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Chapter 16

DNA Biosynthesis and Recombination



The biological function of DNA

s Store genetic information
s Replicate genetic information
s EXpress genetic information

s Gene mutation



DNA Biosynthesis

 DNA replication
{ -DNA synthesis while DNA as template

' Reverse transcription
-DNA synthesis while RNA as template

Proofreading system
Correct polymerization errors and repair of

damaged DNA



Section One

The general features of genome replication



How does DNA replication proceed?

1.Does replication begin at random sites or
at unique site?

2.Does DNA replication proceed in one
direction or both directions?

3.The overall chain growth occurs Iin 5’—3’,
3’—5’, or bothdirections?



The General Features of Genome Replication

1. semiconservative

2~ bidirection

3. semidiscontinu

4. replication fork

5. origin contains short repeat sequences
6. needs priming

/~ multi-enzymes and protein participate
8. high fidelity



1. DNA Replication is Semiconservative

Semiconservative Conservative Dispersive

Parental DNA

First-generation
progeny DNA

Second-generation
progeny DNA

Possible Models of DNA Replication



CsCl Density Gradient Centrifugation
DNA

Intermediate

14N] Light ‘ Heavy
I

Lower Cs* Higher Cs*
concentration concentration

[ e—

Less dense More dense

Matthew Meselson and Franklin Stahl experiment in 1958
« Grow E. coli in the presence of >N (a heavy isotope of Nitrogen) for many
generations. Cells get heavy-labeled DNA
« Switch to medium containing only N (a light isotope of Nitrogen)
« Collect sample of cells after various times
« Analyze the density of the DNA by centrifugation using a CsClI gradient



Generations After N Addition  After one generation,
41 30 25 19 15 1.1 1.0 DNA is “half-heavy”

After ~ two generations,
DNA is of two types: “light”
and “half-heavy~




Replicon (E#1F)

Replicon : The unit of DNA in which an individual
act of replication occurs is called the replicon.

(A unit of the genome in which DNA contain a
region from origin to terminator )

Each replicon "fires" once and only once in each
cell cycle.



Replicon organization differs in
prokaryotes and eukaryotes

A bacterium usually has a circular chromosome that
is replicated from a single origin, but a eukaryotic
chromosome has many origins, each defining a
separate replicon.



The speed of replication

Organism Replicons Length Movement

Bacterium 1 4200 kb 50,000 bp/min
Yeast 500 40 kb 3,600 bp/min

Fruit fly 3,500 40 kb 2,600 bp/min
Toad 15,000 200 kb 500 bp/min
Mouse 25,000 150 kb 2,200 bp/min
Plant 35,000 300 kb

A chromosome is divided into many replicons.
Eukaryotic replicons are 40-100 kb in length

Individual replicons are activated at characteristic
times during S phase



2~ Replication is bidirectional

(a) Unidirectional growth of single strands from two origins

Origin 1 Growing point
Old strand
2 origins
2 growvwing
ends

strand _—
,//.‘
Growing point

(b)) Unidirectional growvwth of both strands from one origin

Growwing fork
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(c) Bidirectional grovwth of both strands from one origin
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Growvwing fork




Evidence points to bidirectional replication

Replication

forks T




3. Replication forks

Points at which separation of the strands and
synthesis of new DNA takes place is known as the
replication fork.

The replication fork is Y-shaped. Two arms (V) are
separated strands which act as the template and DNA
synthesis is actively taking place. The body (l) is the
parental DNA.




4. DNA replication Is semi-discontinuous

*Reiji Okazaki discovered (in 1968) that a
significant proportion of newly synthesized DNA
exists as small fragments!

ands

*The length of Okazaki fragments is about 1000-
2000 bp, but shorter in Eukaryotes (100-200 bp).

*These so-called Okazaki fragments are joined by
DNA ligases to form one of the daughter strands;

Strand synthesized continuously — leading strand
Strand growing away from fork
-Synthesized discontinuously As fragments
-Before synthesis the fork must move away
-Once initiated the fragment grows 5’ to 3’
-Subsequently each fragment is linked to the next
Strand synthesized discontinuously —lagging strand



SUMMARY: Features of DNA Replication

= DNA replication is semiconservativ
— Each strand of template DNA is being copied.

= DNA replication is bidirectional

— Bidirectional replication involves two replication
forks, which move in opposite directions

= DNA replication is semidiscontinuous
— The leading strand copies continuously

— The lagging strand copies in segments (Okazaki
fragments) which must be joined



5. Origin of Replication contains
short repeat sequences

= The origin of replication in E. coli is termed oriC
« origin of Chromosomal replication

= Important DNA sequences in oriC
« AT-rich region
GATCTNTTNTTTT TTATNCANA

« DnaA boxes 7\
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~
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Replication origins isolated in yeast

TGAAAAGCAAGCA

= ARS (autonomous replication sequence) is an origin for
replication in yeast. The common feature among different ARS
sequences is a conserved 11 bp sequence called the A-domain.

= An ARS extends for ~50 bp and includes a consensus
sequence (A) and additional elements (B1-B3).



The Core Origin of Replication in SV 40

Core origin
‘ Numbering of nucleotide pairs in the SV40 genome |

1/5243

element palindrome palindrome

Large T antigen binding site

Palindrome: & EXMNFF, [EISCFEF)

Was it a car or a cat I saw

FELRESE, FERLE



General features of replication origins:

1. several short repeat sequences;
2~ binding with repliction initiation protein

3. A/T rich sequences.,



6. DNA replication needs priming

Unable to 5
covalently link
the 2 |nd|V|duaI
nucleotldej\ogether

1’!53'4&57

Able to
covalently link
together




Most DNA replications are primed by RNA

RNA primer
—3'-OH

DNA template
strand

DNA primase

»The primase is a RNA polymerase different with that in the transcription.
»The primer is a fragment of RNA about 10-20bp approximately



There are also DNA priming or
nucleotide priming

Figure 12.16 The rolling circle generates a Figure 12.15 Adenovirus terminal protein binds to
multimeric single-stranded tail. the 5' end of DNA and provides a C-OH end to prime
synthesis of a new DNA strand.

Template is circular duplex DNA

Terminal DMNA
protein polymerase

Initiation occurs on one strand

/\ son

Nick at origin

Elongation of growing strand displaces old strand

~la
,\(.arowing strand

5

“._Displaced strand

After 1 revolution displaced strand reaches unit length

Continued elongation generates displaced strand of multiple
unit lengths

-Ser-C-OH




/~ Multi-enzymes and proteins
participate in DNA replication

DNA dependent DNA polymerase
orimase

igase

nelicase, gyrase

single strand binding protein
topoisomerase

O Ol & W DN P



Birth place of Tag: yellow stone




DNA Helicase Unwinds
the Parental Double Helix

DNA helicase catalyzes the unwinding of the parental double helix.

DNA helicase @ ATP > ADP




Single-Strand DNA Binding (SSB) Protein

Single-strand DNA-binding (SSB) protein keeps the unwound strands in an extended
form for replication.

DNA polymerase

Single-stranded
prereplicative DNA
without SSB protein

OOOQ

Q O D Hairpin
Q structures

SSB monomers

Single-stranded
prereplicative DNA
coated with SSB protein

Replication is 100 times faster when these
proteins are attached to the single-stranded DNA.



o1 Eq

DNA Topoisomerase

One end of the DNA double helix cannot
rotate relative to the other end.
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oY &,
DNA topoisomerase |
covalently attaches
to a DNA phosphate,
thereby breaking a
phosphodiester linkage
in one DNA strand.

The original

phosphodiester bond

energy is stored

in the phosphotyrosine
linkage, making

the reaction reversible. J

o Eq
Re-formation of the
phosphodiester bond
regenerates both the
DNA helix and the DNA
topoisomerase in an
unchanged form.

The two ends of the DNA
double helix can now rotate
relative to each other.
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| Produces Single-Strand
Breaks in DNA

Oz

DNA molecule with DNA gyrase folds
no supercoils. the molecule across
itself twice.

Two-strand —_3
cut
-
—>
0

4

DNA molecule with
two negative supercoils.

Gyrase cleaves both strands,
passes the intact helix through the
break, and reseals the break.

Il Produces Double-Strand
Breaks in DNA




DNA Ligase Covalently Closes Nicks in DNA
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8.+ High Fidelity of DNA Replication

*Base pair system: 10%4~107

*DNA Polymerase llland 6: ~10°/
Presynthetic error control (& 3T £ )
Proofreading control (# iE 3 #))

* DNA repair system



Features of DNA polymerases

= DNA as templet

s Substrate are dNTP

= Require a free 3'-OH at the end of a primer
= Form Phosphodiester bond

= Base pair principle

. ~ ol N
s Direction 5'to 3 ™ .
» Exonuclease activity W“ %
.



DNA Polymerases in E.coli

| major repair enzyme
I1 major repair enzyme
I11 replicase

IV SOS repair

V SOS repair



DNA Polymerase |

5" — 3' polymerase activity

HO \I\{ DOG)
A
T T

3
~
~
~

Klenow fragment (68 kID) small fragment (35 kD)
N NN G N B C

exonuclease polymerase 5°-3" activity

« 3°-5° site »




Nick Translation

Nick translation replaces one strand

Nick generates 3'-OH, 5'-P groups

}

OH P

DNA synthesis extends 3 end,
old strand is degraded

" QHP o
5!

VINtuanext WwWww e:g'to GNT

5¢-3’exonuclease activities (35kD)



The functions of DNA pol |

Not major replicase
Remove RNA primer

DNA repair: remove TT dimer in UV
damage

Replace strand: take part in gene
recombinant

Nick translation
Label probe



DNA Polymerase I
5’-3’ polymerase activity
3’-5’ exonuclease activity

DNA polymerase Il is required
to restart a replication fork when
Its progress is blocked by damage
in DNA.



DNA polymerase Il

Major replicase, high catalytic efficiency
subunits: o £ 0 B Y656 'yt

(1) core of DNA pol lll: Nucleotide
o bemlgadded
a : DNA polymerase activity to3"end
g : 3'-8’exonuclease, b

clamp

fidelity control
(2) B subunit clamp: help
holoenzyme binding on DNA
(20bp/s---- 750bp/s) oty s
(3) ycomplex : y286‘xp help B
dimer binding on DNA - Template DNA

strand

Direction
of synthesis

Core of DNA
polymerase lI




Schematic model of DNA Polymerase Il

Fingers

Growing
strand

Template
strand




Proofreading
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Primer

A terminal 3'— 5
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Proofreading by the 3’ - 5’ exonuclease activity of DNA
polymerases during DNA replication.




Properties of Three Bacterial DNA
Polymerases

Initiation of chain synthesis
5'-3" polymerization

3’-5’ exonuclease activity
5'-3’ exonuclease activity
Molecules of polymerase/cell

In vitro chain elongation rate

Z10]0
510]0)

?

15
30000



Section Two

DNA replication in E. coll



Initiation of DNA replication

GATCINTITATITIHHGATCTNTINTAT T HHGATCTICTTATTIAG]H

TeTeGAaATAA]

rrrGecaTAaAal f—EEARTCCARCA]

DnaA: binds to 9 bp repeat sequences at oriC, then acts at three A-T-
rich 13 bp tandem repeats, and melts the DNA strands to form an
open complex in the presence of ATP.

DnaB: extends the unwinding region with its helicase activity, and
activates DnaG primase.

DnaC: binds to DnaB to form DnaB-DnaC complex, and then transfers
DnaB to OriC. DnaC hydrolyzes ATP inorder to release DnaB.

HU: a general DNA-binding protein in E. coli. Its presence is not
absolutely required to initiate replication in vitro, but it stimulates
the reaction.

Gyrase provides a swivel that allows one strand to rotate around the
other; without this reaction, unwinding would generate torsional
strain in the DNA.

SSB stabilizes the single-stranded DNA as it is formed.



O
94ﬂ¢rs ;:F§

*13-mers

Negatively
supercoiled
template

Initial
complex

v Open

complex

 .DnaC

~/~_DnaB

(helicase)

Prepriming complex

DnaB




Initiation of Replication at oriC

A/T-rich region DnaA boxes

DNA replication is initiated by the
binding of DnaA proteins to the
DnaA box sequences

around the DnaA proteir
| and separates the AT-ri
“___— 3region

\ u ’

DnaB protein (helicase) binds to the origin




Helicase

Helicase separates the DNA in both
directions, creating 2 replication forks.




The E. coli Replisome (& #i44k)

DNA polymerasellll,
replicating the leading strand
continuously

DNA-binding
protein

Single-strand 5 3 ; i ' B-submit
4"" ...b 4"" Ve )

5l
3'

DNA helicase:| .
Primosome

RNA primer U\ Vg

DNA primase

W oy RNA primer
411" )
DNA polymerasellll, A
replicating the lagging strand . \ e 3'
discontinuously 5

New Okazaki fragment Older Okazaki fragment




The elongation of leading strand

Incoming nucleotide has S'-triphosphate

Diphosphate is released when nucleotide is added to chain




The elongation of lagging strand

Lagging-strand synthesis

1 5°' Old strand

I RNA oligonucleotides (primer)
| copied from DNA

Old DNA -
3 .
5 [’;_,/j 3

S' . 3
/

> DNA polymerase lll elongates

RNA primer | RNA primers with new DNA

3 | opNna polymerase | removes 5' RNA at
end of neighboring fragment and fills gap

Ligation




RNA DNA polymerase 111

primer Lagging
\ sirand Okazaki fragment
Template

5/
DNA &
SSB—

protein
DNA prlmase il 5’ Parental

3" DNA

DNA polymerase IlI

Tem Iate
DN Ap Leadmg
strand

Looping the lagging strand to make both
polymerases move in the same direction




Model for the events occurring around a single
replication fork of the E. coli chromosome

Polymerase I1I
Lagging I SSB (single-strand DNA binding proteins)

a) :)Tit:;:o;;azggy strandg% RNA primer for 2nd Okazaki fragment made by DNA primase

DNA primase Fork O /2%, DNA helicase ,
starts r_eplication movement  {st Okazaki N NPT MO\ g
of lagging strand fragment ~
(synthesis of 1st it ~~Polymerase III
Okazaki fragment) sfraanl:g yW\DNA synthesized by DNA polymerase 111

RNA primer made by primase

Polymerase III dissociates
O Discontinuous synthesis on this strand

b) Further untwisting X ' o Gt —RNA primer for 3rd Okazaki fragment
and elongation of g

l ‘ F
new DNA strands; 1t Okazaki~  2nd Okazaki QPVDPQ POPROVD 5

Znc Okarald fragment i ooy elongatlo‘r‘} Continued untwisting and fork movement

fragment S PQPVIVIT

elongated




Model for the events occurring around a single
replication fork of the E. coli chromosome (continued)

Polymerase 11l dissociates

¢) Process continues;
2nd Okazaki fragment ' \ (
ﬁnished., 3rd being 3rd Okazaki
synthesized; DNA fragment

primase beginning g ‘ o~
4th fragment SJWW

Single-strand gap
T

y
d) Pri db 3 ;
) Primer removed by s,ﬂ}\}

DNA polymerase | e
DNA polymerase I replaces  4th Okazaki

RNA primer with DNA fragment

RNA primer being replaced with
DNA by polymerase |

S 5
e) Joining of adjacent 3 ’Wp\ - S
DNA fragments by S ﬂ}\“l QUBY ;\@\ 5

DNA ligase Gap sealed by DNA ligase Sth Okazaki
fragment

3 POV VPVTVRPOIPOGT ™




Termination in E. coll

Sequences that cause
termination are called
ter sites ( ~23 bp )
N tecB which is recognized by
“ferminate fork 3 -
" Tus protein.

”, &> o

Replication fark 2 Crigin Replication fark 1

Tus is a contra-helicase, inhibits helicase activity of DnaB
and prevents the replication fork from proceeding. Tus
also can dissociate replisome.



Summary of DNA replication

DNA replication is complex, requiring the
participation of a large nhumber of proteins.

DNA synthesis is continuous on the progeny strand
that is being extended in the overall 5'93"' direction,
but is discontinuous on the other strand.

New DNA chains are initiated by short RNA primers
synthesized by DNA primase.

The enzymes and DNA-binding proteins involved in
replication assembled into a replisome at each
replication fork and act in concert as the fork moves
along the parental DNA molecule.



Methylation of the bacterial origin
regulates initiation

Meshyizted Hemi-
DONA methylated
DONA
GATC
CTAG
P T
8 #&g Replicason N Uam meihylase

A
T
s

GATC
CTAG

TR BET a'g“.-: e
oriC contains 11 repeats GATC that are
methylated on adenine on both strands.
Replication generates hemimethylated DNA.

SegA binds to hemimethylated GATC sites
and inhibits Dam and DnaA binding to oriC



Mitochondrial DNA replication in D loop manner

) - /'RNA synthesis initiated|
RNA primer initiates . / ——————————————
replication at

origin on H strand

- L i RNA cleaved
L strand .

'DNA is synthesized

Synthesis of new L strand

creates D loop by displacing
parental strand

D loop expands

When displaced strand passes
‘ origin on L strand, synthesis

of new H strand starts
-
>
>

Origin on L strand

Completion of new L strand releases daughter genomes

Completion
generates
duplex circle

Released genome is
partially replicated

I”“ Completion
«alllibe

generates
duplex circle

Gaps in new strands are sealed

Mitochondrial DNA Replication Fork

@)
S 44

)

MtDNA

Siee

- -\
' 3?“.-.. Cl)
Fopoisomeras: Shaze®

mSSH

Additdonal Activities:
Primase
RNaseH/5'-3"' Exonuclease
Ligase



Phage DNA replication in rolling circle manner

Template is circular duplex DMNA

Lingar single-
Initiation occurs on one strand ! Strand&j tall

_ Nick at origin I 2 | .

Elongation of growing strand displaces old strand

-~ Growing strand

Circular couble-
d stranded ternplate

W

After 1 revolution displaced strand reaches unit length A "

\—/\// /' ‘ | c"(
| " L ',l

Continued elongation generates displaced strand of multiple
unit lengths . )

n
ey




Circular DNA replication: 6

Origin of
replication s

Rotation around
the axis




