano obdobné omezeni
ristu jako na YPG (viz obr. 8). Na rust bunék v pfitomnostt KCI neméla delece vliv ani na
jednom typu médii, v médiu s LiCl (testovan byl pouze rist v YNB-NH4) byl rist bun€k
Zrsod2-224 vyrazné omezen (viz obr. 8).

Samotna delece ZrNHAI, na rozdil od jejiho zasadniho vlivu na toleranci bunék ke
KCl (na médiu YNB-NH, bylo pozorovnano obdobné omezeni ristu jako na médiu YPG, viz
obr. 8), ovlivnila toleranci bunék k NaCl nebo LiCl jen mirné. Vliv na toleranci bunék k NaCl
byl pozorovan pouze na médiu YPG (buriky nerostly za vy$si nez 400 mM koncentrace NaCl,
oproti buiikam kontrolniho rodi€ovského kmene UL4, ktery slabé roste az do koncentrace 1 M
NaCl); na médiu YNB-NH, rostly buriky stejné dobie jako kontrolni kmen. V médiu YNB-
NH, s LiCl bylo omezeni riistu bunék se samotnou deleci ZrNHAI pozorovano az za velmi
vysokych koncentraci LiCl (40 mM). Na médiu YNB-NH,4 s NaCl nebo LiCl je zfejmé efekt
mutace Zrnhal4 komplementovan druhym z pfenase¢i. Médium YPG jiz vzhledem
k vy§§imu pH nedovoluje pfenase¢i ZrSod2-22p pracovat tak u¢inn€ jako médium YNB-NH,,
a delece ZrNHAI se pak projevi zhorSenym ristem bun€k v pfitomnosti soli. Vliv delece
ZrNHAI na rist bun€k v médiich s NaCl a LiCl byl zasadni v buiikach, které jiz postradaly i
ZrSOD2-22 (viz riist NS2, obr. 8).

Pro rist bunék v pritomnosti KCl byl tedy dulezity pouze ZrNhalp, nikoli ZrSod2-22p,
a delece ZrSOD2-22 méla vétsi vliv na toleranci bunék viiéi Na' a Li* nez delece ZrNHAI

(coz je v souladu s vysledky prezentovanymi na obr. 5, kde je patrna vy$8i schopnost proteinu
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ZrSod2-22 eliminovat sodné nebo lithné kationty z cytoplasmy). Proteiny ZrNhalp a ZrSod2-
22p se tedy ve funkci eliminace sodnych a lithnych kationtd z bun¢k navzajem dopliiuji.

Pro ovéfeni, Ze zjistény fenotyp mutantnich kmend Z. rouxii N2 a S2 byl zplsoben
pravé chybéjicim pfenaSeCem, jsme provedli komplementaci mutace opétovnym vioZenim

genu na plasmidu.
5.3.2.6. Komplementace mutaci Zrsod2-224 a ZrnhalA vloZzenim genu na plasmidu

Vzhledem k tomu, Ze ani jeden z plasmidi YEp352 nebo pGRUI nesouci pfislusné
geny nebylo moZno pouzit pro transformaci kment Z. rouxii, protoZe nejsou schopny se v
burikdch Z. rouxii pomnoZovat (Ushio e al., 1988), byly geny ZrSOD2-22 a ZrNHAI pod
kontrolou promotoru ScNHA! vlozeny do plasmidu pZEU (episomalni plasmid Z rouxii
pfipraveny pro v ramci této prace, viz publikace ¢. 4). Plasmidem pZEU_ZrNHAI byl pak
transformovan kmen Z. rouxii N2 a plasmidem pZEU_ZrSOD2-22 kmen S2.

Byly provedeny kapkové testy ristu transformanti na médiich YNB-NH, se zvySenou
koncentraci soli. Transformované kmeny na té€chto médiich rostly stejné dobfe nebo i mirné
lépe nez kmen kontrolni (UL4 transformovany plasmidem pZEU). Tento mirny rozdil mohl
byt zpisoben tim, Ze geny byly exprimované z mnohokopiového plasmidu pZEU, takze se v
burikach trasformantd nalézalo vice produktd geni kodujicich ptenasede nez v rodi¢ovském
kmeni.

Tento vysledek potvrdil, Ze geny vnesené na plasmidu plné¢ komplementovaly mutace
Zrsod2-224 resp. ZrnhalA, a tedy Ze pozorovany fenotyp citlivosti kmenid S2 a N2 viici solim
(viz obr. 8 a kap. 5.3.2.5.) je zptisoben prave deleci genlt ZrSOD2-22 resp. ZrNHA|.

ZrSod2-22p byl dilezity pro rust bunék Z rouxii v pfitomnosti zvySené koncentrace
NaCl nebo LiCl, ale nikoli KCI. Protein ZrNhalp naopak udava buiikkam toleranci ke vSem
tfem testovanym kationt@im, i kdyZ na toleranci bunék k Na" a Li* se podili v mensi mife nez
ZrSod2-22p. TotéZ bylo pozorovano i pii heterologni expresi obou proteind v S. cerevisiae
(viz obr. 5). Proteiny tak maji v Z rouxii shodné substratové specifity jako pfi heterologni

expresi v S. cerevisiae.

79



5.3.2.7. Vzajemna komplementace funkci ZrSod2-22p a Zrnhalp

Abychom zjistili, do jaké miry jsou pfenaSeCe schopny komplementovat své funkce
eliminace sodnych nebo lithnych kationtii, provedli jsme pokus, ve kterém jsme pozorovali, do
jaké miry zvySena exprese jednoho z pienaseéi umozni komplementovat halosenzitivni
fenotyp mutanta Z. rouxii NS2 (tj, postradajiciho oba pfenasece). Geny jsme v mutantnim
kmeni NS2 exprimovali z mnohokopiového plasmidu pZEU.

Kmen NS2 transformovany plasmidem pZEU ZrNHAI tak obsahoval n€kolik kopii
genu ZrNHAI a zadnou ZrSOD2-22, a naopak kmen NS2 transformovany plasmidem
pZEU_ZrSOD2-22 obsahoval né€kolik kopii genu ZrSOD2-22 a zadnou ZrNHAI. Obr. 9.

ukazuje schopnost ristu transformantt za vyssi koncentrace soli v médiu.

bez soli 600 mM NaCl 10 mM LiCl 60 mM LiCl

N2 [pZEU]
S2 [pZEU]

NS2 [pZEU]

NS2 [pZEU_ZrSOD2-22)
NS2 [pZEU_ZrNHAI]
UL4 [pZEU]

Obr. 9. Rust bunék kmene NS2 (ZrnhalA Zrsod2-224) exprimujicich ZrNHAI nebo ZrSOD2-22 z
plasmidu pZEU nebo obsahujicich prazdny vektor pZEU (negativni kontrola) a kmenti N2 (Zrnhald),
S2 (Zrsod2-22 A) a UL4 obsahujicich prazdny vektor pZEU (pozitivni kontroly) na médiu YNB-NH,

obsahujicim zvy$ené koncentrace NaCl nebo LiCl.

Z obr. 9 je zieyjmé, ze pienaSe¢ ZrNhalp je schopen ¢astecné komplementovat mutaci
Zrsod2-224: rust kmene NS2 obsahujiciho plasmid pZEU ZrNHAI, tj. n€kolik kopii genu
ZrNHAI a zadnou ZrSOD2-22, je totiz v médiu obsahujicim 600 mM NaCl mirn¢ lepsi nez
rist kmene s deleci ZrSOD2-22 (obsahujiciho tedy pouze gen ZrNHAI na chromosomu; viz
rast S2 [pZEU]). Obdobny efekt pfitomnosti nékolika kopii ZrNhalp na rist kmene S2
[pZEU] za pftitomnosti LiCl v3ak nebyl pozorovan. Pfenase¢ ZrNhalp tak fenotyp mutace
Zrsod2-224 na médiu s LiCl neni ziejmé vzhledem ke své nizké kapacité schopen

komplementovat, nicméné pii absenci ZrSODZ2-22 je pro rust bunék v ptitomnosti 1 nZsich
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koncentraci LiCl jako je 10 mM vyZadovan (viz rozdil ristu kmeni S2 [pZEU] a NS2 [pZEU],
obr. 9, a téz viz obr. 8). Pfitomnost vice kopii genu ZrSOD2-22 na druhou stranu do velké
miry komplementuje mutaci Zrnhal4, coz je vidét na ristu bunék za vysoké koncentrace LiCl
(60 mM; srovnej rust kmenti NS2 [pZEU ZrSOD2-22] a UL4 [pZEU]). Pti ristu na médiu
s KCl vzhledem ke své substratové specifité omezené na Na' a Li’* ZrSod2-22p fenotyp
mutace Zrnhal4 nekomplementoval.

Tyto vysledky ukazuji, Ze zvySena exprese ZrNhalp je schopna <&asteéné
komplementovat mutaci Zrsod2-224 pii ristu bunék za vy$si koncentrace NaCl a zvySena
exprese ZrSod2-22p zase mutaci ZrnhalA pii rustu bunék za vy$si koncentrace LiCl.
PienaSece jsou tak schopny se nejen funkéné vzajemné dopliiovat, ale pii ristu za zvySené
koncentrace NaCl a LiCl i alespoii ¢asteéné komplementovat své funkce. K pifesnému uréeni
funkci pfenaseci v builkkach Z. rouxii bude zapotfebi podrobnéj$i analyzy (napf. studium

exprese genu za riznych podminek).
5.3.2.8. Fylogeneticky vztah ZrSOD2-22 a ZrNHAl

Abychom zjistili fylogeneticky vztah genti ZrNHAI a ZrSOD2-22, porovnali jsme
uspofadani (synteny) ORFu je obklopujicich s uspofadanim homologi téchto ORFi a genu

ScNHAI na chromosomech blizce ptibuzné kvasinky S. cerevisiae (obr. 10).

A B

Z. rouxii

S. cerevisiae

Obr. 10. Srovnani synteny ORFu obklopujicich geny ZrNHAI (A) a ZrSOD2-22 (B) s uspotadanim
jejich pravdépodobnych homologui na chromosomech S. cerevisiae. Systém zobrazeni byl pfevzat z
Yeast Gene Order Browser (http://wolfe.gen.tcd.ie/ygob). Obdélniky piedstavuji ORFy - velmi tmavé
Seda barva predstavuje ORFy S. cerevisiae vykazujici syntenické uspofadani se svymi homology v Z.
rouxii, Seda barva ORFy Z. rouxii a svétle Seda barva gen S. cerevisiae nevykazujici syntenické
uspotadani se svym homologem v Z. rouxii; $ipky znazoruji orientaci ¢tecich ramci; $Sedé spojnice

obdélniki (ORFQ) predstavuji nekddujici oblastt DNA.
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Zjistili jsme, Ze uspofadani ORFU na tseku DNA obsahujicim ZrNHAI je podobné
uspofadani pravdépodobnych homologh kvasinky S cerevisiae nachazejicich se na
chromosomech IV a XII. Fakt, Zze se homology ORFU nachazejici se v Z rouxii na jednom
chromosomu nachézeji v S. cerevisiae na chromosomech dvou, je v souladu s hypotézou, Ze
genom Z. rouxii ve své historii neprodélal celkovou duplikaci (viz kap. 2.4.1.)

ORFy nachézejici se v okoli genu ZrSOD2-22 vykazuji stejné uspofadani jako jejich
homology nachézejici se v S. cerevisiae na chromosomu XII na jiném misté neZ je gen
ScNHAI. Obr. 10 tedy naznauje, ze gen ZrSOD2-22 patrné vznikl duplikaci predka genu
ZrNHAI, a inzerci kopie na jiné misto genomu. Nejnovéjsi data analyzy genomu Z. rouxii
(vefejnosti zatim nepfistupna databaze Génolevures 3) potvrzuji, Ze geny ZriVGHAI a ZrSOD2-

22 lezi kazdy na jiném chromosomu.
5.3.2.9. Zavér

V této kapitole dizertaéni prace jsme zjistili, e Na'/H'-transportni protein Z rouxii
ZrSod2-22p, ktery byl dosud studovan pouze prostiednictvim heterologni exprese v S
cerevisiae, umoziuje bunkam Z. rouxii rist za vys$Sich koncentraci NaCl nebo LiCl, ale nema
vliv na rast bunék za vyssich koncentraci KCI. Tim jsme potvrdili jeho funkci v eliminaci
sodnych nebo lithnych, ale nikoli draselnych kationti z bunék, v souladu s dfive popsanou
aktivitou tohoto pfenaSece heterologné exprimovaného v burikach S. cerevisiae (Kinclova et
al., 2002).

Prohledanim dosud neanotované databaze Génolevures 3 obsahujici kompletni
sekvenci genomu Z rouxii CBS 732" jsme nalezli gen kédujici novy Na'/H'-transportni
protein Z. rouxii. Gen jsme nazvali ZrNHA I na zékladé sekven¢ni podobnosti jim kédovaného
proteinu s ScNhalp. Protein ZrNhalp jsme funkéné charakterizovali jako prfenaSec
plasmatické membrany, ktery umoziuje rist bunék Z rouxii za vysSich koncentraci KCI,
NaCl i LiCl. Analyza transportni kapacity a fenotypu bun€k S. cerevisiae exprimujicich
ZrNHAI potvrdila funkci pienasece v eliminaci viech tiech typt kationt (tj. K", Na' i Li*) z
bunék.

Analyza dele¢nich mutantd Z rouxii postradajicich ZrSod2-22p a/nebo ZrNhalp
ukdazala, Ze na toleranci buné€k Z. rouxii k NaCl ¢i LiCl se podili ZrSod2-22p do vétsi miry nez

ZrNhalp. Totéz ukazalo i sledovani fenotypu bunék S. cerevisiae exprimujicich tyto pfenaSece
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a méfeni transportni kapacity pro Na" bunék S. cerevisiae obsahujicich ZrNhalp, ktera se
ukazala byt slabsi nez kapacita bunék S. cerevisiae obsahujicich ZrSod2-22p.

Porovname-li transportni kapacitu obou pienade¢t Z rouxii a Na'/H -antiportéru S.
cerevisiae ScNhalp, jako nejucinné)jsi systém transportujici sodné i draselné kationty se ukazal
byt ScNhalp (ZrSod2-22p netransportuje K™ vilbec). I zdanlivé pomaly vystup kationtt z
bunék naméfeny u bunék obsahujicich ZrNhalp vSak umoznil rist bunék za pfitomnosti
vysSich koncentraci soli v médiu. ZrSod2-22p ze vSech tfi transportéri neju¢innéji zajistil rist
bungk S. cerevisiae ve vysoké koncentraci NaCl nebo LiCl.

Sledovani fenotypu dele¢nich mutantd dale ukazalo, Zze oba pienasete Z rouxii se
funkéné doplituji a mohou ¢éaste¢né komplementovat své funkce v eliminaci sodnych nebo
lithnych kationtid z bunék.

Analyza uspotfadani geni na chromosomech naznaila, ze ZrSOD2-22 patrné vznikl
duplikaci pfedka genu ZrNHAI, a jeho inzerci na jiné misto genomu.

Kvasinka Z rouxii (kmen CBS 732") tedy obsahuje kromé proteinu ZrSod2-22p
eliminujiciho z bunék toxické kationty Na" a Li" (tj. s tizkou substratovou specifitou) i dalsi
ptenase¢ z rodiny Na'/H'-antiportéri plasmatické membrany (ZrNhalp), ktery transportuje
kromé Na" a Li* i K" (tj. ma $irokou substratovou specifitu), a mtze se tak v burikach podilet
na udrZovani stabilni cytoplasmatické koncentrace K, stalého bunééného objemu nebo pH
cytoplasmy.

Piitomnost dvou typtt Na'/H -antiportnich systéma (jednoho s tizkou a druhého se
Sirokou substratovou specifitou) byla jiz detekovana ve dvou druzich kvasinek - Y. lipolytica
(Papouskova a Sychrova, 2006) a S. pombe (Papouskova a Sychrova, 2007). Prenasece téchto
dvou druhii v8ak byly studovany pouze prosttednictvim heterologni exprese v S. cerevisiae. Z.
rouxii tak predstavuje prvni kvasinku, ve které byla funkce obou antiportnich systémi

charakterizovana.
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5.4. Sekvenace a anotace genomu Z. rouxii

Béhem projektu Génolevures 3 byla sekvenovana genomova DNA &tyf kvasinkovych
druhd, Z. rouxii, S. kluyveri, K. thermotolerans a K. lactis. Pro kazdy druh byly vytvoieny
plasmidové knihovny obsahujici inzerty o velikosti 3 - 5 kbp, které byly sekvenovany
metodou ,,shotgun® (Dujon er al., 2004). Na zakladé prekryvajicich se sekvenci inzert byly
fragmenty uspofddany do tsekd odpovidajicich chromosomim. Kde toho bylo zapotiebi (nap.
v pripad¢ usekl obsahujicich repetitivni sekvence), bylo pro zjisténi navaznosti sekvenci
vyuzito knihoven piipravenych v umélych bakterialnich chromosomech (BAC). Byly
identifikovany geny a funkéni elementy DNA. Veskeré predikce vytvarel pocitaovy program
vyvinuty specialné pro potfeby projektu. K predikci funkce transladnich produkti program
vyuzival srovnani se zndmymi proteiny S. cerevisiae a dalSich kvasinek, jejichz DNA byla
sekvenovana v projektu Génolevures 2. Nalezené homologie pak vedly k sefazeni nové
identifikovanych ORF0 piedstavujicich pravdépodobné strukturni geny do funkénich rodin
(spolu sjiz zndmymi geny). Poté nasledovala anotace manuadlni, tj. informace ziskané
prostfednictvim pocitaCového programu byly ovéfovany a dopliiovany konkrétni osobou,
¢lenem konsorcia. Tyto manudlni anotace byly rozdéleny do nékolika fazi. Faze jedna se
zabyvala anotacemi funk¢nich rodin vytvofenych programem. Faze dva se zabyvala anotaci
identifikovanych ORFU, které netvofily funkéni rodiny. Nezavisle na téchto dvou fazich
probihaly anotace funk¢nich elementd DNA (tj. funkénich dsekl nekodujicich proteiny). V
dobeé sepsani této dizertacni prace byl proces anotaci v zavérecné fazi.

Soucésti prace bylo nejprve pfipravit genomovou DNA Z rouxii pro potieby
sekvenovani. Samotna sekvenace pak byla provedena v ramci centra Génoscope v PafiZi
(partner projektu Génolevures). Ziskané sekvence byly c¢lenim konsorcia Génolevures
zptistupnény v nevefejné databazi. Z néasledného procesu anotaci se autorka této dizertacni

prace podilela na fazi jedna, tj. na upravé anotaci funk¢nich rodin navrzenych programem.
5.4.1. Priprava DNA Z. rouxii CBS 732" pro sekvenaci

Buriky kmene Z rouxii CBS 732" byly napé&stovany v bohatém médiu YPG a byla
izolovana genomova DNA v agarozovych bloécich metodou piipravy DNA k analyze

karyotypu prosttednictvim PFGE, tj. zpusobem, ktery umozZiuje izolaci kompletnich
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neposkozenych chromosomi (nedochazi ke zlomim). Pfipravenda DNA byla odeslana do

centra Génoscope k sekvenovani.

5.4.2. Anotace

Manualni anotace genomu kvasiek Z. rouxii, S. kluyveri, K. lactis a K. thermotholerans

byly provadény na serveru Génolevures, k némuz byl pfistup chranén heslem. Kazdy ¢len

konsorcia Génolevures, ktery se ucastnil anotaci faze 1, mél pfidéleno nékolik desitek

funkénich rodin, dohromady tvoficich tzv. ,lot* (obr. 11).
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Obr. 11. Anotace faze 1 - uvodni strana obsahujici grafické zobrazeni probihajicich anotaci. Sloupec
Phase 1 odpovida anotacim provadénym ve fazi 1. Sloupce Phase 1.1. a Phase 2 odpovidaji
nasledujicim etapam anotaci Génolevures 3, které nebudou v této praci diskutovany. Pomér zelené a
¢ervené barvy symbolizuje pomér manualné ovéienych (zelené€) a dosud neovéfenych (Cervené) anotaci
navrZenych programem. Autorka této prace se podilela na anotacich sekvenci zahmutych do lot 11 (v

cerveném ramecku).
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Poklepanim na odpovidajici lot (v pfipadé této dizerta¢ni prace €. 11) se zobrazil

seznam genovych rodin uréenych k manualni anotaci (Obr 12.).

Curation todo list “lot.11"
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Obr. 12, Seznam funkénich rodin ptipravenych k anotacim patticich do lot 11. Levy sloupeéek ,,TO
DO*“ je seznamem funk¢nich rodin, jez dosud nebyly manualné anotovany, pravy ,,DONE® je
soupisem jiz ovéfenych anotaci. Sloupecky s-c-r-1-t-k-d-y. znaéi, v kolika oblastech (lokusech) DNA
v daném organismu (s, S. cerevisiae, ¢, C. glabrata, t., Z. rouxi;, 1, S. [Lachancea] kluyveri; t, K.
thermotolerans, k, K. lactis, d, D. hansenii, y, Y. lipolytica) byly programem identifikovany ORFy
kédujici protein pattici do ptislusné funkéni rodiny. V tomto konkrétnim piipadé zbyvala jedina rodina,
u jejichz ¢lentt nebyla manualné ovéfena spravnost anotaci navrZzenych programem (GLC.1437, v

derveném ramecku).
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Pii poklepani na nazev rodiny se zobrazil seznam useki DNA, ve kterych byly
identifikovany ORFy patfici do rodiny, a srovnani proteinovych sekvenci jiz znamych €lent
rodiny (obr. 13.).
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Obr. 13. Funkéni rodina GLC.1437. V levé horni &asti je struény popis rodiny, v pravém hornim
rameCku pak srovnani sekvenci translaénich produkti jiz zndmych genl zarazenych do rodiny. V dolni
gasti je seznam &lent rodiny. Cervené jsou zvyraznény ramecky informujici o oblastech DNA, ve
kterych program identifikoval ORFy, jejichz anotace nebyly dosud manualné ovéfeny (Locus 1 — 4).
Nazev lokusu obsahuje zkratku nazvu druhu, ze kterého pochazi, a pozici na chromosomu. Zbyvajicich
5 ¢lend rodiny jsou jiz zndmé geny ostatnich druhd kvasinek, jejichz genomy byly anotovany v
projektu Génolevures 2 (Gene 5 - 9). V piipadé této skupiny byl tedy v kazdém ze &tyf druhd
analyzovanych v Génolevures 3 identifikovan jeden lokus DNA obsahujici ORF zafazeny na zakladé

homologie sekvenci do této funkéni rodiny.

Pti poklepani na nazev lokusu ur€eného k manuélni anotact se zobrazila informace o
jeho umisténi na chromosomu a o nalezenych ,modelech” genu, tj. nalezenych ORFech.
Program o pfitomnych ORFech referuje jako o nalezenych mRNA. V mnoha pfipadech
program identifikoval pouze jeden ORF, a tedy navrhl jeden model genu (jednu mRNA),
v mnoha jinych pifipadech vSak program identifikoval dva a vice model(; napf. navrhl
pfitomnost intronu a nékolik moznosti jeho umisténi (navrZena tedy byla pfitomnost nékolika
riznych mRNA). Ukolem pracovnika provadéjiciho manualni anotace pak bylo vybrat
,»spravny model genu. Pokud program identifikoval vice moznosti vytvoreni mRNA, a tedy i
vice mozZnosti utvofeni proteinu, byla vybrana ta mRNA, jeZ pokryvala co moZna nejdelsi
oblast lokusu, a jejiZ transla¢ni produkt byl nejpodobné;jsi ostatnim ¢lenim rodiny. Proces
anotaci bude v této praci detailné¢ popsan na piiklad€, ve kterém program identifikoval v
lokusu mRNA bez intront. Takovym ptikladem je lokus KllaOE.3768 (obr. 14. a viz téZ obr.

13., kde se tento lokus nachazi jako prvni v seznamu ¢lent funkéni rodiny GLC.1437).
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Obr. 14. Lokus K11aOE.3768. V levém ramecku je seznam navrzenych modeltu genii (Gene models), t).
mRNA, které program identifikoval jako nachazejici se v lokusu ¢1 do néj zasahujici (celkem 4). Je
udana také délka jimi kédovanych proteinti. Vpravo je pak zobrazeni umisténi modeli genti na DNA.
Vpravo nahote je graficky znazomén chromosom, na kterém se lokus nachazi. Anotovana oblast
lokusu je zvyraznéna zluté. Pod ni jsou sefazeny identifikované a jiZ manualné anotované geny
zasahujici do lokusu (zde Klla-ORF4212), nasleduji navrhy modeli gent. Modra barva zna¢i model
nachazejici se na fetézci 5'—3', Servena na fetézci komplentarnim (3'«5"). Udaje niZe informuji o
rozlozeni viech ORFU v lokusu, o pravdépodobnosti, zda uréity ORF koduje protein (grafické
znazomeéni vytvofené programem GeneMark; http://exon.gatech.edu/GeneMark), a o nalezenych
homologiich v ramci genomi ostatnich kvasinek (BlastP Uniprot). V tomto pfipadé se ve Zluté
vyznadeném useku ureném k manualni anotaci nachazeji dva modely genu (dvé mRNA), jeden
pokryvajici cely usek komplementarniho fetézce, druhy, podstatné krat$i, pokryvajici ast fetézce
5'->3'. Graficka informace z programu GeneMark naznaluje, ze ona dlouha mRNA (na rozdil od

kratké) bude pravdépodobné kodovat protein.
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Poklepanim na konkrétni model genu (ve vybraném ptipadé mRNA pokryvajici celou
délku lokusu KI1a0E.3768, viz obr. 14) se zobrazil nazev ORFu (ve vybraném pfipadé Klla-
ORF4209) a informace o proteinu, ktery by vznikl translaci kédujici sekvence (coding
sequence, CDS). Program na zakladé srovnani proteinové sekvence s jiZ znamymi proteiny
ostatnich druhi kvasinek navrhl, k jakému genu je identifikovany ORF homologni , tj. jakou

funkci by protein mohl v organismu zastavat (obr. 15.).
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Obr. 15. Klla-ORF4209. Ramecek vlevo nahote podava informace o vlastnostech CDS a kddovaného
proteinu. Ramecek pod nim informuje, k jakému znamému genu byla srovnanim sekvenci translaénich
produktii nalezena nejvy$si homologie (zde byl gen vyhodnocen jako podobny YILO95w S. cerevisiae).
Nize jsou pak odkazy na vlastnosti sekvence a jeji srovnani s jinymi sekvencemi. V pravé &ast obrazku

je zluté zvyraznén model genu, jinak je prava &ast totozna s pravou &asti obr. 14.
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Ukolem pracovnika provadéjiciho anotace bylo vybrat sprdvny model genu a ovéfit,
zda je pocitatem uréena podobnost ORFu se zndmym genem vskutku korektné stanovena,
popiipad¢ data opravit. K tomu slouzily informace poskytnuté srovnanim sekvence
identifikovaného proteinu se zndmymi proteiny z databaze UniProtKB. Timto srovnanim bylo
napf. mozno zjistit, zda program korektné navrhl zadatek proteinové sekvence (tj. napf.
nezaménil pocate¢ni aminokyselinu methionin [Met] za jiny Met nachazejici se uvnitf
proteinového fetézce, napf. kvili tomu, Ze ,,pfehlédl* intron na 5' konci). Dale bylo mozno
zjistit, zda jsou si proteiny podobné v celé své délce, a zastavaji tak patrné v organismu
podobnou funkci, nebo zda nalezené homologie pokryvaji jen urcité oblasti, a jinak se jedna o
proteiny odli$né (ptipad funkénich domén, napf. transmembranovych). Procentualni vygisleni
shody (identity) aminokyselinovych sekvenci nové¢ identifikovaného proteinu a jemu nejvice
podobného zndmého proteinu z jiné kvasinky urcovaly, jakym zplsobem bude nalezena
podobnost zanesena do databaze. Pokud byla shoda vy3si nez 80 %, do ramecku
infrormujiciho o nalezenych homologiich se zapsalo ,highly similar to* (velmi podobny); v
ptipadé, Ze shoda byla mezi 50 - 80 %, bylo uvedeno,,similar to* (podobny) a pti shod¢ 30 -
50 % bylo zapsano ,.weakly similar to" (vykazujici malou miru podobnosti s). Pokud byla
shoda nalezena jen v urCitych oblastech proteinu (pfipad funkénich domén), byla nalezena
homologie uvedena jako ,,some similarities with* (z¢asti podobny).

Nové¢ identifikované sekvence v ramci funkénich rodin obvykle nachdzely své
homologni protéjsky hned v nékolika ze zndmych druhl kvasinek. Jako referen¢ni byl v
takovém piipadé bran protein (resp. gen) kvasinky S. cerevisiae. Pouze pokud byl anotovany
protein vyrazné podobnéj$i proteinu z jiné kvasinky nez S. cerevisiae, byl v ramecku
popisujicim nalezenou homologii uveden gen této kvasinky.

Po ovéfeni (pfipadné opraveni) anotaci provedenych programem byla informace o
nove identifikovaném genu ulozena (poklepanim na tlacitko ,,choose* v ramecku informujicim
o nalezené homologii, viz obr. 15.). Anotace genu tak byla ukon¢ena, a mohlo byt pfikro¢eno
k anotaci dal$iho ¢lena rodiny. Po ovéfeni anotaci u vSech ¢lenil funk¢ni rodiny byly pak
uloZeny informace o celé rodiné (poklepanim na tla¢itko ,,validate these annotations®,viz obr.
13. uplné dole vlevo). Ta se pak na uvodni strance piesunula ze sloupecku ,,TO DO* do

sloupec¢ku ,,DONE* (viz obr. 12.).

91



Po dokonéeni anotaci faze 1 (anotace genovych rodin) probéhla faze 2 (anotace ORF4,
které netvorily rodiny). Anotace ostatnich funk¢énich elementd probihaly nezavisle na téchto
dvou fazich. V dobé sepsani dizertaéni prace byl proces anotaci v zavéreéné fazi. Po
dokonéeni procesu anotaci bude databaze veiejné zpfistupnéna a informace o sekvencich
obdrzené v pribéhu anotaci budou konsorciu Génolevures slouzit jako data pro vypracovani
srovnavacich studii majicich za cil odhalit mechanismy podilejici se na molekularni evoluci

kvasinkovych genomu, a potazmo tak evoluci eukaryotického genomu viibec.
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