A SAPIENZA

UNIVERSITA DI ROMA

MOLECULAR BIOLOGY
A.A. 2018-19

DNA Structure and Replication

Dr. Stefano Cacchione



Milestones in Genetics and Molecular Biology

1865 Characters (genes) are particulate factors (Mendel)
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Milestones in Genetics and Molecular Biology

1865 Genes are particulate factors (Mendel)
1910 Genes lie on chromosomes (Morgan)
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What genes are made of?

Chromosomes contain fwo main components:
DNA and Proteins



Four requirements for the genetic
material

Must carry information
Must replicate
Must allow for information to change

Must requlate the expression of the
phenotipe



What DNA is made of

& Hydrogen

Phosphate (PO,)
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What Proteins are made of

N-terminus C-terminus l

Peptide bond
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Milestones in Genetics and Molecular Biology

1865 Genes are particulate factors (Mendel)
1910 Genes lie on chromosomes (Morgan)
1944 DNA is the genetic material (Avery)
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Four requirements for DNA to be
genetic material

Must carry information
Must replicate
Must allow for information to change

Must requlate the expression of the
phenotipe



The DNA race
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ADENINE THYMINE ADENINE GUANINE
SOURCE TO TO T0 TO

GUANINE CYTOSINE TEYMINE CYTOSINE
0K, 1.29 1.43 1.04 1.00 1.1 1.4
Man 1.56 1.75 1.00 1.00 1.0 1.3
Hem. oo 1.45 1.29 1.06 0.91 0.99 1.5
Salmon............ ... 1.43 1.43 1.02 1.02 1.02 1.4
Wheat........... 1.22 1.18! 1.00 0.971 0.99 1.4
T | S 1.67 1.92 1.03 1.20 1.0 1.3
Hemophilus influenzae, type C............... 1.74 1.54 1.07 0.91 1.0 1.5
Boeoli K-12.. . o 1.05 0.95 1.09 0.99 1.0 1.6
Avian tubercle baeillus. ......... ... ... ... ... 0.4 0.4 1.09 1.08 1.1 1.7
Serratia marcescens. .. .............. ... . ..., 0.7 0.7 0.95 0.86 0.9 1.6
Hydrogen organism Bacillus Schatz........... 0.7 0.6 1.12 0.89 1.0 1.7

In 1949 Erwin
Chargaff shows that
in DNA (from every
source) the amount
of Adenine is
approximately equal
to the amount of
Thymine, and the
amount of Guanine is
approximately equal

In these computations the sum of cytosine and methyleytosine was used. If cytosine alone is con- to The amount Of

sidered, the thymine to cytosine ratio is 1.62 and that of guanine to cytosine 1.33.

thyrnine

guanine cytosine

Cytosine.
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Milestones in Genetics and Molecular Biology

1865 Genes are particulate factors (Mendel)

1910 Genes lie on chromosomes (Morgan)

1944 DNA is the genetic material (Avery)

1953 DNA is a double helix (Watson, Crick, Franklin)
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James D.Watson

Formerly: Bird Biologist

A,.\
A

Francis Critk,
1916-2004
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- The B-51 Image

From this image (1952) Rosalind
Franklyn (and independently

- - Watson & Crick) deduced that
- - DNA has a helical structure.
{ 3 Other information from her
i work:
- - * The diameter of the helix is
- Rl 2 hm

« Bases are stacked on the
inside of the helix, 0.34 nm
apart

 DNA molecules are
symmetrical




NH?D 0A
NI G
N N
| I CH | I CH
HC /C\N/ D _Cs /C\N/
N H,N N
A H D A H
A=Acceptor Adenine Guanine
B=Donor Purines
Dp A A
NH, o o
A cI D " D cl!
CH
i )
207 \N/CHA O/C\N H AO/C\N/CH
H H H
Cytosine Thymine Uracil
(DNA) (RNA)

Pyrimidines

Figure 8-2
Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H.Freeman and Company



.S, National Librarny of Medicine

Base pairs (oo R

Adenine Thymine

Guanine Cylosine

Sugar phosphate
backbone




| 30h N / Thymine

%) A=\ f Cytosine

Guanine H—C

T 5'- CAATCGTCA -3'
/1,9 aaadi 3'- GTTAGCAGT -5



H

H
b N NH-O [ o-HN M
..H‘mH Hia® WH
HN i(N \F’N N G N-H--N CN
N H o R B N4N-H""g"n
. Watson-Crick 2
H_N N-H-0 R H-{I( N_FI
o iy T
N—/ a N-HN U )-H NH-NC ’
L " H o H-.}J; There are 28 possible ways to
H

Reverse Watson-Crick

A
::]/ HYR

R
A LI Hoogsteen A-U Reverse Hoogsteen
(o) R
H >N
N HN U H
7’ O-HN y HUN_ 0O
N }—N Y .0 H
NG N‘H--.0 g N~ g NH
N-H N-H
H H
G:U Wobble G-U Reverse Wobble
R R
] (o}
H N ?’N
N-H---N C JH H H
H NJ HT;N N'H"_Ng
\ A H H
N—Z ~N-HNy Rn‘?ﬁu--ﬂ'"“
N_J’( N=(
R H H

A-C Reverse Hoogsteen A-C Reverse Wobble



It is also possible to form stable triple helices
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DNA Structure Discovery
Nature (1953),171:737
“We wish to suggest a structure for the salt of deoxyribose

nucleic acid (D.N.A.). This structure has novel features
which are of considerable biological interest.”




The last sentence of the Watson-Crick paper states" It has not escaped our notice that
the specific pairing we have postulated immediately suggests a possible copying
mechanism for the genetic material"



Milestones in Genetics and Molecular Biology

1865 Genes are particulate factors (Mendel)

1903 Genes lie on chromosomes (Morgan)

1944 DNA is the genetic material (Avery)

1953 DNA is a double helix (Watson, Crick, Franklin)

1958 DNA replicates semiconservatively (Meselson & Stahl)
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Noncovalent interactions

Covalent bonds

A,

Electrostatic
van der Hydrogen
Waals bonds
Thermal Hydrolysis of ATP
energy phosphoanhydride bond CC C=C
I I | I
0.24 x 100 0.24 x 107 0.24 x 102 0.24 x 103

kcal/mol
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Models of DNA Replication
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Models of DNA Replication
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Meselson-Stahl experiment

1. Grow E. coli on 5N (“heavy”) ammonia
2. Switch to *N (normal, “light”) ammonia
3. Harvest aliquots as a function of time
4. Isolate DNA
5. Separate on the basis of DNA density using
density gradient centrifugation
A. Pour CsCl, gradient into a tube
B. Layer DNA on top
C. Centrifuge until DNA stops moving (DNA
floats when the density matches that of
the salt solution)
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DNA molecules migrate in the
gradient region according to
their density
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(A)

14N DNA molecules can be
distinguished from N DNA
molecules

(B)

14N 15N
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DNA replication is semi-conservative
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Semi-conservative
replication

One strand of duplex
passed oh unchanged to
each of the daughter
cells. This ‘conserved'’
strand acts as a
template for the
synthesis of a new,
complementary strand by
the enzyme DNA
polymerase

1. Original double helix.

2. Strands separate.

3. Complementary
bases align opposite
templates.

4. Enzymes link
sugar-phosphate
elements of aligned
nucleotides into a
continuous new strand.
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Informalion

DNA

Protein

Replication
DNA duplicates

Transcription
RNA synthesis

Translation

Protein synthesis

In 1956 Francis Crick
described the scheme
through which genetic
information flows and
named it The Central
Dogma



Vocabulary

* Replication -- copying DNA before cell
division

* Transcription -- making an RNA copy
(messenger RNA or mRNA) of DNA

* Translation -- making a protein from the
mRNA

DNA -TZCZ2___5 RNA -Z25CL----> Protein

eeeeeee



Polymerase enzymes

(DNA polymerase plus other proteins)

_ framseriptin_ __ s ONJA

(RNA polymerase plus other proteins)

reverse

_ st s DNA

(HIV reverse transcriptase, telomerase)
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DNA polymerase synthesizes a new DNA strand from a
template.



b innesco ibridato

terminale di crescita del DNA

T /filamento stampo
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* DNA polymerases add nucleotides to a free 3'-OH.

» Synthesis proceeds always in 5 >3 direction



Precursors are nucleotide-triphosphates




Fingers / Thumb
\ The active site is on the palm

Incoming nucleotide

Template

3'

curvato dello stampo



TABLE 51 The Three Steps That Give RiseTo High-fidelity DNA Synthesis

REPLICATION STEP ERRORS PER NUCLEOTIDE POLYMERIZED
5’3’ polymerization 1% 10°
3’5’ exonucleolytic proofreading 1x 102
Strand-directed mismatch repair 1% 10
Total 1% 10°

The third step, strand-directed mismatch repair, is described later in this chapter.

incoming

Hi e kical There are several proofreading steps
to assure replication accuracy

it

“fingers” :
primer
strand



DNA polimerasi

filamento
stampo

LA POLIMERASI AGGIUNGE
UN NUCLEQOTIDE ERRATO

IL NUCLEOTIDE

IN APPAIAMENTO SCORRETTO
VIENE RIMOSSO PER

ATTIVITA AUTOCORRETTIVA

IN DIREZIONE 3'-5'

L’ESTREMITA 3'

IN APPAIAMENTO CORRETTO
PERMETTE L’AGGIUNTA

DEL NUCLEOTIDE SUCCESSIVO

LA SINTESI PROCEDE
IN DIREZIONE 5' =3

Several DNA polymerases
have a 3'-5'exonuclease
activity that allows
eliminating the last
nucleotide if incorrectly
incorporated




DNA replication

replication origin ﬂg.‘,‘f;?

+ Begins at an A-T rich 5 .
replication origin. ’ doible Hlx ope,,ef

- Initiator proteins bind and separate I NatoL protie
the two DNA strands.

A protein machine containing A / :
DNA polymerase is assembled. |

- DNA polymerase synthesizes ok e g

new DNA using one old strand as a template.
- Replication forks move bidirectionally from origins of replication.

direction of
X for_k movement

N".. 4:.'- o .._+ ; >y _:.
replication forks N S 1

Figure 6-9 Essential Cell Biology, 2/e. {® 2004 Garland Science)



DNA always synthesized in 5" to 3’
direction

* A new deoxyribonucleotide is
always added to the 3" OH end of

the new strand.

* One new DNA strand at the
replication fork is made on a
template that runs 3" to 5°; the
other strand is made on a template

that runs 5 to 3’.

5)
R .
/
newly synthesized
strands

5 * 3!
3!

How can the top strand be
made in the direction of the
replication fork?

parental
DNA helix

direction of replication-
fork movement

5" end of strand
|

3’ end of strand
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One DNA strand is synthesized continuously; the other in
synthesized discontinuously and then stitched together

direction of fork movement

l lagging-strand template

leading-strand template .
9 R of right-hand fork

of left-hand fork

= : most recently *-" _\5 : -
3’ 5\ synthesized DNA ™. 3 5’
h’ _’

lagging-strariﬂd template

of left-hand fork leading-strand template

of right-hand fork

At the replication origin, four DNA Polymerase complexes act simultaneously

Figure 6-12 Essential Cell Biology, 2/e. (© 2004 Garland Science)



One DNA strand is synthesized continuously; the other in
synthesized discontinuously and then stitched together

direction of fork movement

leading-strand template l lagging-strand template
of left-hand fork h of right-hand fork
> 3 _most recently *-r—-'-'-f“:“—**””' 5’ 3
3’ 5\ synthesmed DNA ~ 3 =
T i
s *

lagging- strand template

of left-hand fork leading-strand template

of right-hand fork

Leading strand: DNA strand that is synthesized continuously in the direction
of replication fork.

Figure 6-12 Essential Cell Biology, 2/e. (© 2004 Garland Science)



One DNA strand is synthesized continuously; the other in
synthesized discontinuously and then stitched together

direction of fork movement

l lagging-strand template

leading-strand template
Baland mm of right-hand fork

of left-hand fork

& : - most recently <= r ey » 3
3 R epnihesizsd DNA™ s, 3 5

lagging-straﬁd template

of left-hand fork leading-strand template

of right-hand fork

Leading strand: DNA strand that is synthesized continuously in the direction
of replication fork.

Figure 6-12 Essential Cell Biology, 2/e. (© 2004 Garland Science)



One DNA strand is synthesized continuously; the other in
synthesized discontinuously and then stitched together

direction of fork movement

leading-strand template
of left-hand fork

lagging-strar;d template
of left-hand fork

o

lagging-strand template
of right-hand fork

_most recently as;;_‘-_‘_{'-'-'-fﬂ-:“ 5
s synthesized DNA ™

Ieading-é'trand template
of right-hand fork

Leading strand: DNA strand that is synthesized continuously in the direction

of replication fork.

Lagging strand: DNA strand that is synthesized discontinuously (Okazaki

fragments), then stitched together.

Figure 6-12 Essential Cell Biology, 2/e. (© 2004 Garland Science)



One DNA strand is synthesized continuously; the other in
synthesized discontinuously and then stitched together

direction of fork movement

l lagging-strand template

leading-strand template :
e P of right-hand fork

of left-hand fork -l N

B 3’

< 9

Iagging-strahd template

of left-hand fork leading-strand template

of right-hand fork

Leading strand: DNA strand that is synthesized continuously in the direction
of replication fork.

Lagging strand: DNA strand that is synthesized discontinuously (Okazaki
fragments), then stitched together.

Figure -12 Essential Cell Biology, 2/e. (© 2004 Garland Science)



One DNA strand is synthesized continuously; the other in
synthesized discontinuously and then stitched together

direction of fork movement

leading-strand template l lagging-strand template
e —h— of right-hand fork
5’ 3’
F 5’
lagging-strand template sy ﬁ Ieading-s'trand template

of left-hand fork

of right-hand fork

Leading strand: DNA strand that is synthesized continuously in the direction

of replication fork.

Lagging strand: DNA strand that is synthesized discontinuously (Okazaki

fragments), then stitched together.

Figure -12 Essential Cell Biology, 2/e. (© 2004 Garland Science)



One DNA strand is synthesized continuously; the other in
synthesized discontinuously and then stitched together

direction of fork movement

leading-strand template l lagging-strand template
of left-hand fork b h_‘_&--Of i a0 fork
b 3’
3 5

lagging-strand template ’

of left-hand fork

< leading-strand template

of right-hand fork

Leading strand: DNA strand that is synthesized continuously in the direction

of replication fork.

Lagging strand: DNA strand that is synthesized discontinuously (Okazaki

fragments), then stitched together.

Figure -12 Essential Cell Biology, 2/e. (© 2004 Garland Science)



One DNA strand is synthesized continuously; the other in
synthesized discontinuously and then stitched together

direction of fork movement

leading-strand template 1 | lagging-strand template
of left-hand fork . - of right-hand fork
b ‘ 3’
< g v 5’
» /

lagging-stra nd template A~

of left-hand fork leading-strand template

of right-hand fork

Leading strand: DNA strand that is synthesized continuously in the direction
of replication fork.

Lagging strand: DNA strand that is synthesized discontinuously (Okazaki
fragments), then stitched together.

Figure 6-12 Essential Cell Biology, 2/e. (€ 2004 Garland Science)



One DNA strand is synthesized continuously; the other in
synthesized discontinuously and then stitched together

direction of fork movement

leading-strand template
of left-hand fork

M\».,_’

lagging-strar;d template
of left-hand fork

T mostrecently = 5
w2 synthesized DNA ™5

lagging-strand template
of right-hand fork

Ieading-é'trand template
of right-hand fork

Leading strand: DNA strand that is synthesized continuously in the direction

of replication fork.

Lagging strand: DNA strand that is synthesized discontinuously (Okazaki

fragments), then stitched together.

Figure 6-12 Essential Cell Biology, 2/e. (© 2004 Garland Science)



Core proteins at the replication fork

Topoisomerases - Prevents torsion by DNA breaks
Helicases - separates 2 strands
Primase - RNA primer synthesis
Single strand - prevent reannealing of
binding proteins  single strands
DNA polymerase - synthesis of new strand

DNA ligase - seals nick via phosphodiester
linkage



Overview
Origin of replication

Leading strand Lagging strand

=
L..“ s
i LRSS Leading strand

~ = = = "Lagging strand

Overall directions
€ of replication >

Single-strand
binding protein

Helicase Leading strand

5 DNA pol 111
g

Primer Primase

Parental DNA N

DNA pol 111 Lagging strand
DNA ligase

Copyrigh © 20008 Pearson Cducation, ., putiishing ss Pasmson Benjamn Cummings.
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DMNA polimerasi
del filamento guida

caricatore

della
sliding clamp
—

sliding
clamp

DNA polimerasi —
non impogng}a ATTT

DNA polimerasi
del filamento
discontinuo

la "seconda” polimerasi
del filamento
discontinuo lega

la sliding clamp

alla giunzione stampo
primer e inizia

a sintetizzare

un nuove frammento
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End-replication problem

1. Double stranded DNA
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Human Telomeres
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Telomerase
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Telomerase in action
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Telomerase and cancer
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Polymerase enzymes

DNA -z ___5 DNA
(DNA polymerase plus other proteins)
DNA == 5 RNA

(RNA polymerase plus other proteins)

reverse

RNA -==Z2____> DNA

(HIV reverse transcriptase, telomerase)

Duplication of eukaryotic genomes requires the
three different polymerization activities



Four requirements for DNA to be
genetic material

Must carry information
Must replicate itself
Must allow for information to change

Must requlate the expression of the
phenotipe



DNA has the ability to mutate (change). This allows
for new characteristics and abilities to appear which

may help an individual to survive and reproduce
(EVOLUTION).
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