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iv. DNA replication-conservative…

iv. DNA replication-conservative, semi-conservative and dispersive models, DNA replicative enzymes and
mechanisms of DNA replication

Historical Models of DNA Replication

Background and Importance of Replication

DNA replication is the process by which an organism’s genome is copied before cell division. Faithful replication is crucial
for maintaining genetic integrity and enabling inheritance from one generation to the next. Early on, once DNA was
established as the genetic material and the double-helix model proposed (Watson and Crick, 1953), scientists debated
precisely how new strands of DNA were generated.

The Three Proposed Models

Conservative Model1.
Hypothesis: The parental double helix remains intact (conserved) through replication. One daughter
molecule would be entirely new, while the parental double helix stays unchanged.
Outcome if true: After replication, cells would contain one “old” double helix and one “new” double helix.

Semi-Conservative Model2.
Hypothesis: Each daughter DNA double helix contains one original (parent) strand and one newly
synthesized strand.
Outcome if true: After replication, each double helix consists of a hybrid of one old and one new strand.

Dispersive Model3.
Hypothesis: The daughter double helices are composed of interspersed segments of old (parental) and
new DNA strands woven throughout each strand.
Outcome if true: Each strand in each daughter molecule would be a patchwork of old and new sequences.

The Meselson–Stahl Experiment (1958)

Overview

Recognized as one of the most elegant demonstrations in molecular biology, this experiment by Matthew Meselson
and Franklin Stahl used the heavy isotope of nitrogen (15N^{15}\mathrm{N}15N) and density gradient
centrifugation to distinguish “old” DNA strands from newly synthesized “light” (14N^{14}\mathrm{N}14N)
strands.

Experimental Steps

Labeling: Bacteria (E. coli) were grown in a medium containing 15N^{15}\mathrm{N}15N such that their DNA1.
became heavy.
Switch to Light Medium: Cells were then transferred to a medium with 14N^{14}\mathrm{N}14N. With each2.
round of replication, new DNA strands were synthesized from the lighter nitrogen source.
Density  Gradient  Centrifugation: After one and two generations of growth in 14N^{14}\mathrm{N}14N3.
medium, DNA was extracted and centrifuged in a CsCl density gradient, which separates DNA based on density.

Key Findings

After one replication round, the DNA formed a single intermediate band (not a heavy or purely light band),
indicating each new DNA molecule contained half  heavy and half  light—consistent  with semi-conservative
replication.
After two replication rounds, the DNA formed two bands: one intermediate and one light, further confirming that
the parent strands were distributed in a semi-conservative manner across multiple replication cycles.

Conclusion
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The Meselson–Stahl experiment provided definitive evidence that semi-conservative replication is the correct
mechanism in E. coli, and by extension, in all known cellular life forms.

DNA Replicative Enzymes and the Mechanisms of DNA Replication

Overview of Replication Mechanism

Semi-conservative replication requires unwinding the double helix, stabilizing single-stranded regions, building RNA
primers, elongating new DNA strands, and sealing any nicks. The process is highly coordinated by a suite of enzymes.

Although the fundamentals are broadly similar in prokaryotes and eukaryotes, some details—such as the specific
polymerase types and regulatory mechanisms—differ. Let us explore these in detail.

Key Enzymes and Proteins Involved

Helicase1.
Function: Unwinds the double helix at the replication fork by breaking hydrogen bonds between
complementary bases.
Structure and Mechanism: Often ring-shaped hexameric proteins (e.g., DnaB in E. coli), traveling along
one DNA strand (the lagging strand template) and forcing the two strands apart.

Single-Strand Binding Proteins (SSBs) or Replication Protein A (RPA) in Eukaryotes2.
Function: Bind to the separated single strands, preventing premature reannealing and protecting them
from nucleases.
Key Importance: Maintains the single-stranded template in a stable, extended conformation suitable for
copying.

Topoisomerases3.
Function: Relieve supercoiling tension created ahead of the replication fork as the DNA helix unwinds.
Types:

Topoisomerase I: Cuts one strand, allowing rotation and relieving torsional strain.
Topoisomerase II (DNA gyrase in prokaryotes): Cuts both strands to manage supercoils more
extensively, important in rapidly replicating cells.

Primase4.
Function:  Synthesizes short  RNA primers (~10–12 nucleotides)  complementary to the DNA template,
providing a free 3′-OH group for DNA polymerase to initiate DNA synthesis.
In E. coli, the primase is DnaG; in eukaryotes, primase activity is part of a multi-subunit complex with DNA
polymerase α.

DNA Polymerases5.
General Function: Catalyze the addition of dNTPs (deoxynucleotide triphosphates) to the 3′-OH end of the
growing DNA chain.
Directionality: Polymerization always proceeds in the 5′ → 3′ direction.
Proofreading: Many polymerases have 3′ → 5′ exonuclease activity, providing a proofreading function to
correct misincorporated nucleotides.

Prokaryotic DNA Polymerases6.
DNA pol I: Functions mainly in Okazaki fragment processing and DNA repair (5′ → 3′ exonuclease removes
RNA primers).
DNA pol II: Primarily DNA repair.
DNA pol III: The main replicative polymerase with high processivity (β clamp) and proofreading capability.

Eukaryotic DNA Polymerases7.
DNA pol α: Initiates replication; works with primase to lay down RNA primers and a short DNA stretch.
DNA pol δ: Synthesizes the lagging strand (high fidelity, proofreading).
DNA pol ε: Synthesizes the leading strand (high fidelity, proofreading).
Additional Pols (β, η, κ, etc.): Specialized roles in repair and damage tolerance pathways.

Sliding Clamp (β Clamp in Prokaryotes / PCNA in Eukaryotes)8.
Function: Encircles DNA to tether the polymerase to the template, greatly increasing the enzyme’s
processivity (ability to synthesize long stretches without dissociation).

DNA Ligase9.
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Function: Forms phosphodiester bonds to seal nicks in the sugar–phosphate backbone, particularly
between Okazaki fragments on the lagging strand.
Energy: In eukaryotes, typically uses ATP; in prokaryotes, it can use NAD⁺ or ATP, depending on the
species.

The Replication Fork: Leading and Lagging Strands

Bidirectional Replication Fork

Replication typically starts at a defined origin of replication (ori), where helicases initiate unwinding.
Two replication forks proceed in opposite directions, forming a replication bubble.

Leading Strand Synthesis

Synthesized continuously in the 5′ → 3′ direction, following the direction of the replication fork.
Requires only one RNA primer at the origin (or start site of leading strand replication).

Lagging Strand Synthesis

Synthesized discontinuously as Okazaki fragments, each requiring an RNA primer.
Each fragment is extended by DNA polymerase until it meets the next fragment.
DNA pol I (in prokaryotes) or RNase H / FEN1 (in eukaryotes) removes RNA primers, which are replaced with DNA.
Ligase seals the remaining nick.

Eukaryotic vs. Prokaryotic Replication

Origins of Replication1.
E. coli has a single origin (oriC).
Eukaryotes have multiple origins on each linear chromosome to speed up replication of large genomes.

Chromosome End Replication Problem (Telomeres)2.
Linear eukaryotic chromosomes face a challenge replicating the 3′ ends (telomeres).
Telomerase, an RNA-dependent DNA polymerase, extends the 3′ end with a repeat sequence, preventing
chromosome shortening after each round of replication.

Regulation3.
Prokaryotic replication is often regulated by availability of DnaA protein and metabolic cues.
Eukaryotic replication is tightly linked to the cell cycle via cyclins, cyclin-dependent kinases (CDKs), and
origin licensing factors (e.g., the MCM complex).

Concluding Remarks
DNA replication is a precisely choreographed process essential for all cellular life. The seminal Meselson–Stahl
experiment disproved conservative and dispersive models, unveiling the fundamental semi-conservative nature of
replication. Since then, extensive research has elucidated the intricate enzymatic  machinery—helicase,  primase,
topoisomerases, polymerases, sliding clamps, ligase—that work together to faithfully duplicate genomes.

In prokaryotes, replication is relatively streamlined, often from a single origin, whereas eukaryotic replication involves
multiple origins and additional complexity in managing linear chromosomes and chromatin structure. Collectively, these
discoveries have not only deepened our understanding of molecular biology but also propelled forward fields like
genetics, biotechnology, and medicine—where manipulation of replication machinery underlies techniques such as
PCR (Polymerase Chain Reaction) and opens avenues for novel gene therapies and cancer treatments.
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