DNA Structure, Analysis &
Replication

Dirk Remus

Molecular Biology Program



DNA Double Helix / B-Form DNA

Sugar-phosphate
backbone

Phosphorus
Carbon in

sugar-phosphate
“backbone”

Hydrogen

Oxygen




First Proposed Based On Modeling
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MOLECULAR STRUCTURE OF
NUCLEIC ACIDS

A Structure for Deoxyribose Nucleic Acid

E wish to suggest a structure for the salt
of deoxyribose nucleic acid (D.N.AJ.  This
strucbure has novel festures which are of considerable
biological interest
A structuro for nucloic acid has already boen
proposed by Pouling and Corey:. They kindly mada
manuscript. available to us i advense of
uh ication. Their model consists of three inter-
Fiined ohains, with the phoaphates near tha fbre
axis, and the bases on tho outside. Tn our opinion,
this structure is unsatisfactory for two reasons :
(1} We believe that the material which gives t
Xoray dingrams i tho sal, not tho freo sekd, Withous
the acidie hydrogen atoms it is not clear what forees
would hold the structure together, espeeially as the
negatively charged phosphates near the axis will
repel each other. (2) Some of the van der Waals
distances appeer to be too small.

Another three-chain structure has also heen sug-
gosted by Fraser (in the press). In his model the
phosphates are on the outside and the bases on the
insido, linkod_togother by hydrogen bonds. This
atruotare o descaibed is vather fdefined, and for
this reasan we shall not comnent;
on

\VE wish to put forward a
radically different structure for
the salt_of deoxyribose nucloic
is structure has two

Telieal e s vailed roumd
the same axis (see diagram). We
have mads the val chomical
umptions, namely, that each
“hain consists of phosphate di-
ester groups joining B-p-deoxy
furanos o8 with 37,5
Tinkageer The two ehwing (bt
not their bases) are related by a
dyad perpendicular to the fibre
axis. Both chains follow right-
handed helices, but owing to
the dyad the. sequences of the
atoms in the two chains run
i osite  directions. Each
chain “loosely _resambles Fur-
bargst model No. ;. that s,

o buses arc on the inside of

the e the phosphates on
the outside. The configuration
of the sugar and the atoms
near it is close to Furberg’s
'm.mlaui configuration’, tho
roughly - porpondi-

Cular to the attaohod base. Thors

i maris the nore acis

NATURE
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is & residue on each chain every 3-4 A. in the z-direc-
tion. We have assumed an angle of 38° between
adjacent residues in the same chain, so that the
strueture repeats after 10 residues on each chain, that
is, after 34 A, The distance of a phosphorus atom
from the fibre axis is 10 A. As the phosphates are on
the outside, cations have easy access to ther

“The structuro is an open one, and its water content
is rathor high. At lower water contents we would
expect the bases to tilt 5o that the structure could
become more compact.

The novel foature of the structure is the menner
in which the two chains are hold together by the
purine and pyrimidine bases. The planes of the bases
are perpendicular to the fibro axis. They aro joined
together in pairs, & single base from one chain being
hydrogen-bonded to a single base from tho othor
chain, so that the two lie side by side with identical
z-co-ordinates. On of tho pair must be & purine and
the other a pyrimidine for bonding to ocour. Tho

hydrogen bonds are made as follows : purine position
1 to pyrimidine position 1 purine position 8 to
pyrimidine positior

If it is nuumeﬂ thae the bases only oceur in the
strocturs in the most. plausible tautomeric forms
(that is, with the keto rather than the enol con-
ﬁgumunm) it js found that only epesifio paire of

n bond together. These pairs are
(pmrime) with thgmine (pyrimidine), and guo,mne
(purine) with cytosine (pyrimi
In other word, if an adonine forras one member of
sither chain, then on these assumptions
The other member st ba thymine ;  similarly for
guanine and cytosine, The soquence of bases on &
singls chain doos not appear to bo restricted in any
way. ever, i pocifio puis of bases oan bo
Forsacd, it follows i soquence of bas
one chain is given, then the Soquencs cn. the “Sther
chain is automatically determined.

Tt has been found experimentally’ that tho rati

of the amounts of adenine to thymine, and the rat
£ to cybosine, are always very olose to unity
far deoxyriboag masiers sk

Tt is probably impossiblo to build this strusturc
with a ribose sugar in place of the deoxyribose, as
the axtro oxygen atam would maks ta0 sloto & Yan
der Waals contact.

The pmvmusly published X-ray datas on deoxy-
ribose nuclei o insufficient for & rigorous test
oF our siructuro. So Tar as we oan tell, it 18 roughly
compatible with the experimontal data, but it must
bo rogarded as unproved until it has been checked
against more exact results. Some of these are given
in the following communications. We were not aware
of the details of the results presented there when we
devised our structure, which rests mainly though not
ontirely on pnblxs]ned experimental data and stereo-

hemical

wecuporl our notioo that the specific
pairing we have postulated immediately suggests a
possible copying mechanism for the genstic material.
Full dotails of the structurc, including the con-
ditions assumed in building it, together with a set
of co-ordinates for the atoms, will be published
elsewhere.
We s suush indsbted to Dr. Joccy Denchise for
constant_advice and criticism, especially o
atomio distances. Wo have aléo been stimulated hy
& knowlodgo of the general naturo of tho unpublishd
experimental results and ideas of Dr. M. H. F.
Wilkins, Dr. R, £y Frankin and thoir so-vorkors 01
King's Collegn London. Ous of us (J. D. W) has boen
ed by & fellowship from the National evnation
o Tntontie Paralysis.
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Experimental Evidence From X-Ray DNA Fiber
Diffraction

Rosalind Franklin



Experimental Evidence From X-Ray DNA Fiber
Diffraction
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Experimental Evidence From X-Ray DNA Fiber
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Experimental Evidence From X-Ray DNA Fiber
Diffraction

PCrystal space group c2

} 3.4 A (rise)

ik

10 bp
34 A
(pitch)

Antiparallel
strands

Rosalind Franklin Photo 51
Franklin & Gosling, Nature (1953)

M

20 A
(diameter)



Experimental Evidence From X-Ray DNA Fiber
Diffraction
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Two Forms of DNA
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dNTPs: The Building Blocks of DNA
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Hydrogen Bonds Mediate DNA Pairing
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Basepair Geometry Establishes

Minor groove
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Deoxyribose Sugar Exists In Different
Conformations

.k ° . g
A pA (o g™
7.0 A 5.9 A \VTS\\iZ{
. :
0 - OH
P
C2'-endo (B-Conformation) C3'-endo (A-Conformation)

DNA RNA



DNA Double Helix Conformations
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Bases Can Around The N-Glycosidic Bond
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Alternative Hydrogen Bonds Can Mediate Base Pairing

Watson-Crick Hoogsteen

Adenine-Thymine
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Alternative Hydrogen Bonding Occurs In Triplex DNA
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Trinucleotide Repeats Can Form Triplex Structures That
Disrupt Gene Function

GAA
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Alternative Hydrogen Bonds Promote G-Quadruplex
Formation
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G-Quadruplexes Can Stall The Replication Machinery

CMG Helicase D
Stalled At Leading Strand
G-Quadruplex
PS1/H2
Normal Fork G4 Stall

Batra S et al. (2025), PMID 40048517



How Can We Detect G-Quadruplexes In The Genome?
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Chemical Ligands Stabilize and Detect Genomic G4s
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G4s Are Specifically Recognized By Proteins

DHX36

Trends in Chemistry



G4 Ligands To Detect Intracellular G4s

Fluorescence Microscopy ChlP-seq
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Cytosines in ssDNA Are Sensitive To Deamination

NH, O
| SN EJ\NH
HO N HO PN
o o N0
>
Cytidine
Deaminase
OH OH OH OH
Cytidine AID / APOBEC Uridine

C to T transition: Mutational Signature 2
C to A/G transversion: Mutational Signature 13

DA



ssDNA Opposite G4s Can Be Detected By Bisulfite
Sequencing
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ssDNA Opposite RNA:DNA Hybrids At R-Loops Can Be
Detected By Bisulfite Sequencing
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Petermann E et al., Nat Rev Mol Cell Biol, 2022



ssDNA Opposite RNA:DNA Hybrids At R-Loops Can Be
Detected By Bisulfite Sequencing
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The RNA:DNA Hybrid At R-Loops Can Be Detected With
The S9.6 Antibody
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The RNA:DNA Hybrid At R-Loops Can Be Detected With
The S9.6 Antibody
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The RNA:DNA Hybrid At R-Loops Can Be Detected With
The S9.6 Antibody
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The RNA:DNA Hybrid At R-Loops Can Be Detected By R-
Chip-seqg Using Catalytically Dead RNaseH1

SN \Pausing
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Chen et al., Mol Cell, 2017



D-Loops Are Formed During Recombination And At
Telomeres

QO WOY




Ribonucleotides Are Frequently Incorporated Into DNA
By DNA Polymerases
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DNA Is Frequently Methylated
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DNA Methylation Protects Bacterial Genomes From
Restriction Endonuclease Digestion
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DNA Methylation Can Inhibit Restriction Enzymes
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CpG Methylation Is An Important Epigenetic Regulator In
Eukaryotes
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Can Be Used To Map Sites Of
Cytosine Methylation
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Long-Read Sequencing Can Be Used To Map DNA
Modifications

DNA can be sequenced by threading it through a microscopic pore in a membrane.
Bases are identified by the way they affect ions flowing through the pore from one
side of the membrane to the other.

DNA DOUBLE
HELIX l

© A flow of ions through
the pore creates a current.

; Each base blocks the

© One protein 'y flow to a different degree,

unzips the Q altering the current.

DNA helix into P

two strands. 2 GATATIGCTTTTOATGECE

O Asecond ,‘

protein creates

apore in the

membrane

and holds

an “adapter”

molecule. O The adapter molecule
keeps bases in place long
enough for them to be

identified electronically.



TET Enzymes Regulate CpG Methylation
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Biochemical Detection Of

DNA
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How To Extract DNA From Cells:

B
O—ﬁ—O' Na”*
Sodium dodecyl-sulfate (SDS) O
Alkaline lysis solution |
50 mM glucose THigifine Hy  denine 5

25 mM Tris-ClI (pH 8)
10 mM EDTA
(RNase)

Alkaline lysis solution Il
0.2 N NaOH
1% SDS

Alkaline lysis solution lli
3 M KOAc pH 5.2



The Scale Of DNA Replication
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The Of DNA Replication

Bacterial genome
~5x10%bp = 1.6 mm

Largest human chromosome
~245x 10%bp = 8.3 cm

Human genome: 23 chromosomes
~3x10%bp = 1 m (diploid: 2 m)

Every minute: 500 — 700 million new white blood cells

~ 108 km DNA (25 times around equator, ~ 2.5 x distance to moon)

150,000 MILES

| * 100,000 KILOMETERS , |




Drive Genome Instability
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Replication Defects Drive Genome Instability
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DNA Replication Is A

Antimetabolites:

These drugs mimic the
molecules that cancer cells
need to synthesize DNA,
disrupting the process by
depleting nucleotides.

* 5-fluorouracil (5-FU): A
synthetic analog of uracil that
inhibits thymidylate synthase,
limiting the availability of
thymidine nucleotides for DNA
synthesis

» Methotrexate: An antifolate
that inhibits the dihydrofolate
reductase enzyme, blocking the
synthesis of nucleotides

Nucleoside analogs:
These drugs are incorporated
into replicated DNA or RNA

strands, inhibiting replication or
transcription elongation.

» Gemcitabine
* Fludarabidine

 Cytarabine

Target

DNA damaging agents:
These drugs modify the
composition and structure of the

nucleic acid substrate to
indirectly inhibit DNA synthesis.

* Cisplatin

* Chlorambucil

Topoisomerase inhibitors:
These drugs induce replication
stress by physically hindering
replication forks or inducing fork
reversal.

* Irinotecan

» Topotecan

» Etoposide

» Doxorubicin
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MOLECULAR STRUCTURE OF
NUCLEIC ACIDS

A Structure for Deoxyribose Nucleic Acid

E wish to suggest a structure for the salt

of deoxyribose nucleic acid (D.N.A.). This
structure has novel features which are of considerable
biological interest.

A structure for nucleic acid has already been
proposed by Pauling and Corey?. They kindly made
their manuscript available to us in advance of
publication. Their model consists of three inter-
twined chains, with the phosphates near the fibre
axis, and the bases on the outside. In our opinion,
this structure is unsatisfactory for two reasons :
{1) We believe that the material which gives the
X-ray diagrams is the salt, not the fres acid. Without
the acidic hydrogen atoms it is not clear what forces
would hold the structure together, especially as the
negatively charged phosphates near the axis will
repel each other. (2) Some of the van der Waals
distances appear to be too small.

Another three-chain structure has also been sug-
gested by Fraser (in the press). In his model the
phosphaies are on the outside and the bases on the
inside, linked together by hydrogen bonds. This
structure s described is rather ill-defined, and for
this reason we shall not comment.
on it.

We wish to put forward a
radically different structure for
the salt of deoxyribose nucleic
acid, This structure has two
helical chains each coiled round
the same axis (see diagram). We
have made the usual chemical
assumptions, namely, that each
chain consists of phosphate di-
ester groups joining f-n-deoxy-
ribofuranose residues with 3,5
linkages. The two chains (but
not their bases) are related by a
dyad perpendicular to the fibre
axis, Both chains follow right-
handed helices, but owing to
the dyad the sequences of the
atoms in the two chains run
in opposite directions. Each
chain loosely resembles Fur-
berg’s® model No. 1; that is,
the bases are on the inside of

the helix and the phosphates on
Thle fgue % purly  the outside. The configuration
Fibbons symbolize the of the sugar and the atoms
o phosphate—sugar - pear it is close to Furbergs
zontal rods the pairs of  Standard configuration’, the
Pusee holdipg the chalns  sugar being roughly perpendi-
Vi marks the fibe axs  cular to the attached base, There
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i8 & residue on each chain every 3-4 A. in the z-direc-
tion. We have assumed an angle of 36° between
adjacent residues in the same chain, so that the
structure repeats after 10 residues on each chain, that
is, after 34 A. The distance of a phosphorus atom
from the fibre axis is 10 A. As the phosphates are on
the outside, cations have easy access to them.

The structure is an open one, and its water content
is rather high. At lower water contents we would
expect the bases to tilt so that the structure eould
hecome more compact.

The novel feature of the structure is the manner
in which the two chains are held together by the
purine and pyrimidine bases. The planes of the bases
are porpendicular to the fibre axis. They are joined
together in pairs, & single base from one chain being
hydrogen-bonded to & single base from the other
chain, so that the two lie side by side with identical
z-co-ordinates. One of the pair must be & purine and
the other a pyrimidine for bonding to occur. The
hydrogen bonds are made as follows : purine position
1 to pyrimidine position 1; purine position 6 fto
pyrimidine position 6.

If it is assumed that the bases only occur in the
strueture in the most plausible tautomeric forms
(that is, with the keto rather than the enol con-
figurations) it is found that only specific pairs of
bases can bond together. These pairs are : adenine
(purine) with thymine (pyrimidine), and guanine
(purine) with cytosine (pyrimidine).

In other words, if an adenine forms one member of
a pair, on either chain, then on these assumptions
the other member must be thymine; similarly for
guanine and cytosine, The sequence of bases on a
single chain does not appear to be restricted in any
way. However, if only spscific pairs of bases can be
formed, it follows that if the sequence of bases on
one chain is given, then the sequence on the other
chain is automatically determined.

It has been found experimentally®! that the ratio
of the amounts of adenine to thymine, and the ratio
of guanine 1o eytosine, are always very close to unity
for deoxyribose nucleie acid.

Tt is probably impossible to build this structure
with a ribose sugar in place of the deoxyribose, as
the extra oxygen atom would make too close a van
der Waals contact.

The previously published X-ray data®® on deoxy-
ribose nueleic acid are insufficient for a rigorous test
of our structure. So far as we can tell, it is roughly
compatible with the experimental data, but it must
be regarded as unproved until it has been checked
against more exact results. Some of these are given
in the following communications. We were not aware
of the details of the results presented there when we
devised our structure, which rests mainly though not
entirely on published experimental data and stereo-

It has not escaped our notice that the specific
pairing we have postulated immediately suggests &
possible copying mechanism for the genetic material.

Ty STPTCTIT, sl o
ditions asswmed in building it, together with a set
of co-ordinates for the atoms, will be published
elsewhere.

‘We are much indebted to Dr. Jerry Donohue for
constant advice and criticism, especially on inter-
atomic distances, We have also been atimulated by
a knowledge of the general nature of the unpublished
experimental results and ideas of Dr. M. H. F.
Wilkins, Dr. R, E. Franklin and their eo-workers at

DNA Structure Suggests A VMiechanism For Replication

“It has not escaped
our notice that the
specific pairing we
have postulated
immediately suggests
a possible copying
mechanism for the
genetic material.”



= Addition of deoxyribonucleoside
monophosphate to the 3’-end of a
growing DNA strand

= The substrates are the four
deoxyribonucleoside triphosphates

= Formation of the phosphodiester
bond is accompanied by the release
of pyrophosphate

= Requires template strand

= Newly synthesized strand is
complementary in sequence to
template strand

= Cannot start DNA synthesis de
novo, requires primer with 3’ OH
terminus

DNA Polymerases Synthesize DNA In 5’ to 3’ Direction

3" end of strand
|

5" end of strand
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3 =P
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incoming deoxyribonucleoside triphosphate ()“‘I -0
O
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DNA Replication Initiates From Many Origin Sites

Blumenthal et al, CSHSQB 1974; Kriegstein & Hogness, PNAS 1973



DNA Replication Initiates Bidirectionally
3H-thymidine at low specific activity

J

Shift to 3H-thymidine at high specific activity
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DNA Replication Initiates Bidirectionally
3H-thymidine at low specific activity

J

Shift to 3H-thymidine at high specific activity
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DNA Replication

= Helicase
= Primase
= Polymerase |
2
/ Leading strand

5
3 —

Lagging strand
ﬁ ﬁ 3!
51




Replicon Size Determines Time Of Replication

E. coli

oriC

At

Time of replication proportional to
genome size



Replicon Size Determines Time Of Replication

replication replication replication
origin origin origin
TN N
7 =~ \_._._. //
At
< >

Time of replication proportional to
inter-origin distance



Once-And-Only-Once Replication

Origin
re-firing

()
()




Replication

In a human cell, approx. 50,000 replication origins (1 per 70 kb) per S
phase.

If block to re-replication were 99.99% efficient (per origin), the
probability of completing a cell cycle without re-initiating replication
from any origin is 0.9999°0.00 = 0.06 (i.e. 6%).

To reach 99% probability of completing S phase without re-initiating,
the block to re-initiating replication from any individual origin needs to
be approximately 99.99999% efficient (i.e. ‘error rate’ < 107")



Once-And-Only-Once Replication

APC/C . CDK

activity

Origin licensing Allowed

Origin activation Allowed




Once-And-Only-Once Replication

APC/C , CDK

activity

Helicase loading Allowed

Helicase activation Allowed




The Eukaryotic Replicative DNA Helicase: MICVI2-7

NTE NTD AAA+ Mcm2
NTE NTD AAA+ WHD Mcm4
NTE NTD AAA+ \WHD Mcm6
Mcm7

NTD AAA + \WHD Mcm3

Mcm5

90°

PDB: 5U8S



The Eukaryotic Replicative DNA Helicase: MICVI2-7

G——

90°

PDB: 5U8S



The Eukaryotic Replicative DNA Helicase:

0w

o W



MCM Loading Mechanism

@
Cdt1/Mcm2-7 ORC/Cdc6




ORC: Origin Recognition Complex

90°

Li N et al. Nature. 2018. PMID: 29973722



Cdc6

90°

Yuan et al. PNAS. 2020. PMID: 32669428



Cdt1-MCM

90°

Zhai Y etal. NSMB. 2017. PMID: 28191894



ORC:Cdc6:Cdt1:MCM (OCCM)

Pre-insertion state

‘x- ‘xﬁa
™ ‘)‘ <
X5,
MR T
B (N

Yuan et al. PNAS. 2020. PMID: 32669428



ORC:Cdc6:Cdt1:MCM (OCCM)

Pre-insertion state Post-insertion state

Yuan et al. PNAS. 2020. PMID: 32669428



ORC:Cdc6:Cdt1:MCM (OCCM)

Post-insertion state

90°

Yuan et al. PNAS. 2020. PMID: 32669428



The Eukaryotic Replicative DNA Helicase:

0w

o W



MCM Loading Mechanism

-
Cdt1/Mcm2-7 ORC/Cdc6

ADP + P,



MCM2-7 Are Loaded As Double Hexamers

Hexamer 1 Hexamer 2

Abid Ali F et al. Nat Comm. 2017. PMID: 29269875



MCM Loading Mechanism

-
Cdt1/Mcm2-7 ORC/Cdc6

ADP + P,

Mcm2-7 DH




An ORC Flip Enables MCM DH Loading

a ORC recruits Cdc6 DNA threaded into 1st hexamer loaded 2nd MCM-Cdt1
ORC binds ACS and MCM-Cdt1 MCM channel 2nd ORC recruited recruited DH formed

.~&_'.

Model based PDB: 5V8F This study Model based PDB: 6FOL
on 2D average on 2D average

Miller et al., Nature, 2019, PMID 31748745



MCM Double Hexamers Mark Replication Origins
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The CMG (Cdc45:MCM:GINS) Helicase

A Fold-Purification
After (NH,),SO,
Purification Step Step MW (kD)
0-12 hr Embryos - e i q? S
' A&y o588 o58SSE
Nuclear Extract - 120-4
‘ - » d 5'
50% (NH,),80, Cut g .‘“H = O
|
DEAE-Sepharose 3.5
|
Superdex-200 19 . . 'N -
B High MW
Poros Heparin 60
|
Mono S 80
|
Mono Q 445
|
Anti-Cdc45 IP 200,000
15-
C Standards (kD): Vc:id 6?9 2:;2 61'('
mcmg-o
cm . S
Mcm5:: re B Ko
Cdcds5-+] « ------—O.*-

CMG MCM

Sid5-»] — —
Psf3
Psf2 - -
Psf1

SE Moyer et al. PNAS 2006



The CMG (Cdc45:MCM:GINS) Helicase

)
BENS”

L5 , >
P %‘: N A8 0588 05888
GINS 7 sl G .
.‘-‘ '\"‘1

) Cdc45 .-.M-sb

CMG MCM

MCM Yo g s> CMG MCM

Baretic et al. Mol Cell 2020 SE Moyer et al. PNAS 2006



Activation Of The CMG Helicase

b [32kb plasmid

+ Topo |
. SDS quenching ¢
Topo | Helicase + Topo | deproteination Load MCM
R S
Negatuve Unwinding Strand reannealing +DDK
Suﬁem%"s Positive Negative
R SUpescots Buperoole Firing factors)+Mcm10
Supercoiled Relaxed relaxed Relaxed gained Supercoiled + S
duplex circle duplex circle unwound circle duplex circle
Quench and analyse
c d
-DDK +DDK - Protein Jra boga @ 06;9 & 5P - Protein
Time (min) 7 7 10 15 20 30 45 60 + - Topo!l Omitted <Y O O e W & X + - Topol
B S B e e B . e — —B--BH- _‘—.
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M E Douglas et al. Nature 555, 265—-268 (2018) doi:10.1038/nature25787
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Dpb11
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Pol ¢



MCM DHs Separate During Origin Firing

Eukaryotic replisomes can progress uncoupled from each other

A i 7..7
" T
hlg l\
Q\C))

iv l '/ l
ﬁ@z\ /:“:\ 5 =

Yardimci H et al., Mol Cell, 2010



MCM DHs Separate During Origin Firing

A B + Vehicle

Double-Tethered A DNA (48.5 kb)
| GINS-depleted HSS
Mcm2-7 v -

| GINS-depleted NPE+GINSAFe4
6o > @V " o@ v 0
[ 8 o e ® 0 s T° o4\

s

CMG 647 | GINS-depleted NPE

Predicted
Convergence

Low et al., G&D, 2020, PMID 32943574

2 min

+ Vehicle

Predicted
Divergence



The CMG s A

SE Moyer et al. PNAS 2006

DNA Helicase
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CMG Encircles The Leading Strand

A

ScCMG —1

Cc

ScCMG —1

d(GGCA),,

*.
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Kose et al., Cell Reports, 2019, PMID 30784593
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CMG Encircles The Leading Strand

Fu YVetal., Cell 2011. PMID: 21925316

3’ to 5’ ssDNA translocation

Position (nt): 0 -24 40 -70

dsDNA translocation

0 24 40 <70

123465676910 112131
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CMG Encircles The Leading Strand

A pICL!nter Stu | (-268)
0 10 20 30

5'-CCCTCTTCCEGCTCTTCTTTCGTGCGCGGCCGCGATCCGCTGCATT| | AGGCCT -3
GAGAAGAAAGCACGCGCCGGCGCTAGGCGACGTAA| | TCCGGA
Lefiward Leading Strand

3’ -GGGAGAAGGCGAGAAGAAAGCACGCGCCGGCGCTAGGCGACGTAA| | TCCGGA-5'

B p|CLlnlra Stu | (-268)
0 10 20 30

n
5’ -CCCTCTCCTTGGTTCTTCTCGTGCGCGGCCGCGATCCGCTGCATT| | AGGCCT -3
CAAGAAGAGCACGCGCCGGCGCTAGGCGACGT. TCCGGA
Leftward Leading Strand

3’ -GGGAGAGGAACCAAGAAGAGCACGCGCCGGCGCTAGGCGACGTAA| | TCCGGA-5"

c pICLInter plCL'ntra Primer M
Time (min): 0 10 15 20 30 60 90120 0 10 15 20 30 60 90120 G A T C

-20

Stul Digest - Leftward Fork

1 2 3 4 5 67 8 91011 12 13 14 15 16 17 18 19 20

Fu YVetal., Cell 2011. PMID: 21925316



iICase

MCM:GINS) Hel

The CMG (Cdc45

translocation

Baretic et al., Mol Cell, 2020



MCM2-7 Are Loaded As Head-To-Head Double Hexamers

Hexamer 2

Hexamer 1




Mechanism To Ensure Bidirectional Origin Firing

|1 J}awexaHq
w

Li H et al, Bioessays, 2018, PMID 29405332



Mechanism Of DNA Replication

Origin recognition ﬂ& o

Cdt1/Mcm2-7 &ORC/CdCG M/G1

Mcm2-7 loading l
mMcmZ?DH
@ DDK CDK D
Cdc4s5, SId3/7 l SId2, Dpb11, Pol &, GINS
CMG
CMG assembly @Iﬂa
|
l Mcm10

CMG helicase activation

Replisome assembly




Division Of Labor At Replication Forks
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Reijns MAM et al, Nature 2015, PMID 25624100



CMG (Cdcd45:MCM:GINS) Helicase

translocation

>

90°

Baretic et al., Mol Cell, 2020



CMG Forms The Core Of The Replisome

translocation

>

Ctf4/AND-1

Pol a-
primase

TIMELESS

Jones et al., EMBO J, 2023 Jones et al., Mol Cell, 2023



Nuclear DNA Is Packaged Into Chromatin

AL Olins and DE Olins. Science 1974; 183:330-2



Chromatin Is Rapidly Reassembled At Replication Forks
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SL McKnight and OL Miller, Jr. Cell 1977; 12:795-804



The Mcm2 N-Terminal Tail Is A Histone H3/H4 Chaperone

NTE NTD AAA+ Mcm2
NTE NTD AAA+ \WHD Mcm4
NTE NTD AAA+ \WHD Mcm6
Mcm7

NTD AAA + \WHD Mcm3

Mcm5

05

Huang H et al, NSMB, 2015



Mcm2 Promotes Parental Histone Segregation To The
Lagging Strand
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CMG Cooperates With Histone Chaperones At The Fork

translocation

<
Ctf4/AND-1

v,

o Ctf4/AND-1
%

Histone

hexamer . _
ke Histone
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. :’
s TIMELESS
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Li et al., Nature, 2024
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