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Figure 6-1 Essential Cell Biology 3/e (© Garland Science 2010)



Key Terms

B ]+ (Replicon);

= | X (Replication fork);

DNAR] ¥R E Bl (Semi-conservative replication)
DNA] A ZELLE il (semi-discontinuous replication)
(%] Uiz 5 Wt (Okazaki fragment);

DNAZ &5 (DNA polymerase)
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Figure 6-8 Essential Cell Biology 3/e (© Garland Science 2010)
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(semi-conservative replication)
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Multiple eukaryotic replicons

€ R1 —=€— R2Z—>{€— R3 — 01, 02, and O3 are replication
origins, each serving a region
O3 called replicon (R1, R2, and

o2
‘L R3).

A
‘_'—\9—'_' DNA replication involves

unwinding of the double helix.
¢ Unwinding of a DNA molecule

i looks like a "fork" growing in one
{ direction.
The region being replicated looks
like a bubble called the
"replication bubble" (in red).

01




direction of
fork movement

Figure 6-9 Essential Cell Biology 3/e (© Garland Science 2010) i %q % m% HI\: Hf:? q:' IE E E IE'EIJ Eg DNA
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Replication of the E. coli chromosome

In 1963, John Cairns’ Technique:
* Grew E. coli in 3H thymidine

- Waited till cells were in the middle of
replication

* Lysed the cells very very gently
+ Spread the lysate on an EM grid

+ Exposed the grid to X-ray film for
TWO months.



What Cairns’ experiment showed:

Theta Forms

0

Eﬂiﬁ' -'i' il '."'"5.:|'-

E. coli has a circular chromosome.
E. coli has a single origin of replication.

+ In E. coli, replication and unwinding are
simultaneous.



What Cairns did not show:

- Is replication UNIdirectional or BIdirectional?

Replication modes can be distinguished

UNIDIRECTIONAL REPLICATION

C D

-

BIDIRECTIONAL REPLICATION

— -

- — e
/
.“*--—————--*"“

== Heavy density label (incorporated first)
— Light density labe (incorporated second)

Not labeled (invisible on autoradiograph)
©virtualtext wvm.El'gitD.mm




Bidirectional Replication
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Bidirectional Replication
CLEL)

« LTIWRIFEZE

= WDk BAZ A

=4, DNARIE S X

EEM 7E BB IG /= AR =) <5338 B | 77 AT HY
Eﬁ%ﬂﬂU&NA%?J:%—**%J@?%?@)Q, A

PN T3 ) SR 2

9\\0\

= KR

IR R

l

\A\O\\o\\a\\o\mooo\mo\\o\mmooq&a
AN

W\o\\o\\o\\o\\o\\a\\a\\o\\o\\o\\o\\o\\é\v\
FHIY

HH X



DNA Synthesis

5 , parental

3 7 3 DNA helix

newly synthesized 3’
strands 5’

5/ * 3’/

3!

direction of replication-
fork movement
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* X i% ¢ # 4| Semi-discontinuous replication
R W i+ £2 (Okazaki fragment)

direction of leading strand
polymerase movement
—

leading strand Leading strand

e /\
Okazaki fragmants ; f”‘ﬂ" poiymerse ‘"l ]} (I\ ]}[y
.MW '\JI‘.& I M Replication fork

9 s
lagging strand —

direction of lagging strand
Lagglng strand polymerase movement
I |

replicated DNA unreplicated DNA
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overall direction of
DNA replication
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[3H] Thymidine pulse-chase Iabeling and alkaline

replication
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(semi-discontinuous replication)
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‘The short discontinuous segments are called Okazaki
Fragments.

In bacteria they are approximately 1000 nt in length;
in eukaryotes they are approximately 200 nt in length.



DNA £ 4] ¢ 14% %

\ A
leading- / ’\.’\
strand ’\_ sliding clamp

template b },\’\

newly synthesized

DNA polymerase on
leading strand

strand parental
DNA helix
RNA primer fﬁ{' DNA helicase
new Okazaki fragment /f’ DNA primase

next Okazaki fragment
| will start here
lagging-strand
template single-strand DNA-
L \.
~J

binding protein

DNA polymerase on lagging strand
(just ﬁmshmg an Okazaki fragment)

le(© and Science 2010)
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« BHIFIALLS (initiation)
« DNAZEH]ZETH (elongation)

« EHIFI%ILE (termination)
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* M5 4t @ (E. coli)tg OriC £ 4| & &.

Tandem array of Binding sites for dnaA protein
13-mer sequences e R
e ! i ™ s
e A N 0
N e
GATCTNTTNTTTT e
\ CONSEensus Sl
\ sequence _________-a-f"'
Negpey _ owmr™ 7 1B 17 29 32 a4
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58 66
TGTGGATAA —/f

166 174 201 209 240 248
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« DNAjJ#Eiel#(DNA helicase)
AL DNASUEE R AR Id 12

- HEEDNAZ% & HE H(single strand DNA binding
protein):
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« DNA#h# 714l (DNA topoisomerase)
7H R DN AUEE 1 e U2 Jie HE AR

» 5|YIE(primase)
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DNA helicases separate the two strands of
the double helix.



DNA 5% 38 7% ¢4 # 5%
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Binding of SSB to DNA inhibits the formation
of intramolecular base pairs.



Action of topoisomerases
at the replication fork

Topoisomerase rapidly
remove the positive
supercoils accumulate in
front of the replication
fork.

AN /replication machinery
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/growing end of DNA
ternplate sirand
ﬁ a-rcmawauwaﬂ LN
3'HO
dsDNA "~ ssDNA

The 3'-OH end is called a primer.



A primer is a short sequence (often of
RNA) that is paired with one strand of
DNA and provides a free 3' -OH end at
which a DNA polymerase starts synthesis
of a deoxyribonucleotide chain.

The Pmmncp IS a +vpo of RNA nnl\/mpr'ncp

that synthesizes short segmen’rs of RNA
that will be used as primers for DNA
replication.



Substrates required for DNA synthesis

d
0 0 O base| (A, G, C, or T)
I | |
HO r|=' 0—P—0O ||= 0—CH,
O 0 O |<' ‘}‘
I Il Il I
/ p t L

Both a primer and a template are essential for all DNA synthesis
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DNA polymerase use a single active site
to catalyze DNA synthesis

fingers thumb
\ 4
/ incoming nucleatide
template
PR -
palm \_ 3
o AR 4
N NG LW 4
L I\ \ NG ﬂ
VAR ig:\"k | SN gV o U PFT
% N\ Sriv '
. “;};ﬁ, / \ rir'i"ler
O bend in template P
template base

DNA polymerase bound to a primer:template junction

Copyright © 2004 Pearson Education, Inc., publishing as Benjamin Cummings



DNA polymerase

fingers thumb

\

N

incoming nucleotide

>
//

/ template

e /
bend In template
template base

palm domain:

1. Contains two catalytic sites, one
for addition of dNTPs and one for
removal of the mispaired dNTP.

2. The polymerization site binds
to two metal ions that alter the
chemical environment around the
catalytic site and lead to the
catalysis.

3. Monitors the accuracy of base-
pairing for the most recently

Copyright © 2004 Pearson Education, Inc., publishing as Benjamin Cummin&sdded nUCICOTides by fOI"mlng

extensive hydrogen bond contacts
with minor groove of the newly

synthesized DNA.



DNA polymerase

fingers thumb
\\ /
P incoming nucleotide
Finger -
/ template
\
/ L3
30H . > T
g m ”
1 rT\ [N ﬂ i
AT IPAN Nt Af 5
& L T i
WA \
0 I bend in template primer
template base

Copyright © 2004 Pearson Education, Inc., publishing as Benjamin Cummings

Finger domain:

» Binds to the incoming
dNTP, encloses the
correct paired dNTP to
the position for catalysis

*+  Bends the template to
expose the only
nucleotide at the
template that ready for
forming base pair with
the incoming nucleotide



DNA polymer‘ase “gri
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DNA polymerase

fingers thumb
\ Thumb
P incoming nucleotide
/ template
/ P H\
. ; . - s
3'0OH = | n Py
N\ A ﬂu \ A
N N AN &
| A p : fl AN p X |H
7 WP\ NULPRL 5
\ W L N =
i A / \ |
ST bendin template PEIneE
template base

Copyright © 2004 Pearson Education, Inc., publishing as Benjamin Cummings

Thumb domain:

1. Not directly involved in
catalysis

2. Interacts with the
synthesized DNA to
maintain correct position
of the primer and the
active site, and to
maintain a strong
association between DNA
Pol and its substrate.



DNA polymerase are processive enzymes

* Processivity (#7455 HLEE /1) Processivity is a
characteristic of enzymes that operate on
polymeric substrates.

* For DNA polymerase, the degree of
processivity is defined as the average number
of nucleotides added each time the enzyme

binds a primer:template junction (a few
~50,000).
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1 synthesis DNA in a

I DNA polymerase binds l o
(slow) processive manner
“putative” nonprocessive processive DNA
DNA polymerase polymerase
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111l )
1‘1‘1‘-!1 ‘1,.11"

as d — " e Lo '."7
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‘Increased processivity is

DNA synthesis 1000-fold facilitated by the ab|||1'y of
i DNA polymerase to slide along
RS 1 . s the DNA template.
L1110 AL A Y ST e
o'E Y -
i / ‘Further increases in
one dNTP many dNTPs added . . .
added processivity are achieved
DNA polymerase releases Thl"OUQh interactions between
\o v the DNA polymerase and a
“sliding clamp” protein that
\ \ completely encircles the DNA.
ST S L
5 ¥ §* OH 3
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Structure of a sliding DNA clam

b direction of replication
L e—

sliding clamp

pyright © 2004 Pearson Edugation, Inc., ppblishing as Bc—injamin Cuminings

Sliding DNA"c amps encircle the newly replicated DNA

produced by an associated DNA polymerase.
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ONA polymerase releases | When the DNA pol reaches the end of an
from primer:template | - ssDNA template (such as Okazaki fragment)

7m T L LI B L L0 E TLLLRLLLAL FII o
g T

DNA polymerase rebinds 1o the \

9

5

same primer;template and
continues DNA synthesis

Yy ‘ mmmrmﬂmmmmmw %
5 \ 5 3

in the absence of a primer:
template DNA polymerase
is released from sliding clamp




The composition of the
DNA Pol IIT holoenzyme

Pol Il core T-protein

y-complex
(clamp loader)

sliding clamp

Copyright © 2004 Pearson Education, Inc., publishing as Benjamin Cummings

Three enzymes:
» Two copies of the DNA Pol IIT core enzyme
* One copy of the y-complex



The “trombone” model for coordinating
replication by two DNA polymerase at the E.

coli replication fork
a
W leadi trand
W@(m, R
Y-complex T-protein “

S ]
Y “___--_ﬁ

lagging strand SSB bound

DNA polymerase § to DNA

Copyright © 2004 Pearson Education, Inc., publishing as Benjamin Cummings
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A A LR T2t AR 6

Okazaki fragments

«
5! 3’

3’ \3’5’ ' 5/
Y 3' 5
==l
- direction of fork movement -
) l lagging-strand template
leading-strand template of right-hand fork
of left-hand fork
- /
\ -
5' most recently 3
synthesized DNA
3’ 5'
/ o \
lagging-strand template .
b leading-strand template
of left-hand fork of righit:hand fork

Figure 6-12 Essential Cell Biology 3/e (© Garland Science 2010)



The two DNA helicases function
independently




(@) 5 Old strands
Lagging strand —— 3"t ., -
5|

3
Leading streand ——> 5'%5' Steps in The Syrl'l'heSiS
’ wnsox  of the lagging strand

Old strand {lagging strand templete)

i) " ;i
Primase synthesizes SIM 3

a new primer g1 w— g1

New primer

(c)

DNA polymerase elongetes 5,I

the new primer based on the 3 g

templeate sequence 2
Okezeld fragment

(d)

DNA polymerase (with 5'to 3' ¥
exonucleass activity) removes 3'
a primer end fllis the gep g

er

(e) 5'
DNA ligese Joins adjacent 3"\
fragments ¥



of RNA primers from newly
synthesized DNA

RNase H removes all of the RNA
primer except the ribonucleotide
directly linked to the DNA end.

An exonuclease removes the final
ribonucleotide.

DNA polymerase fills the gap, leaving a
a break in the backbone between the
3'OH and 5’ phosphate of the repaired
strand.

DNA ligase repairs this "nick".

Removal
S T T
L ALLLLLIRRRINAERRRRAREDNHLLRRRNREE
RNAse H
» Tt
2 1 JHTTTLITTTT
5' exonuclease
S LT T AT
MITTTTTTITTTY AL000000NN1N
primer:lemplate
junction
lDNA polymerase
T T
T T
lDNAI:gase
S T T T
o JLLLRRRRRTDTN RRRRRRRAEORINNINNIL .,
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Type II Topoisomerases are required to
separate daughter DNA molecules

| For circular chromosome,type II
Topoisomerases catalyze a break in
{ one of the two daughter molecules
K and allow the second daughter
Prie-nsili® molecule to pass through the break.

' v

OO

8-33
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DNA % 4%

KRG ES ETEASDNARKSEEL. 11, 111 -
IVAIV,

Arthur Kornberg
1959 - Nobel prize in
Physiology or Medicine




DNA Polymerase I

4000 TR0aa

| cnmone | Fotmeums |
DNAREEHI (coded by pol A)AS & B | Kt B Ge ik

MEEREE, B8 3 ->SZBRIMIEEEM,RIE T DNA
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DNA Polymerase II

ﬁDNA%A FIH)5%, PPt ARE | r

tFEREBEDNARIEH.

5 TE11 (coded by polB)RITETEIBK,




« DNAREEFIII (coded by polC)HL & 71 A [E] 1 . 4

DNA Polymerase III

ALA19/N S

/%*, Z \—_‘%{ﬁf

enzyme & holoenzyme

ERRSTEE

B13001% .

- BEREFESIYIHI3’ —OH EL

zi_k%?*_E'JDNA% R AKGITEDNAE H|HHEEK KR

M

X
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TERA _FIE, Core
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DNA Polymerase III

Pol Il core T-protein

y-complex
(clamp loader)

sliding clamp

Copyright © 2004 Pearson Education, Inc., publishing as Benjamin Cummings

* Two copies of the DNA Pol IIT core enzyme
* One copy of the y-complex
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DNARX 68 ¢ % A =,

1. #FLLANTPNJEYD
2, %B%%%Mg%ﬁ?ﬁo

3. REMNOMEEREMESR
3’-OH R ¥ B 5] ¥08E

4. HEHIEREL T RIS -3




T o

A4z 4 #HDNA @ 5 4

prepare for chromosome
chromosome segregation
segregation (mitosis)

DNA prepare for

replication cell division
Copyright © 2004 Pearson Education, Inc., publishing as Benjamin Cummings
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Model for the progression of genome
replication—domino model

G1

mn®T
.....
-

One replicon cluster (red) initiates replication at early S phase and DNA
synthesis proceeds bidirectionally (replication bubbles). This activates initiation
of neighboring replicon clusters (blue), which in turn activate replication at later
replicon clusters (green) until the whole chromosome (see scheme below) is fully
duplicaTed in G2 phClSZ. Cold Spring Harb Perspect Biol 2010;2:a000737



HZAEYIDNAR E il 7 8FR ARS
(autonomously replicating sequences), 1<%]

150bp £, BIEHAREHELE 0 FRIRT
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[b) Yeast replication ongin (ARS1)

1a (=44 als =¥ H3 =
— AATTTCGTOABAALT GO T jrt 8 TTT A TATT (G T Gl 5 LG

114 -

TAAACETALSD A 1_

EZEYIDNAE G R #RIGFERIE SRR ESY (origin
recognition complex, ORC) =5, ORC4G & TARS, ExH
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replicator

5 ~ Pre-replicative complex
= T £ P TP nA rdivatia e
[ ORG ) IUI lllUl lUll UIlU UDIIVUI lUll 3
Eukar'yo‘ricini'ria’ror\{ regulated to allow only a

— ~ single round of replication
— during each cell cycle

Helicase loading

Pr'OTeinS Cdch’ v Cdt1

*The assembly of the pre-RC in 61 is an
[ ordered process that is initiated by the

e S ~association of the ORC with the

) ~ 1 replicator.

Once bound to the replicator, ORC

recruits at least two additional proteins,
Mcm2-7 Cdcé and Cdtl.

helicase

*These three proteins function together
Y to recruit the DNA helicase(Mcm2-7

. . complex) to complete the formation of
— = — —— thepre-RC.




. Activation of the

moas D7 londe 4o +ha
Pre—-rRe 1€dus 10 ince

| assembly of the
auxiliar Cdcb) — . . .
4nd poymernacs @ eukaryotic replication
¢ oV __-HJQ
— (e fork

Pre-RCs are activated

. to initiate replication

" by two protein kinases
(Cdk and DdK), which
are only activated when
cells enter S phase.

Cdk: cyclin-dependent kinase




High Cdk activity
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Mutation

Mutation
(RZ)
Replication Mutflgenesis
Fidelity (FEA)
(EHIfrEHE)  Mutagens
¢l

Mutation: Permanent, heritable alterations
in the base sequence of DNA.




The substitution mutation(E #: X %%)

Transition(¥#%): Purine
or pyrimidine is replaced
by the other.
Transversion(8i#k): a
purine is replaced by a
pyrimidine or vice verse.

A
W

QO e I
e

M
W

(@)

(b)

Silent mutation Missen 5€ mutation MNon sen seinutation
T ER RAR B RAR o X RAR
TGT — TGC TGT — TGG TGT — TGA

Cys —= (ys Cys — Trp Cys —= Stop



single strand of normal
B-globin gene

GTGCACCTGACTCCTGAGGAG -

v
GTGCACCTGACTCCTGTGGAG ---

single strand of mutant
B-globin gene

single nucleotide
(A) changed (mutation)

Figure 6-19 Essential Cell Biology 3/e (© Garland Science 2010)
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Figure 6-20 Essential Cell Biology 3/e (© Garland Science 2010)



Deletion or Insertion

(8 % 3 )

The elimination or addition of one or
more nucleotides in a DNA region.

It may cause frameshift (FEH55RA%)
producing a non-functional protein.




Real examples of deletion mutations
which cause diseases

[ﬂl 141 142 143 144 145
1 L L

| 11
GCC ATT TTT GGC CTT...

In CFTR gene

¢ Delel= T
HE A 2k i i SR 1 A1

141 142 143 144 145
I 1 1 1 1 T 11 1

GCC ATT TTG GCC TT....

(c) AP RRN_ AYM_ RR?_ AR

1 1 1 1 1 1
CCA CTT 6TT GAC CGA...

In FIX gene

¢ Delete TTG
I R - 1X 95

2 230 3 232
[ 1 1 1 1

CCA CIT GAC CGA...

[tﬂ 30 =20 < =5 2
1 1 11 1 1

|
TCA FAC ATA TAC CAA...

In CFTR gene \» Delule AT

] =0 37 S 35
I 1 T 1 T 1

1 11
TCA AC ATA CCA A...

[ﬂn 1R 1AQ 470 471 47%
I 1 11 1

| | 1
GAA ATA GAT AGT CTT...

In APC gene ¢ Delete ATAG
i) S SN

168 169 170 1M
[ 1 1 11 1

AA ATA GTC TT...




Serious Consequences of Insertion Mutation

. Gene Repeat |  MNormal | Mutated
Disease Location Sequence : Repeat Number ; Repeat Number
Huntingtondiseass  4pl83  CAG |\ 8-35 ¢ 37-100
Kennedy disease Xq21 CAG i 17-24 40-55
AL Bp23 CAG i 19-36 ;.. 43-81
DRPLA ;. CAB i 7-23 0 »48
Fragile X site A Xq27.3 66 | B-54 > 200

Fragle Xste E X928 CCe i B-25 i o
Fragile X site F %28 GCC §-29 . >500

--------------------------------------------------------------------------------------------------------------------------------------------------

Myatanic dystrophy 19013 CTG 5-35 > 50-4000




Replication fidelity
(44 & # o 1)

Important for preserve the genetic information
from one generation to the next.

Mutation relevant

Spontaneous errors in DNA replication is very rare,
one error per 1010 base in E. coli, which is much

less than the error that DNA polymemse ITT
introduced.

This increased accuracy in vivo is largely due to the
proofreading function of E. coli DNA polymerases



Proofreading refers to any mechanism
for correcting errors in protein or
nucleic acid synthesis that involves
scrutiny of individual units after they
have been added to the chain.



Proofreading function of E. coli DNA polymerases

H label **P label

_ —t— £
Primer &' 'I'1|'1|"|r'|r'i'1|"|r'|rlp3
Template 3° A AR DA A AL AAATA) 5

DMA polymerase |

B pC 1 T

TTTTTTTTTTTT TTTTTT

BERRERENENN BEEER
AAAAAAAAARMAAL AAAAAAAAAAARAIAL

Experimental demonstration of the proofreading
function of E. coli DNA polymerase I.

[See A. Kornberg and T. A. Baker, 1992, DNA Replication, 2d ed., W. H. Freeman and Company.]



DNA & 48 4 41 DNA A &, Fo 43 18
& NA A 645 &,

template
strand

hewly
synthesized
DNA

POLYMERIZING E4& PROOFREADING 1R

Figure 6-14 Essential Cell Biology 3/e (© Garland Science 2010)



Proofreading function of E. coli DNA polymerases

a slow or no DNA Sy‘ﬂlthIS b removal of mismalched nucleolides C résumae DNA Synlhesls
mispaired
thumb last base
pair
3'0H i
_'.\ palm Y N
\ ) 30 exonuclcaso d

HV‘;\

i i Wx\s
\ \\'
exonuclease

aclve site

When an incorrect base is incorporated during DNA
synthesis, the polymerase pauses, then transfers the 3' end
of the growing chain to the exonuclease site where the
mispaired base is removed. Then the 3’ end flips back into
the polymerase site, where this region is copied correctly.
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c fldellty dur'mg r'epllca ion

+ E. coli DNA polymerase I (3' — 5
exonuclease activity ) and DNA polymerase
ITT (e subunit of the core polymerase )
have proofreading activity.

- In animal cells, both of the d and € DNA
polymerases, but not the a polymerase,
have proofreading activity.



DNA ¢ #- 4 (DNA Repair)

THREADNATEAMTEY SFE2E5L L
H’Jf@u, DNAE 1| R 14 LL X DNA H B &
PG EEREE RN EERE X




* 154t & PDNA @4 5 4 4

DNAER RSt I Re
AcZ2E (mismatch repair) | BE4ERC
VIR =22 B A% B R A X

VIRBEE Wi, BERIBES)
(Base-excision repair)

(nucleotide-excision repair)
BEHEBR BHlErBE, E¥HEsNEm
=K-2 IRV
S PI N

(recombinant repair)

&5 % e 445k B Z£/LDNA

B FDNABBR . FHRBN
A o> R 3 DA K i R YRl B
BUREESE, SRR

DNAE #2/& & (direct repair)

SOS& %t
(41 BuDNA%Z 2| i th BB Il R 4t

ZRFNEI, R AET
FEAE ) — T N 2T )




DNAf #lfe b H R AR Gia X R B L
ARassf

whale GTGTGGTCTCGTGATCAAAGGCGAAAGGTGGCTCTAGAGAATCCC

human GTGTGGTCTCGCGATCAGAGGCGCAAGATGGCTCTAGAGAATCCC

Figure 6-28 Essential Cell Biology 3/e (© Garland Science 2010)
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DNA ¢ 3% &
(DNA Transposition)



DNAEI’J?P?F“ B R #2 L (transposition),
& AL F (transposable
elemem) I FHERAEY) R EHLAR .

A transposon (fransnosable e!e_menﬂ

is a DNA sequence able to insert itself (or
a copy of itself) at a new location in the
genome, without having any sequence
relationship with the target locus.
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SNP & 32 i o & A

HZHR S ST
(SNP, Single Nucleotide Polymorphism)
TRFENADNAFF SR TREANMZER (A, T, C
MG) BIRZRM 51 25

SNPse kN H b s fa] Bl W 2 SR, A
AR FERBEERE .

SNPA AN 73 A B AR B N 28 =R IE




SNP i

—APNSNPRRERFHAENL S E— M BRI

FEW (C——T, EHEAME ENNG——A)
LSNP A B [)2/3

oHifh (C——A, G——>T, C—>G, A——>T)

SNPI B AET AKBEEMF, R AEL]1%ER

Yy N

HE. — P AEINME KL H300/7-100075 > SNPs.
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1. ZE RIS XSNP (¢SNP) , 20%
(1) 8] X c¢SNP (synonymous ¢SNP)

B SNP T B 2B Fr 51 B A2 S+ AN 52 L B R R B B
R RIS, RIS AR R H & AR

(2) JE[FE X eSNP (non-synonymous cSNP)

TR 5 SR AT A AV AR R B B P51 R
%E&%EMWE/DHTEE{ HFEHITIRE. &IBUEMTEIREER

2. ZHFH#E X SNP (pSNP)
%"ﬁ%x %ﬁ%%g/}\

3. Z R B FEHLIEG S X SNP (rSNP)
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repetitive telomere sequences
I 3['
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Figure 6-18 Essential Cell Biology 3/e (© Garland Science 2010)



