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Characteristic features of eukaryotic

cell
> Nucleus consists of chromatin
> dsDNA
> histones

» nonhistones = proteins of non-histonic character
Chromosomes contain linear dsDNA
Nucleus is divided by mitosis

Cell wall consists of cellulose (plants) or chitin
(fungi), animal cells have no cell wall

They have organelles — mitochondria and plastids

Endoplasmic reticulum, Golgi system, and
lysosomes
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Genom of eukaryotic organisms

Animal cells: nucleus and mitochondria

Plant cells: nucleus, mitochondria and chloroplasts

chromosomal (AKA nuclear) DNA (nDNA)
mitochondrial DNA (mtDNA)
chloroplast DNA (ctDNA)
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Chromatin

» Stalnable material, which forms the nucleus of
eukaryotic cells

» dsDNA, histones, nonhistones

heterochromatin nucleolus

According to the ability to be
stained by basic dyes and
degree of condensation we
distinguish:

» euchromatin -  weakly
stainable, decondensed,
“transcriptionally active®

» heterochromatin — strongly &8 TEEING i xS
Stalnable’ Condensed’ euchromatin nuclear membrane

https://www.studyblue.com/notes/note/n/3-

“transcri ptional Iy inactive* chromosomes/deck/4743713




Heterochromatin

Constitutive
- Constantly in heterochromatin stage
- centromeres and telomeres
- One of X chromosome in women

Facultative

- Switches between heterochromatin and
euchromatin on the base of oncogenetic
development of organism



Chromatin condensation

1) Basic structure = interphase =
decondensed 10-nm chromatin
fiber (beads-on-a-string)

2) 30-nm chromatin fibre

3) Chromatin in mitotic phase =
mitotic chromosomes
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Chromatin condensation

WL | naked“ dsDNA

“beads-on-a-string“ form
nucleosomes

30 nm solenoid

AV alls relaxed form of
‘ [ chromosome

condensed region of
chromosome

. mitotic chromosome




Chromatin components

1) Histones ‘

» Centre is globular, ends are flexible and
fillamentous

» High content of arginine and histidine
» 5 species = H1, H2A, H2B, H3 and H4

2) Nonhistones

» RNA polymerase and other enzymes usable in
transcription

> HMG1 and HMG2 - bind to unusual DNA structures

» HMG3 a HMG4 - bind to histone core especially in
transcriptionally active regions



Nukleosome

> The basic unit of chromatin
» octamer of histones (H2A, H2B, H3, H4),
» One molecule of histone H1

» DNA segment 200 bp long, which is wound about 2
times around the octamer of histones

nucleosome
e ™ )

histone —. | core DNA
core | (146 bp)

linker DNA
(20-60 bp)



Nucleosome structure

H2A —yellow, H2B red, H3 blue, H4 green

Nature 389: 251-260 (1997)



Nucleosome fibre

» 10nm chromatin fibre
» its individual items form nucleosome @ 5 }ji
. < ¥ //X N
cores connected by long linear \\U}y Y Y
dsDNA : N4
» Vvisible by microscope -
- H1
+ H1

30nm chromatin fibre




30nm chromatin fibre

» It is created by the condensation of nucleosome
fibre caused by histone H1

> It binds to protein scaffold (nonhistones, e.g.
topoisomerase ll)




Stacking for packing.Possible modes of how a chromatin fiber folds into helical or columnar
forms are shown.

Nucleosome stacking

Uniform stacking

Alternating stacking

A Travers Science 2014;344:370-372
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Chromatin domains

» loops of 30nm chromatin fibre attached to protein
scaffold

» there is one molecule of topoisomerase Il in base
of each loop = change of topology during
replication and transcription

> each domain has one ori locus

DNA protein scaffold connecting region

\

TATATAT




Mitotic chromosomes

They originate by condensation of 30nm
chromatin fibres

They are formed during mitosis or meiosis

Condensation of 30nm to 600-700nm
chromatin fibres, which constitute the
structure of chromosomes

In chromosomes, the chromatin is in the
stage of the highest condensation and is
transcriptionally inactive



Mitotic chromosomes
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chromatids
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Chromosomal (nuclear) DNA

a single linear molecule of dsDNA

the number of bp of haploid cell is about
1.34 x 10" = 1.5 x 100

only 10% of mammal genome bears the
genetic information

most structural genes are from 1 x 104 to 2
X 10°% bp long — considerable part is
created by regularoty sequences



Repeats in nuclear DNA

» short tandem repeats — not in prokaryotes
» dispersed repeats — not in prokaryotes

» 25% - 50% structural genes as unique
sequence

» the rest as gene repeats = repetitions has
function of a gene



Gene repeats

» Gene family = is a set of several similar genes, formed
by duplication of a single original gene, and generally
with similar biochemical functions. E.g. the genes for
haemoglobin subunits. The term pseudogene.

» Tandem gene repeats = directly adjacent, the term
spacer (intergenic sequence, separates genes or a
group of genes), genes transcribed to 5S-rRNA, genes
for tRNA and genes for histones. The repeats provide
sufficient amounts for the cell requirements.

» Dispersed gene repeats = their copies are dispersed at
different positions of haploid genome, genes
transcribed to tRNA, snRNA and others.




Pseudogene

»Is a dysfunctional relative of known genes
that lost their protein-coding ability or are
otherwise no longer expressed in the cell

» usually has no introns



Organisation of chromatine in nucleus

> Localisation of chromosomes is not accidental

» Crowding of region with similar function or

activity

Lamina
Transcription hub

Centromere
cluster
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coding

Inactive

Superdomains

DNA Chromatin
domains

Nucleus

DOI: 10.1038/nsmb.2474



The local packing of chromatin is
consistent
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DNA replication in
eukaryotes



Replication of eukaryotic genome

» replication of mitochondrial and chloroplat DNA
» replication of nuclear chromosomes

» semiconservative and semidiscontinuous

» Initiation, elongation, and termination

» only in S phase of the cellular cycle

transcription,
translation,
° metabolism



Replication of nuclear chromosomes

Origin Origin Origin

— In contrast to prokaryotic cells
l‘ the eukaryotic replication
proceeds on several places in

e — S
| |
= . _—~—=. Chromosome is a couple of
e = ~.__~ replicons, it has more ori

sequences (mammals 30.000-
= B

R >~~~ Euchromatin replicates earlier
to heterochromatin




Process or replication

synthesis of lagging
strand

synthesis of leading
strand

newly
synthesises
nucleosomes

beginning of bidirectional
replication

Eukaryotic DNA-polymerase: a, 8, y, ® and €



Eukaryotiic DNA-polymerase

DNA polymerase a —in the complex of primase
synthetises Okazaki fragments, it does not
possess 3-5’exonuclease activity (proof
reading)

DNA polymerase B — synthesis of short
fragments during DNA reparation

DNA polymerase y — synthesis of mitochondrial
DNA

DNA polymerase & — synthesis of leading strand
and completing of lagging strand

DNA polymerase € — probably synthesis of
leading strand




Lagging strand template

lagging strand

primase

Cyclin Dependent Kinase
Cdc7 kinase
(+ assembly factors,
+Pol epsilon,

Cd




Model for Asi1 function in replication as a histone acceptor and donor

Histone Acceptor/Donor

Parental Asfl ) /
histones \\-fAsfi Y /
histones ,,"
B Asf1
3 ) ,"/ > 4

A. Groth et al., Science 318, 1928 -1931 (2007) mmms




Histone partitioning

- omy“g'““ P G e S New nucleosomes result from de

H3-H H3:H4 Ha:H4 novo assembly using newly
ey s bass Pt synthesized H3 and H4 histones in

J ' 2, " Q the form of two H3-H4 dimers; after
SMEE N association with two H2A-H2B

dimers, the result is a nucleosome
containing only new H3-H4 dimers.
Mixed particles will form using a
newly synthesized H3-H4 dimer and
an H3-H4 dimer recycled from a
disrupted parental nucleosome. Old
nucleosomes will form either by self-
reassociation of two H3-H4 dimers

Two H2A-H28B dimers

l recycled from a transiently disrupted
parental nucleosome, or according
b \ to the generally accepted view, by

ot inheritance of a stable H3-H4

tetramer from a parental

~

Science

D. Ray-Gallet et al., Science 328, 56-
57 (2010) nucleosome.



4 )
Nucleosome assembling is

assoclated with hydrolysis of
ATP Y

SWR1-mediated histone replacement
Nucleosome

H2A.Z-H2B
A dimer

H2A-HZ2B
dimer

E. Luk et al., Cell 143, 725-736, November 24, 2010



Scheme of replication of linear
molecules

leading strand ]

[RNA primer Okazaki replication of incompletely
removing fragments spacers replicated DNA,
missing nucleotides

the end replication problem

Telomerase =ribonukleoprotein - RNA acts as a
template, protein has catalytic function




Filling of missing 3 -ends

« Telomerase elongates the 3-end
 Formation of hairpin and RNA primer
* Replication of complementary strand and removing of

5 TTGGGG .. Telomere Template
1. Hairpin created;
5 TTGGGGTTGGGE . RNA Primer added
5 ¥ —: T
RNA GGGG v
Primer 2.Hairpin extended;
RMA primer removed
5’ TTIGGGGETTIGGGES T
’ AAGGGG | ¥
3. Gap filled
5 TTGGGEETTGEGE T
« M
AACCCCAAGGGS v
4. Hairpin removed
5 TTGGGGE

Replicated Telomere

AACCCC
https://www.ndsu.edu/pubweb/~mcclean/plsc431/eukar
ychrom/eukaryo3.htm

Missing DNA on
5 lagging strand

L2 NRA 0000008
A GGTTAGAATTIAGGS 4

Telomerase with its

RNA t lat:
- » /own emplate
, (eSS

55 o B W Bl :*1‘;L".

. &c ICJCJAJA U C C. cy
A ( Nata)
[ o/ ¥ d o o LM‘%\

RNA primer

AAUCCCS

DNA polymerase Sliding clamp

1. End is unreplicated.

2. Telomerase extends
unreplicated end.

3. Again, telomerase extends
unreplicated end.

4. Lagging strand is completed.

© 2011 Pearson Education, inc.

http://masteringyourwaytomedschool.blogspot.cz/p/bio-1000-dna-shortening.html



Sequences of telomers

TABLE 11.5
Telomeric Repeat Sequences Within Selected Organisms
Group Examples Telomeric Repeat Sequence
Mammals Humans TTAGGG
Slime molds Physarum, Didymium TTAGGG
Dictyostelium AG_g
Filamentous fungi Neurospora TTAGGG
Budding yeast Saccharomyces cerevisiae TGz
Ciliates Tetrahymena TTGGGG
Paramecium TTGGG(T/G)
Euplotes TTTTGGGG
Higher plants Arabidopsis TTTAGGG

http://reasonandscience.heavenforum.org/t2263-the-telomerase-enzyme
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How Telomeres Solve the
End-Protection Problem

Titia de Lange

The ends of eukaryotic chromeosomes have fhe potentisl to be mistaken for demaged or broken
DNA snd must Serelone be protecied fram oellular DMA damage mponse pathways Ohenvise,
cells might permanently amest in the cell cycle, and attempts to Tepair” the chramosome ends
would have devatating consequences for gename inteqdty. This end-protecion prblem i solved
by protein-DNA complexes called telomeres. Studies of mammalian cells have mu; ungervered
e mechaniom by whidh lelamenes diguise the endi. Campadsan B

joiming (MHEJ) The nbservation that [MA ends
fako known a3 dauble simnd. bresks) are pro-
cemmed by fhese ONA. repair reactions. raised the
questim af whether the netum] ek af chaama-
‘scmes are also sttackced by HDR and NHE L and
if mot, wiy nat.

A semnd questiom arme fom the wosk af
Hastwrell and Weinert, whe fned that buekling
yemt lacking the RADS gene fxiled to amest the
el divisiom sycle in respomss o dosble-stand
bremis (). This experiment, md earfier oimer-
vatioms om fimin yemt and mammalion cells
(7), revenled that the cell cycle amest normally

eukaryotes revesls key differences in the DNA damage respons e gysiems that inadvenently
Wiesten dhrame some ends. Telomeres sppesr to be ailoned to Mese varistion, explsining their

wariable structire and compasition.

{ the fhree maor questians in tekomene

iy, oo wene sobved in the 1980k

[First, the nature of the DNA sequences

fhat comier delomess fimction onio chmmosome

s was revenled when Blackimm and Sacstak
ot

itical distinction betoresn the Betavior of bm-
ken chromeseme endk and tekomess. Muller
ﬁmdudmmmhmgmmim
were wm il MeClintock

with TINA demage is mot dus ta the
DNA itwelf. Rathes, cells arest becamme
af the activetion af = pafhway fhat detects DNA
dammge and blocks cell cycle progressian in re-
spemse. Why, then, are fhese pafiormys not acti-
vated by the natural ends af fnear chrmasomes?
These findings o baw sukaryetes respond
nnmmmg.mwmmmmlnﬂ-
; d probilens Elaw

pniynfhﬂmmﬁ,bununh:—,n i:n
Harwever, the fi

of yeast chromesomes were su fficient to stab e

a lmear plasmid {T, 7} Since then it ha became

denr that Geaich mpeats cap the ends of most
. o o

chmmes omes that endl in TTACGG repeats.
Seoamd, the mechenizn by which tckmeric
DHA i maintined was msolved when Bladk-
hnnd&-ﬂndmwnilhlhln—:m\n
by Bare
veme immsoriptme that adds tedomenic epeats o
the ¥ ends af sach chromesome (7). In doing sa,
tekmemse mkes up for the shrkamings af
semi cnmervative N A sepilicatiom, which cammat
mapkie the symbesis of dmmesme mdks.
Otther sahutiems. to this sdesegilicatim problem
eist, motatly in Drosphils and ather diptoams,
bt it i mow denr that telomerase i fhe main

at the ends of their chrmmesomes.

B h= heen suggesied that early eularyotes
wed & primitive fom of idomeses withaut tdo-
n—-mmlvul- md..qﬂnnm pd:hn(d)

Esenc sequence
ends. Oimce all tedomeses. i the o=l had the same
sequence, tdomesic DNA binding fackms coukd
v e, thereiry emahiling celk o distin guish ratural
cmomersame ends fram sites aff DMA demage.
The End-Protection Problem

Pesearch an the third major e in tekmess bi-
alogy, o tdomeres salve fhe end-prtectim
praitilem, shgnated mtl the 1990 The end-
protectiom problem first surfaced early l=t cen-
fury, when Muller and MoClintock abmerved a

Lbaatay of Gol Bidogy and Genetics Racks faller
Unvamty, Neaw York, MY 30021, USA Emal delmgeg
ol e efellir e s

e semined aivcuze unil the qrinciples af e
DINA demage resamse werssvealed in the 198k

The firstimsight came when Smstak, Rofhstein,
amd O Weawer fimnd that linesr DNA intm-
duced i eukaryatic celks & msttle became
the DINA. enchs recamitring wifh the gemame () B
i mew cloar that intraduced lincar DNA falks
victim fn two ingarknt DINA. ropeir patioays
et mend baken dhromesames: heamalogy -
directed. mpair (HDVR) and i ad

mnhmpwmllnmnnflnmh
durmmge mgmalng pafivays, and why as ey
resistant to the sepeir patiovays that act on DNA
ends?

In the comtext of mammatisn cells, the end-
proection prilem can be mphrmed m more
mnmn,b-nlmmmlmhﬂpnfﬁn
molocular paihvays. fat moognize
hhbmbnhfullumhnnﬂk
have two independent sigmaling pathoamys that
e ctivatad by dble-sirmd bredks: ﬁum
ATM {ataxia telang

L. The end-profection

When & mammalisn chremesame bresks (lp), he expesed DNA

Fig.

ends can activate bweo Sign sling patimays fithe ATM and ATR kinase patimizs) that anrest the cell division
eycle and can induce cell death. The broken dhmmosame is ususlly mpaired by on e of twa different DNA
mepair pathways INHE] and HDR), showing cells o coninue their divi sions with an intsal genome. The
presence of fhese DNA damage msponse patbways poses & problem lor fhe ends of linsar chromasames
elomess, battom) becsuse i tatian of DNA dam.age signaling or DNA repair 2t telomere would be
disertrous, Mamm slisn telomenss sobve this end-protection problem Mimugh e uwe of & Elamere
specific protein comples iheherin) and an shered st ture fihe Hoop) that together ensure that il four
ety mmain blodoed .

13 NOVEMBER 2008 WOL 326 SCENCE  wwwsciencemag org

The end-protection problem

Downloaded from www.sciencemag.org on November 12, 2008

T. de Lange Science 326, 948-952 (2009)



Fig. 1: The end-protection problem

Double-strand break

T. de Lange Science 326, 948-952 (2009)

A Activates DNA damage

response pathways

Cell cycle arrest
ATM kinase
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DNA repair
Homology-directed repair (HDR)
Nonhomologous end joining (NHEJ)

Protected from DNA
damage response
pathways
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Fig. 2 Mammalian telomeres
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Fig. 3 Different components of shelterin are
dedicated to different aspects of the end-
protection problem
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Fig. 4 Different solutions to the end-
protection problem

Mammals TRF2 (POT1) OTHERWISE

NHEJ Dicentric chromosomes
and genome instability
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u K/ e HDR Terminal deletions and
t telomere length changes
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TERMINATION ZONE (TERs)
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DOI:

Termination of eukaryotic
DNA replication

(A) Precatenane resolution: Top2 mediates fork
progression at the TER zone by resolving
precatenanes behind the forks.

(B) Fork fusion: the right fork stalls at a pausing
site (pausing element, red symbol) and
emerges with an asymmetric conformation. The
leading polymerase (black oval) and the lagging
apparatus (yellow oval) are shown.

(C) Catenation: Top2 then resolves the last
catenation at TERs before DNA segregation,
allowing chromosome resolution.

Other factors involve in termination
of replication were described in
2014 — topoisomerase |l
participates on it and the proces is
regulated by ubiquitination.


http://dx.doi.org/10.1016/j.molcel.2010.07.024

Disassembly required. Once two converging replisomes complete DNA replication, they are
targeted sequentially by SCFDia2 and Cdc48, resulting in CMG disassembly.

Topo lI-dependent
completion of
DNA replication
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