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BIO 5099: Molecular Biology
for Computer Scientists (et al)

Lecture 13:  DNA replication
and repair
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Larry.Hunter@uchsc.edu

Some comments on biochemistry

The last two lectures (metabolism) have been hard.  
There are a lot of enzymes and substrates interacting in 
complex ways that can seem arbitrary and are hard to 
remember.
You are not alone. No one is born with good intuitions 
about biochemistry.
Try to hold onto the big concepts:
– Metabolism is the reshaping of food into offspring
– Energy metabolism exploits redox potential to form ATP
– Synthesis of biological molecules uses energetic intermediates 

as inputs.

Life and Information

Metabolism is the set of processes by which energy 
and matter are organized for survival and reproduction
Living things also have functions that organize
information for these purposes.
– The “blueprints” for metabolic enzymes and other biomolecules
– Control of when and how much to make of each
– The ability to pass on this information to offspring
– The ability to recognize and repair errors in this information
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Prokaryotic reproduction

Reproduction involves creating a copy of all genetic 
information to pass along to offspring
Simplest in prokaryotes: binary fission 
(or, sometimes, budding)
– The single chromosome is duplicated
– The chromosome duplicates attach to opposite sides of the cell 

membrane
– The cell splits (cytokinesis). In budding, the pieces are of 

unequal size.

Reproductive rate differences
are exponential 

Species A reproduces at rate x (offspring/time)
Species B reproduces at rate x
What is the difference in population at time t?
– Initial populations equal PA(t0) = PB(t0) = p
– Population of A at time t, PA(t) = pxt

– Population of B at time t, PB(t) = p(εx)t

– PB(t) / PA(t) = (εx)t / xt  = εt 

Any difference in reproductive rate leads to an 
exponential difference in population over time!

Binary fission and budding

DNA replication is the key event.
– The most time-consuming aspect of reproduction
– Need to create a copy of both strands.  Copying sometimes 

proceeds simultaneously in both directions.
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DNA replication 

DNA replication is semi-conservative.
– DNA splits, and each strand acts as a template to create another

double stranded DNA.
DNA duplication is based on 
Watson-Crick complementarity
– Each strand can be used as a template

that specifies the content of the other
– Extension of strands by linking dNTPs

(DNA nucleotide triphosphates) to an 
existing strand via phosphodiester 
bonds. 

Prokaryotic DNA replication

DNA replication is controlled by a specialized set of 
enzymes
– Initiation complex (starts DNA replication)
– Helicases & Gyrases (unwind parent DNA for copying)
– Primase and the primer (begins the copying process)
– Polymerase (extends new DNA strand)

DNA replication always goes 3' → 5' 
– New DNA grows 5' → 3'
– Replication goes in opposite directions on each strand.
– One strand is “easy”, the other requires more complexity

Initiation

DNA replication begins at a fixed point, called the 
replication initiation site. 
Initiation complex proteins bind the the site
DNA helicase attaches to the initiation complex, 
breaks the hydrogen bonds holding the two strands 
together and unwinds them
Other proteins are recruited to the region to keep the 
DNA from reannealing, and to “prime” the creation of 
the daughter strand.
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Initiation picture

The place where the DNA is unwound and being 
copied is called the replication fork.   
In organisms 
which do 
bidirectional
synthesis,
there are two
replication
forks, going in
opposite directions
from the initiation site

Elongation

Process of making the copy from the template
– Works differently in each strand, so start with the easy one 

(called the leading, as opposed to lagging, strand)
Elongation begins with the creation of an RNA primer
by DNA primase
On the leading strand, DNA Polymerase III extends 
the initial primer with DNA, creating the copy

Elongation on the lagging strand

On the lagging strand, we have to extend “backwards” 
towards the start of initiation.
– Lagging strand replication is done in pieces (called Okazaki 

fragments)
– DNA Polymerase I elongates 

and also removes primers
– Ligase joins Okazaki 

fragments into 
continuous strands
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DNA Polymerase III

The prokaryotic leading strand DNA polymerase (III) 
is a complex molecular  machine (10 subunits)

DNA polymerase dynamics

DNA polymerases have important dynamics (not just 
single minimum energy fold)

DNA Polymerase B 
(mammalian repair enzyme)

More pieces to the puzzle

Single stranded binding protein (SSB) keeps the DNA 
from reannealing to itself 
Topoisomerases manage the twist (supercoiling) in the 
DNA.  Circular chromosome means ends cannot 
release twist.  There are two kinds:
– Breaks one strand to allow DNA to uncoil, rotating around the 

other strand, then reattaches
– Breaks both strands to allow change (+ or -) in supercoiling 

(Gyrases)
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Prokaryotic replication facts

Rate is ~1000 nucleotides/second, (x 2 different 
directions) so all of the 4.7Mb of E. coli can be copied 
in about 40 minutes.
– Polymerases differ in processivity, how fast they can replicate 

DNA. 
Replication error rate is about 1 in 109, so >99.5% of 
the time the whole E. coli genome can be copied 
without error.
– High precision is due to proofreading and repair enzymes. In 

many prokaryotes, this includes polymerase III itself.
– Without repair enzymes, error rate is about 1 in 105.

Mutations and DNA damage

Mutations are changes in DNA sequence, one kind of 
DNA damage.  Due to either replication errors or 
interaction with an outside agent:
– Chemicals which alter structure or pairing properties (e.g. 

adducts covalently bond to DNA, or deamination C → U)
– Intercalating agents (insert themselves into DNA, causing 

frameshift errors)
– Ionizing radiation (strand breaks, cross-linkage, mutations)
– UV: produces thymine dimerization (linkage) 

DNA repair

DNA is the only biomolecule that is repaired.  All 
others are replaced when damaged.
DNA repair involves 
hundreds of proteins.
– 220 of 4279 E. coli genes 

(> 5%) are involved in DNA 
replication and repair

Breakdown of functional
classes of E. coli proteins 
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DNA repair mechanisms

Polymerase III has an “exonuclease” (nucleotide 
removal enzyme) component, which deletes just-
formed bad base pairs
Damage reversal:
– Photolases break thymine dimerization bonds
– DNA ligase repairs breaks in sugar backbone

Damage removal:
– Removes broken sections and lets polymerase try again to make 

a good copy.
Recombination: splice in another copy of gene

DNA Damage Removal

Various methods  for removing bad DNA
– Glycosylases cut out nucleotide (and sugar backbone)

• Uracil glycosylase finds and removes U's from DNA
– Mismatch proteins detect DNA geometry problems (caused by 

non-Watson/Crick base pairings or unpaired bases) and cut them 
out

• Can detect which is parent and which is copy (shortly after 
replication) so bad copy is removed, not good parent.

– Nucleotide excision repair removes polymerase blockages 
(adducts, thymine dimers)

DNA polymerase I and ligases fill in the gaps.

MutS, MutH, MutL

MutSHL mechanism in
E. coli is best understood
repair system
– Has human homolog, which, when 

missing, is related to colon cancers
Detects parent strand by 
methylation (which takes
time to happen to copies)
MutS finds mismatch, MutH
identifies parent, MutL
removes, Pol III replaces
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DNA damage has deep 
consequences

Mutations are key source of evolutionary innovation. 
– Although most are deleterious, without them evolution would 

not happen!
DNA damage and repair is important in cancer
– Many cancers are related to flaws in DNA repair

DNA damage and repair is important in aging
– Werner's and Bloom's syndromes, both dramatic premature 

aging diseases, are caused by mutations in two different DNA 
helicases. 

Cytokinesis

Division of cytoplasm
In E. coli, mediated by protein FtsZ, which forms a 
ring-like structure that pinches off the cytoplasm.  
Other cell division proteins bind
to FtsZ.
Mechanisms by which 
chromosomes segregate
and fission location is 
selected are still 
unknown.

FtsZ in action

Green fluorescent protein tagged FtsZ shows its role in 
fission
FtsZ homolog named tubulin has a key role in 
Eukaryotes organizing the
cytoarchitecture.  Remotely
related to muscle myosin...



9

Simple life

You now understand on a molecular basis most of 
what it takes to be a simple life form  
– Reproduction (DNA replication and cell division)
– Metabolism (management of matter and energy)
– Enzymology (tools for metabolism and reproduction)
– Identity and structure of the components 

(proteins, nucleic acids, lipids, small molecules)
Thursday, we will look at how all the parts are 
controlled to respond properly to the environment


