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Figure	1.	
The	 scientists	 responsible	 for	
determining	 the	 structure	 of	
DNA	 are	 Rosalind	 Franklin,	
Maurice	 Wilkins,	 Francis	 Crick	
and	 James	 Watson	 (left	 to	
right).	 Although	 the	 work	 was	
published	 in	 1953,	 Wilkins,	
Crick,	and	Watson	received	the	
Nobel	 Prize	 in	 Physiology	 or	
Medicine	 in	 1962,	 after	
Franklin	 had	 died	 in	 1958	 of	
ovarian	cancer.	

From	left	to	right	
(Wikipedia-Unknown-PD)	
(Wikipedia-Unknown-PD)	
(Wikiepdia-Marc	Lieberman-CC	BY	
2.5)	
(Wikipeida-Cold	 Spring	 Harbor	
Laborator-PD)	
Bottom:	
(Wikipedia-Michael	 Ströck-CC	 BY-
SA	3.0)	

INTRODUCTION	
One	 of	 the	 fundamental	 things	 to	 know	 when	
studying	genetics	is	the	basic	structure	of	DNA	and	
how	 it	 is	 replicated.	 DNA	 is	 the	 “blueprint”	 that	
contains	all	the	instructions	for	making	the	proteins	
that	 each	 cell	 needs,	 whether	 it	 is	 a	 single	 celled	
bacterium	or	a	multicellular	organism	like	humans.	
J.	 Watson,	 F.	 Crick,	 and	 M.	 Wilkins	 received	 the	
Nobel	Prize	 (1962)	 for	discovering	the	structure	of	
DNA.	(R.	Franklin	might	have	also	received	the	prize	
for	this	discovery,	but	she	died	in	1958.)	

The	basic	structure	of	DNA	provides	insight	into	its	
function.	The	main	features	of	its	structure	are	that	
it	 can	 reliably:	 (1)	 reproduce	 exact	 copies	 of	 this	
information	to	pass	on	to	descendant	cells,	and	(2)	
use	 the	 information	 to	 create	 proteins	 that	
produce	and	regulate	the	biochemistry	of	 the	cell.	
Remember	 however,	 DNA	 within	 the	 cell	 is	 more	
than	 just	 a	 loose	 strand	 within	 the	 nucleus.	 DNA	
interacts	with	proteins	and	is	packaged	into	higher	
order	 structures	 (chromosomes)	 that	 will	 be	
discussed	later	in	the	textbook	in	Chapter	7.	These	

proteins	 also	 regulate	 the	 expression	 of	 genes	
(information	in	the	DNA).	

This	chapter	will	be	going	through	the	components	
of	 the	 DNA	 molecule,	 how	 the	 double	 helix	
structure	was	discovered,	and	how	the	method	of	
replication	was	discovered.	

1. DNA	STRUCTURE	-	DOUBLE	HELIX	

1.1. NUCLEIC	ACIDS	AND	PHOSPHATE	SUGAR	BACKBONE	
In	 1869	 Johannes	 Friedrich	 Miesher,	 a	 Swiss	
physician	 and	 biologist,	 first	 isolated	 a	 substance	
he	 called	 ‘nuclein’	 from	 the	 nuclei	 of	 a	 human	
white	blood	cell.	He	identified	this	substance	to	be	
weakly	 acidic	 with	 a	 high	 amount	 of	 phosphorus.	
This	 substance,	 after	 being	 further	 purified	 and	
studied	was	 later	 called	deoxyribonucleic	 acid,	 or	
DNA.	 Its	 name	 describes	 the	 three	 characteristics	
of	 the	molecule,	namely	 it	has	a	ribose	sugar	with	
only	one	hydroxyl	group	called	deoxyribose	(Figure	
2),	 it	 is	 found	 in	 the	 nucleus	 of	 a	 cell,	 and	 it	 is	
acidic.	
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After	 purifying	 the	 ‘nuclein’	 to	 DNA	 they	 found	 it	
contained	four	different	subunits	that	are	linked	in	
a	 chain.	 Those	 subunits	 were	 identified	 as	
nucleotides.	 A	 nucleotide	 contains	 three	
components,	 a	 phosphate	 group	 (PO4

3-),	 a	
deoxyribose	 sugar,	 and	 one	 of	 four	 nitrogenous	
bases.	Those	bases	fit	 into	two	groups	based	upon	
their	 structure.	 Purines	 have	 a	 double	 ring	
structure	 and	 include	 adenine	 and	 guanine.	
Pyrimidines	 have	 a	 single	 ring	 structure	 and	
include	 cytosine	 and	 thymine	 (Figure	 2).	 The	
nature	 of	 the	 phosphate	 group	 and	 the	 single	
oxygen	 containing	 group	of	 the	deoxyribose	 sugar	
allows	 each	 nucleotide	 to	 chain	 together,	 forming	
the	long	DNA	strand.	

If	you	notice	in	Figure	2,	one	of	the	nucleotides	has	
each	 carbon	 of	 the	 ribose	 labeled	with	 a	 number	
followed	by	a	prime,	1’-5’.	The	1’	position	is	where	
the	base	 is	 attached.	 The	2’	 position	 is	where	 the	
ribose	is	missing	a	hydroxyl	group.	The	5’	position	is	
attached	to	the	phosphate	group.	When	linked	in	a	
chain,	that	phosphate	group	can	then	link	to	the	3’	
oxygen	 of	 the	 next	 nucleotide	 using	 a	
phosphodiester	 bond.	 When	 a	 chain	 is	 formed,	
there	 will	 always	 be	 two	 termini,	 the	 free	 5’	
phosphate	 and	 the	 free	 3’	 oxygen	 on	 the	 ribose.	
These	 are	 known	 as	 the	 5’	 and	 3’	 ends,	
respectively,	of	the	DNA	strand.		

Ribonucleic	acid	(RNA)	is	like	DNA,	in	that	it	forms	
chains	similarly,	and	has	the	bases	attached	to	the	
same	 carbon.	 The	 extra	 hydroxyl	 group	 at	 the	 2’	
position	causes	it	to	form	a	different	conformation	
than	 DNA,	 becoming	 a	 more	 flexible	 molecule	
(DNA’s	conformation	will	be	described	later	 in	this	
chapter).	 There	 are	 also	 dideoxynucleotides	 that	
are	missing	the	hydroxyl	group	at	both	the	2’	and	3’	
position.	 Because	 of	 this,	 a	 chain	 cannot	 form	 at	
the	3’	carbon,	terminating	the	chain.	This	feature	of	
dideoxynucleotides	 is	 used	 in	 Sanger	 sequencing,	
which	will	be	described	in	Chapter	33.	

	
Figure	2.	
Molecular	 models	 of	 the	 components	 of	 DNA.	 The	 top	
shows	 the	 three	 different	 types	 of	 ribose	 sugar	 found	 in	
nucleic	acids.	The	bottom	shows	the	purine	and	pyrimidine	
nucleotide	 monophosphates.	 Carbon	 numbers	 (1’-5’)	 are	
labeled	on	 the	sugars	and	dAMP.	 (Original-	 L.Canham	-	CC	
BY-NC	3.0)	

1.2. CHARGAFF’S	RULES	
When	Watson	 and	 Crick	 set	 out	 in	 the	 1940’s	 to	
determine	the	structure	of	DNA,	they	already	knew	
that	 DNA	 is	made	 up	 of	 a	 series	 nucleotides	with	
four	 different	 bases:	 adenine	 (A),	 cytosine	 (C),	
thymine	(T),	guanine	(G).	For	DNA,	the	nucleotides	
are	 abbreviated	 as	 dNTPs	 (deoxyribonucleotide	
triphosphates),	 which	 include	 dATP,	 dCTP,	 dGTP,	
and	 dTTP.	 For	 RNA	 they	 are	 abbreviated	 as	NTPs,	
which	include	ATP,	CTP,	GTP,	and	UTP.	Watson	and	
Crick	also	knew	of	Chargaff’s	 Rules,	which	were	a	
set	 of	 observations	 about	 the	 relative	 amount	 of	
each	 nucleotide	 that	 was	 present	 in	 almost	 any	
extract	of	DNA.	Chargaff	had	observed	that	for	any	
given	species,	the	abundance	of	A	was	the	same	as	
T,	and	G	was	 the	 same	as	C.	This	was	essential	 to	
Watson	&	Crick’s	model.		

Ribose Deoxyribose Dideoxyribose

deoxyadenosine 5'-monophasphate 
(dAMP)

deoxyguanosine 5'-monophasphate 
(dGMP)

deoxycytidine 5'-monophasphate 
(dCMP)

deoxythymidine 5'-monophasphate 
(dTMP)

Purine nucleotides

Pyrimidine nucleotides
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Figure	3.	
Chemical	 structure	 of	 two	 pairs	 of	 nucleotides	 in	 a	
fragment	 of	 double-stranded	 DNA.	 Sugar,	 phosphate,	 and	
bases	A,C,G,T	are	 labeled.	Hydrogen	bonds	between	bases	
on	opposite	 strands	are	 shown	by	dashed	 lines.	Note	 that	
the	 G-C	 pair	 has	 more	 hydrogen	 bonds	 than	 A-T.	 The	
polarity	of	each	strand	is	indicated	by	the	labels	5’	and	3’.		
(Wikipedia-	Madeleine	Price	Ball	-	CC0	1.0)	

1.3. THE	DOUBLE	HELIX	
Using	 proportional	metal	models	 of	 the	 individual	
nucleotides,	Watson	and	Crick	deduced	a	structure	
for	DNA	 that	was	 consistent	with	Chargaff’s	 Rules	
and	 with	 x-ray	 crystallography	 data	 that	 was	
obtained	 (with	 some	 controversy)	 from	 another	
researcher	named	Rosalind	Franklin.	In	Watson	and	
Crick’s	 famous	 double	 helix,	 each	 of	 the	 two	
strands	 contains	 DNA	 bases	 connected	 through	
covalent	 bonds	 to	 a	 sugar-phosphate	 backbone	
(Figure	 1	 and	 Figure	 3)	 Because	 one	 side	 of	 each	
sugar	molecule	is	always	connected	to	the	opposite	
side	 of	 the	 next	 sugar	 molecule,	 each	 strand	 of	
DNA	has	polarity:	these	are	called	the	5’	(5-prime)	
end	 and	 the	 3’	 (3-prime)	 end.	 The	 two	 strands	 of	
the	double	helix	 run	 in	anti-parallel	 (i.e.	opposite)	
directions,	with	 the	5’	 end	of	one	 strand	adjacent	
to	the	3’	end	of	the	other	strand.	The	double	helix	
has	 a	 right-handed	 twist,	 (rather	 than	 the	 left-

handed	 twist	 that	 is	 often	 represented	 incorrectly	
in	popular	media).	The	DNA	bases	extend	from	the	
backbone	 towards	 the	 center	 of	 the	 helix,	 with	 a	
pair	 of	 bases	 from	 each	 strand	 forming	 hydrogen	
bonds	 that	help	 to	hold	 the	 two	strands	 together.	
Because	 of	 the	 structure	 of	 the	 bases,	 A	 can	 only	
form	hydrogen	bonds	with	T,	and	G	can	only	form	
hydrogen	 bonds	 with	 C	 (remember	 Chargaff’s	
Rules).	 Each	 strand	 is	 therefore	 said	 to	 be	
complementary	 to	 the	 other,	 and	 so	 each	 strand	
also	 contains	 enough	 information	 to	 act	 as	 a	
template	 for	 the	 synthesis	 of	 the	 other.	 This	
complementary	 redundancy	 is	 important	 in	 DNA	
replication	and	repair.	

Under	 most	 conditions,	 the	 two	 strands	 in	 the	
double	 helix	 are	 slightly	 offset,	 which	 creates	 a	
major	groove	on	one	face,	and	a	minor	groove	on	
the	other.	In	Figure	1,	notice	how	if	you	look	along	
the	bottom	edge	of	the	figure	you	it	makes	a	wave	
pattern,	 with	 a	 large	 dip	 followed	 by	 a	 small	 dip,	
followed	by	a	 large	dip.	That	 is	where	you	can	see	
the	 major	 and	 minor	 grooves.	 These	 grooves	
provide	access	for	transcription	regulating	proteins	
(transcription	 factors),	 which	 bind	 to	 specific	
sequences	of	bases	along	the	DNA.		

2. SEMI-CONSERVATIVE	REPLICATION	(VS.	
CONSERVATIVE,	DISPERSIVE)	

From	 the	 complementary	 strands	 model	 of	 DNA,	
proposed	by	Watson	and	Crick	in	1953,	there	were	
three	 straightforward	 possible	 mechanisms	 for	
DNA	 replication:	 (1)	 semi-conservative,	 (2)	
conservative,	and	(3)	dispersive	(Figure	4).		

The	 semi-conservative	 model	 proposes	 the	 two	
strands	 of	 a	 DNA	 molecule	 separate	 during	
replication	 and	 then	 strand	acts	 as	 a	 template	 for	
synthesis	of	a	new,	complementary	strand.	

The	 conservative	 model	 proposes	 that	 the	 entire	
DNA	 duplex	 acts	 as	 a	 single	 template	 for	 the	
synthesis	of	an	entirely	new	duplex.	

The	 dispersive	 model	 has	 the	 two	 strands	 of	 the	
double	helix	breaking	into	units	that	which	are	then	
replicated	and	reassembled,	with	the	new	duplexes	
containing	alternating	segments	from	one	strand	to	
the	other.	
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Figure	4.	
The	 three	 models	 of	 DNA	 replication	 possible	 from	 the	
double	helix	model	of	DNA	structure.	
(Wikipedia-Adenosine-	CC	BY-SA	2.5)	

Each	 of	 these	 three	 models	 makes	 a	 different	
prediction	 about	 the	 how	 DNA	 strands	 should	 be	
distributed	 following	 two	 rounds	 of	 replication.	
These	 predictions	 can	 be	 tested	 in	 the	 following	
experiment	 by	 following	 the	 nitrogen	 component	
in	DNA	in	E.	 coli	as	 it	goes	through	several	rounds	
of	 replication.	 Two	 scientists,	Meselson	 and	 Stahl	
in	1958,	used	different	isotopes	of	Nitrogen,	which	
is	a	major	component	in	DNA.	Nitrogen-14	 (14N)	 is	
the	 most	 abundant	 natural	 isotope,	 while	
Nitrogen-15	(15N)	is	rare,	but	also	denser.	Neither	is	
radioactive;	each	can	be	followed	by	a	difference	in	
density	–	“light”	14	vs	“heavy”	15	atomic	weight	in	
a	CsCl	density	gradient	ultra-centrifugation	of	DNA.	

The	experiment	starts	with	E.	coli	grown	for	several	
generations	on	medium	containing	only	15N.	 It	will	
have	 denser	 DNA.	When	 extracted	 and	 separated	
in	 a	 CsCl	 density	 gradient	 tube,	 this	 “heavy”	 DNA	
will	move	 to	 a	 position	 nearer	 the	 bottom	 of	 the	
tube	in	the	more	dense	solution	of	CsCl	(left	side	in	
Figure	 5).	 DNA	 extracted	 from	 E.	 coli	 grown	 on	
normal,	 14N	 containing	medium	will	migrate	more	
towards	the	less	dense	top	of	the	tube.	

If	 these	 E.	 coli	 cells	 are	 transferred	 to	 a	 medium	
containing	only	14N,	the	“light”	isotope,	and	grown	
for	 one	 generation,	 then	 their	 DNA	 will	 be	

composed	of	 one-half	 15N	 and	one-half	 14N.	 If	 the	
this	 DNA	 is	 extracted	 and	 applied	 to	 a	 CsCl	
gradient,	 the	 observed	 result	 is	 that	 one	 band	
appears	at	the	point	midway	between	the	locations	
predicted	 for	wholly	 15N	DNA	and	wholly	 14N	DNA	
(Figure	 5).	 This	 “single-band”	 observation	 is	
inconsistent	with	 the	predicted	outcome	 from	 the	
conservative	 model	 of	 DNA	 replication	 (disproves	
this	 model),	 but	 is	 consistent	 with	 both	 that	
expected	 for	 the	 semi-conservative	 and	dispersive	
models.	

If	 the	 E.	 coli	 is	 permitted	 to	 go	 through	 another	
round	 of	 replication	 in	 the	 14N	 medium,	 and	 the	
DNA	 extracted	 and	 separated	 on	 a	 CsCl	 gradient	
tube,	 then	two	bands	were	seen	by	Meselson	and	
Shahl:	one	at	the	14N-15N	intermediate	position	and	
one	at	the	wholly	14N	position	(Figure	5).	This	result	
is	 inconsistent	with	 the	 dispersive	model	 (a	 single	
band	between	the	14N-15N	position	and	the	wholly	
14N	 position)	 and	 thus	 disproves	 this	 model.	 The	
two	band	observation	 is	 consistent	with	 the	 semi-
conservative	model	which	predicts	one	wholly	 14N	

duplex	 and	 one	 14N-15N	 duplex.	 Additional	 rounds	
of	 replication	 also	 support	 the	 semi-conservative	
model/hypothesis	 of	 DNA	 replication.	 Thus,	 the	
semi-conservative	model	 is	 the	currently	accepted	
mechanism	 for	 DNA	 replication.	 Note	 however,	
that	 we	 now	 also	 know	 from	 more	 recent	
experiments	 that	 whole	 chromosomes,	 which	 can	
be	 millions	 of	 bases	 in	 length,	 are	 also	 semi-
conservatively	replicated.		

These	 experiments,	 published	 in	 1958,	 are	 a	
wonderful	 example	 of	 how	 science	 works.	
Researchers	start	with	three	clearly	defined	models	
(hypotheses).	 These	models	were	 tested,	 and	 two	
(conservative	 and	 dispersive)	 were	 found	 to	 be	
inconsistent	 with	 the	 observations	 and	 thus	
disproven.	The	third	hypothesis,	semi-conservative,	
was	 consistent	with	 the	 observations	 and	 thereby	
supported	 and	 accepted	 as	 mechanism	 of	 DNA	
replication.	 Note,	 however,	 this	 is	 not	 “proof”	 of	
the	model,	 just	 strong	evidence	 for	 it;	 hypotheses	
are	not	“proven”,	only	disproven	or	supported
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Figure	5.	
The	positions	of	 the	 14N	and	 15N	
containing	 DNA	 in	 the	 density	
gradient	 tube	 on	 the	 left.	
(Wikipedia-LadyofHats-PD)	
	

3. CHROMOSOME	REPLICATION	(E.	COLI)	-	CAIRNS	
EXPERIMENT	

If	the	results	of	Meselson	and	Stahl	were	true	and	
there	 was	 semi-conservative	 replication,	 then	 the	
two	strands	of	DNA	have	to	separate	to	provide	the	
template	 for	 copying.	 This	 should	 be	 seen	 as	 a	
‘fork’	 in	 a	 linear	model	 if	 you	manage	 to	 see	 the	
DNA	 just	 as	 it’s	 replicating.	 John	 Cairns	 in	 1963	
chose	to	test	this.		

To	do	this	he	took	E.	coli	cells	growing	in	a	normal	
environment,	and	then	allowed	them	to	grow	and	
replicate	 in	 the	 presence	 of	 radioactive	 3H-
thymidine.	 The	 hypothesis	 is	 that	 if	 the	 E.	 coli’s	
DNA	 or	 chromosome	 is	 semi-conservatively	
replicated	 then	 after	 the	 first	 round	of	 replication	
there	 should	 be	 one	 newly	 made	 strand	 that	 is	
radioactive,	 or	 “hot”,	 and	 the	 other	 strand	 that	 is	
the	parental	template	strand	with	no	radioactivity,	
so	 is	 “cold”.	 The	 original	 parental	 DNA	 will	 have	
two	strands,	each	not	radioactive.	After	replication	
the	daughter	DNA	will	have	two	strands,	one	that	is	

radioactive	and	one	that	is	not.	After	a	third	round	
of	replication	there	will	be	a	two	types	of	daughter	
DNA,	one	 that	 has	 a	 non-radioactive	 strand	and	a	
radioactive	 strand,	 and	 one	 that	 has	 two	
radioactive	strands.	

After	growth	 in	 the	 3H-thymidine,	Cairns	 lysed	 the	
bacteria	 and	 collected	 the	 contents	 onto	 a	
microscope	slide.	He	then	covered	the	slide	with	a	
photographic	 emulsion	 and	 allowed	 exposure	 to	
film	 for	 2	 months.	 As	 the	 3H-thymidine	 decays	 it	
emits	 an	electron	with	 a	 lot	 of	 energy	 and	 speed,	
known	as	a	beta	particle.	The	emulsion	reacts	with	
the	beta	particle	creating	a	black	silver	grain	on	the	
film.	 The	 density	 of	 grains	 should	 be	 indicative	 of	
whether	one	or	two	strands	are	radioactive.		

After	the	first	replication	cycle,	the	film	had	a	thin	
circular	 ring	 of	 grains	 (Figure	 6).	 This	 was	
interpreted	 to	 be	 a	 daughter	 chromosome	 with	
one	strand	that	is	hot	and	one	strand	cold.	This	also	
provided	 physical	 evidence	 that	 the	 E.	 coli	
chromosome	 is	 circular,	 something	 that	 has	 only	
previously	been	shown	genetically.		
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In	 the	second	replication	cycle	 the	replication	 fork	
was	 seen.	Here	Cairns	 saw	 the	 typical	 thin	 ring	of	
grains	much	like	the	first	replication	cycle,	but	with	
a	 branch	 in	 the	 middle	 that	 had	 a	 thicker	 strand	
(Figure	6).	This	means	that	the	branch	seen	was	an	
actively	 replicating	 chromosome,	 using	 the	
radioactive	 strand	 of	 DNA	 as	 a	 template,	 and	
adding	more	 radioactive	 thymidine	 as	 the	 DNA	 is	
being	 synthesized.	 Because	 of	 the	 shape	 these	
created	 on	 the	 film	 this	 replicating	 structure	 was	
called	a	theta	(Θ)	structure.	Cairns	observed	many	
different	 molecules	 corresponding	 to	 the	
progression	 from	 starting	 replication	 to	 the	
completion	of	replication.		

	

Figure	6.	
In	 his	 experiment,	 Cairns	 looked	 at	 DNA	 with	 radioactive	
thymidine	on	an	autoradiograph	 film,	with	 the	 radioactive	
thymidine	leaving	dots	on	the	film.	This	figure	shows	what	
the	 autoradiograph	 film	 would	 look	 like,	 and	 below	 what	
the	 interpretation	of	what	 the	autoradiograph	 shows.	 The	
blue	 line	 represents	 the	 ‘cold’	 DNA	 that	 has	 no	
radioactivity,	 while	 the	 red	 shows	 the	 ‘hot’	 radioactive	
DNA.	The	density	of	 the	dots	on	the	autoradiograph	 imply	
whether	 there	 is	 one	 strand	 or	 both	 strands	 of	 hot	 DNA.	
During	 the	 second	 round	 of	 replication,	 a	 theta	 structure	
can	be	seen,	as	the	circular	E.	coli	DNA	is	 in	the	process	of	
being	replicated.	(Original-L.Canham-	CC	BY-NC	3.0)	

Here	 Cairns’	 results	 were	 able	 to	 further	 support	
the	 semi-conservative	 replication	 theory,	 showing	
the	 existence	 of	 replication	 forks,	 as	 well	 as	 the	
hypothesis	 that	E.	coli	has	a	circular	chromosome.	
What	Cairns	did	not	realize	is	that	replication	goes	
in	both	directions	at	the	replication	fork,	where	he	

thought	one	fork	was	static	while	the	other	strand	
went	 around	 the	 chromosome	 replicating.	
Scientists	 later	went	on	to	show	that	replication	 is	
in-fact	bidirectional.	

4. ORIGINS	OF	REPLICATION	(PROKARYOTE	-	
SINGLE	ORGIN),	REPLICATION	FORK	

When	the	cell	enters	S-phase	in	the	cell	cycle	(See	
Chapter	 14)	 the	 entire	 chromosomal	 DNA	 is	
replicated.	 This	 is	 done	 by	 enzymes	 called	 DNA	
polymerases.	All	DNA	polymerases	synthesize	new	
strands	 by	 adding	 nucleotides	 to	 the	 3'OH	 group	
present	on	the	previous	nucleotide.	For	this	reason	
they	 are	 said	 to	work	 in	 a	 5'	 to	 3'	 direction.	 DNA	
polymerases	 use	 a	 single	 strand	 of	 DNA	 as	 a	
template	 upon	 which	 it	 will	 synthesize	 the	
complementary	 sequence.	 This	 works	 fine	 for	 the	
middle	 of	 chromosomes.	 DNA-directed	 DNA	
polymerases	 travel	 along	 the	original	DNA	 strands	
making	complementary	strands	(Figure	7a).		

	

Figure	7.	
DNA	polymerases	make	new	strands	in	a	5'	to	3'	direction.	
(a)	 Regular	 DNA	 polymerases	 are	 proteins	 or	 protein	
complexes	 that	 use	 a	 single	 strand	 of	DNA	 as	 a	 template.	
For	 example,	 the	 main	 human	 DNA	 polymerase,	 Pol	 α,	 is	
large	 protein	 complex	 made	 of	 four	 polypeptides.	 (b)	
Telomerases	use	their	own	RNA	as	a	template.	The	human	
telomerase	is	a	complex	made	of	one	polypeptide	and	one	
RNA	molecule.(Original-Harrington-	CC	BY-NC	3.0)		

DNA	 replication	 in	 both	 prokaryotes	 and	
eukaryotes	begins	at	an	Origin	of	Replication	(Ori).	
Origins	are	specific	sequences	on	specific	positions	
on	 the	 chromosome.	 In	 E.	 coli,	 the	OriC	 origin	 is	
~245	 bp	 in	 size.	 Chromosome	 replication	 begins	
with	the	binding	of	the	DnaA	initiator	protein	to	an	
AT-rich	 9-mer	 in	OriC	 and	 melts	 the	 two	 strands.	
Then	 DnaC	 loader	 protein	 helps	 DnaB	 helicase	
protein	 extend	 the	 single	 stranded	 regions	 such	
that	the	DnaG	primase	can	initiate	the	synthesis	of	
an	 RNA	primer,	 from	which	 the	DNA	polymerases	

One round of
replication

Two rounds of
replication

Autoradiograph

Interpretation



	 DNA	STRUCTURE	AND	REPLICATION	–	CHAPTER	12	

OPEN	GENETICS	LECTURES	–	FALL	2015	 	 PAGE			7	

can	 begin	 DNA	 synthesis	 at	 the	 two	 replication	
forks.	 The	 forks	 continue	 in	 opposite	 directions	
until	 they	 meet	 another	 fork	 or	 the	 end	 of	 the	
chromosome	(Figure	8).	

	

Figure	8.	
An	origin	of	replication.	The	sequence	specific	DNA	duplex	
is	melted	 then	 the	 primase	 synthesizes	 RNA	primers	 from	
which	 bidirectional	 DNA	 replication	 begins	 as	 the	 two	
replication	 forks	 head	 off	 in	 opposite	 directions.	 The	
leading	 and	 lagging	 strands	 are	 shown	 along	with	Okazaki	
fragments.	Note	the	5’	and	3’	orientation	of	all	strands.		
(Original-Locke-	CC	BY-NC	3.0)	

5. EUKARYOTE	CHROMOSOME	REPLICATION	-	
MULTIPLE	ORIGINS	

In	 prokaryotes,	 with	 a	 small,	 simple,	 circular	
chromosome,	 only	 one	 origin	 of	 replication	 is	
needed	 to	 replicate	 the	 whole	 genome.	 For	
example,	 E.	 coli	 has	 a	 ~4.5	 Mb	 genome	
(chromosome)	 that	 can	 be	 duplicated	 in	 ~40	
minutes	 assuming	 a	 single	 origin,	 bi-directional	
replication,	 and	 a	 speed	 of	 ~1000	
bases/second/fork	for	the	polymerase.		

However,	 in	 larger,	more	 complicated	 eukaryotes,	
with	multiple	 linear	chromosomes,	more	than	one	
origin	of	replication	is	required	per	chromosome	to	
duplicate	 the	 whole	 chromosome	 set	 in	 the	 8-
hours	of	the	replicative	phase	(S-phase)	of	the	cell	
cycle.	For	example,	the	human	diploid	genome	has	
46	chromosomes	 (6	 x	109	basepairs).	 The	 shortest	
chromosomes	are	~50	Mbp	 long	and	so	could	not	
possibly	be	replicated	from	one	origin.	Additionally,	
the	 rate	 of	 replication	 fork	 movement	 is	 slower,	

only	 ~100	 base/second.	 Thus,	 eukaryotes	 contain	
multiple	origins	of	 replication	distributed	over	 the	
length	 of	 each	 chromosome	 to	 enable	 the	
duplication	 of	 each	 chromosome	 within	 the	
observed	time	of	S-phase	(Figure	9).		

	

Figure	9.	
Part	of	a	eukaryote	chromosome	showing	multiple	Origins	
(1,	 2,	 3)	 of	 Replication,	 each	 defining	 a	 replicon	 (1,	 2,	 3).	
Replication	may	start	at	different	times	in	S-phase.	Here	#1	
and	#2	begin	first	then	#3.	As	the	replication	forks	proceed	
bi-directionally,	 they	 create	 what	 are	 referred	 to	 as	
“replication	 bubbles”	 that	meet	 and	 form	 larger	 bubbles.	
The	end	result	is	two	semi-conservatively	replicated	duplex	
DNA	strands.		
(Original-Locke-	CC	BY-NC	3.0)	

6. TELOMERES	
The	ends	of	linear	chromosomes	present	a	problem	
–	 at	 each	 end	 one	 strand	 cannot	 be	 completely	
replicated	 because	 there	 is	 no	 primer	 to	 extend.	
Although	 the	 loss	of	 such	a	 small	 sequence	would	
not	 be	 a	 problem,	 the	 continued	 rounds	 of	
replication	 would	 result	 in	 the	 continued	 loss	 of	
sequence	 from	 the	 chromosome	 end	 to	 a	 point	
were	 it	 would	 begin	 to	 loose	 essential	 gene	
sequences.	 Thus,	 this	 DNA	 must	 be	 replicated.	
Most	eukaryotes	solve	the	problem	of	synthesizing	
this	 unreplicated	 DNA	 with	 a	 specialized	 DNA	
polymerase	called	telomerase,	in	combination	with	
a	 regular	 polymerase.	 Telomerases	 are	 RNA-
directed	DNA	polymerases.	They	are	a	riboprotein,	
as	they	are	composed	of	both	protein	and	RNA.	As	
Figure	 7b	 shows,	 these	 enzymes	 contain	 a	 small	
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piece	of	RNA	that	serves	as	a	portable	and	reusable	
template	 from	 which	 the	 complementary	 DNA	 is	
synthesized.	 The	 RNA	 in	 human	 telomerases	 uses	
the	 sequence	 3-AAUCCC-5'	 as	 the	 template,	 and	
thus	 our	 telomere	 DNA	 has	 the	 complementary	
sequence	 5'-TTAGGG-3'	 repeated	 over	 and	 over	
1000’s	of	times.	After	the	telomerase	has	made	the	
first	 strand	 a	 primase	 synthesizes	 an	 RNA	 primer	
and	 a	 regular	 DNA	 polymerase	 can	 then	 make	 a	
complementary	 strand	 so	 that	 the	 telomere	 DNA	
will	 ultimately	 be	 double	 stranded	 to	 the	 original	
length	 (Figure	 10).	 Note:	 the	 number	 of	 repeats,	
and	 thus	 the	 size	 of	 the	 telomere,	 is	 not	 set.	 It	
fluctuates	 after	 each	 round	 of	 the	 cell	 cycle.	
Because	 there	 are	 many	 repeats	 at	 the	 end,	 this	
fluctuation	maintains	a	 length	buffer	–	 sometimes	

it’s	longer,	sometimes	it’s	shorter	–	but	the	average	
length	will	 be	maintained	 over	 the	 generations	 of	
cell	replication.	

In	 the	 absence	 of	 telomerase,	 as	 is	 the	 case	 in	
human	somatic	cells,	repeated	cell	division	leads	to	
the	 “Hayflick	 limit”,	where	 the	 telomeres	 shorten	
to	 a	 critical	 limit	 and	 then	 the	 cells	 enter	 a	
senescence	phase	of	non-growth.	The	activation	of	
telomerase	 expression	 permits	 a	 cell	 and	 its	
descendants	 to	 become	 immortal	 and	 bypass	 the	
Hayflick	 limit.	 This	 happens	 in	 cancer	 cells,	 which	
can	form	tumours	as	well	as	in	cells	in	culture,	such	
as	HeLa	cells,	which	can	be	propagated	essentially	
indefinitely.	 HeLa	 cells	 have	 been	 kept	 in	 culture	
since	1951	(See	Chapter	41).	

	
Figure	10.	
Telomere	replication	showing	the	completion	of	the	 leading	strand	and	 incomplete	replication	of	the	 lagging	strand.	The	gap	 is	
replicated	by	the	extension	of	the	3’	end	by	telomerase	and	then	filled	in	by	extension	of	an	RNA	primer.		
(Original-Locke-	CC	BY-NC	3.0)	
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___________________________________________________________________________	
SUMMARY:	

• DNA	is	a	double	helix	made	of	two	anti-parallel	strands	of	bases	on	a	sugar-phosphate	backbone.		

• Specific	 bases	 on	 opposite	 strands	 pair	 through	 hydrogen	 bonding	 (A=T	 and	 G=C),	 ensuring	
complementarity	of	the	strands.	

• The	hereditary	information	is	present	as	the	sequence	of	bases	along	the	DNA	strand.		

• Chromosome	replication	begins	at	an	origin	and	proceeds	by	DNA	polymerases	at	a	replication	fork.		

• Replication	proceeds	bi-directionally.		

• Typically	eukaryotes	have	multiple	origins	along	each	chromosome,	while	prokaryotes	have	only	one.	

• Eukaryotes	have	telomerase	to	complete	the	replication	of	the	ends	of	chromosomes.		

KEY	TERMS:	
deoxyribonucleic	acid	
nucleotides	
purine	
adenine	
guanine	
pyrimidine	
cytosine	
thymine	
phosphodiester	bond	
ribonucleic	acid	
dideoxynucleotide	
Watson	and	Crick	
Chargaff’s	Rules	
double	helix	
anti-parallel	
right-handed	
major	groove	
minor	groove	
semi-conservative	
conservative	
dispersive	

E.	coli	
Meselson	and	Stahl	
Nitrogen-14	
Nitrogen-15	
light	
heavy	
CsCl	gradient	
John	Cairns	
3H-thymidine	
photographic	emulsion	
silver	grain	
theta	structure	
bidirectional	
DNA	polymerases	
Origin	of	replication	
replicon	
replication	bubble	
telomerase	
riboprotein	
Hayflick	limit	
HeLa	cells
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STUDY	QUESTIONS:	
1) Compare	 Watson	 and	 Crick’s	 discovery	 with	

Avery,	MacLeod	and	McCarty’s	discovery.	
a)	What	 did	 each	 discover,	 and	 what	 was	 the	
impact	of	these	discoveries	on	biology?	
b)	 How	 did	 Watson	 and	 Crick’s	 approach	
generally	 differ	 from	 Avery,	 MacLeod	 and	
McCarty’s?	
c)	 Briefly	 research	 Rosalind	 Franklin	 on	 the	
internet.	 Why	 is	 her	 contribution	 to	 the	
structure	of	DNA	controversial?		

2) List	the	information	that	Watson	and	Crick	used	
to	deduce	the	structure	of	DNA.		

3) Refer	to	Watson	and	Crick’	
a) List	 the	 defining	 characteristics	 of	 the	

structure	of	a	DNA	molecule.		
b) Which	 of	 these	 characteristics	 are	 most	

important	to	replication?		

c) Which	characteristics	are	most	important	to	
the	Central	Dogma?	

4) Refer	to	Figure	3.	
a)	 Identify	 the	 part	 of	 the	 DNA	molecule	 that	
would	 be	 radioactively	 labeled	 in	 the	 manner	
used	by	Hershey	&	Chase	
b)	 DNA	 helices	 that	 are	 rich	 in	 G-C	 base	 pairs	
are	harder	to	separate	(e.g.	by	heating)	than	A-
T	rich	helices.	Why?	

	
	
	
	
	
	
	

	


