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KEY CONCEPTS

16.1 DNA is the genetic material

16.2 Many proteins work together
in DNA replication and repair

16.3 A chromosome consists of a
DNA molecule packed together
with proteins




= T.H. Morgan's group showed that genes exist as parts of chromosomes.
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* Chromosomes are composed of a long DNA molecule and Proteins.
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= DNA and protein emerged as the leading candidates for the genetic material.

= Until the 1940s, the case for proteins seemed stronger: Biochemists had
identified proteins as a class of macromolecules with great heterogeneity and
specificity of function, essential requirements for the hereditary material.
Moreover, little was known about nucleic acids, whose physical and chemical
properties seemed far too uniform to account for the multitude of specific
inherited traits exhibited by every organism.
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» |n 1928, Frederick Griffith was trying to develop a vaccine against pneumonia.
He was studying Streptococcus pneumoniae, a bacterium that causes
pneumonia in mammals.
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»  Griffith had two strains (varieties of the bacterium, one pathogenic (disease-
causing) and one nonpathogenic (harmless).

* The S (smooth) strain can cause pneumonia in mice; it is pathogenic because
the cells have an outer capsule that protects them from an animal’s immune
system. Cells of the R (rough) strain lack a capsule and are nonpathogenic.
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< Griffith used 4 mice, he injected each mouse with a different strain:
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o« He was surprised to find that when he killed the pathogenic bacteria with
heat and then mixed the cell remains with living bacteria of the
nonpathogenic strain, some of the living cells became pathogenic.
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o« So some chemical component of the dead pathogenic cells caused this
heritable change, although the identity of the substance was not known.
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v’ Griffith called the phenomenon transformation.
* Transformation: a change in genotype and phenotype due to the assimilation
of external DNA by a Cell.
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o Later work by Oswald Avery, Maclyn McCarty, and Colin MacLeod identified
the transforming substance as DNA.
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oc Scientists remained skeptical, however, since many still viewed proteins as
better candidates for the genetic material.
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1) Many biologists were not convinced that bacterial genes would be similar in
composition and function to those of more complex organisms.
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2) So little was known about DNA.
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» Additional evidence that DNA was the genetic material came from studies of
viruses that infect bacteria, these viruses are called bacteriophages (meaning
“bacteria-eaters”), or phages for short.
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v" Viruses are much simpler than cells.
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v Avirus is little more than DNA (or sometimes RNA) enclosed by a protective
coat, which is often simply protein.
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v To produce more viruses, a virus must infect a cell and take over the cell's
metabolic machinery so the cell becomes a virus producing factory.
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» Alfred Hershey and Martha Chase performed experiments showing that DNA
is the genetic material of a phage known as T2.
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v This is one of many phages that infect Escherichia coli (E. coli), a bacterium
that normally lives in the intestines of mammals
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* Thevirus T2:
v Is composed of DNA and proteins.
v" Could quickly turn an E. coli cell into a T2-producing factory that released
many copies of new phages when the cell ruptured.
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* Somehow, T2 could reprogram its host cell to produce viruses. But which viral
component—protein or DNA—was responsible?
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oc Scientists used radioactive sulfur isotope S to tag the proteins of T2. T2
infected the bacterial cells. A mixture of infected bacterial cells was put in a
blender to free phage parts outside the bacteria from the cells. A centrifuge
was then used to separate the contents of the mixture based on density and
size.
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o After the mixture was centrifuged, the bacteria formed a pellet at the
bottom of the test tube. Free phages and phage parts, which are lighter,
remained suspended in the liquid (supernatant).
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& The labeled material appeared in the supernatant which means that it wasn’t
transmitted to infected bacterial cells.
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o The scientists did the same experiment again but this time they used
radioactive phosphorus isotope 2P to tag DNA.

(ahad) maad) aiiadl gl plas pluseiund o3 8pall ods (3 S) J 991 lghasdl yuis 8ole] o3
ool DNA




& The labeled material (DNA) appeared in the pellet which means that it was
transmitted from T2 to infected bacterial cells.
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v’ Because protein, but not DNA, contains sulfur, radioactive sulfur atoms were
incorporated only into the protein of the phage. In a similar way, the atoms of
radioactive phosphorus labeled only the DNA, not the protein, because nearly
all the phage's phosphorus is in its DNA.

plasinl @iy oSl e Ggiz Mol 69 4l oS5 OY oSl Uad Joad! o nSIl plasiu! @3
Dsawd)l e Ggize (w9 adll DNA OY jsawall

© Mixed radioactively ©) Agitated the mixture in ©) Centrifuged the mixture ) Measured the
labeled phages with a blender to free phage s0 that bacteria formed a radioactivity in
bacteria. The phages parts outside the pellet at the bottom of the pellet and
infected the bacterial cells. bacteria from the cells. the test tube; free phages  the liquid.
Empty . Y .andI pr;]age parts, ﬁ\ch
3 & - Radioactive : s are lighter, remain W
Phaq@{ ) v protein protein shell, A A\l qiepended in the liquid. F;r?a'ggcgrg%m)

Bacterial cell

found in liquid

Batch 1: Phages were &— DNA
grown with radioactive

sulfur (3°S), which was

incorporated into phage

protein (pink). . ); :
l’ ’ ‘

& Radioactive Pellet (bacterial
y DNA cells and contents)

Batch 2: Phages were %
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phosphorus (*2P), which
was incorporated into
phage DNA (blue). — PRSSCRE

l m Radioactivity

Pellet (phage DNA)
found in pellet

v Hershey and Chase found that the phage DNA entered the host cells but the
phage protein did not.
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v" They concluded that the DNA injected by the phage must be the molecule
carrying the genetic information that makes the cells produce new viral DNA
and proteins.
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v The Hershey-Chase experiment was a land mark study because it provided
powerful evidence that nucleic acids, rather than proteins, are the hereditary
material, at least for certain viruses.
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* Further evidence that DNA is the genetic material came from biochemist
Erwin Chargaff.
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= DNA was known to be a polymer of nucleotides sugar-phosphate backbone Titrogenots bases
v Each nucleotide is composed of a nitrogenous o
(nitrogen-containing) base, pentose sugar called 0,“»\;"' H,
deoxyribose and a phosphate group. Vi o “fﬁ:o Thymine ()
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v’ Types of nitrogenous bases: Adenine (A), thymine
(T), guanine (G), or cytosine (C).

Guanine (G)

Cytosine (C)
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* Chargaff analyzed the base composition of DNA e
I Adenine (A)
from a number of different organisms. He |
concluded the following rules (Chargaff’s rules):
| nuclectide Nitrogenous base
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a. The base composition of DNA varies from one species to another. For
example, he found that 32.8% of sea urchin DNA nucleotides have the base
A, whereas 30.4% of human DNA nucleotides have the base A and only
24.7% of the DNA nucleotides from the bacterium E. coli have the base A.
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b. He noticed a peculiar regularity in the ratios of nucleotide bases.

= RNA Structure




S99 paesl) & 9Sall duiuar 9 ud! del gl 3 plail 2929 Blylad ellall Loy

v" In the DNA of each species, the number of adenines approximately equaled
the number of thymines, and the number of guanines approximately equaled
the number of cytosines. In another words, the percentage of purines is equal
to the percentage of pyrimidines.
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oc In sea urchin DNA, for example, Chargaff’s analysis found the four bases in
these percentages:
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A=32.8%and T=32.1%; G = 17.7% and C = 17.3%.

v The percentages are not exactly the same because of limitations in Chargaff’s
techniques.
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* Once most biologists were convinced that DNA was the genetic material, the
challenge was to determine how the structure of DNA could account for its

role in inheritance.
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» Many researchers focused on discovering the three-dimensional structure of
DNA. First to come up with the complete answer, however, were two
scientists who were relatively unknown at the time—the American James
Watson and the Englishman Francis Crick.
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» Watson and crick discovered that the DNA is a double helix molecule.
* Their discovery was based on an x-ray diffraction image of DNA produced by
Rosalind Franklin.
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= The image was produced by X-rays
that were diffracted (deflected) as
they passed through aligned fibers of
purified DNA.

of DNA.
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= Rosalind Franklin's arrangement was
appealing because it put the
negatively charged phosphate groups facing the aqueous surroundings,
while the relatively hydrophobic nitrogenous bases were hidden in the
interior.
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= Notes about Watson and Crick model
a. The two sugar-phosphate backbones are antiparallel—that is, their subunits
run in opposite directions ladder to form a helix.
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b. Franklin's X-ray data indicated that the helix makes one full turn every 3.4
nm along its length.
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c. The bases stacked just 0.34 nm apart; there are ten layers of base pairs, or
rungs of the ladder, in each full turn of the helix.
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Y Figure 16.8 Base pairing in DNA.
d. Adenine binds complementary to H N 0N

\
thymine by two hydrogen bonds, AN f\ﬂN_H...N} )
\ /
while guanine binds to cytosine by Sudr '"”‘}_ \g Sugar "=<N7H_”O>_”\
three. Sugar W

7 <« Figure 16.6 Rosalind Franklin
and her X-ray diffraction photo

Adenine (A) Thymine (T) Guanine (G) Cytosine (C)
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e. A hydroxyl group is found at the 3’ end while a phosphate group is found at

the 5’ end.
DNA can be illustrated in many ways, but all diagrams represent |,5, o S R vy et DNA 3'end
the same basic structure. The level of detail shown depends on I e =5
nucleotide Sugar-phosphate
the process or the type of information being conveyed. I o m 5 "‘"‘"““‘ gbafkboﬁe
| o” P'b Niuogem base \
L : ‘ oH
3 - - Bases ;,
f Structural Images g 2&;33?1""'
These structural images show N 07 : CHy
the three-dimensional shape . W% T S‘Z"ﬁm:::ﬁ 'frhf:fhhag bonds Hnk \o\ -
of the DNA double helix (left) \ BT
3 3 a5 07 %
and chemical details of DNA's " o
structure (right). Both images ” 5 cu
use the same colors for L0 : 2
- Hydrogen bonds (dotted lines) between
phosPhate groups (yellow), one full o nltyrige%mus bases holrl the strands together.
deoxyribose sugars (blue), and turn every ”?( 0’
nitrogenous bases (shades of green 10 base palrs
and orange). (3.4 nm) & I+
)P’ © Van der Wuls lnteracborrs between stacked \ %
The DNA double helix is o\ base pairs hclp hold the molecule together. \P,cr
right-handed, as shown HyC et o \30
in this computer-generated _OH )
space-filling model. Use attached to .. 3
your right hand as shownto SRSl ---WR_--%= _----- I carbon  -=OH 50\'1
follow the sugar-phosphate 3" end \, o
t(u;kbom TP :;e helix dto Here, the two DNA strands are shown untwisted so it's easier to see 07 $
ﬂ:e b:E'; haw".?{o: : k the chemical details. Note that the strands are antiparallel—they are

with your left hand.)

Diameter 2 nm

oriented in opposite directions, like the lanes of a divided street. 5'end

@) Describe the bonds that hold together the nucieotides in one DNA strand. Then

compare them with the bonds that hold the two DNA strands together.

Simplified Images When molecular detail is not necessary, DNA is portrayed in a range

IR

Nitrogenous
" bases

Sugar-
phosphate
backbone

of simplified diagrams, depending on the focus of the figure.
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W
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The "“ribbons” in these simplified double helix

diagrams represent the sugar-phosphate backbones.

These flattened “ladder style" diagrams of DNA depict the sugar-phosphate
backbones like the side rails of a ladder, with the base pairs as rungs. Light
blue is used to indicate the more recently synthesized strand.

e Compare the information conveyed in the three ladder diagrams.

Sometimes the
double-stranded
DNA molecule is
shown simply as
two straight lines.

v The nitrogenous bases of the double helix are paired in specific combinations:
adenine (A) with thymine (T), and guanine (G) with cytosine (C). It was mainly
by trial and error that Watson and Crick arrived at this key feature of DNA.

Uasillg do,20)) UM (pe Aty Auidl delgall o L3I 1A ) bySh 0gundly Oledladl Juo g

v" Adenine and guanine are purines, nitrogenous bases with two organic rings,
while cytosine and thymine are nitrogenous bases called pyrimidines, which




have a single ring. Pairing a purine with a pyrimidine is the only combination
that results in a uniform diameter for the double helix.
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: O O : Pyrimidine + pyrimidine: too narrow
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! ' Purine + pyrimidine: width
) consistent with X-ray data
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= The Watson - Crick Model took into account Chargaff's ratios and ultimately
explained them.
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= Wherever one strand of a DNA molecule has an A, the partner strand has a
T. Similarly, a G in one strand is always paired with a Cin the
complementary strand. Therefore, in the DNA of any organism, the amount
of adenine equals the amount of thymine, and the amount of guanine
equals the amount of cytosine.
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= The beauty of the double helix model was that the structure of DNA
suggested the basic mechanism of its replication.
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= |n asecond paper, Watson and Crick stated their hypothesis for how DNA
replicates
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= The DNA molecule is composed of two chains that are complementary to
each other. In order for DNA to replicate, these two chains must be
separated by breaking the hydrogen bonds between them. After separating
them, each chain will serve as a template chain for the formation on to
itself of a new companion chain. Where there was one double-stranded
DNA molecule at the beginning of the process, there are now two, each an
exact replica of the “parental” molecule.
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(a) The parental molecule has two complemen- = (b) First, the two DNA strands are separated. (<) Nucleotides complementary to the parental
tary strands of DNA. Each base is paired by Each parental strand can now serve as a (dark blue) strand are connected to form the
hydrogen bonding with its specific partner, template for a new, complementary sugar-phosphate backbones of the new
A with T and G with C. strand. “daughter” (light blue) strands.

= The new strands are called “Daughter” strands while the old strands are
called “Parent” strands.

= The two strands are complementary; each stores the information necessary
to reconstruct the other

= There are three alternative models for DNA replication. Only one is correct.
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1. The conservative model: in which the two parental strands somehow come
back together after the process (that is, the parental molecule is conserved).
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2. Semi-conservative mode: each of the
two daughter molecules will have
one old strand, from the parental
molecule, and one newly made
strand.
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3. Dispersive model: all four strands of
DNA following replication have a
mixture of old and new DNA
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v" Watson and Crick’s model predicts

First Second
Parent cell replication replication

(a) Conservative model.

The two parental
strands reassociate

after acting as

templates for new m
strands, thus

restoring the

parental double

helix.

(b) Semiconservative model.

The two strands ,\/'\
of the parental

molecule separate,

and each functions m
as a template for

synthesis of a new,
complementary

strand.
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(c) Dispersive model. ~N (I

Each strand of

both daughter I\\ 7( <

molecules con- A A

tains a mixture of m

old and newly

synthesized DNA. o / \ I\ x
wAS U ~ /
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that when a double helix replicates, each of the two daughter molecules will
have one old strand, from the parental molecule, and one newly made strand.
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= Matthew Meselson and Franklin Stahl designed a clever experiment that
distinguished between the three models:
= The bacterium used in their experiment is E. coli.

1) They cultured E. coli for several generations in a medium containing nucleotide
precursor labeled with a heavy isotope of nitrogen, *°N.
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2) They then transferred the bacteria to a medium with only N a lighter isotope.
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They took one sample after the first DNA replication and another after the second
replication. They extracted DNA from the bacteria in the samples and then
centrifuged each DNA sample to separate DNA of different densities.
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@ Bacteria © Bacteria
cultured in transferred
mM%ﬂ —_— mm%Mm
with >N o — with "N
(heavy (- (lighter
isotope) isotope)
Results / \
€) DNA sample @) DNA sample Less
centrifuged centrifuged dense
after first after second |2
replication replication More
dense

< Conclusion:

v" The first replication in the **N medium produced a band of hybrid (**N -*N )
DNA. This result eliminated the conservative model.
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v The second replication produced
both light and hybrid DNA, a result
that refuted the dispersive model
and supported the
semiconservative model.

23 DNA olojer i cL“;L‘.M cacladl da
-15N314N &‘ﬁ LSFi ‘__»__,Li:‘j_?j 14N laga
@ly Ladlxall duds Z3 g0l daeaiid] 042 Consd
gl et o) )

Predictions: First replication

X

=1 }\y}\\ =

Second replication

Conservative
model

Semiconservative
model

e \

AV

Dispersive
model

= The bacterium E. coli has a single chromosome of about 4.6 million nucleotide
pairs. In a favorable environment, an E. coli cell can copy this entire DNA and




divide to form two genetically identical daughter cells in considerably less than
an hour.
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= Each of your somatic cells has 46 DNA molecules in its nucleus, one long

double-helical molecule per chromosome. In all, that represents about 6 billion
nucleotide pairs, or over 1,000 times more DNA than is found in most bacterial

cells.
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= The replication of chromosomal DNA begins at particular sites called origins of

replication.
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= Qrigin of replication: short stretches of DNA that has a specific sequence of
nucleotides which the replication of DNA starts from it.
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= The following figure shows the replication of bacterial DNA:
v The bacterial chromosome (Such as E. coli) is circular and has a single origin.

880,41 LSl S LSl bl elhzas
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v’ Proteins that initiate DNA replication
recognize this sequence and attach to

the DNA, separating the two strands and

opening up a replication "bubble"
Replication of DNA then proceeds in

both directions until the entire molecule

is copied.

(a) Origin of replication in an E. coli cell

Origin of Parental (template) strand
replication Daughter (new) strand

Double-
stranded
DNA molecule

Repllcat|0n fork

Rephcatlon
bubble

Two daughter
DNA molecules \ /
—

—
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= The following figure shows the replication of eukaryotic DNA:
v i i . .
A eukaryotlc chromosome is Origin of {ephcatlon /Double—stranded DNA molecule
linear and may have hundreds -
or even a few thousand Parental (template) strand ‘ Daughter (new) strand
replication origins.
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v' Proteins that initiate DNA |
replication recognize this
sequence and attach to the
DNA, separating the two strands
and opening multiple replication bubbles which eventually fuse, thus
speeding up the copying of the very long DNA molecules.
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Two daughter DNA molecules

v DNA replication proceeds in both directions from each origin.
Aclaa)l oda (e (ol S § Caclaill ddes pasud

= At each end of a replication bubble is a replication fork, a Y-shaped region
where the parental strands of DNA are being unwound.
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* Enzymes involved in DNA replication caclad ddeas (§ J3-5 (&l Ol

A. Helicase: an enzyme that untwists the double helix at the replication forks,
separating the two parental strands and making them available as template
strands.
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B. Single-strand binding proteins: bind to the unpaired DNA strands, keeping them
from re-pairing.
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C. Topoisomerase: enzyme that helps relieves this strain by breaking, swiveling,
and rejoining DNA strands ahead of replication fork.

. sLJ1 ol 4> | s | 3 UV A dely  Topoisomerase breaks, swivels,  Primase synthesizes RNA
(Sl @ . ? B ‘3 Pf_)-’)’ = and rejoins the parental DNA primers, using the parental

dll 3 3 ‘5‘-\” é.bb.oj‘ ‘3 “ideedodd) M dy} ahead of the replication fork, DNA as a template.

reiieying the strain caused by
Logann gl 3le o3 replication fork  Unwinding.
D. Primase: an enzyme that synthesizes
RNA primers, using the parental DNA as 5’.
a template. 4 Jalk
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. . . Helicase unwinds
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= The unwound sections of parental DNA strands are now available to serve as
templates for the synthesis of new complementary DNA strands. However, the
enzymes that synthesize DNA cannot initiate the synthesis of a polynucleotide;

they can only add DNA nucleotides to the end of an already existing chain that
is base-paired with the template strand.

o 56 Jgganad) @3 Ly Ao Jusdlao ¢35 LIS O (i) guaiall ciibuadaad! pluscian! (Ko
eI dladye Adind 10 98500 d8Ls] Jadd diSes cdunilo Caelaill ddos Ty 48 Y DNA U
S o 1 Aadandy

-<— Replication

= The initial nucleotide chain that is produced during DNA synthesis is actually a
short stretch of RNA, not DNA. This RNA chain is called a primer and is
synthesized by the enzyme primase.
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Primase starts a complementary RNA chain with a single RNA nucleotide and
adds RNA nucleotides one at a time, using the parental DNA strand as a
template.
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The completed primer, generally 5-10 nucleotides long, is thus base-paired to
the template strand. The new DNA strand will start from the 3’ end of the RNA
primer.
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Enzymes called DNA polymerases catalyze the synthesis of new DNA by adding
nucleotides to the 3’ end of a preexisting chain. In E. coli, there are several
DNA polymerases, but two appear to play the major roles in DNA replication:
DNA polymerase Ill and DNA polymerase I. The situation in eukaryotes is more
complicated, with at least 11 different DNA polymerases discovered so far.
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The rate of elongation is about 500 nucleotides per second in bacteria and 50
per second in human cells.
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Each nucleotide is composed of a deoxyribose, a nitrogenous base and three

phosphate groups which is similar to the structure of ATP except that ATP is

composed of a ribose not deoxyribose.
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oc ATP = Ribose.
o« dATP = deoxyribose.
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The nucleotides used for DNA synthesis are chemically reactive, partly

because their triphosphate tails have an unstable cluster of negative charge.
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DNA polymerase catalyzes the addition of each monomer via a dehydration

reaction. As each monomer is joined to the growing end of a DNA strand, two

phosphate groups are lost as a molecule of pyrophosphate (P— Pi).

New strand Template strand
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Sugar

263z S Jo Olaugd aegaza .
.DNA J! ddd di3Ls! wie pyrophosphate
Subsequent hydrolysis of the m /

merase| ' *
pyrophosphate to two molecules of T,
inorganic phosphate (Pi) is a coupled @ PP, 03,
exergonic reaction that helps drive the . S phosphate
polymerization reaction. nUceotide 5 v o
20),
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The two strands of DNA in a double helix are antiparallel, meaning that they
are oriented in opposite directions to each other. Therefore, the two new
strands formed during DNA replication must also be antiparallel to their
template strands.

DNA polymerases can add nucleotides only to the free 3’ end of a primer or
growing DNA strand, never to the 5’ end.
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= A new DNA strand can elongate only in the 5’ = 3’ direction.
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Now let’s discuss the steps of replication:

v First! Helicase untwists the two strands of DNA in order for them to serve as

template strands.
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v" Molecules of single strand binding protein Overview
stabilize the unwound template strands. Leading srang " PN 1agging strana
o daslall glladil am Judludl bLEYL Oy 0o 7 _'>>i£_/<—
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of replication
v Along one template strand, Primase adds -
€ After RNA primer is made, Origin of

on |y one primer. DNA pol III starts to synthesize replication

the leading strand.
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o DNA polymerase Ill can synthesize a ’ /C:ﬂ

Helicase

complementary strand continuously by Fvenil DHA I
elongating the new DNA in the mandatory 5’
—> 3’ direction. DNA pol lll remains in the
replication fork on that template strand and s - @‘ ‘

. . 3,,IIIII - The leading strand is
continuously adds nucleotides to the new & .@ S R —
complementary strand as the fork e R —
progresses.
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RNA primer
Sliding clamp

DNA pol 111
L

o The DNA strand made by this mechanism is called the leading strand. Only
one primer is required for DNA pol Il to synthesize the entire leading strand.
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v" Notice that there’s a sliding clamp which moves DNA pol Ill along the DNA
template strand.
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v Along the other template strand, Primase adds more than one primer:




o To elongate the other new strand of DNA
in the mandatory 5’ S 3' direction, DNA pol
[l must work along the other template
strand in the direction away from the
replication fork.
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o The DNA strand elongating in this
direction is called the lagging strand.

Jagging strand (s ol iy ds giuacll Al

o In contrast to the leading strand, which
elongates continuously, the lagging strand
is synthesized discontinuously, as a series
of segments.
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Overview

Origin of replication

Leading strand Lagging strand

lagging strand s

— ) f
- L,
Leading strand

Overall directions
% of replication »

@ Primase joins RNA
nucleotides into a primer. Primer for
Originof  leading

replication  strand
o ) .
3
Template — ? o /.3-
strand 5
1
N

€ DNA pol 111 adds
l DNA nucleotides to
RNA primer the primer, forming

for fragment 1 Okazaki fragment 1.
/L 1/'/
/
5 ™
m' l.. 5 a3
P-4
€) After reaching the

next RNA primer to | I-"
the right, DNA pol Il | ——————
detaches. | *

Okazaki fragment 1 3

m

12

5

RNA primer
for fragment 2 l
Fragment 2 is primed.
Okazaki | Then DNA pol III adds DNA
/1ragmcnl 2 //" nucleotides, detaching when it
- reaches the fragment 1 primer.
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o These segments of the lagging strand are called Okazaki fragments, after Reiji
Okazaki, the Japanese scientist who discovered them.
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o The fragments are about 1,000-2,000 nucleotides long in E. coli and 100-200

nucleotides long in eukaryotes.
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o Each Okazaki fragment requires a primer.
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v’ After DNA polymerase Il is done, another DNA polymerase, DNA pol |,
replaces the RNA nucleotides of the adjacent primer with DNA nucleotides

one at a time.
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v DNA pol | cannot join the final nucleotide of this replacement DNA segment
to the first DNA nucleotide of the adjacent Okazaki fragment. Another

enzyme, DNA ligase, accomplishes

this task, joining the sugar-phosphate

backbones of all the Okazaki
fragments into a continuous DNA
strand.
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* © DNA pol 1 replaces the RNA
3 with DNA, adding nucleotides
to the 3’ end of fragment 1
(and, later, of fragment 2).
| 3

‘: L m
DNA ligase forms
a bond between the
newest DNA and the l
DNA of fragment 1.

sugar- om day ($lg DNA ligase (o

Aldee 098 adaitll U phosphate backbone
Aaie 5u=1gDNA

a s

Apr—— ( yerall direction of replication

oc Note! Synthesis of the leading strand and synthesis of the lagging strand
occur concurrently and at the same rate.

gl uiing Jdaall Luiss (lagging and leading) cniludd! WS dcluo @

= Summary of bacterial DNA replication:

Ny vl repuicauon

Leading strand Lagging strand
e iy Leadig suand - =
in the 5’ to 3’ direction template — b ~
€ Molecules of single- by DNA pol I11. — " 30
strand binding protein [ — - I et
stabilize the unwound -
template strands. [ Lagging strand
i ‘| Overall directions 5
\ of replication
gw": ﬁggatsr?e f \ ! Leading strand epl
parental
double helix. ,
® ic DNA pol 111
\\ Primer  Primase
> 5\ 7
Parental DNA ,‘ 4
DNA pol 111
5
Lagging strand DNA pol | DNA ligase
| -—b— 3

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

\
Lagging strand/ - 5
template

© DNA pol I11 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 1 removes the primer € DNA ligase joins the
from the 5’ end of fragment 2, 3" end of fragment 2
replacing it with DNA nucleotides to the 5° end of

added one by one to the 3’ end of fragment 1.

fragment 3. After the last addition,

the backbone is left with a free

3’ end.

Tt
15’

© The lagging
3% strand in this region
Is now complete.
o —

E
Lo




= Bacterial DNA Replication Proteins and Their functions (Important):

Table 16.1 Bacterial DNA Replication Proteins and Their

Functions
Protein
Helicase o 3
5 *
A3
e e
5

Single-strand binding
protein 5-% 3

Topoisomerase

5 3
=

Primase
i TES
> ‘.85!
DNA pol 11
5 3
]
3
DNA pol |
5 i
3" 5
DNA ligase

&

e The DNA Replication Complex

= |tis traditional—and convenient—to represent DNA polymerase molecules
as locomotives moving along a DNA railroad track, but such a model is

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

inaccurate in two important ways.
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(1) The various proteins that participate in DNA replication actually form a single

large complex, a “DNA replication machine."
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. DNA replication machine el

o Many protein-protein interactions facilitate the efficiency of this complex.
For example, by interacting with other proteins at the fork, primase
apparently acts as a molecular brake, slowing progress of the replication fork




and coordinating the placement of primers and the rates of replication on
the leading and lagging strands.
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(2) The DNA replication complex may not move along the DNA; rather, the DNA
may move through the complex during the replication process.
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o In eukaryotic cells, multiple copies of the complex, perhaps grouped into
"factories," may be anchored to the nuclear matrix.
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o Experimental evidence in some type of cells supports a model in which two
DNA polymerase molecules, one on each template strand, "reel in" the
parental DNA and extrude newly made daughter DNA molecules (Trombone
model).

oc In this so-called trombone model, the lagging strand is also looped back
through the DNA.

Leading strand template

DNA pol 111 ‘

Parental DNA s ¢ " —leading strand

Connecting protein-__
DNApolll=——— 4

Lagging———
strand
template




= |nitial pairing errors between incoming nucleotides and those in the
template strand occur at a rate of one in 105 nucleotides. However, errors
in the completed DNA molecule amount to only one in 1010 (10 billion)
nucleotides, an error rate that is 100,000 times lower, why?
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v" This is because during DNA replication, many DNA polymerases proofread
each nucleotide against its template as soon as it is covalently bonded to the
growing strand. Upon finding an incorrectly paired nucleotide, the
polymerase removes the nucleotide and then resumes synthesis.
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v Mismatched nucleotides sometimes evade proofreading by a DNA
polymerase. In mismatch repair, other enzymes remove and replace
incorrectly paired nucleotides that have resulted from replication errors.
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o Researchers highlighted the importance of such repair enzymes when they
found that a hereditary defect in one of them is associated with a form of
colon cancer. Apparently, this defect allows cancer-causing errors to
accumulate in the DNA faster than normal.
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= |Incorrectly paired or altered nucleotides can also arise after replication.
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v" DNA molecules are constantly subjected to potentially harmful chemical and
physical agents, such as X-rays.
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= DNA bases may undergo spontaneous chemical changes under normal
cellular conditions.
Adsl) Aunall Bl (§ A3 43LasS i) DNA ) eiss (2 o3

= However, these changes in DNA are usually corrected before they become
permanent changes—mutations—perpetuated through successive
replications.
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= Each cell continuously monitors and repairs its genetic material. Because
repair of damaged DNA is so important to the survival of an organism, it is
no surprise that many different DNA repair enzymes have evolved. Almost

100 are known in E. coli, and about 170 have been identified so far in
humans.
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* One DNA repair system is called nucleotide excision repair:
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v" An important function of the DNA repair enzymes in our skin cells is to repair
genetic damage caused by the ultraviolet rays of sunlight.
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v One type of damage is the covalent linking of thymine bases that are
adjacent on a DNA strand. Such thymine dimers cause the DNA to buckle and
interfere with DNA replication.
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© Teams of enzymes detect
| and repair damaged DNA,

5, Cen 3 such as this thymine dimer
(often caused by ultraviolet
3 5 radiation), which distorts

the DNA molecule.

Nuclease l @ A nuclease enzyme cuts

7| the damaged DNA strand at
two points, and the damaged
, | section is removed.

DNA €) Repair synthesis by
I a DNA polymerase
polymerase fills in the missing

\ nucleotides, using the
5 3 |undamaged strand
as a template.
3" 5

DNA
ligase @ DNA ligase seals the
free end of the new DNA
3' [to the old DNA, making the
strand complete.
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o The importance of repairing this kind of damage is underscored by a disorder
called xeroderma pigmentosum (XP), which in most cases is caused by an
inherited defect in a nucleotide excision repair enzyme.

o Individuals with XP are hypersensitive to sunlight; mutations in their skin cells
caused by ultraviolet light are left uncorrected, often resulting in skin cancer.
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o« The effects are extreme: Without sun protection, children who have XP can

develop skin cancer by age 10.
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= How DNA is packaged into chromosomes?




= Bacterial chromosome = one double-stranded, circular DNA molecule that
is associated with a small amount of protein.
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= Eukaryotic chromosome = one linear DNA molecule associated with a
large amount of protein
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= Stretched out, the DNA of an E. coli cell would measure about a millimeter
in length, which is 500 times longer than the cell. Within a bacterium,
however, certain proteins cause the chromosome to coil and “supercoil,”
densely packing it so that it fills only part of the cell.
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* |n bacterial cells, the DNA is located within a dense region called the
nucleoid, which is not bounded by membrane.
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= Each eukaryotic chromosome contains a single linear DNA double helix
that, in humans, averages about 1.5 * 108 nucleotide pairs. This is an
enormous amount of DNA relative to a chromosome's condensed length. If
completely stretched out, such a DNA molecule would be about 4 cm long,
thousands of times the diameter of a cell nucleus—and that's not even
considering the DNA of the other 45 human chromosomes!

79 1.5 *10% 50 055k Jas 19 DNA sS3 oy B9l &b LISII (3 pgangeg,SIl 095
DNAJ! sy 33 I 3 3309, Usb (30 50 #ST DNA Ul 85 oo -l sl (30
Bl o) Al (§ Az T (s VT Lo g el 8195 ad Cano all (6 o 4 gl dgo O dmis

P3s909,S 46

= |n the cell, eukaryotic DNA is precisely combined with a large amount of
protein. Together, this complex of DNA and protein, called chromatin, fits
into the nucleus through an elaborate, multilevel system of packing.
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double helix
(2 nm in diameter)

DNA, the double helix

Shown above is a ribbon model of
DNA, with each ribbon representing
one of the polynucleotide strands.
Recall that each phosphate group along
the backbone contributes a negative
charge along the outside of each strand.
The TEM shows a molecule of naked
(protein-free) DNA; the double helix
alone is 2 nm across.
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Histones

Histones

Proteins called histones are responsible for
the first level of DNA packing in chromatin.
Although each histone is small —containing
only about 100 amino acids—the total mass of
histone in chromatin roughly equals the mass
of DNA. More than a fifth of a histone’s amino
acids are positively charged (lysine or arginine)
and therefore bind tightly to the negatively
charged DNA.

Four types of histones are most common
in chromatin. The histones are very similar
among eukaryotes; for example, histones of the
same type in cows and pea plants differ by only
two amino acids. The apparent conservation of
histone genes during evolution probably reflects
the important role of histones in organizing
DNA within cells.

These four types of histones are critical to
the next level of DNA packing. (A fifth type of
histone is involved in a further stage of packing.)

Y
Nudleosome
(10 nm in diameter)

Histone tail

Nucleosomes, or “beads on a
string” (10-nm fiber)

In electron micrographs, unfolded chromatin
is 10 nm in diameter (the Iﬂ-nmﬁber). Such
chromatin resembles beads on a string (see
the TEM). Each “bead” is a nucleosome,

the basic unit of DNA packing; the “string”
between beads is called linker DNA.

A nucleosome consists of DNA wound
twice around a protein core of eight histones,
two each of the main histone types. The amino
end (N-terminus) of each histone (the histone
tail) extends outward from the nucleosome.

In the cell cycle, the histones leave the
DNA only briefly during DNA replication.
Generally, they do the same during the process
of transcription, which also requires access to
the DNA by the cell’s molecular machinery.
Nucleosomes, and in particular their histone
tails, are involved in the regulation of gene
expression.
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30-nm fiber

The next level of packing results from
interactions between the histone tails

of one nucleosome and the linker DNA

and nucleosomes on either side. The fifth
type of histone is involved at this level.
These interactions cause the extended
10-nm fiber to coil or fold, forming a
chromatin fiber roughly 30 nm in thickness,
the 30-nm fiber. Although the 30-nm fiber
is quite prevalent in the interphase nucleus,
the packing arrangement of nucleosomes in
this form of chromatin is still a matter of

some debate.
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Looped domains
(300-nm fiber)

The 30-nm fiber, in turn, forms loops called
looped domains attached to a chromosome
scaffold composed of proteins, thus making
up a 300-nm fiber. The scaffold is rich in one
type of topoisomerase.
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300-nm fiber

Replica;dx\’
chromosome

(1,400 nm)

Metaphase chromosome

In a mitotic chromosome, the looped
domains themselves coil and fold in a
manner not yet fully understood, further
compacting all the chromatin to produce the
characteristic metaphase chromosome (also
shown in the micrograph above). The width
of one chromatid is 700 nm. Particular genes
always end up located at the same places in
metaphase chromosomes, indicating that the

packing steps are highly specific and precise.
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= Chromatin undergoes striking changes in its degree of packing during the

course of the cell cycle.
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v In interphase cells, the chromatin usually appears
as a diffuse mass within the nucleus, suggesting
that the chromatin is highly extended. This type of
chromatin is called heterochromatin.
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v As a cell prepares for mitosis, its chromatin coils

and folds up (condenses), eventually forming a characteristic number of short,
thick metaphase chromosomes that are distinguishable from each other with
the light microscope. This type of chromatin is called euchromatin.
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(b) The ability to visually distinguish among chromosomes makes it
possible to see how the chromosomes are arranged in the interphase
nucleus. Each chromosome appears to occupy a specific territory
during interphase. In general, the two homologs of a pair are not
located together.

(a) These metaphase
chromosomes have been
“painted” so that the two
homologs of a pair are the
same color. Above is a
spread of treated
chromosomes; on the right,
they have been organized
into a karyotype.




