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The Scale of DNA Replication

Bacterial genome
~5x10%bp = 1.6 mm

Largest human chromosome
~ 245 x 105 bp = 8.3cm

Human genome: 24 chromosomes
~ 3 x 10% bp = 1 m (diploid: 2 m)

Every minute: 500 — 700 million new white blood cells

~ 106 km DNA (25 times around equator, ~ 2.5 x distance to moon)

| ~ 750,000 MILES | |
400,000 KILOMETERS | ,_

e
&




Replication Defects Are A Major Driver Of

Cancer-Associated Genome Instability
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DNA Replication Is A Chemotherapeutic Target

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

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 manuseript 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 :
i1} We believe that the material which gives the
X-ray diagrams is the salt, not the free 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
phosphates are on the outside and the bases on the
inside, linked together by hydrogen bonds. This
structure ns 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
helieal chains each coiled round
the same axis (see diagram). We
have made the usual chemical
assumptions, namely, that each
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is & 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
strueture repeats after 10 residues on each chain, that
is, after 3¢ 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 ons, and its water content
is rather high. At lower water contents we would
expect the bases to tilt so that the structure could
hecome more compact.

The novel foature 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 perpendicular to the fibre axis. They are joined
together in pairs, a single base from ons chain being
hydrogen-bonded to & single base from the other
chain, 8o that the two lie side by side with identical
z-co-ordinates. Ons of the pair must be & purine and
the other a pyrimidine for bonding to cccur. The
hydrogen bonds are made as follows : purine position
1 to pyrimidine position 1; purine position 8 to
pyrimidine position 6.

If it is assumed that the bases only occur in the
structure 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 eytosine (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 specific 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 to eytosine, are always very close to unity
for deoxyribose nueleie 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 Waale contact.

The previously published X-ray data®* on deoxy-
ribose nucleic acid are insufficient for a rigumus test
of our structure. So far as we uan tell, it is roughly

chain consists of phosy di-
ester groups joining B-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 chaina 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
the outside. The configuration
of the sugar and the atoms
near it is close to Furberg's

the pairs of '8tandard configuration’, the
ases oding (heohaine  supar boing roughly perpendi-

ther. i ical
i thatics the ibre ass¢  cular to the attached base. There

patible with the exp 1 data, but it must
ba regarded as unpmved 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 a
possible copying me chamsm ior the enetlc matemal

i 15
ditions B.ssumml in bmldmg lt. togaohur vmh 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 stimulated by
a knowledge of the general nature of the unpublished
experimental results and ideas of Dr. M.
Wilkins, Dr. R. E. Franklin and their co-workers m

DNA Structure Suggests a Mechanism for DNA Replication

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



Meselson-Stahl Experiment (1958)

FIGURE 9-3. (Left) Matthew Meselson (b. 1930). (Right) Franklin W. Stahl (b. 1929).
[Courtesy of M. Meselson.]

DNA species of different density
form a band if centrifuged through a
CsCl gradient at the position where
the density of CsCl solution is equal
to the buoyant density of that
species. In this way, DNA labeled
with heavy nitrogen (N'5) may be
resolved from unlabeled (N'4) DNA.



Meselson-Stahl Experiment (1958)
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E. coli were grown for several generations in
5N (heavy) medium and then transferred to
4N (light) medium. DNA was isolated at time
zero and after 1-4 generations. The DNA
molecules were separated according to
buoyant density by sedimentation in a gradient
of cesium chloride.



DNA Replication is Semi-Conservative
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Arthur Kornberg — Isolation of DNA Polymerase

First in vitro DNA synthesis experiment
in 1955 (dNTPs were not yet known):
Conversion of acid-soluble '4C-
thymidine into acid-insoluble DNA (50
cpm from a starting 106 cpm!). Acid
insoluble material could be resolubilized
with pancreatic DNase he obtained from
Moses Kunitz.

This assay allowed him to discover DNA
polymerase (DNA pol | of E. coli), for
which he received the Nobel prize in
19509.




DNA Polymerases Catalyze DNA in 5’ to 3’ direction

= 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

3’ end of strand

5’ end of strand

==

o
primer

template
n F ! ﬂ
strand O strand
& |
. O ?"z

(9] (9] (8]
I ]
O-P-0-P-0-P-0O-CH, O,
| | b

1 >
(8] ) O
1
pyrophosphate
OH
o~ CH;
. ) O

incoming deoxyribonucleoside triphosphate O=pP-0O"

5" end of strand



DNA Replication Initiates From Many Origins in Eukaryotes

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



DNA Replication Proceeds Bi-Directionally from the Origin

3H-thymidine at low specific activity

|

Shift to *H-thymidine at high specific activity
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DNA Replication Fork

= Helicase
= Primase
= Polymerase
/ |
/ Leading strand
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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
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At
< >

Time of replication proportional to
inter-origin distance



Once-And-Only-Once DNA Replication

re-firing




Once-And-Only-Once

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%0.000 = .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’ < 10°7)



Once-And-Only-Once DNA Replication

APC/C | CDK

activity

Origin activation



Once-And-Only-Once DNA Replication

APC/C CDK

activity

Helicase loading

Helicase activation



The Eukaryotic Replicative DNA Helicase: Mcm2-7

Mcm2
Mcm4
NTD AAA AHD Mcm6
NTD AAA AHD Mcm7
NTD AAA AHD Mcm3
Mcmb

90°

PDB: 5U8S



Mcm2-7
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The Eukaryotic Replicative DNA Helicase: Mcm2-7
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Replication Origin Structure

Plasmid stability

S. cerevisiae
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Replication Origin Structure

S. cerevisiae
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ORC - Origin Recognition Complex

Crude yeast extract

l
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l
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ORC:DNA (origin recognition)

90°

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



ORC:Cdc6:DNA (beginning pre-RC assembly)

90°

Yuan et al. PNAS. 2020. PMID: 32669428



Cdt1-Mcm2-7 (pre-loaded form of MCM)

90°
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ORC:Cdcb6:Cdt1-MCM (OCCM; MCM loading intermediate)

Pre-insertion state

Yuan et al. PNAS. 2020. PMID: 32669428



ORC:Cdcb6:Cdt1-MCM (OCCM; MCM loading intermediate)

Pre-insertion state Post-insertion state

Yuan et al. PNAS. 2020. PMID: 32669428



ORC:Cdcb6:Cdt1-MCM (OCCM; MCM loading intermediate)

Post-insertion state

90°

Yuan et al. PNAS. 2020. PMID: 32669428



MCM Loading Mechanism

Cdt1/Mcm2-7 ORC/Cdc6




MCM Loading Mechanism

Cdt1/Mcm2-7 ORC/Cdc6

ADP + P,



McmZ2-7 are Loaded as Double Hexamers

Hexamer 1 Hexamer 2

N
)

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



MCM Loading Mechanism

Cdt1/Mcm2-7 ORC/Cdc6

ADP + P,

Mcm2-7 DH




Mcm?2-7 are Loaded as Head-To-Head Double Hexamers

a ORC recruits Cdc6é DNA threaded into 1st hexamer loaded 2nd MCM-Cdt1
ORC binds ACS and MCM-Cdt1 MCM channel 2nd ORC recruited recruited DH formed

PDB: 5ZR1 Model based PDB: 5V8F This study Model based PDB: 6FOL
on 2D average on 2D average

Miller et al., Nature, 2019, PMID 31748745



MCM DHs Mark Potential Replication Origins
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The CMG (Cdcd5-MCM-GINS) Helicase
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The CMG (Cdc45-MCM-GINS) Helicase
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Activation of The MCM Helicase

b [32kb plasmid
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McmZ2-7 are Loaded as Double Hexamers

Hexamer 1 Hexamer 2

N
)




The CMG Helicase

Baretic et al., Mol Cell, 2020



Mcm?2-7 DH Separates During Origin Firing

Eukaryotic replisomes can progress uncoupled from each other

Yardimci H et al., Mol Cell, 2010



Mcm2-7 DH Separates During Origin Firing
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The CMG Is A 3’-5" DNA Helicase
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CMG Encircles Leading Strand During Unwinding

3’ to 5’ ssDNA translocation dsDNA translocation
Position (nt): 0 24 40 -70 0 24 -40 70
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Fu YV etal, Cell 2011. PMID: 21925316



CMG Encircles Leading Strand During Unwinding
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CMG Encircles ssDNA During Unwinding

A plCLInter Stu 1 (-268)
0 10 20 30
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Fu YV etal, Cell 2011. PMID: 21925316



Mechanism of DNA Replication

D)
Origin recognition ﬂ% o
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Mcm?2-7 are Loaded as Head-To-Head Double Hexamers

> <

Hexamer 1 Hexamer 2




A mechanism to ensure bi-directional origin firing
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Li H et al, Bioessays, 2018, PMID 29405332
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Baretic et al., Mol Cell, 2020



The CMG Forms The Core Of The Replisome

Pol a-primase
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Jones et al., Mol Cell, 2023



The CMG Forms The Core Of The Replisome

Ctf4/AND-1 Ctf4/AND-1

Ctf4/AND-1

CLASPIN

TIMELESS

Jones et al., EMBO J, 2023



The CMG Forms The Core Of The Replisome

Ctf4/AND-1

Histone
hexamer

TIMELESS

Li et al., Nature, 2024
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