Watson and Crick discovered the double helix by
building modelsto conform to X-ray data

* By the beginnings of the 1950'’s, the race was on to
move from the structure of asingle DNA strand to
the three-dimensional structure of DNA.

* Among the scientists working on the problem were Linus
Pauling in California, and Maurice Wilkins and Rosalind
Franklin in London.
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* Maurice Wilkins and Rosalind Franklin used X-ray
crystallography to study the structure of DNA.

* X-rays are diffracted as they passed through aligned
fibers of purified DNA.

* Thediffraction pattern can be used to deduce the three-
dimensional shape of molecules.

* James Watson learned
from their research
that DNA was helica
In shape and he deduced
the width of the helix
and the spacing of bases.

Fig. 16.4
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Sugar-phosphate
backbone Bases

*The phosphate group of
one nucleotide Is attached to
the sugar of the next
nucleotide in line.

*The result is a“backbone”
of alternating phosphates
and sugars, from which the
bases project.
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Phosphodiester:Bond Formation ™ ‘PhosphodiesterBond Formation
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* The phosphodiester bond links the two deoxyribose sugar
mol eucles together, sandwiching the phosphate group
between them.




* Watson and his colleague Francis Crick began to
work on amodel of DNA with two strands, the
double hdlix.

* Using molecular models made of wire, they first
tried to place the sugar-phosphate chains on the

Inside.
* However, this did not fit the X-ray measurements
and other information on the chemistry of DNA.
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* The key breakthrough came when Watson put the
sugar-phosphate chain on the outside and the
nitrogen bases on the inside of the double helix.

* The sugar-phosphate chains of each strand are like the
side ropes of arope ladder.

* Pairs of nitrogen bases, one from each strand, form rungs.

* Theladder forms atwist every ten bases.
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LY Hydrogen bond

3.4 nm

(a) Kﬁy features of (b) Partial chemical structure (c) Space-filling model
DNA structure
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* The nitrogenous bases are paired in specific
combinations. adenine with thymine and guanine
with cytosine.

* Pairing “like” nucleotides did not fit the uniform
diameter indicated by the X-ray data.

* A purine-purine pair would be too wide and a
pyrimidine-pyrimidine pairing would be too short.

* Only apyrimidine-

puri ne pa| I ng would  Purine + purine: too wide @ C[}

produce the 2-nm i i
dlameter |nd|Cated Pyrimidine + pyrimidine: too narrow E O O E

by the X -ray data' Purine + pyrimidine: width :OO O:
consistent with X-ray data : .
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* |In addition, Watson and Crick determined that
chemical side groups off the nitrogen bases would
form hydrogen bonds, connecting the two strands.

* Based on details of thair

structure, adenine would >—§ k
form two hydrogen bonds o

Only Wlth thyml ne and Sugar
guanine would form three Adenine (A) Thymine (T)
hydrogen bondsonly with
cytosine. (\Z_( >_>
* Thisfinding explained WAl 2
Chargaff’ s rules. sugar
Fig. 16.6 Guanine {;) Cytosine (C)
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The base-pairing rules dictate the combinations of
nitrogenous bases that form the “rungs’ of DNA.

However, this does not restrict the sequence of
nucleotides along each DNA strand.

The linear sequence of the four bases can be varied
IN countless ways.

Each gene has a unique order of nitrogen bases.

In April 1953, Watson and Crick published a
succinct, one-page paper in Nature reporting their
double helix model of DNA.
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DNA Replication and Repair

1. Base pairing enablesexisting DNA strandsto serve astemplatesfor new
complimentary strands

2. A largeteam of enzymesand other proteinscarries out DNA replication

3. Enzymes proofread DNA during itsreplication and repair damageto
existing DNA

4. Theends of DNA moleculesarereplicated by a special mechanism
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1. During DNA replication, base pairing enables existing
DNA strandsto serve astemplates for new complimentary
strands

* |In asecond paper Watson and Crick published their
hypothesis for how DNA replicates.

* Because each strand is complementary to each other, each can
form atemplate when separated.

* The order of bases on one strand can be used to add in
complementary bases and therefore duplicate the bases exactly.

1E3E

{a) The parent molecule (b) The first step in (c)Each parental strand now (d) The nucleotides are
has two complementary replication is serves as a template that connected to form the
strands of DNA. Each separation of the determines the order of sugar-phosphate
base is paired by two DNA strands. nucleotides along a new backbones of the new
hydrogen bonding with complementary strand. strands. Each “daughter”
its specific partner, A DMNA molecule consists
with T and G with C. of one parental strand

and one new strand.



* Other competing models, the conservative model
and the dispersive model, were also proposed.

Parent
cell

First
replication

Second
replication

2
2
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(a) Conservative model. The
parental double helix
remains intact and an all-
new copy is made.
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(b) Semiconservative model.

The two strands of the
parental molecule separate,
and each functions as a
template for synthesis of a
new complementary strand.
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(c) Dispersive model. Each
strand of both daughter
molecules contains a
mixture of old and newly
synthesized parts.



2. A largeteam of enzymes and other proteinscarries
out DNA replication

* |ttakesE. coli lessthan an hour to copy each of the 5 million
base pairsin its single chromosome and divide to form two
Identical daughter cells.

* A human cell can copy its 6 billion base pairs and divide into
daughter cellsin only afew hours.

* Thisprocessisremarkably accurate, with only one error per
billion nucleotides.

* Morethan a dozen enzymes and other proteins participate in
DNA replication.
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* Thereplication of a DNA molecule begins at special sites,
origins of replication.

* |n bacteriag, thisis asingle specific sequence of
nucleotides that is recognized by the replication enzymes.

* These enzymes separate the strands, forming a replication
“bubble’.

* Proceedsin both directions until the entire molecule is copied.
0.25 um
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Parade of proteingenzymes

Origin binding protein—initiates process
Primase—adds RNA primers
Helicase—"unzips’ the H-bonds

Single strand binding proteins—keep H-bonds from re-
forming; prevents re-zipping of the DNA strand

DNA polymerase—sd ots in nucleotides using base-pairing
rules, makes a polymer from the nucleotide monomers

DNA Ligase—ties the Okasaki fragments together
Proof-reading enzyme—scans for base-pairing “goofs’

Topos omerase—keeps the ends of the DNA outside the
replication bubble from getting tangled



* The strands in the double helix are
antiparallel.

* The sugar-phosphate backbones

run in opposite directions.

* Each DNA strand hasa 3’ end with a
free hydroxyl group attached to
deoxyribose and a5’ end with afree
phosphate group attached to
deoxyribose.

* The5 -> 3 direction of one strand
runs counter tothe 3’ -> 5’ direction
of the other strand.

* SynthesisoccursONLY inthe5’ to
3 direction

3 hydroxyl ——OH

5’ phosphate —

3" End




Primase joins RNA
nucleotides into primer.

Single-stranded region

of parental DNA
5? 3! —
3 M 5

; -
Primase DNA polymerase adds DNA
nucleotides to primer.
. Newly
RNA primer made DNA
/ b | i — -
3, 1 L 5,
A different DNA polymerase \
replaces the RNA with DNA. DNA polymerase
Newest DNA
\ _
5 3’
3’W 5
/

DNA polymerase
This daughter strand
is now complete.

¥ 5
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3?

o
% Leading strand
* Theother parental strand _, __Parental DNA
(5 =23 into the fork), the 3 o Okazaki fragments

lagging strand, is copied away ona potymerase~_

from the fork in short segments \/,\
(Okazaki fragments). l Ligase £
* Okazaki fragments, each about

100-200 nucleotides, are joined
by DNA ligase to form the
sugar-phosphate backbone of a
single DNA strand.

Leading strand

Lagging strand

Overall direction of replication



Initiation of replication

Double helix unwinds, providing Helicases and
single-stranded DNA templates  single-strand binding proteins

N

Synthesis of leading strand Synthesis of lagging strand
Priming Primase Priming for Primase
Okazaki fragment
Elongation DNA Elongation of DNA
polymerase fragment polymerase
Replacement DNA Replacement DNA
of RNA primer polymerase of RNA primer polymerase
by DNA by DNA
Joining of Ligase

fragments
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To summarize, at the replication fork, the leading
strand Is copied continuoudly into the fork from a
single primer.

Leading Origin of Lagging

The lagging strand is copied away  svens” _repication  stana
from the fork in short segments, =->->i}

Td ' Laggi Leadi
each requiring a new primer. Lagging Load
OVERVIEW
- %
Overall direction of replication 5
/DNA polymerase
Replication fork "
RNA primer 5
Primase — Okazaki fragments
5.’
3 DNA ligase

DNA
I
Fig!’ige{néal DNA polymerase
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3. Enzymes proofread DNA during itsreplication and
repair damage in existing DNA

* Mistakes during theinitia pairing of template
nucleotides and complementary nucleotides occurs at a
rate of one error per 10,000 base pairs.

* DNA polymerase proofreads each new nucleotide against
the template nucleotide as soon as it is added.

* |f thereis an incorrect pairing, the enzyme removes the
wrong nucleotide and then resumes synthesis.

* Thefinal error rate is only one per billion nucleotides.
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* In mismatch repair, special enzymes fix incorrectly
paired nucleotides.

@ Thymine dimer distorts
DNA molecule

* A hereditary defect in
one of these enzymes
IS assoclated with a
form of colon cancer.

€ A nuclease enzyme cuts
the damaged DNA strand
at two points

* Innucleotide excision
repair, anuclease cuts
out a segment of a
damaged strand.

€ Repair synthesis by
a DNA polymerase
fills the gap

* Thegapisfilled in by
DNA polymerase and

I gase ¢) DNA ligase seals

the remaining nick




Enzymes and Their Functionsin
the Replication of DNA



Origin-binding Protein

* Thisprotein bindsfirst to

negin the replication
oﬁ%ble - Originsbinding Protein

* |tischemically attracted
to an arrangement of base
nalrs

e [tsfunctionisto break the
H-bonds between base
pairs so DNA can “unzip”




* Thisenzymeisthefirst to
act once the replication
bubble begins

* |t addsabout 10 RNA
nucleotides to the point of
origininab’ >3 direction

* Why? DNA polymerase
recognizes the primer,

NOT the exposed
nucleotides

DA Frimose
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Primase binds to ,
the template strand F?mase
and synthesizes an
RNA primer. TB}TIplate strand
3" ) | [| 5’
5 Ml 3

S .
When the primer is RNA primer
complete, primase
is releasad. DNA DNA
polymerase binds polymerase
and synthesizes /
new DA,
3 g
51

3'

T,

!
Mew strand



DNA Polymerase

DNA“Polymerase

* Thisenzyme dotsthe
appropriate DNA nucleotides
onto the original DNA
template synthesizing a new
DNA strand.

* Notice, it only synthesizesin
a5 >3 direction | oA s W dcipres

Leading strand P‘

 MANY of theseenzymes .
may be at work withinthe _.°

Helicase unwinds
the double halix,

Leading AR PN
. . strand . i . : ']
| bubbl o GO a g
rep I Ca[l On u e' Lagging fragmunt i el JL m'u ‘-’!!-ﬂ-. &
g '..'n"' - 2 I
strand \\ | i Parent DNA
9 g e !
i ! TR LN il L
& e daettE b Single-stranded DNA-binding
_ i e L / proteins miake the femplates
Lagging strand available to RNA primase and
template DNA polvmerase (11,

ONA polymerase [l elongates
the Tagging strand.




DNA Helicase

* Thisenzyme unzipsthe
DNA by breaking the
H-bonds between the
Nitrogen base pairs

DA Hel_ic_use

* Thisenlargesthe bubble

* Remember, more than
one bubble may form at
atime and later merge




* |If this protein did not attach,
the H-bonds would re-form,
re-zipping the DNA

single=sfranded Binding Frofein

* Replication could not occur




The leading strand forms continuously as the bubble enlarges.
Once RNA primase has acted, DNA polymerase “chases the fork”
Inthe 5’ >3 direction.

Ueading Strond Replication




Meanwhile, on the other side of the bubble for each original strand,
MANY RNA primases and DNA polymerases are needed to “ chase
the fork.” Thisisthe discontinuous synthesis that causes it to be
referred to as the lagging strand. Okazaki fragments are formed—
another enzyme is needed to “ti€’ them together.

Lagging Strand|




If ALL of the enzymes continue to perform,

ELONGATION occurs.

Elongation




The primers are removed and replaced with
DNA nucleotides by DNA polymerase.

Removal of RNA Primers




DNA Polymerase fills in the gaps

Filling in Gops




DNA Ligase

* Aligaseisan enzymethat ties
biochemical units together.

* DNA ligase ties the Okazaki
fragments together AND
connects the lagging strand to
the leading strand.

DNALIgose




Topoisomerase

* Haveyou ever taken apiece
of string and unwound it
from the center? It tangles on
the outside ends.

Topoisomerase

* Topoisomerase keepsthis
from happening to the DNA
strand during replication. It
functions OUTSIDE the
replication bubble.




The Proof reading Enzyme

* Thisisthe“Pac Man”
enzyme that reads up and Proofreading
down the newly synthesized |
strand.

* Itsfunctionisto locate
mismatched base pairs,
excise the “new” one [not
to mutate the original], and
replace it with the correct
nitrogen base.
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