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cell division sets the pace of life

fb.com/ScienceNaturePage

all DNAis replicated in in S-phase

Nikon/MicroscopyU

https://www.youtube.com/watch?v=N97cqUqV0C


https://www.youtube.com/watch?v=N97cgUqV0Cg

the end replication problem
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https://www.youtube.com/watch?v=19ArlJWYZHI

replication shortens the chromosome

Watson et al. 2013 Molecular Biology of the Gene


https://www.youtube.com/watch?v=I9ArIJWYZHI

telomerase solves the end
replication problem

ends of eukaryotic chromosomes are called
telomeres

human telomeres consist of many head-to-
tail repeats of the sequence 5’-TTAGGG-3’

the 3’ end of each chromosome extends
beyond the 5" end as ssDNA

it recruits a specialized DNA polymerase
called telomerase

discovered in 1985 by Elizabeth Blackburn
and Carol Greider, who shared the 2009
Nobel Prize in physiology or medicine (with
Jack Szostak)

telomerase
RNA

_ TTAGGGTTAG 3’

1 DNA synthesis repeat

5@ TTAGGGTTAGGGTTAGGGTTAG) 3'

Watson et al. 2013 Molecular Biology of the Gene



telomerase solves the end
replication problem

Telomerase Enzyme (17)
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what stops telomerase?

lelomere & loop Telome
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#" TIAGGG repeats Shelterin {/v\/\}
(~2-15kb)

Open telomere G-overhang
(~50-300 nucleotides)

Lim and Chech 2021 Nature Reviews

DNA folding into T-loops, assisted by shelterin complex



DNA organization in eukaryotes

short region of /X AN, B
DNA double helix //\\/\\//\\//\\/\\/ 12 nm
“beads-on-a-string”
form of chromatin

30-nm chromatin
fiber of packed
nucleosomes

section of
chromosome in
extended form

condensed section
of chromosome

. centromere
i
\J

Net result: each DNA molecule in a mitotic chromosome is
10.000 fold shorter than its extended length

entire mitotic
chromosome

Alberts et al. 2012 Essential Cell Biology



telomeric chromatin and the shelterin
complex

Nucleosome
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‘two possible and polar opposite outcomes of telomere organization driven by
shelterin complexes. A highly ordered shelterin array could result in a zipper-like
folding of the telomere. On the other hand, a random deposition of shelterin would

result in a disordered telomere architecture.

Lim and Chech 2021 Nature Reviews



other regulatory roles of chromatin
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e Structural and regulatory roles of
chromatin are tightly connected

e Chromatin structure is poorly defined
on the molecular scale
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partially
decondensed
mitotic
chromosomes,
tomography

“The lengths of linker DNA in
regions resembling the
tetrameric unit were similar
but not identical, and we find
extensive variation of linker
length, whereas all published
coiling motifs require
uniformity.”

Figure 6. Chromatin fibers in a partially decondensed mitotic chro-

Beel et al. 2021 Mol. Cell mosome



partially decondensed mitotic
chromosomes, tomography

Figure 7. Short folding motifs, similar, but
not identical, to those found in structures
of reconstituted chromatin, related to Fig-
ure 5

Beel et al. 2021 Mol. Cell

Take home:

1) Nucleosome stacking
defines higher order
folding

2) Linker DNA defines
nucleosome stacking



Decreasing Genome Sequencing Costs
$100,000,000

lHlumina HiSeq — a

Genome sequencers announced,
costs dramatically reduced

Cost of Whole Genome

- Sequencing ($)

Ultima Genomics
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DNA sequencing has revolutionized DNA
research




' MNase-seq

C
Pt S

H H
Formaldehyde

-

1. X-linking of iRBCs -

vl' 4. |solation of free
nuclecsomes
2. Nuclear isolation ¢ ‘L
S. anti-H4

—

6. De-crosslinking & DNA isolation

\) \

Sample prep &  Sample prep &
Sequencingof  Sequencing of
ChiP_control MNase-Seq

Adapted from Kensche NAR 2015

Sequencing of nucleosomal DNA maps their positions on the genome



genome wide nucleosome mapping
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Jiang and Pugh 2009 Nature Rev. Gen.

Nucleosomes can be well-positioned,
especially around transcription start sites



chromatin remodeling -

\“}))Akm Nucleosome sliding
* Host of dedicated enzymes fee
facilitate sliding, (dis-)assembly, )

modification, etc. At st \ )i)'))\ e
* |nyeast: ¥1 remodeller per 7 \,)X))f)k . W

nucleosomes!
* But how do they know where to A

position the nucleosome?

Dimer replacement

Does DNA sequence guide
nucleosome positions?

Dimer ejection

Clapier and Cairns 2009 Ann. Rev. Biochemistry



DNA wrapping into nucleosomes

One persistence length of DNA folds into 1.6 turns

Dyad axis

Approximation:

pure adsorption -85 k, T
bending S8 k, T
free energy 27 K, T

Schiessel 2003 J. Phys. Condens. Matter




“short runs of (A, T) are preferentially positioned DNA Sequence

with minor grooves facing in, while runs of (G, C)
tend to have their minor grooves facing out”

“the periodicity of this modulation in
sequence content (10.17 base-pairs)”
Drew and Travers 1985 JMB
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1)

1)

1)

1)

1)

reconstitute nucleosomes
with large pool of random
DNA sequence

select properly folded
nucleosomes

DNA

Cq 57

remove histone proteins, PCR }K

iterate steps 1-3 multiple eamer
times 4

sequence remaining DNA:
clone 601, ....

nucleosomes are typically
reconstituted on non-natural,
synthetic DNA

DNA

SELEX experiment

Lowary and Widom 1998 JMB

H2A-H2B dimer



statistical physics

within the nucleosome
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Remove position dependence

-gOA-40‘-20A0A20.40‘60.
Base pair
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Van der Heijden, JvN et al. 2012 PNAS



in vivo sequence dependence
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Nucleosome positions are largely defined by DNA sequence

http://bio.physics.leidenuniv.nl/~noort/cgi-bin/nup3_st.py Van der Heijden, van Vugt , Logie, JvN 2012 PNAS



http://bio.physics.leidenuniv.nl/~noort/cgi-bin/nup3_st.py

DNA sequence and chromatin

Specific di-nucleotides facilitate DNA bending into a
nucleosome

DNA sequence can largely explain nucleosome
positioning in vivo (‘the mechanical genome’)

But how does this affect the structure of chromatin?

Frank and Ernest
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dynamic force spectrocopy

Force (pN)
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* Magnet is moved down and up

* Image processing to recover bead position



Z (um)

force measurements
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dynamic force spectrocopy

Force (pN)
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* Magnet is moved down and up

* Image processing to recover bead position



force-extension curve

2,0

Worm-Like Chain: |:(Z)—kBT L1,z
orm-Like Chain: p 20—z 4'L

Marko and Siggia 1995 Macromolecules



forced unfolding of single nucleosomes

AG
/‘ —
e

AG,

F (pN)

<stepsize> =24 + 2 (nm)

1St turn unwrapping @ 2.5pN

Forced nucleosome unwrapping features two transitions

Meng, JvN et al. 2015 NAR




time traces at constant force
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* Lifetimes decay/increase exponentially with force

e Lifetimes do not match spFRET measurements



force [pN]

100 mM KAc, 2 mM MgAc,, 10 mM Tris.HCl pH 8,
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force [pN]

fiber unfolding
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fiber unfolding

NRL (bp) 20 bp 50 bp

Stiffness (pN/nm) 1.1 0.3

AG; (kgT) 19 17
Cooperativity yes no
Z, prure(NM) 5 10

197 NRL fibers feature a non-
cooperative unfolding
mechanism, consistent with a
one-start solenoid structure

Artur Kaczmarczyk
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intermezzo

order in disciplines?

FIELDS arranceD BY COMPLEXTTY

MORE COMPLEX
SOCIOLOGY IS PSYCHOLOGY IS BIOLOGY 15 WHICH 1S JUsT OH, HEY, T DIDNT
JUST APFUED  JUsT APPLIED JUSTAPPUED  APFLIED PHYSICS, SEE YOU GUYS ALL
PSYCHOLOGY BIOLOGY. CHEMISTRY TS NICE TO THE WAY OVER THERE.
" J
—— + t + + ——
SOCIOLOGISTS  PSYcHoLoBisTs  BIOLOGISTS  CHEMISTS  PHYSICISTS MATHEMATICIANS
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