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Key Notes

In this process a cell copies its DNA prior to dividing. The DNA is copied

S' -73' by DNA polymerases using single-stranded DNA as a template.

Replication is semi-conservative. In E. coli, DNA polymerases I and III have

3' -7S' exonuclease activity that allows them to proofread sequences ensuring a
very low error rate.

DNA synthesis occurs at the replication fork. A helicase separates the double

helix and single-strand binding (SSB) protein keeps the strands separate. !DNA

is synthesized continuously on the leading strand and discontinuously as

segments (Okazaki fragments) on the lagging strand. In E. coli, DNA synthesis

by DNA polymerase III and is initiated at a short RNA primer synthesiZed by

primase RNA polymerase. Primer sequence is replaced with DNA later by

DNA polymerase I. In eukaryotes, DNA polymerase a initiates DNA

synthesis by its integral primase activity. The leading and lagging ~ a.-e
synthesized respectively by DNA polymerases 1\ and <1:. DNA.ligase jo!ns _,

Okazaki fragments by a phosphodiester bond.

Circular bacterial DNA molecules and linear eukaryotic chro1IlOOOmes c:-e

replicated differently. Circular DNA molecules are replicated from a single

origin. Replication forks progress in both directions eventually meeting and

merging. Unwinding of the double helix produces supercoiling of circular

DNA molecules Which is removed by topoisomerase I. Replication of circular

DNA produces interlocked daughter molecules which are separated by
topoisomerase II.

Cell division in eukaryotes occurs as a series of phases known as the cell

cycle. Eukaryotic chromosomes are replicated from multiple origins.

Replication bubbles form and these eventually meet and merge.

Transcriptionally active regions are replicated first. Replication requires DNA

to be unwound from nUcleosomes. Special strategies are required to replicate

the ends of chromosomes. Telomerase adds noncoding sequences that allow
replication of chromosome ends.

Rel.ated topics
DNA structure (Al)

Chromosomes (BI)

Prokaryotic genomes (B3)

DNA mutation (BS)

Mutagens and DNA repair (B6)

INA replication

This is the· process by which a cell copies its DNA. Replication is necessary so

that the genetic information present in cells can be passed on to daughter cells

following cell division.\The DNA is copied by enzymes called DNA polymerases.

These act on Single-stranded DNA synthesizing a new strand complementary

to the original strand. DNA synthesis always occurs in the S' -73' direction.
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46 Section A - Molecular genetics

Okazaki fragments,,\

RNA primer ( RNA primer ~
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Fig. 4. Completion of lagging strand synthesis.

primase synthesizes a short RNA primer sequence on the DNA template
creating a short double-stranded region. In E. coli, DNA polymerase III then
synthesizes DNA beginning at the RNA primer. On the lagging strand,
synthesis ends when the next RNA primer is encountered. At this point DNA
polymerase I takes over and removes the RNA primer replacing it with
DNA (Fig. 4). In eukaryotes the situation is different. DNA polymerase Ci,

which has integral primase activity, is responsible for initiating DNA
synthesis. DNA is replicated by DNA polymerases Ci and 13with Ci synthe-
sizing the lagging strand and 13synthesizing the leading strand. The other
polymerases have ancillary roles. DNA polymerase e is Involved in DNA
repair and DNA polymerase 'I replicates mitochondrial DNA.

• Ligation. The final step required to complete synthesis of the lagging strand
is for the Okazaki fragments to be joined together by phosphodiester bonds.
This is carried out by a DNA ligase enzyme (Fig. 4).

Bacterial DNA
replication

Although the mechanism of DNA replication is similar in all organisms, the over-
all process varies depending on the nature of the DNA molecule being copied.
Different strategies are required for replication of the circular DNA molecules
which occur in bacteria and for the linear chromosomal DNA molecules present
in eukaryotes. The simplest and most common form of replication for circular
DNA involves C1 single origin of replication from which two replication forks
progrcss it1 opposite directions. This results in an intermediate e form (Fig. 5).

Thc l'cpJlcolio11forks eventually meet and fuse and replication terminates.
'1'11(' "l'plkolion of DNA molecules requires unwinding of the DNA double helix.

'I'!JIIIi'ilIIIlOR i'l1C helix ahead of the replication fork to rotate. For circular DNA mol-
(1('111(111 I'hnldo not have free ends, this produces supercoiling of the DNA prevent-
111p, Ihtll'(1plicnCionfork from progressing. This problem is overcome by the action
III 1'1\~yIlHIIi coned topoisomerases of which there are two types. DNA topoiso-
1I1I'1'1tt11' I pl'olill.ces a transient break in the polynucleotide backbone of one of the
IINA 111i'llI\tili 0 short distance ahead of the replication fork allowing the DNA to
1111I111I11'1.\.ly ol'ound the other intact strand removing the supercoiling. The enzyme
1111'" 1'1110111/1 ~hcends of the broken strand. When replication of a bacterial chromo-

I III " Im(JIIC£1fI0nor UIVA ar relOmeres.
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DNA replication
in eukaryotes

,~I

New DNA

Theta (8) intermediate.
Fig. 5. Replication of circular DNA molecules via theta intermediate.

somes is completed, two circular daughter molecules that are interlocked are pro-
duced. These are separated by the action of DNA topoisomerase IIwhich acts by
causing transient breaks in both strands of one of the DNA rnolecules o'llowing tb
other DNA molecule to pass through, thus separating the two do Ilfih tOl' n 1010('1 IInA,
The topoisomerase IIenzyme then rejoins the broken 8(rOIKlo,

Before a cell can divide it must replicate its DNA Cell dlvllllol\ 1111I1t1'1II,Yillilll ItI
highly regulated and occurs as a series of phases known n~ t\\(1I'llli I'YI"'i (/'I.~, II),
The length of the cell cycle varies but is typically several hOUl'H,'l'hullll\Hllfll 111111/11'
is Gj during which the cells prepare for division. G1 is followed by ~hcS phll/lli, III
which replication of the DNA occurs. A second short gap, G2, is next and IB fol-
lowed by the M phase during which the cells undergo mitosis involving separa-
tion of the chromosomes and cell division. After M phase, proliferating cells enter
the Gj phase of the next cell cycle. Alternatively, cells may exit the cell cycle by
entering the Go phase where they remain quiescent for extended periods. Some
cells such as neurons stop dividing completely and are permanently in Gophase.
Due to the extreme length of eukaryotic chromosomes, DNA replication must

be initiated at multiple origins to ensure that the process is completed within
a reasonable time span. Replication forks proceed in either direction from each
replication origin forming replication bubbles which eventually meet and merge.
DNA replicated from a single origin is called a replicon. A typical mammalian
cell has 50-100000 replicons, each of which replicates 40-200 kb of DNA.
Not all the DNA is replicated at once. Clusters of about 50 replicons initiate

s

Fig. 6. The eukaryotic cell cycle.
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1 Step 1. Telomerase
binds to 3' end of
leading strand

simultaneously at defined points during S phase. Areas containing transcrip-

tionally active genes are replicated first with nonactive regions replicated later.

The DNA in eukaryotic chromosomes is packaged as DNA-protein complexes

called nucleosomes. As the replication fork progresses DNA must unwind from

the nucleosome for replication to occur. This slows the progress of the repli-

cation forks and may explain the short length of the Okazaki fragments on the

lagging strand in eukaryotes (100-200 bases) compared with prokaryotes

0000-2000 bases). After the replication fork has passed the nucleosomes reform.

Replication' of linear eukaryotic chromosomes poses a problem not encoun-

tered with circular bacterial chromosomes in that the extreme 5' end of the

lagging strand cannot be replicated because there is no room for an RNAprimer

to initiate replication. This creates the potential for chromosomes to shorten

after each round of replication leading to a loss of genetic information. The

problem is overcome by a specialized structure at the end of the chromosome

known as the telomere which contains tandem (side-by-side) repeats of a simple

noncoding sequence. In humans this is 5' TTAGGG3'. In addition, the 3' end

of the leading strand extends beyond the 5' end of the lagging strand. The

enzyme telomerase contains an RNA molecule which partly overlaps with and

binds to the repeat sequence on the leading strand. The enzyme then extends

the leading strand using the RNA as a template. The telomerase then dissoci-

Atesand binds to the new telomere end so that the leading strand is extended

again. This process of extension may occur hundreds of times before the telom-

)1l1SC finally dissociates. The newly extended leading strand then acts as a

template for replication of the 5' end of the lagging strand (Fig. 7). The two
processes whereby the DNA is shortened during normal replication and length-

ned by the action of the telomerase are roughly balanced so the overall length

of the chromosome remains approximately the same.

Leading strand

5' \ TT AG G GTTAGG G 3'

3' /

Lagging strand

5'

Telomerase

5' TTAGGGTTAGGG$)
CCAATCCC

3' 5'

Bound RNA
template1

Step 2. 3' end of
leading strand
extended using RNA
as a template

~ TTAGGGTTAGGGTTAGGG-~

3' 5'

1

Step 3. 5' end of
lagging strand copied
using extended
leading strand for
priming

~ TTAGGGTTAGGGTTAGGG-~
_AATCCC

5' DNA polymerase a3'

Fig. 7. Replication of DNA at te/omeres.
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