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A Tale of Cell Biology, Told by Budding Yeast (and a Cyanobacterium)

A lecture series beyond the known knowns of (cell) biology, exploring the
known unknows, the unknown unknowns, ... and some unknown knowns .

0. Quantitative Microbiology: Exponential growth is rarely balanced.

I. Pervasive transcription during the low energy phase of respiratory oscillations.
Il. Transcription at LTR retrotransposons. TRANSCRIPTION

I1l. DNA as a metabolic sensor, and
IV. Chromosomal domains and mobile elements. GENOME HOMEOSTASIS

V. Protein homeostasis by a transcriptional oscillator, and
VI. Pulse-width modulation of gene expression. PROTEOME HOMEOSTASIS

VII. Metabolism: feedbacks and the auto-catalytic cycles of life, and
VIII. The cell growth cycle as a cell-structural proofreading loop. METABOLISM

IX. Same, same in a cyanobacterium (circadian DNA supercoiling homeostasis).
X. Other eukaryotes: circadian and developmental clocks. OTHER SPECIES

Discussion: Do yeast cells dream of metabolic sheep?

All slides, incl. references, at https://www.bioinf.uni- leipzig.de/~raim/lecture_series/


https://www.bioinf.uni-leipzig.de/~raim/lecture_series/

Respiratory (Metabolic) Oscillation in Budding Yeast
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At high cell density: phases of High (HOC) and Low Oxygen Consumption (LOC).

here: distillery strain IFO 0233: exceptionally short periods, and regular cycles or complex dynamics.
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A General Pattern: Ribi/RP < mRP < S/C
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At high cell density: phases of High (HOC) and Low Oxygen Consumption (LOC).

here: distillery strain IFO 0233: exceptionally short periods, and regular cycles or complex dynamics.
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A Simple Mechanism for Global Gene Regulation?

Live: the rubber band model of DNA struture.




A Simple Mechanism for Global Gene Regulation?

The Standard Nucleosome Configuration of Transcribed Units

fragile
nucleosome
» transcription
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well-positioned

-1 +1 42 ‘ fuzzy  -1/+1: position relative to transcription start site.
nucleosomes The +1 nucleosome is usually well-positioned,
NDR: nucleosome- high low and defines the TSS (~1/4 from dyad).
depleted regions occupancy

Typical nucleosome configurations at transcribed genes, common
to eukaryotes and archaea (and chromatinized E. coli).

Is there a genomic code for nucleosome positioning?

» The contributions of DNA sequence, proteins and transcription in establishing
the local chromatin structure remain an unsolved and controversial problem,
e.g., pubpeer (with figures) by Michael Eisen (2021)! on Segal et al. (2006).

> Translational positioning (e.g. Chereji et al. 2018): barrier model v.

Rotational positioning (e.g. Cui et al. 2014): ~10.5 bp period.
> Rojec et al. (2019): chromatinization of E. coli with archaeal histones.

! https://pubpeer.com/publications/34904859EA5787B3927F952E0EED43



A Simple Mechanism for Global Gene Regulation?

ATP-Dependent Nucleosome Remodelling
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Conserved eukaryotic motor proteins that actively pull and wrap DNA,
requiring a high [ATP]/[ADP] ratio:

>

>

Kubik et al. (2019): pushers (RSC, SWI/SNF) < pullers (ISW2, INO80):
pushers open the promoter, pullers repress or define the TSS.

Remodellers have both genome-wide and specific functions, where specificity is
conferred by co-factors; e.g. lost (ISW2) in Drosophila (Donovan et al. 2021).
In vitro reconstitution of in vivo-like nucleosome configurations requires the
addition of cell extract and ATP (Zhang et al. 2011).

Nuclear ATP synthesis required in breast cancer cells (Wright et al. 2016).
ISW2 is specifically inhibited by ADP (Fitzgerald et al. 2004).



A Simple Mechanism for Global Gene Regulation?
A (too) Simple Model
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A ¥ pubmed conspiracy theory®™ (Machné and Murray 2012; Amariei et al. 2014),
based on ...

> “This makes a lot of sense”:
P Low ATP: stress and catabolic genes,
High ATP: growth and anabolic genes.
» ... and on data integration:
P Nucleosome occupancy (MNase footprinting) in vivo®? and in vitro®,
> RSCC and ISW27 binding sites/tracks (ChlP-seq), and
» Overall nucleotide content (GC/AT, purines).

23: Lee et al. (2007); b: Kaplan et al. (2009); c: Badis et al. (2008); d: Whitehouse et al. (2007).



A Simple Mechanism for Global Gene Regulation?

Extension of the Model
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k-means clustering of promoters by Kubik et al. (2019),

Novel data:

sorted along co-expression cohorts.

»> Kubik et al. (2019): pushers (RSC, SWI/SNF) < pullers (ISW2, INO80),
> Based on ChEC-seq (chromatin endogenous cleavage sequencing):

= inducible MNase fusion proteins, no antibedies!
» Extends our model to the four major groups:

> /RP: RSC;

: SWI3,

> : INO8O0; s/C: ISW2.



A Simple Mechanism for Global Gene Regulation?
Chromatin Reset Points in LOC

Amariei et al. 2014:

IFO 0233,

» Short period,

> MNase-tiling (@50 bp),
» Mean over 3 cycles.

v

Nocetti & Whitehouse 2016:
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MNase-seq,

Only 1 cycle.
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occ: DNA occupancy is the read-count of MNase digested, isolated chromatin,
reflecting proteins bound to DNA; o¢c: cohort means around the TSS (start).

The 5 cohorts show distinct DNA occupancy (protein-bound) patterns, reproducing
the results by Machné and Murray (2012), based on data by Lee et al. (2007).



A Simple Mechanism for Global Gene Regulation?
Chromatin Reset Points in LOC

Amariei et al. 2014:

IFO 0233,

» Short period,

> MNase-tiling (@50 bp),
» Mean over 3 cycles.
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Nocetti & Whitehouse 2016:
> CEN.PK122,
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MNase-seq,

Only 1 cycle.
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Chromatin reset points in early (gene bodies, yellow arrow) and
late (promoters, blue arrow) LOC phase, common to all cohorts.



Subtle and Individual Signals at Promoters
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Using the genomeBrowser data collection and plot tools;
see https://gitlab.com/raim/genomeBrowser, and shiny interface at http://yeast.bioinf.uni-leipzig.de/.


https://gitlab.com/raim/genomeBrowser
http://yeast.bioinf.uni-leipzig.de/

A Simple Mechanism for Global Gene Regulation?

Promoter Structures
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> Genes (segments) were aligned at transcription (segment) start sites and mean
binding data or motif frequencies calculated at each relative position.

> Point sizes  log(p) in local statistics tests, with all genes as the reference set:

P t-test for binding data (5 bp moving average), or

» cumul. hypergeom. distribution tests for sequence motifs (66 bp bins).

Data alignment was done with segmenTools's alignData; statistics and plotting are not yet in the package.



A Simple Mechanism for Global Gene Regulation?

Promoter Structures

Rsc8-MNase

0.4

1lsw2(K215R)

relative signal

0.2 0.1
relative signal

02 0.0 0.2

I
o
c
=
=]
[
w

0.54

J.GC. G coment /‘ -
o \/\

%!
i
1

smoothed frequ
;
b
\
)
)
smoothed frequ

0.34 0.38

0.48

0.004
E-
w

0.004

0.001

smoothed frequ
smoothed frequ.

0.001

b2 5"”,\\,/ ‘\—“‘x e

-400 -200 start 200 400 -400 -200 start 200 400
relative position, bp relative position, bp

A4T3: AAAATTT, bent and stiff DNA, thought to NOT bind to nucleosomes;
TATA: TATA[AT]A[AT] [AG] (Basehoar, Zanton, and Pugh 2004).



A Simple Mechanism for Global Gene Regulation?

Promoter Structures
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RSC binding site: CGCG (Badis et al. 2008),
PAC motif: GATGAG.
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A Simple Mechanism for Global Gene Regulation?

Promoter Structures
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AT2 motif: ApA, TpT or ApT dinucleotide steps, bent and stiff DNA,
TA: TpA step, a bimodal twist capacitor (Reymer, Zakrzewska, and Lavery 2018).



A Simple Mechanism for Global Gene Regulation?

3'UTR Motifs
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Pumilio-homology domain proteins (Puf3, Puf4, Puf5) are conserved in eukaryotes and
mediate both mRNA localization (e.g. Puf5 to mitochondria) and degradation.



Same, same in a Cyanobacterium?

In eukaryotes and bacteria, the DNA is in a strained state, resulting
from transcription, replication and ATP-dependent motor proteins
(remodellers & topoisomerases). This strained state is required for
expression of growth genes, and repression of stress genes. The
torsional strain is channelled by DNA interacting enzymes, e.g., into
open bubble formation by RNA polymerases.



Summary and Conclusion

» Summary of model, current state.
» Embedding into the growth cycle (LOC).



APPENDIX



Sequence- and ATP-Dependance of Remodellers

Sequence effects on rotational and translational positioning

> Segal et al. (2006): see long pubpeer comment (with figures)
by Michael Eisen (2021)3,

> Cui et al. (2014): rotational positioning model,

» Chereji et al. (2018): barrier model, but assuming promoters.

Subtle effects, difficult to see in genome-wide analysis

» A shift by +/- 10 bp (helical twist) can hide or expose TF binding motifs,
> A shift by +/- 5 bp can expose or bury TF binding motifs.

ATP-dependance

» Remodellers are motor proteins, unwrapping and pulling DNA from the
nucleosome, one remodelling step can require >10 ATP.

» Zhang et al. (2011): in vitro reconstitution requires remodellers + ATP,

» in vitro RSC remodeling by 5 or 10 bp depended on ATP concentration,

» ISW2 is specifically inhibited by ADP.

3https://pubpeer.com /publications/34904859EA5787B3927F952E0EED43



Global Effects of ATP Depletion

In eukaryotes and bacteria, the DNA is in a strained state, resulting
from transcription, replication and ATP-dependent motor proteins
(remodellers & topoisomerases). This strained state is required for
expression of growth genes, and repression of stress genes. The
torsional strain is channelled by DNA interacting enzymes, e.g., into
open bubble formation by RNA polymerases.

Other Global Effects of ATP Depletion
» RNA secondary structure formation (RNA helicases),
» Protein aggregation (solubility, chaperones, degradation),
» Change in ionic composition (ion pumps).



Chromatin Reset Points
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Nocetti and Whitehouse (2016): long period, MNase-seq.

The few noncoding transcripts in HOC clusters show weaker and distinct
nucleosome dynamics from their cluster’s coding genes; with a fragile
nucleosome appearing during LOC phase.

The many noncoding transcripts in LOC clusters show very weak average
nucleosome profiles and dynamics.



References |

Amariei, C., R. Machné, V. Stolc, T. Soga, M. Tomita, and D.B. Murray. 2014. “Time Resolved DNA Occupancy
Dynamics During the Respiratory Oscillation Uncover a Global Reset Point in the Yeast Growth Program.” Microb
Cell 1 (9): 279-88. https://doi.org/10.15698/mic2014.09.166.

Badis, G., E.T. Chan, H. van Bakel, L. Pena-Castillo, D. Tillo, K. Tsui, C.D. Carlson, et al. 2008. “A Library of
Yeast Transcription Factor Motifs Reveals a Widespread Function for Rsc3 in Targeting Nucleosome Exclusion at
Promoters.” Mol Cell 32 (6): 878-87. https://doi.org/10.1016/j.molcel.2008.11.020.

Basehoar, A. D., S. J. Zanton, and B. F. Pugh. 2004. “ldentification and Distinct Regulation of Yeast TATA
Box-Containing Genes.” Cell 116 (5): 699-709.

Brauer, M.J., C. Huttenhower, E.M. Airoldi, R. Rosenstein, J.C. Matese, D. Gresham, V.M. Boer, O.G.
Troyanskaya, and D. Botstein. 2008. “Coordination of Growth Rate, Cell Cycle, Stress Response, and Metabolic
Activity in Yeast." Mol Biol Cell 19 (1): 352-67. https://doi.org/10.1091/mbc.E07-08-0779.

Chereji, R.V., S. Ramachandran, T.D. Bryson, and S. Henikoff. 2018. “Precise Genome-Wide Mapping of Single
Nucleosomes and Linkers in Vivo." Genome Biol 19 (1): 19. https://doi.org/10.1186/513059-018-1398-0.

Chin, S.L., .M. Marcus, R.R. Klevecz, and C.M. Li. 2012. “Dynamics of Oscillatory Phenotypes in Saccharomyces
Cerevisiae Reveal a Network of Genome-Wide Transcriptional Oscillators.” FEBS J 279 (6): 1119-30.
https://doi.org/10.1111/].1742-4658.2012.08508 x.

Cui, F., L. Chen, P.R. LoVerso, and V.B. Zhurkin. 2014. “Prediction of Nucleosome Rotational Positioning in
Yeast and Human Genomes Based on Sequence-Dependent DNA Anisotropy.” BMC Bioinformatics 15: 313.
https://doi.org/10.1186/1471-2105-15-313.

Donovan, D.A., J.G. Crandall, V.N. Truong, A.L. Vaaler, T.B. Bailey, D. Dinwiddie, O.G. Banks, L.E. McKnight,
and J.N. McKnight. 2021. “Basis of Specificity for a Conserved and Promiscuous Chromatin Remodeling Protein.”
Elife 10 (February). https://doi.org/10.7554 /el ife.64061.


https://doi.org/10.15698/mic2014.09.166
https://doi.org/10.1016/j.molcel.2008.11.020
https://doi.org/10.1091/mbc.E07-08-0779
https://doi.org/10.1186/s13059-018-1398-0
https://doi.org/10.1111/j.1742-4658.2012.08508.x
https://doi.org/10.1186/1471-2105-15-313
https://doi.org/10.7554/eLife.64061

References |l

Fitzgerald, D.J., C. DelLuca, |. Berger, H. Gaillard, R. Sigrist, K. Schimmele, and T.J. Richmond. 2004. “Reaction
Cycle of the Yeast Isw2 Chromatin Remodeling Complex.” EMBO J 23 (19): 3836-43.
https://doi.org/10.1038/sj.emboj.7600364.

Kaplan, N., I.LK. Moore, Y. Fondufe-Mittendorf, A.J. Gossett, D. Tillo, Y. Field, E.M. LeProust, et al. 2009. “The
DNA-Encoded Nucleosome Organization of a Eukaryotic Genome.” Nature 458 (7236): 362-66.
https://doi.org/10.1038 /nature07667.

Klevecz, R.R., J. Bolen, G. Forrest, and D.B. Murray. 2004. “A Genomewide Oscillation in Transcription Gates
DNA Replication and Cell Cycle." Proc Nat/ Acad Sci U S A 101 (5): 1200-1205.
https://doi.org/10.1073/pnas.0306490101.

Kubik, S., M.J. Bruzzone, D. Challal, R. Dreos, S. Mattarocci, P. Bucher, D. Libri, and D. Shore. 2019. “Opposing
Chromatin Remodelers Control Transcription Initiation Frequency and Start Site Selection.” Nat Struct Mol Biol 26
(8): 744-54. https://doi.org/10.1038/s41594-019-0273-3.

Lee, W., D. Tillo, N. Bray, R.H. Morse, R.W. Davis, T.R. Hughes, and C. Nislow. 2007. “A High-Resolution Atlas
of Nucleosome Occupancy in Yeast.” Nat Genet 39 (10): 1235-44. https://doi.org/10.1038/ng2117.

Li, C. M., and R. R. Klevecz. 2006. “A Rapid Genome-Scale Response of the Transcriptional Oscillator to
Perturbation Reveals a Period-Doubling Path to Phenotypic Change.” Proc Natl/ Acad Sci U S A 103 (44):
16254-9.

Machné, R., and D.B. Murray. 2012. “The Yin and Yang of Yeast Transcription: Elements of a Global Feedback
System Between Metabolism and Chromatin.” PLoS One 7 (6): e37906.
https://doi.org/10.1371/journal.pone.0037906.

Nocetti, N., and |. Whitehouse. 2016. “Nucleosome Repositioning Underlies Dynamic Gene Expression.” Genes
Dev 30 (6): 660-72. https://doi.org/10.1101/gad.274910.115.


https://doi.org/10.1038/sj.emboj.7600364
https://doi.org/10.1038/nature07667
https://doi.org/10.1073/pnas.0306490101
https://doi.org/10.1038/s41594-019-0273-3
https://doi.org/10.1038/ng2117
https://doi.org/10.1371/journal.pone.0037906
https://doi.org/10.1101/gad.274910.115

References Il|

Orlando, D.A., C.Y. Lin, A. Bernard, J.Y. Wang, J.E. Socolar, E.S. Iversen, A.J. Hartemink, and S.B. Haase. 2008.
“Global Control of Cell-Cycle Transcription by Coupled CDK and Network Oscillators.” Nature 453 (7197):
944—-47. https://doi.org/10.1038/nature06955.

Paulo, J.A., J.D. O’Connell, R.A. Everley, J. O'Brien, M.A. Gygi, and S.P. Gygi. 2016. “Quantitative Mass
Spectrometry-Based Multiplexing Compares the Abundance of 5000 S. Cerevisiae Proteins Across 10 Carbon
Sources.” J Proteomics 148 (October): 85-93. https://doi.org/10.1016/].jprot.2016.07.005.

Reymer, A., K. Zakrzewska, and R. Lavery. 2018. “Sequence-Dependent Response of DNA to Torsional Stress: A
Potential Biological Regulation Mechanism.” Nucleic Acids Res 46 (4): 1684-94.
https://doi.org/10.1093 /nar/gkx1270.

Rojec, M., A. Hocher, K.M. Stevens, M. Merkenschlager, and T. Warnecke. 2019. “Chromatinization of
Escherichia Coli with Archaeal Histones.” Elife 8 (November). https://doi.org/10.7554 /eLife.49038.

Segal, E., Y. Fondufe-Mittendorf, L. Chen, A. Thastrom, Y. Field, I. K. Moore, J. P. Wang, and J. Widom. 2006.
“A Genomic Code for Nucleosome Positioning.” Nature 442 (7104): 772-8.

Simmons Kovacs, L.A., M.B. Mayhew, D.A. Orlando, Y. Jin, Q. Li, C. Huang, S.|. Reed, S. Mukherjee, and S.B.
Haase. 2012. “Cyclin-Dependent Kinases Are Regulators and Effectors of Oscillations Driven by a Transcription
Factor Network.” Mol Cell 45 (5): 669-79. https://doi.org/10.1016/j.molcel.2011.12.033.

Slavov, N., B.A. Budnik, D. Schwab, E.M. Airoldi, and A. van Oudenaarden. 2014. “Constant Growth Rate Can
Be Supported by Decreasing Energy Flux and Increasing Aerobic Glycolysis.” Cell Rep 7 (3): 705-14.
https://doi.org/10.1016/j.celrep.2014.03.057.

Slavov, N., J. Macinskas, A. Caudy, and D. Botstein. 2011. “Metabolic Cycling Without Cell Division Cycling in
Respiring Yeast.” Proc Natl/ Acad Sci U S A 108 (47): 19090-5. https://doi.org/10.1073/pnas.1116998108.

Tu, B. P., A. Kudlicki, M. Rowicka, and S. L. McKnight. 2005. “Logic of the Yeast Metabolic Cycle: Temporal
Compartmentalization of Cellular Processes.” Science 310 (5751): 1152-8.


https://doi.org/10.1038/nature06955
https://doi.org/10.1016/j.jprot.2016.07.005
https://doi.org/10.1093/nar/gkx1270
https://doi.org/10.7554/eLife.49038
https://doi.org/10.1016/j.molcel.2011.12.033
https://doi.org/10.1016/j.celrep.2014.03.057
https://doi.org/10.1073/pnas.1116998108

References IV

Wang, G.Z., S.L. Hickey, L. Shi, H.C. Huang, P. Nakashe, N. Koike, B.P. Tu, J.S. Takahashi, and G. Konopka.
2015. “Cycling Transcriptional Networks Optimize Energy Utilization on a Genome Scale.” Cell Rep 13 (9):
1868-80. https://doi.org/10.1016/j.celrep.2015.10.043.

Whitehouse, 1., O.J. Rando, J. Delrow, and T. Tsukiyama. 2007. “Chromatin Remodelling at Promoters
Suppresses Antisense Transcription.” Nature 450 (7172): 1031-5. https://doi.org/10.1038/nature06391.

Wright, R.H., A. Lioutas, F. Le Dily, D. Soronellas, A. Pohl, J. Bonet, A.S. Nacht, et al. 2016.
“ADP-Ribose-Derived Nuclear ATP Synthesis by NUDIX5 Is Required for Chromatin Remodeling." Science 352
(6290): 1221-5. https://doi.org/10.1126/science.aad9335.

Xia, J., B.J. Sanchez, Y. Chen, K. Campbell, S. Kasvandik, and J. Nielsen. 2022. “Proteome Allocations Change
Linearly with the Specific Growth Rate of Saccharomyces Cerevisiae Under Glucose Limitation.” Nat Commun 13
(1): 2819. https://doi.org/10.1038/541467-022-30513-2.

Zhang, Z., C.J. Wippo, M. Wal, E. Ward, P. Korber, and B.F. Pugh. 2011. “A Packing Mechanism for
Nucleosome Organization Reconstituted Across a Eukaryotic Genome.” Science 332 (6032): 977-80.
https://doi.org/10.1126 /science.1200508.


https://doi.org/10.1016/j.celrep.2015.10.043
https://doi.org/10.1038/nature06391
https://doi.org/10.1126/science.aad9335
https://doi.org/10.1038/s41467-022-30513-2
https://doi.org/10.1126/science.1200508

