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ISOLATE ">N-DNA — - ‘ ISOLATE "N-DNA
AND LOAD INTO |- -] AND LOAD INTO
CENTRIFUGE ‘o \_/  CENTRIFUGE
TUBE TUBE
bacteria grown in bacteria grown in
15N-containing medium CENTRIFUGE AT HIGH SPEED #N-containing medium
FOR 48h TO FORM CESIUM
CHLORIDE DENSITY GRADIENT
y
1

S

heavy '°N-DNA forms a
high-density band, closer
to the bottom of the tube

light "*N-DNA forms a
low-density band, closer
to the top of the tube
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centrifugal force
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light DNA
(A) bacteria grown in molecules
light medium
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centrifugal force
(B) bacteria grown in heavy DNA
heavy medium molecules
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(C) bacteria grown an DNA molecules of intermediate weight
additional 20 min in
light medium
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= Predictions: First replication Second replication
Heavy .
DNA (*N) — |\l Origingl parent Conservative
= molecule model
[ I\YA\ (= }\VA\
Hy]bsr'\d ]DJW—\ {
NI 1 Semiconservative FAVA)
- [
First-generation model - . c o\
- daughter molecules / \/ \ /,\/,
TAVA
= A
Light {l A
DNA (“N) — ) ) A
Hybrid DNA— st Dispersive AVA /
model = o AVA
o Second-generation AW ~ {,

daughter molecules
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Generations After N Addition

4.1 3.0 25 19 1.5 11 1.0 0.7 03

M. Meselson & F. Stahl (1958). “The Replication of DNA in Escherichia coli.” PNAS, 44(7): 671—682, Fig. 4A. courtesy of M. Meselson
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1. Add an excess of “N-containing
compounds to the growth medium
so all of the newly made DNA will
contain 14N,

2.Incubate the cells for various lengths
of time. Note: The 15N-labeled DNA
is shown in purple and the !4N-labeled
DNA is shown in blue.

3.Lyse the cells by the addition of
lysozyme and detergent, which
disrupt the bacterial cell wall and
cell membrane, respectively.

4.Load a sample of the lysate onto a
CsCl gradient. (Note: The average
density of DNA is around 1.7 g/cm3,
which is well isolated from other
cellular macromolecules.)

5. Centrifuge the gradients until
the DNA molecules reach their
equilibrium densities.

6.DNA within the gradient can be
observed under a UV light.

Suspension
of bacterial
cells labeled
with 15N

Experimental level

\ 14N
solution
< >)

o
i‘ ODO

Conceptual level

Generation

Cell membrane

Density centrifugation

Y/ N\
R/ \RY/\/\"

NI/
NAVAVIRN/AV/AVS

Light
DNA

Half-heavy
DNA

Heavy
DNA

(Result shown here is
after 2 generations.)
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Mismatch repair protein mutl
Single-stranded DNA-binding protein ssb
DNA repair uvrA

Helicase dnaB
rpoB
rpoC

DMA polymerase | polA ——
DNA helicase/mismatch repair uwrD

RNA polymerase
subunits

Helicase 3'—=>5' rep

100/0

(Replication origin)

N dnalN
Replication initiation {dnuA

Recombinational repair recF

¢
ol

DNA gyrase subunit gyrB
Primosome assembly  priA
Methylation dam

rpoA
rpoD

Primase dnaG

75

AN

RNA polymerase
subunits

. . . mutH
Mismatch repair proteins {mutS

recC
recB
recD

Recombination and
recombinational repair recA

Recombination and

recombinational repair
DNA ligase lig

recO Recombinational
repair

Uracyl glycosylase ung DNA gyrase subunit gyrA

AQ 50 o
'\ll#’

holC DMA polymerase Ill subunit

holD DMNA polymerase Il subunit
dnaC Primosome component

polB DNA polymerase ||

mutT 8-Oxo-dGTP degradation
polC (dnak) DNA polymerase Il subunit
dnaQ DMNA polymerase Ill subunit
dinB DMA polymerase |V
recR Recombinational repair

l...~
N
AN

"' {
’ ogt OF-G alkyltransferase

e

ruvC
ruvA
ruvB

uvrC DNA repair
sbeB Exonuclease |

holA DNA polymerase |Il subunit

phr DNA photolyase

uvrB DNA repair

holB DNA polymerase |l subunit

umuC

25
umuD

} DNA polymerase V

(Replication termination)

xthA AP endonuclease

holE DNA polymerase Il subunit

} Recombination and recombinational repair

nfo AP endonuclease
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3315 3429 OriC 4> yo Jg5 £ 4w
AT ;| o2 4a>U O
DnaA Jlzs! éu’g_s”): @)

GATC 0 seMize oK l= O

E. coli
chromosome

AT-rich region
5 -GGATCCTGGGTATTAAAAAGAAGATCTATTTATTTAGAGATCTGTTCTAT
L?CT AGGACCCATAATTTTTCTTCTAGAT AAATAAATCTCTAGACAAGAT.?L

1 Dnad box 50
TGTGATCTCTTATTAGGATCGCACTGCCCTGTGGATAACAAGGATCGGCT
}-'I\CACT AGAGAAT AATCCTAGCGTGACGGGACACCTATTGT TCCTAGCCG,?.

51 DnaA box 100
TTTAAGATCAACAACCTGGAAAGGATCATTAACTGTGAATGATCGGTGAT
J'-:\AAT TCTAGTTGTTGGACCTTTCCTAGTAATTGACACTTACT AGCCACT .!I\

101 DnaA box 150
CCTGGACCGTATAAGCTGGGATCAGAATGAGGGTTATACACAGCTCAAAA
@GACCTGGCAT ATTCGACCCTAGTCTTACTCCCAATATGTGTCGAGTTT 'II'

151 DnaA box 200
ACTGAACAACGGTTGTTCTTTGGATAACTACCGGTTGATCCAAGCTTCCT
'II'GACT TGTTGCCAAC AAGAAACCTATTGATGGCCAACT AGGT TCGAAGG#I\

201 DnaA box 250
GACAGAGTTATCCACAGTAGATCGC -3’
L?TGTCTCAATAGGTGTCATCT AGCG:

251 275

o 3T Logh Wilg oo Lol o1 457 (S gk ) 310 38 SIONGS (S luoniilons matiid 13 GATC (SbrolS: >
Oguwdlin (Wit Ao 4Dy 93 B (595 2 WOy (nl 35 (Silwilod £9,5 51 ) Nigh dlio Dam
GBS (SIS (& iloniilon 3 axy .S o agwd 13 Towo 30 (5 jluiloss £9 55 GATC ol k> ols”
ol pls 3510 o8 5l (8 35S (Sl ) (& Hwaniilons 13 (idT ko (Sl 4 (widT 457 (92 A 4o Ay >
oud 573 S IG5 ol und Ao B 9 398 05 £9,5 (8 iloaiilon T 33 Aboldl (5103183 (& ileiilon
4>l cpl 3315 GATC (sl J1g5 Dam @ 5T 6 ol p3Y Olo) 4880 Wiz 4Gl 4 4> g3 b g Wil 0 3198 4

D9 03 Pl Aol (106D duome (& 3luakidlon 4oe )3 WS Ao




Silwasilon BT

g5 Silwdiilen Tdas 5o DnaA s O s a DnaA s o, Jlesl b giledslen
DnaA osass auax 0 4 siludilen g5 Sl e ATP 4 Jozze JSi 4, DNAA la uiiy 558 o0
g}bbl 03 $lOTEs s odas s ,2eis IHF 5 Hu J.:Jas ngii: Sl iy disd e J.,a..‘;ﬁ OriC a0 s
4.3 98 oo 5L - VAT 3 o A=l s IOl ardy 95 Azl 3 g J.J:qu_» DnaA cla sy wgl?.q.f
sl ol ar ) 51Ghs o 5T «DNAC 555, oSS 4 DNAA la oty ATH 2o o1 0 it Jlis

.(.X.fbb'd.ﬁ DnaB cjlgtlk DNA Jii: r.w‘) u\-s))TG.ﬁ

S — . 7%
e e —————
L ) L J

T T
AT-rich region DnaA boxes

DnaA proteins bind to DnaA boxes and to
each other. Additional proteins that cause
the DNA to bend also bind (not shown).
This causes the region to wrap around
the DnaA proteins and separates the
AT-rich region.

DNA helicase (DnaB protein) binds to the
origin. DnaC protein (not shown) assists
this process.

DNA helicase

5
3

5
lDNA helicase separates the DNA in both

directions, creating 2 replication forks.
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* DNA helicase breaks the hydrogen
bonds between the DNA strands.

* Topoisomerase |l alleviates positive
supercoiling.

+ Single-strand binding proteins keep
the parental strands apart.

« Primase synthesizes an RNA
primer.

* DNA polymerase lll synthesizes a
daughter strand of DNA.

* DNA polymerase | excises the
RNA primers and fills in with 4
DNA (not shown). 5

* DNA ligase covalently links the
Okazaki fragments together.

DNA helicase

Topoisomerase Il

Parental DNA

Single-strand Origin
binding protein

DNA polymerase Il

; Leading

primer
strand
RNA primer
DNA polymerase lII
Replication fork
Okazaki fragment
Primase
Lagging strand PNA
ligase

Linked Okazaki
fragments

A

Direction of fork movement

Protein

Helicase
Single-strand binding
protein 5 % 3
Topoisomerase

5’ 3
3 5!

Primase
DNA pol III
DNA pol I

DNA ligase

Function

Unwinds parental double helix at
replication forks

Binds to and stabilizes single-
stranded DNA until it is used as a
template

Relieves overwinding strain ahead
of replication forks by breaking,
swiveling, and rejoining DNA strands

Synthesizes an RNA primer at 5’ end

of leading strand and at 5’ end of
each Okazaki fragment of lagging
strand

Using parental DNA as a template,
synthesizes new DNA strand by
adding nucleotides to an RNA
primer or a pre-existing DNA strand

Removes RNA nucleotides of primer
from 5’ end and replaces them with
DNA nucleotides added to 3’ end of
adjacent fragment

| Joins Okazaki fragments of lagging

strand; on leading strand, joins 3’
end of DNA that replaces primer to
rest of leading strand DNA
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single-stranded DNA templates
ready for DNA synthesis
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Number of

Protein M, subunits  Function

DnaA protein 52,000 1 Recognizes ori sequence; opens duplex at specific
sites in origin

DnaB protein (helicase) 300,000 6%* Unwinds DNA

DnaC protein 174,000 6%* Required for DnaB binding at origin

HU 19,000 2 Histonelike protein; DNA-binding protein; stimulates
initiation

FIS 22,5600 2 DNA-binding protein; stimulates initiation

IHF 22,000 2 DNA-binding protein; stimulates initiation

Primase (DnaG protein) 60,000 1 Synthesizes RNA primers

Single-stranded DNA-binding

protein (SSB) 75,600 4% Binds single-stranded DNA
DNA gyrase (DNA topoisomerase 1I) 400,000 4 Relieves torsional strain generated by DNA unwinding
Dam methylase 32,000 1 Methylates (56")GATC sequences at oriC
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DNA polymerase
I Il ]

Structural gene* polA polB polC (dnak)
Subunits (number of different types) 1 7 =10
M, 103,000 88,000 791,500
3'—5" Exonuclease (proofreading) Yes Yes Yes
5'—3" Exonuclease Yes No No
Polymerization rate (nucleotides/s) 10-20 40 250-1,000
Processivity (nucleotides added

before polymerase dissociates) 3—200 1,500 =500,000
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Number of

subunits per
Subunit  holoenzyme M, of subunit Gene Function of subunit

a 2 129,900 polC (dnaFE)  Polymerization activity

& 2 27,500 dna@) (mutD) 3'—5" Proofreading Core polymerase
exonuclease

6 2 8,600 holll Stabilization of £ subunit

T 2 71,100 dnaX Stable template binding;
core enzyme dimerization | Clamp-loading (y) complex

¥ 1 47,500 dnaX* Clamp loader that loads 8 subunits on

5 1 38,700 holA Clamp opener lagging strand at each

5" 1 36,900 holB Clamp loader Okazaki fragment

X 1 16,600 holC Interaction with SSB

U 1 15,200 holD Interaction with y and y

B 4 40,600 dnaN DNA clamp required for

optimal processivity
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V¥ Figure 16.18 A summary of bacterial DNA replication. The detailed diagram shows the left-hand
replication fork of the replication bubble shown in the overview (upper right). Viewing each daughter strand in
its entirety in the overview, you can see that half of it is made continuously as the leading

strand, while the other half (on the other side of the origin) is synthesized in fragments

as the lagging strand.
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double helix.

DNA pol I

Primer  Primase

@ Primase begins synthesis
of the RNA primer for the
fifth Okazaki fragment.

Leading strand
template

DNA pol III

Overview

_ Origin of replication
Leading strand

Lagging strand
D

— -~
. /<-— .
- - -
Leading strand
Lagging strand

Overall directions 5
of replication

Leading strand

Lagging strand DNA pal 1

DNA ligase

-l' oyl

WK

Lagging strand ) i
template

DRAW IT Draw a diagram
showing the right-hand fork of the
bubble in this figure. Number the
Okazaki fragments, and label all
5"and 3' ends.

© DNA pol 111 is completing
synthesis of fragment 4. When
it reaches the RNA primer on
fragment 3, it will detach and
begin adding DNA nucleotides
to the 3’ end of the fragment 5
primer in the replication fork.

@ DNA pol I removes the primer
from the 5’ end of fragment 2,
replacing it with DNA nucleotides
added one by one to the 3' end of
fragment 3. After the last addition,
the backbone is left with a free

3’ end.

@ DNA ligase joins the
3’ end of fragment 2

to the 5’ end of
fragment 1.
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Topoisomerase breaks, swivels,  Primase synthesizes RNA

and rejoins the parental DNA primers, using the parental
ahead of the replication fork, DNA as a template.
relieving the strain caused by

unwinding.

3
RNA
primer
5

3

Helicase unwinds
and separates
the parental
DNA strands.

Single-strand binding
proteins stabilize the un-
wound parental strands.
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Proteins of the E. coli Replisome
Number of
Protein M, subunits Function
SSB 75,600 4 Binding to single-stranded DNA
DnaB protein (helicase) 300,000 6 DNA unwinding; primosome constituent
Primase (DnaG protein) 60,000 1 RNA primer synthesis; primosome constituent
DNA polymerase II1 791,500 17 New strand elongation
DNA polymerase [ 103,000 1 Filling of gaps; excision of primers
DNA ligase 74,000 1 Ligation

DNA gyrase (DNA topoisomerase II) 400,000 4 Supercoiling
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During the G, phase, ORC binds to the origin.

ORC
5 h —_—
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Cdc6, Cdt1, and MCM helicase assemble onto
the origin to form a prereplication complex (preRC).
Cdt1 MCM helicase binds to the leading strands.

MCM
helicase

5 — 3

3 — 5

Cdct

During S phase, the preRC is converted to an active replication
site by phosphaorylation via protein kinases. Cdcb, Cdtl, and ORC
are released. MCM helicase moves in the 3’ to 5’ direction and
DNA replication then proceeds bidirectionally from the origin.
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DNA polymerase § elongates the
left Okazaki fragment and causes

a short flap to occur on the right
Okazaki fragment.

Flap
5 o e——— 3

I

Flap endonuclease
removes the flap.
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DNA polymerase &

continues to elongate and
causes a second flap.

5’*3‘

e

Flap endonuclease
removes the flap.
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Process continues until the
entire RNA primer is removed.

DNA ligase seals the two
fragments together.

D M| 3

3 ———— ¥



M@ Silwiilon 1) é%)lf% 6&f5}9»3; Sles! ‘51)09.15

S101es sla Jss 51 slas samn as yushi 05lg Aiiwn sk (1,05 555 slgmil )3 (05,8 50 Sl 6[.&())'}#‘3;
(}j},ajjf Slenil Uy by and, 4g-Jf| "ijg_s" B! J._»':Jf‘_s.a Jeza la g5 ul 4y a8 ol ol 25,
Cosi s OLSel s 73 a8 Slas s a5 b og,m azdy gl S 558 (ludiiler diuw s Oy gm0 4 dil 55 oo
ol azdls s A 42lS 40 ) g_s;ijiit’.' Sy By dad azdls 5w azdy Gy 5 2l sl RNA 487 Sl

cAd dalet 5ol 5 g azdy cilwdlilen a5 a ys il bl Gl Ll

DNA polymerase cannot link
these two nucleotides together
without a primer.

No place
for a
primer
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Telomeric Repeat Segquences Within Selected Orzanisms

Group Example Telomeric Repeat
Sequence
Mammals Humans TTAGGG
Slime molds Physarum, Didymium TTAGGG
Dictyostelium AGy_gy
Filamentous fungi Neurospora TTAGGG
Budding yeast Sacch.afomyces TGy 5
cerevisige
Ciliates Tetrahymena TIGGGG
Parameciuim TIGGG{T/G}
Euplotes TITTGGGG
Flowering plants Arabidopsis TITAGGG
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Telomere
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Eukaryotic :

chromosome

Binding: Telomerase
binds to the 3’ overhang
region.

Repeat unit

|-aATcccaarT]

Polymerization: Telomerase
synthesizes a 6-nucleotide repeat.

—AATCCCAAT

Translocation: Telomerase
moves 6 nucleotides to the right
and begins to make another repeat.

s

ETAGG GTTAGC

[FaatcccaarT]

The complementary
strand is made by primase,
DNA polymerase, and ligase.

[FTTAceeTTAGE 3
L J
RNA ;'>rimer
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telomere repeat sequences
I |
3!‘
P e e — template of lagging strand

5/ incomplete, newly synthesized lagging strand

TELOMERASE
BINDS TO
TEMPLATE STRAND 3
| direction of
I I m) telomere
' DNA synthesis
TELOMERASE ADDS
ADDITIONAL TELOMERE I
REPEATS TO telomerase with its bound RNA template
TEMPLATE STRAND 3
| ! | | |
I L 1 [
5 telomere repeat
COMPLETION OF LAGGING sequence
STRAND BY DNA
POLYMERASE extended template strand
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DNA
polymerase



