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An Introduction to the Genetics and Molecular Biology of the
Yeast Saccharomyces cerevisiae

FRED SHERMAN
Department of Biochemistry and Biophysics
University of Rochester Medical School, Rochester, NY 14642
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The veast Sauccharomyees cerevisiae 1s clearly the most ideal eukaryotic microorganism for
biological studies. The “awesome power of veast genetics” has become legendary and is the
envy of those who work with higher eukarvotes. The complete sequence of its genome has
proved to be extremely useful as a reference towards the sequences of human and other higher
eukaryotic genes. Furthermore, the ease of genetic manipulation of yeast allows its use for
conveniently analyzing and functionally dissecting gene products from other eukaryotes.




From a to o

Yeast as a Model
for Cellular Differentiation

Hiten Madhani




Saccharomyces cerevisiae
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Archibald E. Garrod: escreveu em 1909
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George Beadle e Edward Tatum foram condecorados com o prémio
Nobel de medicina em 1958 pelos estudos com Neurospora que
confirmaram as hipoteses de Garrod sobre o modo de agdo dos genes
através das enzimas

George Wells Beadle Edward Lawrle Tatum

Courtesy of Amercian Philosophical Sochety. Courtesy of Stanford University Libraries.
Moncommercial, educational use only. Moncommerical, educational use only.



Experimentos de Beadle e Tatum com Neurospora crassa (bolor vermelho do pao)
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Yeast and Nobel Laureates

1907- Eduard Buchner Cell Free Fermentation

2001- Leland H. Hartwell Key regulators of cell cycle

2004 — Avram Hershko Ubiquitin-mediated protein degradation
2006 — Rober Kornberg  Eukaryotic transcription

2009 — Elizabeth H. Blackburn  Telomeres and telomerases
2013 — Randy Schekman Secretory Pathway

2016 — Yoshinori Ohsumi Mechanisms for Autophagy

(Chemistry)

(Medicine)
(Chemistry)
(Chemistry)
(Medicine)
(Medicine)
(Medicine)



Comportamento homotalico vs heterotalico

Daplophase
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Promiscuidades de S. cerevisiae - 0 gene homotalico
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Manipulacao S. cerevisiae vs agéncias e
manuais de biosseguranca

FDA — classifica S. cerevisiae como “Generally recognized as
safe”

NIH — isenta maioria das manipulacoes de S. cerevisiae do
seu manual de instrucoes

EPA —isenta S. cerevisiae “Toxic Substance control act”
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» Function & Expression

Frotein Info, Function Junction, Pathways,
Expression Connection, and more.

SGO™ s a scientific database of the molecular biology and genetics of the yeast
Saccharamyoes caravisias, which is commaonly known as baker's or budding yeast.

New and Noteworthy

In Memoriam: Robert K. Mortimer - August 27, 2007

On August 10, Professor Emeritus Robert k. Mortimer, justly considered the father of the
Saccharomyces genetic map, died following a long and productive career spent exploring
many aspects of yeast biology, and making fundamental advances that have guided those
who followed. In addition to the map itself, Mortimer discovered many of the RAD genes and
their epistasis groups, discovered the phenomenon of aging in yeast, and made tetrad
dissection facile with the discovery of enzyme extracts that allowed digestion of asci. For
many years, he ran the Yeast Genetics Stock Center from his laboratory in Donner Hall at
LUCE. - Jasper Rine

Chituary for Robert K. Mortimer



Caracteristicas das Linhagens de S. cerevisiae

As linhagens "selvagens" de laboratorio carregam caracteres ditos "mutantes”.

Sao geneticamente incompativeis com linhagens domesticadas, e as utilizadas
na fermetacao cerveja , pao.

Umas sao improprias para um determinado estudo , enquanto outras
linhagens nao servem para outros estudos.



many freely mterbreeding species of the budding veast Saccharomyces and to the fission veast
Schizosaccharomyces pombe. Although “Saccharomyces cerevisiae™ 1s commonly used to
designate many of the laboratory stocks of Saccharomyces used throughout the world, it should
be pointed out that most of these strains originated from the interbred stocks of Winge,
Lindegren, and others who employved fermentation markers not only from §. cerevisiae but also
from 8. bavanus, §. carisbergensis, 8. chevalieri, 5. chodati, 5. diastaticus, etc. Nevertheless, it
is still recommended that the interbreeding laboratory stocks of Saccharomyces be denoted as §.
cerevisiae, in order to conveniently distinguish them from the more distantly related species of
Saccharomyces.

Care should be taken in choosing strains for genetic and biochemical studies. Unfortunately
there are no truly wild-type Saccharomyces strains that are commonly emploved in genetic
studies. Also, most domesticated strains of brewers’ yeast and probably many strains of bakers’
veast and true wild-type strains of S cerevisiae are not genetically compatible with laboratory



Table 4.1. Size and composition of yeast

cells
Characteristic Haploid cell  Diploid cell
Volume (um3) 70 120
Composition (10-12 g)
Wet weight 60 80
Dry weight 15 20
DNA 0.017 0.034
RNA 1.2 1.9

Protein §) 8



Genoma Levedura:

Inheritance
Nucleic acid

Location

Genetic determinant

Relative amount
Number of copies

Size (kb)

Deficiencies in mutants
Wild-type

Mutant or variant
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Figure 2. The genome of a diploid cell of S. cerevisiae (see the text). A wild-type chromosomal
gene is depicted as YFGI™ (Your Favorite Gene) and the mutation as yfg/-1.

12.052 kb - 72% seq ORFs

3,8% ORFs com introns




Table 6.1. Genetic nomenclature, using ARG2 as an example

Gene

symbol Definition

ARG+ All wild-type alleles controlling arginine requirement

ARG2 A locus or dominant allele

arg2 A locus or recessive allele confering an arginine requirement
arg2- Any arg?2 allele confering an arginine requirement

ARG2+ The wild-type allele

arg2-9 A specific allele or mutation
Arg+ A strain not requiring arginine
Arg- A strain requiring arginine
Arg2p The protein encoded by ARG2

Arg2 protein The protein encoded by ARG2

ARG2 mRNAThe mRNA transcribed from ARG2

arg2-D1 A specific complete or partial deletion of ARG2

ARG2::LEUZ Insertion of the functional LEUZ2 gene at the ARGZ2 locus, and ARGZ2 remains functional and dominant
arg2::LEU2 Insertion of the functional LEUZ2 gene at the ARGZ2 locus, and argZ2 is or became nonfunctional

arg2-10::LEU2 Insertion of the functional LEUZ gene at the ARGZ2 locus, and the specified arg2-10 allele which is
nonfunctional

cyct1-arg2 A fusion between the CYC17 and ARGZ2 genes, where both are nonfunctional
PCYC1-ARG2 A fusion between the CYC1 promoter and ARG2, where the ARGZ2 gene is functional



Table 6.4. Nomenclature of presumptive prions exhibiting non-Mendelian
inhertance

Putative
gene

Prion state

Positive Negative product Phenotype of negative state

W W Sup35p Decreased efficiency of certain suppression
Et E- Sup35p Decreased efficiency of certain suppression
[URE3] [ure3] Ure2p Deficiency in ureidosuccinate utilization



The awesome power of yeast genetics

..Saccharomyces cerevisiae!
Behold the Awesome Fower nl‘l‘mL(:.@.f



Micromanipulador de tetrades
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A manipulacao genética é favoravel e de facil execucao, como no
iIsolamento de mutantes com deficiéncia respiratoria

mutagenese Fonte de Carbono Fonte de Carbono Fonte de Carbono
\ fermentavel nao fermentavel nao fermentavel

» meio rico meio seletivo

aF 0 |
Pk

A . transformacgao

biblioteca
gendmica

Isolamento e
sequenciamento
do plasmidio
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1° Eucarioto a ter seu genoma sequenciado (1996)

Transcriptomica , Protedmica, Metabolomica

Size (kb) Physical map of S. cerevisiae chromosomes
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Disponibilidade de mutantes nulos para cada
uma das 6000 ORFs (desde 1999)

Genetica classica Genética reversa

Fenétipo mutante 4 Sequéncia DNA
Alelo mutante Alelo mutante

Sequéncia DNA Fenétipo mutante |



BamHlI BamHl|

Esquema para inativagao
Do gene SGF1 EcoRl EcnRI

Emprego da Genética Reversa
SGF1 sgf1

ura- ura+



Necessidade de pareamento homologo entre
segmentos de DNA para recombinagao ocorrer

(A)
— T

2 YFGT 3

¢Ura+

; | URA3 3

yfg1::URA3

Modified from: F. Sherman, Yeast genetics. o
The Encyclopedia of Molecular Biology and Molecular Medicine, o
pp. 302-325, Vol. 6. Edited by R. A. Meyers, VCH Publisher, Weinheim, Germany, 1997.e



Uso de plasmidios tal qual em Escherichia coli

Tipos de Plasmidios:
Multicopias
Integrativos
Centroméricos

e
St gl

pYe(arsl) 26 pYe (arsi-ars2) |

Fig. 2 Physical maps of various plasmid DNAs. The maps show

the location of EcoRI (=), Hindlll {—+—=), BamHI -A-), Pxrl

(——), Sall (—@-) and Bg/11 () sites in the DNAs and indicate

approximate locations of pertinent replicators and genes. The

consiruction and use of these plasmids is described n the text,
Their sizes are indicated in kilobase pairs (kbp),

Nature, Vol 287, Mo, 5782, pp. 504-509, October 9 1980



Caracteristicas dos plasmidios de levedura

Table 5. Components of common yeast plasmid vectors

YIp YEp YRp YCp

Plasmid
E. coli genes or segments
ori, bla; tet T ¥ i +
Yeast genes or segments
URA3; HIS3; LEUZ; TRPI; LYS2; etc. =+ o + +
leu2-d 0 + i i 0
2 um; 2 um-ori REP3; 0 + 0 0
ARSI; ARS2; ARS3; efc. 0 0 4 +
CEN3; CEN4; CENII; etc, 0 0 0 +
Host (veast) markers
wrad-32; his3-Al;y leu2-Al; trp [-Al; lvs2-201; etc. + + §i T
Stability i i5 2 3 N

Modified from: F. Sherman, Yeast genetics. o
The Encyclopedia of Molecular Biology and Molecular Medicine, o
pp. 302-325, Vol. 6. Edited by R. A. Meyers, VCH Publisher, Weinheim, Germany, 1997.e



Marcas de selegcao mais comuns em
plasmidios/linhagens de levedura

GENE ENZIMA SELECAO
HIS3 Imidazol glicerolfosfato desidratase Histidina
LEU?2 | B-Isopropilmalato desidrogenase Leucina
LYS2 a-Aminoadipato redutase Lisina
TRP] N-(5'-fosforibosil)- antranilato isomerase | Triptofano
URA3 Orotidina-5'fosfato decarboxilase Uracil




Selecao Positiva e negativa:
valida para os genes URA3 e LYS?Z2:

Ura3p

5-Fluoro-orotic acid (FOA)

>

a-aminoadipic acid (aAA)

>

5-fluor-uracil

fonte de nitrogénio para
mutantes lys2



Troca de plasmidios

Mutagenesis
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Estudo de Mutantes:

—>Mutantes nulos (genética reversa)

—>Mutantes condicionais (sensivel a temperatura)

—~>Mutacbes dominantes (como determinar se um mutante hisX é
dominante?)

—->Mutagdes Supressoras (por epistasia — por excesso — por desvio de
via)

—->Mutacgdes Letais (como definir? — sintéticos letais?)



Tipos de supressao genetica

NATURE REVIEWS | GENETICS
VOLUME 2 | SEPTEMBER 2001 | 663

a Dosage suppressor: rescues in high copy

Suppressor
Mutant Increased dosage of wild-typa
Wild type Protein is destabilized partner stabilizes protein

Q - D Q
000 Y ®®®

b Interaction suppressor: allele specific, gene specific

Wild type Mutant

Q4 €

¢ Bypass suppressor: pathway specific, rescues null allele

Mutant Suppressor
Wild-type Blocks one Opens alternative
pathway pathway pathway
---------’ ---------’ ﬁ'
d Nonsense suppressor: allele specific, gene non-specific
Mutant Suppressor
Wild-type Pramaturely terminatad tRMA recognizes
protein by nansense codon nonsense codon

+QU0000000000 +00000<X +000000000000<

Figure 3 | Suppressor mechanisms. Depending on the allele and gene specificity associated
with suppressors, machanisms can be inferred, as shown. a | Dosage suppressors encode
proteins that stabilize the mutant product when they are expressed at high levels. b | An
interaction suppressor restores the interaction between the mutant product and its partner{s).
¢ | A bypass suppressor activates an akternative pathway to the wild-type pathway. d | A
nonsense suppressor encodes a tRNA molecule that recognizes a premature termination
codon and inserts an amino acid at that position.




Algumas aplicacoes



Estudo do envelhecimento
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A mother’s sacrifice: what is she keeping for herself?
Kiersten A Henderson and Daniel E Gottschling
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Figure 6. Mutation of fob1 suppresses the life span defect of a sir2 mutant
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Matt Kaeberlein et al. Genes Dev. 1999; 13: 2570-2580

Cold Spring Harbor Laboratory Press



Gene Silencing in S. cerevisiae
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(~10% of the yeast genome is silenced)



Loss of Heterozygosity
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Color Assays for LOH

MIETILS/metls  --=> metlS/metlS

ADIE2Z/ade? - ade2/ade2



Pedigree plate

=] =]

EEEF IREEE
9/0.0/0000.00@
9/0/0/0C0 0000
0000000000
QOQOE®OO0O0
QOQLEGQO0O0
9000000000
QOLO@®OO0O0
OOOOO®OOO0
9908000806
998 800866
QOQOEOO0O0
EEE® OBGE







Producao de glicoproteinas humanizadas em levedura

THE HUMANIZATION OF
N-GLYCOSYLATION PATHWAYS
IN YEAST

Stefan Wildt' and Tillliman U. Gerngross®

Glycosylation engineering in yeast: the advent of fully
humanized yeast
Stephen R Hamilton' and Tillman U Gerngross'*

Production of humanized glycoproteins in bacteria and yeasts
Yasunori Chiba'? and Yoshifumi Jigami'



Principais vias de N-glicosilacao em humanos e levedura
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Wildt and Gerngross (2005) Nat Rev Microbiol 3: 119-128



Table 1 Therapeutic proteins produced in the yeasts S. cerevisiae and P. pastoris

Products on the market

Commercial name  Recombinant protein Company Expression system
Actrapid Insulin MNovoNordisk S. cerevisiae
Ambirix Hepatitis B surface antigen GlaxoSmithKline 5. cerevisiae
Comvax Hepatitis B surface antigen Merck 5. cerevisiae
Elitex Urate oxidase Sanofi-Synthelabo 5. cerevisiae
Glucagen Glucagen Movo Nordisk 5. cerevisiae
HBVAXPRO Hepatitis B surface antigen Aventis Pharma 5. cerevisiae
Hexavac Hepatitis B surface antigen Aventis Pasteur 5. cerevisiae
Infanrix-Penta Hepatitis B surface antigen GlaxoSmithKline 5. cerevisiae
Leukine Granulocyte-macrophage colony Berlex 5. cerevisiae

stimulating factor
MNeovolog Insulin MNovo Nordisk 3. cerevisiae
Pediarix Hepatitis B surface antigen GlaxoSmithKline 5. cerevisiae
Procomuax Hepatitis B surface antigen Aventis Pasteur S. cerevisiae
Refuldan Hirudin/lepirudin Hoechst S. cerevisiae
Regranex rh Platelet-derived growth factor Ortho-McNeil Phama S. cerevisiae
(US), Janssen-Cilag (EU)

Revasc Hirudin/desirudin Aventis 5. cerevisiae
Twinrix Hepatitis B surface antigen GlaxoSmithKline S. cerevisiae

Wildt and Gerngross (2005) Nat Rev Microbiol 3: 119-128



Doenca de Gaucher - afeta lisossomo
tratamento com Glucocerobridase 2
ainda nao produzida em levedura!

Cerezyme—> cada dose USD 432,97
No Brasil 726 pacientes — USD 153.000.000

Response to Enzyme Therapy

Pretreatment Post-treatment
Age 8 Years, 8 Months Age 10 Years, 10 Months



Nos processos biotecnholégicos

Por exemplo:
Alteracao da via do

mevalonato para producao de

diesel
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Rota do Mevalonato
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Acucar—> Piruvato —>Acetaldeido —> Acetil-CoA —> Mevalonato —> |pp —> FPP —> FEarneseno

l Biofene

Etanol



1. Selegdodoselementos genéticos da biblioteca plasmidial e ligagdo das regides correspondentes para facilitar a
montagem do cassete de integragao especifico

LEU2US Nata ERG12

rFI’:.ﬂ.LL 10

ERGE

2. Liberagdo de cada elemento genético pordigestao

de restricao

F

—

Galdoc

GALL

LELIZDS

o tevaus (= I NatA = T e P T, o Eres [P o P - o _GAL4 = LEU2DS

3. Montagem do cassete de integracio pela PCR

4, Ampliticacdo do cassete pela PCR usando os iniciadores

externos (F R)

LEU2US puel NatA gl ERG12 o tPyy o 3 ERGE  pul Poagoc I GALG =3 LEU2DS

5. Transformac3o das celulas de levedura. Selecdo parao

evento deintegracdo,

Fragmentos continuos contendo sequéncias homologassobrepostas




Sintese artemisinic acid — anti-malaria
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Construction of CEN.PK2 Gen 2.0 and comparison of production by Gen 1.0 and 2.0 strains.
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Yeast breaking bad

Canmabis sotiva THCA

J Biotechnol. 2017 Jul 8. pii: S0168-1656(17)31520-1. doi: 10.1016/j.jbiotec.2017.07.008.



Na producao de etanol

Engineered Saccharomyces cerevisiae capable of
simultaneous cellobiose and xylose fermentation

Suk-Jin Ha**', Jonathan M. Galazka“', Soo Rin Kim®*®, Jin-Ho Choi*®, Xiaomin Yang®, Jin-Ho Seo®,
N. Louise Glass, Jamie H. D. Cate“?? and Yong-Su Jin*"?

Fig. 1. Strategy for simultaneous cofermentation of
cellobiose and xylose without glucose repression.
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Yeast Idiosyncrasies

ade1 and ade2 cultures turnred. The intensity depends on the amount of adenine in the medium.
YPD is not rich in adenine, so cultures turn red in 2-3 days. Petites don't turn red.

asp5 requires asparagine added to YPD ascospore dissection plate. Extra asp needed only for
germination; cultures grow normally on YPD. asp5 turns red in aged cultures; not as fast or

intense as ade2 or adel.

gcn4 has an arginine requirement (partial?) canr (arginine permease) makes gcn4 grow very
slowly.

trp  slows growth, especially at lower temperatures. Extra trp in medium helps, but does not
restore wildtype growth. Different mutants may show a range of phenotypes.

Petites may be rho minus or rho zero. Colonies are smaller and white, and their size can vary over
a wide range in one culture.



Minimal Media E. coli minimal vs. yeast minimal: wild-type E. coli grow equally well on complete
(LB) and minimal (M9). Wild-type yeast grows slower on minimal (YNB=SD)
than on complete (YPD). Wild-type yeast seems to grow equally well on complete
(YPD) and on synthetic complete (SC), however.

Doubling time S. cerevisiae haploid in YPD liquid is 90 min. at 30°C. Stationary phase has a cell
density of 2X108 per ml. In YNB (SD) it is less, about 5X107 per ml.

Psi Factor Zygote viability and possibly sporulation and spore viability may fail due to ¥ (psi), a
cytoplasmic factor, that can arise and be lost spontaneously. ¥ enhances the effect of
suppressors which can act as dominant (semi-) lethals in diploids when introduced from
one parent into the W+ cytoplasm brought in by the other parent. See Protocol: Curing
cytoplasm of ¥+, C. Styles 1981 (Blue Protocols Notebook).

Sporulation Quality and efficiency is sensitive to many factors (genotypes and conditions).
Sometimes, simply repeating the procedure (GNA 2 days at 30°C, SPO 1 day at 23°C,
then 1-4 days at 30°C) improves results. A second sporulation medium (NGS)
occasionally gives better results. Sometimes the opposite is true.

Tetrad storage  Storage on sporulation medium should be stored at 4°C after one week of
incubation. They remain reasonably viable for a couple of months. Longer
incubation above 4°C toughens the diploid wall, requiring increased digestion for
dissection. Asci of wild strains are harder to digest than those of laboratory
strains.



Inositol Inositol is present in trace amounts in Difco Yeast Nitrogen Base. The medium supports
partial growth of ino mutants, making it difficult to distinguish the mutant phenotype
from wild type. We regularly supplement YNB preparations with inositol to allow ino
mutants to grow like wild type. Medium lacking inositol is made "from scratch,” using
stock solutions stored over chloroform in a cold room according to the Cold Spring Harbor
Manual formula. Difco Bacto agar should be used to make solid medium.

Agar Agar is a crudely refined natural product and varies greatly from one processor to another.
More highly refined agar is more expensive, has fewer impurities, and usually makes weaker
gels. We are using Difco Bacto agar for routine purposes. Less refined agar should be tested
carefully. Some agars support ura mutants and some have a water-soluble substance toxic to
wild type. Agar can be washed to avoid these problems if necessary.

ade 3 Requires both adenine and histidine.

hom 3 Requires methionine and threonine.

TRP TRP cultures leak tryptophan into the medium. After 2-3 days, the edges of trp patches in
prints to trp-plates start to grow if they are adjacent to TRP patches.

URA Does the same as TRP cultures, but the cross-feeding is not seen until after 7-9 days.



Leucine

Leucine (L+) contains trace amounts of methionine as an impurity virtually impossible to
entirely eliminate in its manufacture. Biochemically, the leucine is "essentially
methionine-free,” but in a growth test, methionine auxotrophs appear to be "leaky" or
"disappear” when grown on medium containing leucine, especially in larger quantities as
in drop-out. If your having difficulty tracking a methionine auxotroph, try to use strains
which don't require leucine and omit it from the medium, or do a complementation test

using Leu+ testers.



