Lecture 3 - 5: Yeast as a model organism
for functional and evolutionary genomics
and systems biology




Lecture outline

Objective: using yeast as an example to introduce basic
concepts, experimental and computational techniques

Basics on budding yeast

— Haploid CH#.4%) , diploid (XU#14) , essential and non-
essential genes

Study gene function using genomics and proteomics

— Microarray, transcriptional regulation, ChlP-chip, regulatory
evolution

— Protein-protein interactions, protein complexes, biological
network, genetic interactions, high content cell biology

Genome duplication and evolution



Budding Yeast: Saccharomyces cerevisiae

« “domesticated” by ancient human, used in baking and brewing
— “Saccharo-" = sugar, “myces’ = mushroom, fungas,
— “cerevisiae” = “of beer”




Budding Yeast: Saccharomyces cerevisiae

« Can grow under both aerobic (&) and anaerobic (X&)
(fermentation) conditions

« Can exist as both haploid and diploid form.

— In haploid (%.4%) form, yeast undergo mitosis (54 43%4)
(asexual budding)

— Indiploid (Xfi%) form, yeast can undergo sporulation, enter
sexual reproduction (meiosis ##{77%<) and produce haploid
spores (a and a). The spores can mate (conjugate) and form
diploid again.

-

fission yeast 1s another less
commonly used yeast model
organism:
Schizosaccharomyces pombe
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Life cycle of budding yeast
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S. cerevisiae genome

16 chromosomes (haploid), 12 million bp, ~6,000 genes,
— Human has 22,000 genes, 3,000 million bp

46% of yeast genes have orthologs in humans
290 yeast genes are orthologs of human disease genes

Only 220 genes have introns (4%),
— Infission yeast S. pombe 40% genes have introns

Yeast is the most important eukaryotic model organism, many
important biological discoveries were made in yeast, e.g. cell
cycle.

Fully automated experimental protocol allows genome-wide
study, very collaborative research community




many yeast genes are “non-essential”

Saccharomyces Genome Deletion Project: systematically
delete every gene and assay for survival and fitness effects.

Only 19% of yeast genes (1100 of ~5900) are essential for
growth on rich glucose media, the majority of yeast deletion
strains are viable.

Why are some genes “nonessential” ?
— Functionally not vital
— Only essential in specific condition
— Redundancy by duplicated gene
— Subtle fitness effect that only manifest after long evolutionary time

Winzeler et al Science 1999, Functional Characterization of the S. cerevisiae
Genome by Gene Deletion and Parallel Analysis




Create yeast deletion strain
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Deletion of nonessential genes have
morphological phenotypes

)

Giaever et al Functional
profiling of the
Saccharomyces cerevisiae
genome Nature 2002




Yeast has many high-throughput genomics data

 Gene expression (by microarray or RNA-seq)
— Cell cycle, deletion strain, chemical perturbations

* Transcription regulation (binding by transcription factors)
— ChIP-chip, ChlP-seq

* Protein-protein interactions and complex data
— Yeast Two-Hybrid (Y2H), TAP-tagging, literature curation

* Genetic interactions and pathways
— Synthetic Genetic Array (SGA)

« Chemical genomics
— Small molecule — gene interactions

 High content morphological screening



Gene expression

« Microarray or next-generation sequencing can measure gene
expression level of tens of thousands of genes at once.

* There are two types of microarray experiments:
— to measure the absolute mRNA abundance in the sample,

— to measure the difference between two samples, or after

perturbation e.g. DNA damage, starvation, heat shock, or
small molecules (drugs)



DNA microarray making

Microscope glass slides
coated with polylysine

+
6116 Yeast ORFs
amplified by PCR
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Array scanner




Gene expression in yeast cell cycle

Spellman et al identified ~800 yeast
genes whose mMRNA expression level are
tightly regulated through cell-clcye.

“Comprehensive identification of cell cycle-
regulated genes of the yeast” MCB 1998

Cell cycle
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Genes of similar function often have
similar expression profile

» Genes that have similar expression
profile (i.e. co-expressed) often share
similar function or on the same
pathway: “guilt by association”.
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Genes of similar function often have
similar expression profile

J ribosomal
| proteins (1)

rRNA

« (Gene expression experiments can transcr. (4)

identify targets of regulators such as
transcription factors (TFs),
microRNAs, or drugs.
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Genes of similar function often have
similar expression profile

J ribosomal
| proteins (1)

rRNA
transcr. (4)

Al stress
FY° 14 induced (3)

normalized log ratio expression level

» (Genes that are co-expressed often
share common regulators
(transcription factors).

\| proteasome
¥ 5 (28)

Beer & Tavazoie Cell 2004



249 genes

Gene expression clustering reveal functional similarity

424 experiments

1,226 genes

Cluster label .
amino acid metabolism
arginine biosynthesis
arginine catabolism
aromatic AA metabolism
asparagine biosynthesis
branched chain AA synth
lysine biosynthesis
methionine biosynthesis
sulfur AA tnsprt, metab
adenine biosynthesis
aldehyde metabolism
biotin biosynthesis
citrate mefabolism
ergosterol biosynthesis
fatty acid biosynthesis
r%Iucon.eogenems

AD biosynthesis
one-carbon metabolism
Pyridqxine metabolism
Riamin biosynthesis 1
thiamin biosynthesis 2
hexose fransport
sodium ion transport
polyamine transport
nucleocytoplasmic transport
ribosome/RNA biogenesis
ribosomal proteins
translational elongation
protein folding
secretion i
protein glycosylation
vesicle-mediated transport
proteasome
vacuole fusion
mitoribosome/respiration
Mitochond. electron trans.
iron transport/TCA cycle
Chromatin/transcription
histones
MCM2/3/6/CDC47
DNA replication
mitotic cell cycle
CLB1/CLB6/BBP1
cytokinesis
development
pheromone response
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sporulation/meiosis

response to oxidative stress
stress/heat shock
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Candidate regulator
ARGB80/81
ARGB80/81/UME6/RPD3
ARO80
GCN4/HAP1/HAP2
LEU3, GCN4

LYS14

CBF1, MET28, MET32

MET31,MET32
BAS1, BAS2, GCN4

RTG3
ECM22/UPC2
INO4

GCR1

THI2/THI3
THI2/THI3
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RLM1

XBP1

RPN4
PHO4

HAP2/3/4/5
MAC1/RCS1/AFT1/PDR1/3

HIR1,HIR2
ECB

MCB
HCM1

FKH1

ACE2,SWi4
MATALPHA2,STE12
KAR4

NDT80

ROX1,

ROXIMNGMSNM  Chua et al., 2004



How well can mRNA level reflect
protein abundance ?
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How well can mRNA level reflect
protein abundance ?

E. coli
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How are gene expression regulated ?
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Regulation by transcription factors (TF)

» Transcription factor — DNA interactions is the most important
regulatory mechanism.
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Computational prediction of TF binding sites

« Using gene co-expression data:

— Rationale: genes sharing similar expression profile are likely
to be regulated by the same transcription factors

— Method: cluster these genes, align the promoter region, and
look for enriched or conserved motifs

« Using evolutionary conservation:

— Rationale: Orthologous genes from related organisms tend
to be regulated by the same transcription factors

— Methods: cluster these genes, align the promoter region, and
look for enriched or conserved motifs

« These methods work okay for yeast but not for human or
mouse, because of very large intergenic regions.



Enriched regulatory motifs in co-expressed genes
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Finding regulatory elements by genome comparison

Saccharomyces cerevisiae | gmmmm—
~10Myr _I__[ S. cariocanus
[~ S. pa.radoxus sensiu
S. mikatae — <<— .
~20Myr S. kudriavzevii stricto
S. bayanus — g—
I: S. pastorianus id
— S. servazzii ]
— S. unisporus
S. exiguus sensu
—— S. diarenensis lato
— S. castellii
S. kluyveri | petite
—J negative
~150Myr // Kluyveromyces lactis
>330 Myr // v~ Schizosaccharomyces pombe




Finding regulatory elements by genome comparison

Nature 423, 241-254 (15 May 2003) | doi:10.1038/nature01644; Received 27 February 2003; Accepted 1
April 2003

Sequencing and comparison of yeast species to identify
genes and regulatory elements

1,

Manolis Kellis 3, Nick Pattersonl, Matthew Endrizzil, Bruce Birrenl & Eric S.

Landerl:3

TTCVw TODTC OUT ottty

Science 4 July 2003:
Vol. 301 no. 5629 pp. 71-76
DOI: 10.1126/science.1084337

RESEARCH ARTICLE

Finding Functional Features in Saccharomyces Genomes by
Phylogenetic Footprinting

Paul Cliftenl, Priya Sudarsanaml, Ashwin Desikanl, Lucinda FultonZ, Bob FultonZ, John Majors3,

Robert Waterston1'2, Barak A. Cohenl and Mark Johnstonl:

 Kellisetal: ... We developed methods for direct identification of
genes and regulatory motifs. ...The gene analysis yielded a
major revision to the yeast gene catalogue, affecting
approximately 15% of all genes and reducing the total count by
about 500 genes”



Known TF binding sites

Scer TTATATTGAATTTTCAAAAATTCTTACTTTTTTTTTGGATGGACGCAAAGAAGTTTAATAATCATATTACATGGCATTACCACCATATACA
Spar CTATGTTGATCTTTTCAGAATTTTT-CACTATATTAAGATGGGTGCAAAGAAGTETGATTATTATATTACATCGCTTTCCTATCATACACA
Smik GTATATTGAATTTTTCAGTTTTTTTTCACTATCTTCAAGGTTATGT -TGTCAAGRTAATATTACATTTCGTTACTATCATACACA
Sbhay TETzTgIEQTTECzTTeGTTEECIITETTIAACEECAAAATTAT GAAAGT TAGTC ATCATGCTATCT GTCACTATCACATATA

*k *k K

TATA

Scer TATCCATATCTAATCTTAQITATAIGTTGT-GGAAAT-GTAAAGAGCCCCATTATCTTAGCC CC-\TTCTCTTTGGAACTTTCAGTAATACG
Spar TATCCATATCTAGTCTTAQITATATGTTGT-GAGAGT-GTTGATAACCCLAGTATCTTAACCYAAGAAAGCC--XT-TCTATGAAACTTGAACTG-TACG
Smik TACCGATGTCTAGTCTTAQITATATGTTAC-GGGAATTGTTGGTAATCLCAGTCTCCCAGATEAAAAAAGGT--CYTTCTATGGAGCTTTG-CTA-TATG

Sbay TAGATATTTCTGATCTTTC TTATA TATTATAGAGAGATGCCAAT GTGCTACCTCGAAC GAAGGGGATTN TCTGTAGGGCTTTCCCTATTTTG
LR Wk ok k ok ok ok ok okbk Rw * * * * % * % * \kxx K * ok ok * * *
Gal4 Gald Gald
Scer CTTAACTGCTCATTGC----- TATATTGAAGTHCGGATTAGAAGCCGCC GGGCGACAGCCCTCCGRCGGAAGACTCTCCTCCGIGCGTCCTCGTCT
Spar  CTAAACTGCTCATTGC----- AATATTGAAGTHCGGATCAGAAGCCGCC GGACGACAGCCCTCCGACGGAATATTCCCCTCCGIGCGTCGCCGTCT
Smik  TTTAGCTGTTCAAG----——--— ATATTGAAATACGGATGAGAAGCCGCC GGACGACAATTCCCCGACGGAACATTCTCCTCCGLGCGGCGTCCTCT
Sbay TcTTATTGTCCATTACTTCGCAATGTTGAAAT GGATCAGAAGCTGCC GGATGACAGTACTCC GGAAAACTGTCCTCC GCGAAGTCGTCT
Tk kEkEkhkk THAAkEAEAK kxEkhkhkk FhhkMEk | kkk * k kK * *hkxEx Kk * * k kx K * Kk xk K
Gald
Scer TCACCGG-TCGCGTTCCTGAAACGCAGATGTGACTCGCGCCGCACTGCTCCGAACAA' GATTCTACAA-—-——- TACTAGCTTTT--ATGGTTATGAA

Spar TCGTCGGGTTGTGTCCCTTAA-CATCGATGTAQCTCGCGCCGCCCTGCTCCGAACAA GGATTCTACAAGAAA-TACTTGTTTTTTTATGGTTATGAC
Smik ACGTTGG-TCGCGTCCCTGAA-CATAGGTACGGCTCGCACCACCGTGGTCCGAACTA TACTGGCATAAAGAGGTACTAATTTCT~-ACGGTGATGCC
Sbay GTG- CGGATCACGTCCCTGAT TACTGAAGCGTCTCGCCCCGCCATACCCCGAACAA CAAATGCAAGAACAAA TGCCTGTAGTG——GCAGTTATGGT

ww kkk [k % % &k Kk k% ok Kk kk K Rk Kk K

Mig1
CCCACAAACCTTI-CAAATTAACGAATCAAATTAACAACCATA-GGATGATAATGCGA====—~ TTAG--T
CCCATATACCTTITCAAACTATTGAATCAAATTGGCCAGCATA-TGGTAATAGTACAG====—— TTAG--G

CCCACATACCTTI-CAAATCGATGCGTAAAACTGGCTAGCATA-GAATTTTGGTAGCAA-AATATTAG--G
CCCAATATACTTTGTTCCGTGTACAGCACACTGGATAGAACAATGATGGGGTTGCGGTCAAGCCTACTCG

* * k * * % ki * * * *

Scer GAGGA-AAAATTGGCAGTAA----CCTG
Spar AGGAACAARAATAAGCAGCCC----ACTG
Smik CAACGCAAAATAAACAGTCC----CCCG
Sbay GAACGTGAAATGACAATTCCTTGCCCCT

* kK *

Mig1
Scer TTTTTAGCQTTATTTCTCGGGETAAT TAATCAGCGAAGCG--ATGATTTTT-GATCTATTAACAGATA ANATGGAAAAGCTGCATAACCAC----- TT
Spar GTTTT--TQTTATTCCTGAGACAATTCATCCGCAAAAAATAATGGTTTTT-GGTCTATTAGCAAAC? ANATGCAAAAGTTGCATAGCCAC=- ===~ TT

Smik TTCTCA--QCTTTCTCTGTGATAATTCATCACCGARATG--ATGGTTTA-~GGACTATTAGCAAAC?
Sbay TETECCGTTTTACTTCTGTAGTGGCTCAT——GCAGAAAGTAATGGTTTTCTGTTCCTTTTGCAAAC‘

* k& *hkk  kkKk
]

"TATGAAAGTAAGATCGCCTCAATTGTA

* ke k ok

Scer TAACTAATACTTTCAACATTTTCAGT--TTGTATTACTT-CTTATTCAAAT----GTCATAAAAGTATCAACA-AAAAATTGTTAATATACCTCTATACT
Spar TAAATAC-ATTTGCTCCTCCAAGATT--TTTAATTTCGT-TTTGTTTTATT~~~~-GTCATGGAAATATTAACA-ACAAGTAGTTAATATACATCTATACT
Smik TCATTCC-ATTCGAACCTTTGAGACTAATTATATTTAGTACTAGTTTTCTTTGGAGTTATAGAAATACCAAAA-AAAAATAGTCAGTATCTATACATACA
Sbay TAGTTTTTCTTTATTCCGTTTGTACTTCTTAGATTTGTTATTTCCGGTTTTACTTTGTCTCCAATTATCAAAACATCAATAACAAGTATTCAACATTTGT

* * % * k% * *k  kk *¥k % * ko

Scer TTAA-CGTCAAGGA---GAAAAAACTATA

Spar TTAT-CGTCAAGGAAA-GAACAAACTATA

Smik TCGTTCATCAAGAA----ARARAACTA. .

Sbay TTATCCCAAARAAAACAACAACAACATATA
* * *k  x *k Kk kK

Kellis et al Nature 2003



Experimentally determine TF binding sites

* ChiIP-chip (chromatin immunoprecipitation on a microchip)
— Directly detect which regions of the genome a TF binds to.

— Use antibody to pull-down the TF protein and the bound
DNA fragment, then use microarray or sequencing to map
the fragments to the genome.
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Experimentally determine TF binding sites

* Protein binding array (PBM)
— Put all the possible 7-mer DNA fragments onto a microarray.

— Hybridize a TF onto the array, wash out the un-bound
protein, what is left is the DNA fragment bound by the TF.

— Calculate a weight matrix from the bound fragments, and
use it to scan the genome.



Protein binding microarray can determine

aaaccatcgggtggcaga
gagctcaaggacgtttct
cttgatatgcgaattagt

gtcccgcctacactgtaa

DNA binding affinities

—

aaaccatcgggtggcaga
gagctcaaggacgtttct

cttgatatgcgaattagt

gtcccgcctacactgtaa

—

e

AN

Berger, ...Bulyk, Nature Biotech 2004



Two landmark papers

Lee, ... Frankel, Gifford, Young “Transcriptional Regulatory
Networks in Saccharomyces cerevisiae” Science 2002

— “We use this information to identify network motifs, the simplest
units of network architecture, .... Our results reveal that eukaryotic
cellular functions are highly connected through networks of
transcriptional regulators that regulate other transcriptional

regulators.”

Harbinson, ... Frankel, Gifford, Young, “Transcriptional regulatory
code of a eukaryotic genome” Nature 2004

— “We have constructed an initial map of yeast's transcriptional
regulatory code by identifying the sequence elements that are
bound by regulators under various conditions and that are
conserved among Saccharomyces species...We find that
environment-specific use of regulatory elements predicts
mechanistic models for the function of a large population of yeast's
transcriptional regulators.”



Yeast promoter
architecture:
different mode of
regulation by
transcription factors

Harbinson, ... R. Young,
Transcriptional
regulatory code of a

eukaryotic genome
Nature 2004
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Some TFs are
regulated by
other TFs

Auto-regulatory
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Autoregulation
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Combine regulatory network with gene
expression — dynamics of the network
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Combine regulatory network with gene
expression — dynamics of the network
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Hierarchical structure of
regulatory network (?)
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Some evolutionary questions

For the TFs that have many targets and those that have few
targets, do they have different evolutionary constraints on their
sequence and mRNA expression level ?

For the target genes that have many regulators, and those have
just one regulator, do they have different evolutionary
constraints on their expression and sequence ?

What happens if a regulator is duplicated ?
What happens if a target is duplicated ?
What happens if the entire genome is duplicated ?



more evolutionary questions

How did a target gene become regulated by a TF ?
— Two alternative ways:

— By creating a cis- motif (binding site) that can be recognized
an existing TF, or

— By changing the TF protein sequence and structure, which
leads to recognition of an existing DNA motif

Are changes in trans- elements (TF) more important than cis-

elements (binding sites) for the evolution of expression and the
organism ? (see next slide)

How conserved are the regulatory mechanisms for orthologous
genes in different organisms ? (see next slide)



Divergence of TF binding sites between species

Science 10 August 2007:

Divergence of Transcription Factor Binding Sites Across Related
Yeast Species

Anthony R. Bornemani+, Tara A. GianoulisZ, Zhengdong D. Zhang2, Haiyuan Yu3, Joel Rozowsky3,

Michael R. Seringhausi, Lu Yong Wangi, Mark GersteinZ32 and Michael Snyderl'l'i'i

« The authors used ChIP-chip and determined the binding sites of Ste12
and Tec1 in 3 yeasts. These TFs bind collaboratively to targets.

~10Myr S. cariocanus

S. pa'radoxus sensiu
— S. mikatae <«—— .
stricto

~20Myr —— S. kudriavzevii

I: S. bayanus ~ €———
S. pastorianus

—E Saccharomyces cerevisiae | <———




Divergence of TF binding sites between species
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S. paradoxus

— S. mikatae
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S. mikatae
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Divergence of TF binding sites between species

« Summary of observations:

« Orthologous genes often regulated by the same transcription
factors, but their binding sites are often too diverged to be
recognized by sequence.

* “Transcription factor binding sites have therefore diverged
substantially faster than gene sequence. Thus, gene regulation
resulting from transcription factor binding is likely to be a major
cause of divergence between related species.”

« Conclusion: Changes in TF binding sites are more common and
more important in gene regulation than changes in TFs.

~




Variation of TF binding sites between strains

Nature 464, 1187-1191 (22 April 2010) | doi:10.1038/nature0B8934; Received 13 December 2009;
Accepted 19 February 2010; Published online 17 March 2010

Genetic analysis of variation in transcription factor
binding in yeast

Wei Zheng2®, Hongyu Zhao%3, Eugenio Mancera?, Lars M. Steinmetz? &
Michael Snyderlé

 The same authors looked at variation among different S.
crevisiae strains instead of different species, and used ChiIP-seq
instead of ChIP-chip.

*  “We showed that most transcription factor binding variation is
cis- linked, and that many variations are associated with
polymorphisms residing in the binding motifs of Ste12.”




But there are exceptions ...



Regulation of ribosomal proteins: an example of
transcription factor switching in evolution

 Ribosomal proteins are highly regulated, however they are primarily
regulated by Rap1 in S. cerevisiae and Tbf1 in C. albicans.
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TRENDS in Genelics

Weirauch, Hughes Trends in Genetics 2010
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A word of caution

 What we see for ribosomal proteins may be an exception. It is
likely that the maijority of the orthologs are under the regulation
of the same transcription factors in related organisms.

« But the spatial distribution of these binding sites could be less
conserved than previously thought.

» Also the sequence of these binding sites could have diverged
beyond recognition. It would be interesting to investigate the co-
variation or compensation between the protein sequence of TF
and the actual binding sites.



We will come back with more interesting
stories on regulatory evolution and variation

« Evolutionary Dynamics of Transcription Factor Binding in 5
vertebrates

* “humanized mouse™: moving a human chromosome into mouse
cells

« “Population genomics of human gene expression”, cis vs trans
effects, and SNP vs CNV

* “Variation in Transcription Factor Binding Among Human
individuals”



End of lecture 3

* Next: We will talk about protein-protein interactions, protein
complexes, biological networks etc in the next lecture.






