Topoisomerases
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supercoiling
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(c) Supercoil

(d) Strand separation
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Linking Number

The linking number N N
defines the number of /
times a strand of DNA ‘ S
winds 1n the right-
handed direction

around the helix axis

(a) Lk =1

(b) Lk =6

Dr. Suheir Ereqat 2017/2018



DNA of most organisms is negatively supercoiled.

R e e

L Nick e —
| .-' i '| e T i

Relaxed DNA
e W £y Lk = 200
f'{:'f’ H“w\ \\\‘1 _..-”f 4
£ ‘-,__‘-_\I s}:ra:ﬁ ___./’/ ALE = -2 ALk = +2
I W re
I i1 (b} Lk undefined
[ | A G
| .'. .'I || : |r H.l ] [ ‘]q\\]
\ /) pu— Negative % >}\‘\< Positi
N /] ALh=—3 N (()) ([ )] Positive
\H:‘\ ) "7 ;::;’ “\ supercoils ‘;5" 1 % supercoils
— i N Lk =198 ()] ( () \ Lk = 202
f et e

(a) Lk = 200 = Lk, [ W\
il ]| FIGURE 24-17 Negative and positive supercoils. For the relaxed DNA
molecule of Figure 24-16a, underwinding or overwinding by two hel-

\\x_,»::,f ical turns (Lk = 198 or 202) will produce negative or positive super-
T — coiling, respectively. Mote that the DNA axis twists in opposite
(e) Lk = 198 directions in the two cases.
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® Twist-no. of helical
5 turn=LK( relaxed)
’_Gaomc\c\ll writhe-= is the
% number of times the
20~ -5 double helix crosses
over on itself
o

15;'\" \iﬂ' L:T+W

(B) Lk = 25, Tw =25, Wr =0

Relaxed Circle
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! ] 15
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o)
157 9\ - (3] Lk = 23, Tw ~ 25, Wr ~ -2
WJ Negative superhelix
]ILn {right-handad)
(D)  Lk=23, Tw~— 23, Wr~0 Dr. Suheir Ereqat 2017/2018
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rapid rotation
! of the DNA
helix needed

leading-strand ,

template lagging-strand

template

.5
DNA polymerase
on leading strand

newly synthesized DNA chain

_ Figure 5-24. Molecular Biology of the Cell, 4th Edition.
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(A - = Unwinding of
-'/':- ; -_-.%'. parental DMNA

Twisting of DMNA strands
L ™ ) . ST PR .
hﬂlﬁﬁ-‘- 7 iy ahead of replication fork

13 N
I_{:bn;}_r“ﬁ-ﬁ:.;;u :_;\ Transient break
= “'i]' il | serves as a swivel to
= = 5 . allow free rotation of
& < ol
= E{J{ I ppoisemerase & ' é DNA strands
L 3 = 5 s
g g g 3
% 5 K;
hﬁ'—'ﬂ N ,deﬂf
oot ool

Action of topoisomerases during DNA replication (A) As the two strands of template DNA unwind, the
DNA ahead of the replication fork is forced to rotate in the opposite direction, causing circular molecules to
become twisted around themselves. (B) This problem is solved by topoisomerases, which catalyze the
reversible breakage and joining of DNA strands. The transient breaks introduced by these enzymes serve
as swivels that allow the two strands of DNA to rotate freely around each other.
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What can Topoisomerase I do to the DNA>

(®)

Duplex DNA Duplex DNA
(n turns) (n—1turns)
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DNA topoisomerase |

Sgﬁt‘;’.’;dhﬁ.fiihfaﬁx the two ends of the DNA double

rotate relative to the H helix can now rotate relative to
other end c each other, relieving accumulated

e strain
5’: 2 i 2 i 2 :3’
3/ 5/ ." . 0)

| &
CH type | DNA 5 Q% ¥
2 topoisomerase
with tyrosine at o ;
the original phosphodiester bond

the active site
f ~HO CH energy is stored in the phosphotyrosine

sl B R AR O linkage, making the reaction reversible
& JoH

DNA topoisomerase covalently ’9
attaches to a DNA phosphate,
CH2 thereby breaking a phosphodiester \2

linkage in one DNA strand

spontaneous re-formation
of the phosphodiester bond
regenerates both the DNA

helix and the DNA
topoisomerase

OH

I

the two ends of the DNA double
helix can now rotate relative to
each other, relieving accumulated
strain

Figure 5-25 part 1 of 2. Molecular Biology of the Cell, 4th EditicFigure 5-25 part 2 of 2. Molecular Biology of the Cell, 4th Edition.



DNA topoisomerase II

DNA double topoisomerase
helix 1 ATPase domain

double |

ATP binding and

passing of resealing break
dimerization of ATPase helix 1 in helix 2; >
domains; double-strand through break in release of DNA doubl
break in helix 2 helix 2 helix 1 helix 1

Figure 5-26 part 1 of 2. Molecular Biology of the Cell, 4th-26 part 2 of 2. Molecular Biology of the Cell, 4th Edition.
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3 DNA topoisomerase II

two circular DNA
double helices that
are interlocked

> topoisomerase |l

1\

- reversal of
A the covalent
a type || DNA attachment
topoisomerase t\ % of the topo-
B e akshimant \ isomenase
_ to both DNA strands, 3 2 res',:ores
- interrupting the - an intact

orange double helix double helix
and forming a

- protein gate

s
’

two circular

DNA double

helices that
are separated

“the topoisomerase
gate opens and shuts
to let a second DNA

- helix pass Figure 5-27 part 2 of 2. Molecular Bi

4
’
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Figure 5-27 part 1 of 2. Molecular Biology of the Cell, 4th Edition.



(4) Type 1 (B) Type 11
YP ype

Ne TR RN

The mode of action of Type I and Type II DNA topoisomerases. (A) A
Type I topoisomerase makes a nick 1n one strand of a DNA molecule,
passes the intact strand through the nick, and reseals the gap. (B) A
Type II topoisomerase makes a double-stranded break in the double
helix, creating a gate through which a second segment of the helix 1s
passed. Dr. Suheir Ereqat 2017/2018



DNA Repair
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Sources of damage

endogenous damage: such as attack by ROS and
replication errors

exogenous damage caused by external agents:
UV light, x-rays and gamma rays

plant toxins

human-made mutagenic chemicals,
DNA 1ntercalating agents

viruses
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Base substitution: Transitions Vs
transversions

" Transitions Possible ' | Transversions
base changes

A C
, A—G —_— A—T

C—=A C—=C¢C

G T

Purine Purine Purine Pyrimidine — =
C—= A
T—(C . C—=0
C—=T T —= A
F'w|m|d|ne Pyrimidine | Pyrimidine Purine T—0C

18.3 A transition Is the substitution of a purine for a purine or of a pyrimidine for a pyrimidine;
a transversion Is the substitution of a pyrimidine for a purine or of a purine for a pyrimidine.
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Mutation:
A permanent change in the nucleotide sequence.
Categorized by the A) nature of bases

- Substitution mutation: transition, transversion

- Insertion or deletion mutation:
B) effect on coding sequence

- Silent mutation do not alter the amino acid encoded

- Missense mutation: change amino acid encoded

- Nonsense mutation: stop codon

Dr. Suheir Ereqat 2017/2018



Mutations and Cancer

Ames Test for Carcinogens: Salmonella typhimurium having a mutation
Cant synthesize histidine

Measure the potential of a chemical
to iInduce mutations in bacteria(may

act as a carcinogen)

Filter disc: mutagen <
increases the rate of
back-mutation and hence the
number of colonies
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Types of DNA Repair Systems in E. coli

Enzymes /proteins

Type of damage

Mismatch repair
Dam methylase

Mismatches

MutH, MutL, MutS proteins

DNA helicase |l
SSB

DNA polymerase Il
Exonuclease |
Exonuclease VII
RecJ nuclease
Exonuclease X

DNA ligase . . 1 i
g Deamination of G Deamination of C D

Base-excision repair
DNA glycosylases

AP endonucleases
DNA polymerase |
DNA ligase

Nucleotide-excision repair
ABC excinuclease

DNA polymerase |
DNA ligase

Direct repair
DNA photolyases
O°-Methylguanine-
DNA methyltransferase

Abnormal bases (uracil, hypo\xLanthine,
xanthine); alkylated bases; pyrimidine
dimers in someT\other organisms

Methyl A/G

DNA lesions that cause large structural
changes (e.g., pyrimidine dimers)

Pyrimidine dimers x
O°-Methylguanine

Dr. Suheir Ereqat 2017/2018
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Single-strand damage
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1) Methyl- directed Mismatch Repair:

LEEss
) G AT C e .
- 2 tagging by Dam methylase
. C T A G :
CH, at(S)GATC
Replication Palindromic sequence
CH3
- G A T C
s S T oh G 5
e .
& e W = 5
e C Dk
CIH3 For a short period

following replication,
the template strand is

CHg methylated and the
i new strand is not.
- G AT C -
5 3
e C T A G =
Hemimethylated DINA
- G A T C .
=% C T A G o
CHg After a few minutes
the new strand is
Dam methylase methylated and the
CH two strands can no
s W longer be distinguished.
2 G A T C o
5 C T A G oL
CHg
CH5
|
- G A T C -
3 5

CTz‘I&G

CHg Dr. Suheir Ereqat 2017/2018



Methyl- directed mismatch repair:

CH,
5 '
3 r
CH,
1
CHg
|
CH,

lesion N

—

@

e

l

Tﬁf‘ MutS
N MutL
ADP+P;

CHg
|
GATGC

~ CTAG
~

~

~N g

—

CHj4

MutL-MutS
complex

—MutH

e

e

The MutL protein forms a complex
- with MutS at the mismatch.

MutH protein binds to MutL and to
GATC sequences encountered by

MutH

MutH cleaves the
unmodified strand

CHg4

the MutL-MutS complex= DNA loop
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Lo m

3!
! !
5 V 3
MutS
MutL
MutH
Mismatch at 3’ side of the cleavage site Mismatch at 5’ side of the cleavage site

CHg

MutL-MutS
DNA helicase 11 DNA helicase 11

exonuclease VII L exonuclease I
or both directions. ADP+P; or

Recd nuclease  5>3 direction. exonuclease X

MutL-MutS

A
Degradation:5>3 djrection Degradation:3>5 direction
DNA polymerase III DNA polymerase 111
SSB SSB
S — 5 S e . ooeeoeseaen o) e—
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Eukaryotes:

- Similar to MutS and MutL.

- MutS homologus for eukaryotes from yeast to humans.

MSH2 (Muts homolog 2) MSH3, MSH6.

- Mutated 1n CANCERZT mutation rate
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2) Base- Excision Repair:

recognize and repair damage caused by
environmental agents

5

& @@ E @ E&| @ E&| @ E& @& @ @] 3
i

@G@@GG@G@@GGGG

. DNA
cleaving the N;glycosyl bond glycosylase

B (& (& (B (B (B (P

. B

— I damaged base

OIIGNOOIGIGIG,

abasic site (AP site)

a
(B)| (&J| (&) | (&) | (&J| (&) | ()| (BJ | ()| ()| (BT | ()| ()| ()

AP endonuclease

Example: deamination of cytosine=Uracil

(b)

removed by Uracil DNA glycosylases, human=4 UNG,

A 4

& & E&| & |(E(® & & &| & & (®

QGG@GG

DNA
polymerase

(c) I

.

GGQGGGGG

- NTPs initiates repair synthesis from the free 3
. deoxyribose phosphate +

>
o TR 1 SNk OH 4t the nick, removing (with its 5>3

r

(B | (| (| (&) |(PT| ()| (P)

@GGGGG

DNA

ligase

(d)

A 4

(B | (| (| (B | (| (| (P)

P @ @®E @@ E @@ E @@ E @@

C
exonuclease activity) and replacing
DEIETUPL BT aportion of the damaged strand.

®| @ @@ @@ @@
e
cllolelollcfefe,
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recognize and remove bulky lesions and pyrimidine

3) Nucleotide Excision Repair:

dimers.

DNA lesion pylky lesion

5 3'
Eol=d 1T R o
3! | O 1 B & B ) B 12 B0 o B 1 BE i ER ) ) = IR N | 51

Three subunits: UvrA,B,C ‘
(a) /]\ E. COlil human dual inCiSiOH

excinuclease i
two specific endonucleolytic cleavages

I S AR R B R S U R = e B E G B T
[ ) A T ! (N ] L L D R D ) S D I O R O B o TR R VY TR ) O N (L L R B L ek i il e ek

(b) DNA helicase 13 mer DNA helicase 29 mer

e .....un.....u.nn..uuum\r—r-r—\

ot QH Ty o Gap!!

| A R (1) [ ) W [ N S [ T I e S o S RN A | VR SR N L RN b e R I IR Sl S 1 R IS S BN o IS R S U [ [ ) M [ O A [ ]

(¢) DNA polymerase I DNA polymerase €
Nick!!

(d) DNA ligase DNA ligase
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This pathway the primary route for many lesion types :
- pyrimidine dimers (T dimer).
- base adducts: benzo pyrene-guanine (formed in DNA by cigarette

smoke).

Xeroderma pigmentosum (XP):

rare inherited disease ( pigmented lesions on skin + skin cancer+ also
have neurological abnormalities) due to mutations(XPA-XPG) in
Nucleotide Excision Repair system (the sole repair pathway for
pyrimidine dimers in humans).

HNPCC (hereditary non-polyposis colorectal cancer)
= defect miss match repair
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HNPCC:

It can present with rectal bleeding, stomach pain and
cancer-related symptoms like unexplained weight
loss and fatigue.

The most prevalent are defects in the AMLH]
(human MutL homolog 1) and AMSH?Z (human MutS
homolog 2)
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DNA damage cause mutatioHs:

| methylation

(N OI 1 IH—N G C CH3 G C
Guanine /N / N—HIIN \ Cytosine
R _
N—( N »
N_ HI I |O \ replication
| H
H
lmethylation and replication
- N  0—CH;O  CH, e = L
\
0%-Methylguanine R /N / NinH—N \ Thymine
N :< N replication
N—HinoO \R
|
H
Correctly

O6-methylguanine forms tends to pair with thymine rather es5 ¢ v a =
than cytosine during replication, and therefore causes G-C to

A-T mutations
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4) Direct Repair: Repair with no excision / removal of a base or a
nucleotide.

A) Photoreactivation: Pyrimidine dimers result from a UV-induced
reaction, and photolyases use energy derived from absorbed light to
reverse the damage

? 0 0 0
|C CH; CH Q | o TH3 |
/6 3 X 3 -6 C C
HN 1 \50 | o 1NH HN1/6 50—95/6\1"‘“
| |+ | l—*i _ L. |
c2 4CH  HCS 2¢ - 2C
// 3 ~ 3 N\ 3
4 \NH \NH/ \o & / \/
thymine (T) thymine dimer
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Photoreactivation Repair

UV light strikes one of the adjacent RN L) ]
thymines, creating a thymine dimer. A A
UV light
| | | | ;A; | | | | Thymine dimer

Photolyase
coded for by phr genes

DNA photolyases recognize the “kink” in BEN B
the DNA, and bind to the site

When excited by blue light (350-500 nm
wavelength), the photolyases change
conformation, breaking apart the dimer.




B)-repair of nucleotides with alkylation damage

éys —SH dCés —S—CHj
OCH,§ active 1nactive y

\> methyltransferase/\ HN/ \>

transfer of the methyl group to its own Cys

HZN residues.
R R

0°-Methylguanine nucleotide Guanine nucleotide
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¢c- Direct Repair: oxidative demethylation of alkylated nucleotides

by the AIkB protein,

NH,
€
N N #

1-Methyladenine

NHs
—,__,,CI‘IE
Nﬂ%c’

a-Methyleytosine

0, COs FIGURE 25-27 Direct repair of alkylated bases by AlkB. The AlkB
r EDD' protein is an a-ketoglutarate-Fe’*—dependent dioxygenase. It cat-
?DD | alyzes the oxidative demethylation of 1-methyladenine and 3-methyl-
CH, CHs cytosine residues.
| |
-
C=0 COO~
| - Succinate
CcOO f NH; H,C—0 + H*
o-Ketoglutarate N = CH;—OH
= LT G
AlkB, Fe** N Nf# Formaldehyde N~ N7

Demethylation by AlkB is acéompanied with release of CO2,

) Adeni
succinate and formaldehyde enine
CDQ
Succmat.e
NH, H,C=0 +H*  NHy
- Ketnglutarate —OH T S
W, | N
1]%- Fe®* N7 S0 Formaldehyde /k
N 0
|
Cytosine

The AlkB enzyme couples oxidative decarboxylation of -ketoglutarate to the hydroxylation of the
methylated bases in DNA, resulting in direct reversion to the unmodified base and the release of

formaldehyde.
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There are nine human homologs of AlkB.

« ALKBHI, A

LK

ALKBHS, Al
FTO

LK

3H2, ALK

3H3, ALKBH4,

3H6, ALK

Dr. Suheir Ereqat 2017/2018
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The Interaction of Replication Forks with DNA Damage

Unrepaired Unrepaired
lesion break

_/ /

Single-stranded
DNA Double-strand

/ break

I /
Repair must come from
homologous chromosome
Recombinational Recombinational
DNA repair or DNA repair

SOS response: error-prone repair _
Dr. Suheir Ereqat 2017/2018



The SOS response to replication damage
cell cycle i‘arrested

Replication stall and DNA damage

¢

Rech activation

\ LexA auto»clemgc/
The 50S genes

DNA damage repair

Oeteprew
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/ SOS Repair
N\ (Cell distress signal - DNA
Normal, no ; |
damage induces RecA
DNA damage ' .
= protease funcnow

SOS DNA repan genes
repressed by LexA

protem are freed for
eXpIession *

LexA represses ‘ RecA acuyates
. * LexA protem LexA protem

Error-free DNA repair

Error-prone DNA repair

Repressed SOS operon

Active SOS operon
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1-Recombinational DNA repair.
2-Error prone translesion DNA synthesis (TLS).

UmuD’ complex with UmuC-> DNA pol V replicate many lesions that normally
would block replication. Pol 1V, induced under SOS response which is also
highly error-prone..

* Proper base pairing is nearly impossible—> inaccurate repair + high
mutation rate.

« SOS activated UmuD’ +UmuC only when all replication forks blocked { result
of extensive DNA damage}.

* The bacterial DNA polymerases IV and V are part of a family of TLS
polymerases found in all organisms. These enzymes lack a proofreading
exonuclease activity thus have low fidelity.

« Other polymerases in eukaryotes: DNA polymerase eta, iota.
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- Rec A
-Lex A

Genes Induced as Part of the SOS Response in E. coli

Gene name Protein encoded and/or role in DNA repair

Genes of known function

polB (dinA) Encodes polymerization subunit of DNA polymerase Il, required for replication
restart in recombinational DNA repair

Z::g } Encode ABC excinuclease subunits UvrA and UvrB
Zgzg } Encode DNA polymerase V
sulA Encodes protein that inhibits cell division, possibly to allow time for DNA repair
recA Encodes RecA protein required for error-prone repair and recombinational repair
dinB Encodes DNA polymerase |V
Genes involved in DNA metabolism, but role in DNA repair unknown
ssb Encodes single-stranded DNA-binding protein (SSB)
uvrD Encodes DNA helicase || (DNA-unwinding protein)
himA Encodes subunit of integration host factor, involved in site-specific recombination,
replication, transposition, regulation of gene expression
recN Required for recombinational repair

Genes of unknown function
dinD
dinF
Dr. Suheir Ereqat 2017/2018

Note: Some of these genes and their functions are further discussed in Chapter 28.



