
DNA Structure, Analysis & 
Replication

Dirk Remus

Molecular Biology Program



DNA Double Helix / B-Form DNA



Francis Crick  James Watson

First Proposed Based On Modeling
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Experimental Evidence From X-Ray DNA Fiber 
Diffraction
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Two Forms of DNA



dNTPs: The Building Blocks of DNA



Hydrogen Bonds Mediate DNA Pairing



Basepair Geometry Establishes Minor/Major Grooves



Deoxyribose Sugar Exists In Different Pucker 
Conformations

DNA RNA



DNA Double Helix Conformations

A-form B-form Z-form



Bases Can Rotate Around The N-Glycosidic Bond



Alternative Hydrogen Bonds Can Mediate Base Pairing



Alternative Hydrogen Bonding Occurs In Triplex DNA



GAA

(Friedreich’s Ataxia)

Trinucleotide Repeats Can Form Triplex Structures That 
Disrupt Gene Function

1 2 3 4 5a 5b 6

FXN (frataxin)

(GAA)n



Alternative Hydrogen Bonds Promote G-Quadruplex 
Formation 



G-Quadruplexes Can Stall The Replication Machinery

CMG Helicase

Stalled At Leading Strand

G-Quadruplex

Batra S et al. (2025), PMID 40048517



How Can We Detect G-Quadruplexes In The Genome? 



Chemical Ligands Stabilize and Detect Genomic G4s



DHX36

G4s Are Specifically Recognized By Proteins



G4 Ligands To Detect Intracellular G4s

Fluorescence Microscopy ChIP-seq



Cytosines in ssDNA Are Sensitive To Deamination

AID / APOBEC

C to T transition: Mutational Signature 2

C to A/G transversion: Mutational Signature 13



ssDNA Opposite G4s Can Be Detected By Bisulfite 
Sequencing



ssDNA Opposite RNA:DNA Hybrids At R-Loops Can Be 
Detected By Bisulfite Sequencing

Petermann E et al., Nat Rev Mol Cell Biol, 2022



ssDNA Opposite RNA:DNA Hybrids At R-Loops Can Be 
Detected By Bisulfite Sequencing

Ginno et al., Mol Cell, 2012, PMID 22387027



Petermann E et al., Nat Rev Mol Cell Biol, 2022

The RNA:DNA Hybrid At R-Loops Can Be Detected With 
The S9.6 Antibody



Petermann E et al., Nat Rev Mol Cell Biol, 2022 Bou-Nader C et al., Nat Comm, 2022, PMID 35347133

The RNA:DNA Hybrid At R-Loops Can Be Detected With 
The S9.6 Antibody



Sanz et al., Nat Protoc., 2019, PMID 31053798

The RNA:DNA Hybrid At R-Loops Can Be Detected With 
The S9.6 Antibody



Chen et al., Mol Cell, 2017

The RNA:DNA Hybrid At R-Loops Can Be Detected By R-
Chip-seq Using Catalytically Dead RNaseH1



D-loop

T-loop

D-Loops Are Formed During Recombination And At 
Telomeres 



Ribonucleotides Are Frequently Incorporated Into DNA 
By DNA Polymerases

R5’

3’

3’

5’



Methyl-transferase

DNA Is Frequently Methylated

Adenine methylation

Cytosine methylation



EcoRV

5’-GATATC-3’

3’-CTATAG-5’

EcoRVM 5’-GATATC-3’

3’-CTATAG-5’

X

X A = N6-methyladenine
S-adenosyl-L-methionine

(SAM)

DNA Methylation Protects Bacterial Genomes From 
Restriction Endonuclease Digestion



N6-methyladenine

DNA Methylation Can Inhibit Restriction Enzymes



Dnmt1

Dnmt3a

Dnmt3b

5’
mCG

5’GCm

3’

3’

CpG Methylation Is An Important Epigenetic Regulator In 
Eukaryotes



Bisulfite Sequencing Can Be Used To Map Sites Of 
Cytosine Methylation



Long-Read Sequencing Can Be Used To Map DNA 
Modifications



Dnmt1

Dnmt3a

Dnmt3b

TET1

TET2

TET3

TET Enzymes Regulate CpG Methylation



5’
5’
3’

3’
CCGG
GGCC

C= C5mC

MspI Digestion

3’5’ p-CGG
5’C

Calf intestinal phosphatase (CIP)

T4-PNK + [-32P] ATP

dCMP + dNMPs

5’
3’

C
GGC-p 5’

Snake venom 

phosphodiesterase 
+ DNaseI

3’5’ p-CGG
5’C

5’
3’

C
GGC-p 5’

5m-dCMP

CD CD

mut

-

dAMP

dCMP

dTMP

dGMP

FL FL

mut

?

Pi

Tahiliani et al. Science 2009;324:930-935

Biochemical Detection Of CpG Methylation In Genomic 
DNA



Sodium dodecyl-sulfate (SDS)

Alkaline lysis solution I

50 mM glucose

25 mM Tris-Cl (pH 8)

10 mM EDTA

(RNase)

Alkaline lysis solution II

0.2 N NaOH

1% SDS

Alkaline lysis solution III

3 M KOAc pH 5.2

How To Extract DNA From Cells: Alkaline Lysis



The Scale Of DNA Replication



Bacterial genome 

 ~ 5x106 bp = 1.6 mm

Largest human chromosome

 ~ 245 x 106 bp = 8.3 cm

Human genome: 23 chromosomes

 ~ 3 x 109 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)

The Scale Of DNA Replication



Abdel-Rahman et al., PNAS, 2001

Colon Cancer Cells Normal Cell

Replication Defects Drive Genome Instability



Replication Defects Drive Genome Instability



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

Topoisomerase inhibitors:

These drugs induce replication 

stress by physically hindering 

replication forks or inducing fork 

reversal.

• Irinotecan

• Topotecan

• Etoposide

• Doxorubicin

DNA damaging agents:

These drugs modify the 

composition and structure of the 

nucleic acid substrate to 

indirectly inhibit DNA synthesis.

• Cisplatin

• Chlorambucil

DNA Replication Is A Chemotherapeutic Target



“It has not escaped 

our notice that the 

specific pairing we 

have postulated 

immediately suggests 

a possible copying 

mechanism for the 

genetic material.”

DNA Structure Suggests A Mechanism For Replication



▪ 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



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

DNA Replication Initiates From Many Origin Sites



3H-thymidine at low specific activity

Shift to 3H-thymidine at high specific activity

Autoradiograph

DNA Replication Initiates Bidirectionally



3H-thymidine at low specific activity

Shift to 3H-thymidine at high specific activity

Autoradiograph

DNA Replication Initiates Bidirectionally



5’
3’

5’
3’

5’
3’

Leading strand

Lagging strand

▪ Helicase

▪ Primase

▪ Polymerase

DNA Replication Fork



Time of replication proportional to 

genome size

oriC

E. coli

t

Replicon Size Determines Time Of Replication



replication

 origin

replication

 origin

replication

 origin

t

Time of replication proportional to 

inter-origin distance

Replicon Size Determines Time Of Replication



Origin

re-firing

Once-And-Only-Once 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 0.999950,000 = 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’ < 10-7)

Once-And-Only-Once Replication



Origin activation

Origin licensing Allowed
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Once-And-Only-Once Replication
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Prohibited Allowed

Prohibited

Helicase activation

Helicase loading

Once-And-Only-Once Replication
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The Eukaryotic Replicative DNA Helicase: MCM2-7
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The Eukaryotic Replicative DNA Helicase: MCM2-7



ATP

Reconstitution of MCM Loading With Purified Yeast ProteinsMCM Loading Mechanism



Li N et al. Nature. 2018. PMID: 29973722
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90º

ORC ORC

ORC: Origin Recognition Complex



Cdc6

ORC

Yuan et al. PNAS. 2020. PMID: 32669428

90º

Cdc6

ORC

Cdc6



Zhai Y et al. NSMB. 2017. PMID: 28191894
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Yuan et al. PNAS. 2020. PMID: 32669428

Pre-insertion state

90º

ORC:Cdc6:Cdt1:MCM (OCCM)



Yuan et al. PNAS. 2020. PMID: 32669428

Pre-insertion state Post-insertion state

ORC:Cdc6:Cdt1:MCM (OCCM)



Yuan et al. PNAS. 2020. PMID: 32669428

Post-insertion state

90º

ORC:Cdc6:Cdt1:MCM (OCCM)
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The Eukaryotic Replicative DNA Helicase: MCM2-7



ATP

ADP + Pi

Reconstitution of MCM Loading With Purified Yeast ProteinsMCM Loading Mechanism



Hexamer 1 Hexamer 2

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

C N N C

MCM2-7 Are Loaded As Double Hexamers



ATP

ADP + Pi

Reconstitution of MCM Loading With Purified Yeast ProteinsMCM Loading Mechanism



Miller et al., Nature, 2019, PMID 31748745

An ORC Flip Enables MCM DH Loading



?

5’
3’ 5’

3’

MCM Double Hexamers Mark Replication Origins



SE Moyer et al. PNAS 2006

The CMG (Cdc45:MCM:GINS) Helicase



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

MCM

GINS
Cdc45

The CMG (Cdc45:MCM:GINS) Helicase



M E Douglas et al. Nature 555, 265–268 (2018) doi:10.1038/nature25787

CDK
Cdc45

Sld3:7

Sld2
Dpb11

GINS

Pol 

Activation Of The CMG Helicase



Yardimci H et al., Mol Cell, 2010

Eukaryotic replisomes can progress uncoupled from each other

MCM DHs Separate During Origin Firing



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

MCM DHs Separate During Origin Firing



SE Moyer et al. PNAS 2006

The CMG Is A 3’-5’ DNA Helicase



Kose et al., Cell Reports, 2019, PMID 30784593

CMG Encircles The Leading Strand



Fu YV et al., Cell 2011. PMID: 21925316

CMG Encircles The Leading Strand



Fu YV et al., Cell 2011. PMID: 21925316

CMG Encircles The Leading Strand



Baretic et al., Mol Cell, 2020
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Hexamer 1 Hexamer 2

C N N C

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



Li H et al, Bioessays, 2018, PMID 29405332

Mechanism To Ensure Bidirectional Origin Firing



Mcm10

Mcm2-7 loading

Origin recognition

CMG assembly

CMG helicase activation

Replisome assembly

M/G1

S

DDK
Cdc45, Sld3/7

CDK
Sld2, Dpb11, Pol , GINS

Mechanism Of DNA Replication



Reijns MAM et al, Nature 2015, PMID 25624100

Pol 

Pol 

Pol  + 

Pol  + 

Division Of Labor At Replication Forks



Baretic et al., Mol Cell, 2020
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Pol 

Ctf4/AND-1

MCM

GINS

MCM

Pol -

primase

Csm3/

TIPIN

Ctf4/AND-1

Tof1/

TIMELESS

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

Csm3/

TIPIN

Tof1/

TIMELESS

CMG Forms The Core Of The Replisome

translocation



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

Nuclear DNA Is Packaged Into Chromatin 



SL McKnight and OL Miller, Jr. Cell 1977; 12:795-804

Chromatin Is Rapidly Reassembled At Replication Forks



Huang H et al, NSMB, 2015
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The Mcm2 N-Terminal Tail Is A Histone H3/H4 Chaperone



Yu C et al, Science, 2018, PMID 30115745
Gan et al, Mol Cell, 2018, PMID 30244834

Mcm2 Promotes Parental Histone Segregation To The 
Lagging Strand
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Li et al., Nature, 2024

90º

CMG Cooperates With Histone Chaperones At The Fork

translocation
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