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AIMS

• Review restriction enzymes and plasmids. 

• Introduce molecular cloning. 

• Introduce Polymerase Chain Reaction. 

• Highlight the importance of obtaining 
workable DNA pieces for genome exploration.



Pathogenesis and Host Response Mechanisms   165

The molecular scissors
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Specific Cleavage of Simian Virus 40 DNA by Restriction Endonuclease
of Hemophilus Influenzae*

(gel electrophoresis/electron microscopy/DNA mapping/DNA fragments/tumor virus)

KATHLEEN DANNA AND DANIEL NATHANS
Department of Microbiology, The Johns Hopkins University School of Medicine, Baltimore, Maryland 21205

Communicated by Albert L. Lehninger, September 22, 1971

ABSTRACT A bacterial restriction endonuclease has
been used to produce specific fragments of SV40 DNA.
Digestion of DNA from plaque-purified stocks of SV40 with
the restriction endonuclease from Hemophilus influenzae
gave 11 fragments resolvable by polyacrylamide gel elec-
trophoresis, eight of which were equimolar with the origi-
nal DNA. The fragments ranged from about 6.5 X 106 to
7.4 X 104 daltons, as determined by electron microscopy,
DNA content, or electrophoretic mobility.

The small oncogenic virus, SV40, contains double-stranded,
covalently closed-circular DNA (1) of molecular weight
about 3 X 106 (2). Because of the small size of its genome,
and because of its ability to transform cells in culture to a
state resembling that of cancer cells, SV40 is currently un-
der intensive study. We have been interested in preparing
unique linear fragments of SV40 DNA that might be used to
establish reference points on this circular genome for the
mapping of such functions as initiation of DNA replication
and transcription, and for the localization of genes. Unique
fragments might also be helpful in nucleotide sequence de-
termination.
Our general strategy for obtaining specific fragments has

been to cleave the DNA with bacterial restriction enzymes, a
group of endonucleases that make double-strand breaks in
DNA at specific sites (3), and to separate the products by gel
electrophoresis. Although this group of enzymes has been
studied primarily with naturalDNA substrates, we have found
that most of those tested also cleave SV40 DNA (4). In the
present paper, we present our results with the restriction
endonuclease from Hemophilus influenzae (5, 6).

MATERIALS AND METHODS

Cell Lines and Virus. Two lines of African green monkey
kidney cells, CV-1 and BSC-1, were obtained from M. A.
Martin and Microbiological Associates, respectively. They
were grown in Eagle's minimal essential medium containing
10% fetal-bovine serum, penicillin, and streptomycin. Small-
plaque SV40 (from strain 776), kindly supplied by K. K.
Takemoto, was plaque purified on CV-1 cells and propagated
in BSC-1 cells to obtain stocks of about 108 plaque-forming
units (PFU)/ml.

Abbreviations: SSC, 0.15 M NaCl-0.015 M sodium citrate;
TMSH, 6.6 mM Tris-HCl (pH 7.45)-6.6 mM MgC1-6.6 mM
2-mercaptoethanol.
* This is paper no. 1 in a series: "Studies of SV40 DNA."
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Preparation of Radioactive SV40 DNA from Virions. Con-
fluent BSC-1 monolayers in 100-mm plastic Petri dishes were
infected with SV40 at a multiplicity of about 10 PFU/cell.
For 32P-labeling, 0.15 mCi of carriei-free [32P]orthophosphate
was added to each dish, at 24 hr after infection, in 6 ml of
phosphate-free medium containing 4% dialyzed fetal-bovine
serum. For labeling with [3H]thymidine of high specific-
activity the medium was made 10-4M in FdU 24 hr after in-
fection. 3 hr later, 6 ml of fresh medium, which contained
4% dialyzed serum, 50 ,gM FdU, and 0.1 mCi of [8H]thymi-
dine (7 Ci/mmol), was added. At about 90 hr, the cells and
medium were frozen, the virus was purified, and DNA was
extracted from the CsCl-purified, complete virus as described
by Martin (7). After centrifugation in CsCl-ethidium bromide
to isolate DNA I (8), the [32P]DNA had a specific activity of
2 X 105 cpm/,ug, and the [3H]DNA, had a specific activity of
1.3 X 105 cpm/,ug.

Isolation of SV40 DNA by the Hirt Procedure. Infection and
labeling procedures were the same as for the preparation of
virion DNA, except that FdU was generally omitted. Where
[I4C]thymidine was used, 2 uCi per dish was added (44 Ci/
mol). At about 60 hr after infection, the cells were lysed (9).
The supernatant was extracted once with redistilled phenol
[saturated with 0.1 M Tris (pH 8.0)], the aqueous solution
was made 2% in potassium acetate (pH 6.0), and the DNA
was precipitated with two volumes of ethyl alcohol at -20° C.
The precipitate was dissolved in SSC-0.01 M Tris (pH 7.5),
and the DNA was centrifuged to equilibrium in CsCl-ethid-
ium bromide. Before phenol treatment, 12P-labeled prepara-
tions were incubated for 1 hr at 25° C with 10 ,ug/ml of heated
(10) ribonuclease A. Form I DNA was sedimented in a neutral
5-20% (w/v) sucrose gradient, and the fractions of the peak
at 21 S were pooled and dialyzed. Unless stated otherwise,
DNA used in all the experiments reported was prepared by
this method.
H. influenzae Restriction Endonuclease. The enzyme was

purified by the method of Smith and Wilcox (5), except that
the phosphocellulose fraction was concentrated with Lyphogel
(Gelman Instrument Co.) and stored at -20° C in 0.15 M
KCl-0.02 M Tris (pH 7.5)-50% glycerol at 1.3 units/ml.
The enzyme was tested for exonuclease activity by incubation
of 0.1 Ag of sonicated T7 [32P]DNA (4 X 105 cpm/,ug), a kind
gift from C. A. Milcarek, with 0.01 unit of enzyme in 0.05 ml
TMSH-50 mM NaCl for 90 min at 37° C. Less than 0.2% of
the DNA was acid soluble; a control without enzyme gave



Restriction Enzymes

• Endo vs. Exo- nucleases. 

• Enzymes purified from various bacteria. 

• Bacterial “immune system” against viruses. 

• Restriction enzymes CUT double stranded DNA 

at specific restriction sites.



How do bacteria protect itself from restriction 
enzymes?



• Restriction enzymes are categorized into three 
types: I, II, III. 
• Each restriction enzyme recognizes specific 
DNA sequence (restriction site). 

• Restriction sites (variable length 4, 6, 8 bp) 

• Restriction sites are complementary and 
symmetrical on both DNA strands. 

• Restriction sites are found within palindromes!

Restriction Enzymes



palindrome |ˈpalinˌdrōm| 
noun 
a word, phrase, or sequence that 
reads the same backward as 
forward, e.g., madam or nurses run. 



Palindromes

AG CTA T

GAATTC

5’

3’ 5’

3’

“Both strands have the same nucleotide 
sequence but in anti parallel 

orientation” ( Griffiths et. al, 2000)



Nomenclature
 Restriction endonucleases are named after the 

prokaryotic source, which were isolated and 
purified from.

EcoRI 
E Escherichia (Genus) 
co coli (Species) 
R RY13 (Strain) 
I Order of discovery (Roman numerals) 



Restriction Enzymes Cut Types

GG G

CCC

5’

3’

CC C

GGG 5’

3’

Blunt End  
• Restriction enzyme cuts the same position 
on both strands 
• Usefulness for cloning? 
• SmaI, HpaI

SmaI



Sticky (Cohesive) End  

• Restriction enzyme cuts leaving short single 
stranded ends 
• Usefulness for cloning?

AG CTA T

GAATTC

5’

3’ 5’

3’

EcoRI

TC GCG A

CTGCAG

5’

3’ 5’

3’

PstI

Restriction Enzymes Cut Types



Cutting genomes

What determines the 
presence or absence of 

restriction site?



Genetic Markers

Protein markers DNA markers

Isozymes RFLP RAPD AFLP SSR SNP

Molecular (Genetic) Markers are used to detect 
variation 

We will visit this later

Molecular Markers



Do you remember what plasmids are? 

Can plasmids be cut using restriction 
enzymes?



Proc. Nat. Acad. Sci. USA
Vol. 70, No. 11, pp. 3240-3244, November 1973

Construction of Biologically Functional Bacterial Plasmids In Vitro
(R factor/restriction enzyme/transformation/endonuclease/antibiotic resistance)

STANLEY N. COHEN*, ANNIE C. Y. CHANG*, HERBERT W. BOYERt, AND ROBERT B. HELLINGt
* Department of Medicine, Stanford University School of Medicine, Stanford, California 94305; and t Department of Microbiology,
University of California at San Francisco, San Francisco, Calif. 94122

Communicated by NVorman Davidson, July 18, 1973

ABSTRACT The construction of new plasmid DNA
species by in vitro joining of restriction endonuclease-
generated fragments of separate plasmids is described.
Newly constructed plasmids that are inserted into Esch-
erichia coli by transformation are shown to be bio-
logically functional replicons that possess genetic pro-
perties and nucleotide base sequences from both of the
parent DNA molecules. Functional plasmids can be ob-
tained by reassociation of endonuclease-generated frag-
ments of larger replicons, as well as by joining of plasmid
DNA molecules ofentirely different origins.

Controlled shearing of antibiotic resistance (R) factor DNA
leads to formation of plasmid DNA segments that can be
taken up by appropriately treated Escherichia coli cells and
that recircularize to form new, autonomously replicating
plasmids (1). One such plasmid that is formed after trans-
formation of E. coli by a fragment of sheared R6-5 DNA,
pSC101 (previously referred to as Tc6-5), has a molecular
weight of 5.8 X 106, which represents about 10% of the
genome of the parent R factor. This plasmid carries genetic
information necessary for its own replication and for ex-
pression of resistance to tetracycline, but lacks the other
drug resistance determinants and the fertility functions
carried by R6-5 (1).
Two recently described restriction endonucleases, EcoRI

and EcoRII, cleave double-stranded DNA so as to produce
short overlapping single-stranded ends. The nucleotide
sequences cleaved are unique and self-complementary (2-6) so
that DNA fragments produced by one of these enzymes can
associate by hydrogen-bonding with other fragments produced
by the same enzyme. After hydrogen-bonding, the 3'-hydroxyl
and 5'-phosphate ends can be joined by DNA ligase (6).
Thus, these restriction endonucleases appeared to have great
potential value for the construction of new plasmid species by
joining DNA molecules from different sources. The EcoRI
endonuclease seemed especially useful for this purpose, be-
cause on a random basis the sequence cleaved is expected to
occur only about once for every 4,000 to 16,000 nucleotide
pairs (2); thus, most EcoRI-generated DNA fragments should
contain one or more intact genes.
We describe here the construction of new plasmid DNA

species by in vitro association of the EcoRI-derived DNA frag-
ments from separate plasmids. In one instance a new plasmid
has been constructed from two DNA species of entirely
different origin, while in another, a plasmid which has itself
been derived from EcoRI-generated DNA fragments of a
larger parent plasmid genome has been joined to another rep-
licon derived independently from the same parent plasmid.
Plasmids that have been constructed by the in vitro joining of

3240

EcoRI-generated fragments have been inserted into appro-
priately-treated E. coli by transformation (7) and have been
shown to form biologically functional replicons that possess
genetic properties and nucleotide base sequences of both
parent DNA species.

MATERIALS AND METHODS
E. coli strain W1485 containing the RSF1010 plasmid, which
carries resistance to streptomycin and sulfonamide, was
obtained from S. Falkow. Other bacterial strains and R
factors and procedures for DNA isolation, electron microscopy,
and transformation of E. coli by plasmid DNA have been
described (1, 7, 8). Purification and use of the EcoRI restric-
tion endonuclease have been described (5). Plasmid hetero-
duplex studies were performed as previously described (9,
10). E. coli DNA ligase was a gift from P. Modrich and R. L.
Lehman and was used as described (11). The detailed pro-
cedures for gel electrophoresis of DNA will be described else-
where (Helling, Goodman, and Boyer, in preparation); in
brief, duplex DNA was subjected to electrophoresis in a tube-
type apparatus (Hoefer Scientific Instrument) (0.6 X 15-
cm gel) at about 200 in 0.7% agarose at 22.5 V with 40 mM
Tris-acetate buffer (pH 8.05) containing 20 mM sodium ace-
tate, 2 mM EDTA, and 18 mM sodium chloride. The gels
were then soaked in ethidium bromide (5 ,g/ml) and the DNA
was visualized by fluorescence under long wavelength ultra-
violet light ("black light"). The molecular weight of each frag-
ment in the range of 1 to 200 X 105 was determined from its
mobility relative to the mobilities of DNA standards of
known molecular weight included in the same gel (Helling,
Goodman, and Boyer, in preparation).

RESULTS
R6-5 and pSC101 plasmid DNA preparations were treated with
the EcoRI restriction endonuclease, and the resulting DNA
products were analyzed by electrophoresis in agarose gels.
Photographs of the fluorescing DNA bands derived from these
plasmids are presented in Fig. lb and c. Only one band is ob-
served after EcoRI endonucleolytic digestion of pSC101 DNA
(Fig. 1c), suggesting that this plasmid has a single site sus-
ceptible to cleavage by the enzyme. In addition, endonuclease-
treated pSC101 DNA is located at the position in the gel that
would be.expected if the covalently closed circular plasmid
is cleaved once to form noncircular DNA of the same molec-
ular weight. The molecular weight of the linear fragment
estimated from its mobility in the gel is 5.8 X 106, in agree-
ment with independent measurements of the size of the intact
molecule (1). Because pSC101 has a single EcoRI cleavage site
and is derived from R6-5, the equivalent DNA sequences of

Molecular cloning
PERSPECTIVE

DNA cloning: A personal view after 40 years
Stanley N. Cohen1

Departments of Genetics and Medicine, Stanford University School of Medicine, Stanford, CA 94305

Edited by Joseph L. Goldstein, University of Texas Southwestern Medical Center, Dallas, TX, and approved August 13, 2013 (received for review August 2, 2013)

In November 1973, my colleagues A. C. Y. Chang, H. W. Boyer, R. B. Helling, and I reported in PNAS that individual genes can be cloned and
isolated by enzymatically cleaving DNA molecules into fragments, linking the fragments to an autonomously replicating plasmid, and
introducing the resulting recombinant DNA molecules into bacteria. A few months later, Chang and I reported that genes from unrelated
bacterial species can be combined and propagated using the same approach and that interspecies recombinant DNA molecules can produce
a biologically functional protein in a foreign host. Soon afterward, Boyer’s laboratory and mine published our collaborative discovery that even
genes from animal cells can be cloned in bacteria. These three PNAS papers quickly led to the use of DNA cloning methods in multiple areas of
the biological and chemical sciences. They also resulted in a highly public controversy about the potential hazards of laboratory manipulation
of genetic material, a decision by Stanford University and the University of California to seek patents on the technology that Boyer and I had
invented, and the application of DNA cloning methods for commercial purposes. In the 40 years that have passed since publication of our
findings, use of DNA cloning has produced insights about the workings of genes and cells in health and disease and has altered the nature of
the biotechnology and biopharmaceutical industries. Here, I provide a personal perspective of the events that led to, and followed, our report
of DNA cloning.

restriction enzyme | pSC101 | EcoRI | genetic engineering | gene cloning

In a PNAS paper entitled “Construction of
Biologically Functional Bacterial Plasmids
In Vitro,” my colleagues A. C. Y. Chang,
H. W. Boyer, R. B. Helling, and I reported
in November 1973 that individual genes
can be cloned and isolated by enzymatically
fragmenting DNA molecules, linking the
pooled fragments to autonomously replicating
circular bacterial genetic elements known as
plasmids, and introducing the resulting re-
combinant DNA molecules into bacteria (1).
Boyer and I were young faculty at the Univer-
sity of California, San Francisco (UCSF) and
Stanford, respectively. Annie Chang was a Re-
search Technician in my laboratory and Bob
Hellingwas aUniversityofMichiganprofessor
on sabbatical leave in Boyer’s laboratory. A
few months later, Chang and I reported that
genes from totally unrelated bacterial species
can be combined and propagated using the
same approach (2) and that interspecies
recombinant DNA molecules can produce
a biologically functional protein in a foreign
host. Soon afterward, Boyer’s laboratory
andmine published collaborative experiments
demonstrating that genes from eukaryotic
cells can be cloned in bacteria (3).
Bacterial viruses and plasmids had been

shown to pick up DNA from the chromo-
somes of their hosts (4); hybrid viruses from
animal cells also had been reported (5, 6).
However, it had long been known that only
closely related species can interbreed and pro-
duce viable offspring, and hybrids displaying
heritable characteristics of very different spe-
cies exist only in mythology; thus, there was
uncertainty about whether so-called “nat-
ural barriers created during evolution” (7, 8)

would prevent propagation of genes across
different biological domains. Stringent host
range limitations to virus propagation had
been observed, and, in some instances,
impediments to survival of foreign DNA
had been found even among subgroups of
the same species (9). Supporting the notion
that DNA was unlikely to survive in cells
of an unrelated species was the finding
that individual biological species maintain
characteristic ratios of A+T to G+C base
pairs (10, 11). Our discovery that DNA can be
transplanted to, and propagated in, a differ-
ent species, and even in a different biological
kingdom, by attaching it to a vector indig-
enous to the recipient led to the realization
that natural barriers to DNA survival are
not so constraining after all, and that “ge-
netic engineering”—at least at the cellular
level—is possible (8). It also provided a pro-
tocol that enabled such engineering to be done
by virtually any laboratory having modest
genetic and biochemical capabilities.
Our DNA cloning experiments resulted

from the pursuit of fundamental biological
questions rather thangoals thatmostobservers
might regard as practical or “translational.” I
was investigating mechanisms underlying
the ability of plasmids to acquire genes con-
ferring antibiotic resistance and to exist sep-
arately from bacterial chromosomes; Herb
Boyer was studying enzymes that restrict
anddestroy foreignDNA.ThePNASpublica-
tions resulting from these pursuits generated
considerable scientific excitement—and work
aimed at repeating and extending thefindings
was undertaken almost immediately by
other researchers. The papers also prompted

a highly public controversy about potential
hazards of “genetic tinkering,” a decision by
Stanford University and the University of
California to seek patents on the technology
that Boyer and I had invented, and efforts
by entrepreneurs and industry to implement
DNA cloning methods for commercial pur-
poses. In the 40 years that have now passed
since publication of thesePNASpapers, use of
DNA cloning methods has produced impor-
tant insights about the workings of genes and
cells in health and disease and has profoundly
altered the biotechnology andpharmaceutical
industries. I provide here a personal perspec-
tive of these events.

Plasmids and Antibiotic Resistance
After the development of antimicrobial agents
in the 1940s, the notion was prevalent that
these drugs would end infectious diseases
caused by bacteria. Of course that did not
happen, and the reason was the occurrence
of antibiotic resistance. Investigations carried
out primarily in laboratories in Japan and the
United Kingdom in the early 1960s showed
that antibiotic resistance in bacteria com-
monly is associated with the acquisition of
genes—often multiple genes—capable of de-
stroying antibiotics or otherwise interfering

Author contributions: S.N.C. wrote the paper.

The author declares no conflict of interest.

This article is a PNAS Direct Submission.

This article was invited in recognition of the 40th anniversary of

the November 1973 PNAS paper by S. N. Cohen, A. C. Y. Chang,

H. W. Boyer, and R. B. Helling reporting a method for constructing

and cloning biologically functional DNA molecules (1).
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in November 1973 that individual genes
can be cloned and isolated by enzymatically
fragmenting DNA molecules, linking the
pooled fragments to autonomously replicating
circular bacterial genetic elements known as
plasmids, and introducing the resulting re-
combinant DNA molecules into bacteria (1).
Boyer and I were young faculty at the Univer-
sity of California, San Francisco (UCSF) and
Stanford, respectively. Annie Chang was a Re-
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on sabbatical leave in Boyer’s laboratory. A
few months later, Chang and I reported that
genes from totally unrelated bacterial species
can be combined and propagated using the
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demonstrating that genes from eukaryotic
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somes of their hosts (4); hybrid viruses from
animal cells also had been reported (5, 6).
However, it had long been known that only
closely related species can interbreed and pro-
duce viable offspring, and hybrids displaying
heritable characteristics of very different spe-
cies exist only in mythology; thus, there was
uncertainty about whether so-called “nat-
ural barriers created during evolution” (7, 8)

would prevent propagation of genes across
different biological domains. Stringent host
range limitations to virus propagation had
been observed, and, in some instances,
impediments to survival of foreign DNA
had been found even among subgroups of
the same species (9). Supporting the notion
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of an unrelated species was the finding
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by entrepreneurs and industry to implement
DNA cloning methods for commercial pur-
poses. In the 40 years that have now passed
since publication of thesePNASpapers, use of
DNA cloning methods has produced impor-
tant insights about the workings of genes and
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caused by bacteria. Of course that did not
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What features of plasmids are utilized in 
molecular cloning?



Cloning vectors
Vectors contain an origin of replication, selection gene, and 

a cloning site



How does molecular cloning work?



Cloning DNA pieces

• Cut plasmid + cut DNA + 
glue them + Transform into 
bacteria. 

• Copying unknown DNA 
using a biological system 
(bacteria). 

• It makes use 
Endonucleases (restriction 
enzymes) and plasmids of 
bacteria to copy a specific 
unknown piece of DNA.



Cloning vectors
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In contrast with bacterial-based cloning vectors, 
where it is relatively easy to purify the plasmid vector 
and insert DNA from the bacterial host DNA, YACs 
have a very similar structure to the natural yeast 
chromosomes. Purifying YAC inserts from the 
natural yeast chromosomes usually requires separ- 
ation by pulsed-field gel electrophoresis (PFGE) or 
direct subcloning o f  the entire yeast genome into 
bacteriophage or cosmid vectors, followed by identi- 
fication of  human-specific clones derived from the 
YAC. 

In the past few years, several alternative cloning sys- 
tems based on bacterial host systems have been devel- 
oped. These systems may have several advantages over 
YACs (Table 1), including a lower frequency of  chi- 
maerism, a higher transformation efficiency in gener- 
ating libraries, and ease of  purifying insert D NA away 
from the host genome. However, the size of  insert that 
can be cloned with these alternative systems is smaller 
compared with YACs (Table 1), and they have not, as 
yet, been characterized as thoroughly as YACs for 
problems such as instability. 

Sternberg 2° has developed a bacteriophage P1 
cloning system that is able to clone inserts of  up to 
100 kb in size. This system packages both cloned 
D N A  and vector into phage particles, injects them 
into Escherichia coli and circularizes the DNA  using the 
Pl loxP recombination sites and a host expressing the 
P1 Cre recombinase. The vector carries a gene for 
kanamycin resistance for selection and a P1 plasmid 
replicon (see Glossary) for maintaining the vector at 
one copy per cell (thus avoiding high-copy-number 
instability of  clones), but enabling the D N A  to be 
amplified before re-isolation. Both human and mouse 
genomic P1 libraries have been constructed for 
screening21,22. 

Another cloning system in E. coli is the bacterial 
artificial chromosome (BAC) (1Lef. 23). This system 
uses an F-factor-based vector and can accommodate 
inserts up to 300kb. As the vector is a low-copy- 
number plasmid, the clones appear to be stable over 
many generations; however, this has not been tested 
for different regions of  the genome. BACs can be 
transformed into the E. coli host very efficiently by 
electroporation, thus avoiding the packaging extracts 
that are required with the P1 system. However, the 
disadvantages of  the BAC system include the lack of  
positive selection for clones containing inserts and a 
very low yield of  DNA. 

More recently, Ioannou et al. 24 have developed the 
Pl-derived artificial chromosome (PAC) cloning sys- 
tem. They constructed a new vector that incorporates 
features of  both the P1 and F-factor systems and can 
be transformed into the E. coli host by electro- 
poration. The PAC vector is able to handle inserts in 
the 100-300 kb range and, as yet, there are no major 
problems with chiriaaerism or clone instability in the 
one initial report describing PACs. These new vec- 
tors, along with the more traditional cosmid vectors, 
may be important in complementing YAC contigs for 
gene isolation and sequencing projects in the future. 

Table 1. Comparison of cloning vectors 

Vector Host Structure Insert size 

Cosmids E. coil Circular plasmid 35-45 kb 
P1 clones E. coil Circular plasmid 70-100 kb 
BACs E. coil Circular plasmid up to 300 kb 
PACs E. coil Circular plasmid 100-300 kb 
YACs S. cerevisiae Linear chromosome 100-2000 kb 
MACs Mammalian cells Linear chromosome ? >1000 kb 

Functional studies using &TAgs 
One of  the major advantages of  YACs is their 

ability to contain the complete genomic locus of  large 
genes, including a range of  alternative promoters and 
exons and their upstream control elements. This has 
made YACs attractive vectors for functional gene 
studies after transfer from yeast to mammalian cells 2s. 
Recently, YACs have been used by several groups to 
generate transgenic mice to complement mouse mu- 
tations 26. It is also feasible that YAC transgenes could 
be used in the positional cloning of  genes for mouse 
mutations, based on the ability of  the input DNA to 
complement the phenotype. Before transferring a 
YAC to mammalian cells, a suitable selectable marker, 
such as the gene for neomycin resistance, must be 
introduced onto the YAC (Fig. 2). This has been done 
by researchers in several laboratories using recombi- 
nation in yeast after transformation with both inte- 
gration and with replacement vectors that have 
homology to the YAC vector or to internal repeat 
sequences such as SINEs (Mu) or LINEs (see Gloss- 
ary) 28~3. Recombination in yeast can also be used to 
delete sequences from either end ofa YAC using 'frag- 
mentation' vectors 33 (Fig. 2), or to reconstruct two 
smaller overlapping YACs into a larger YAC (Ref. 12). 

Once a YAC of  interest has been 'retrofitted' with 
an appropriate mammalian selectable marker, there are 
several choices for transferring the vector to mam- 
malian cells in culture (for review see R.ef. 25). One 

TEL TRP1/ARS/CEN URA3/TEL 
h ~ ~ a n n n l ~  R 

X X X 

NEO/LYS ALU or LINE/HISfTEL NEO/ADEffEL 

; a Integration ; b Fragmentation ; c  Repla t . . . . .  

Transform yeast Transform yeast Transform yeast 
select URA+ LYS+ TRP+ select HIS+ TRP+ URA select ADE+ TRP+ LIRA 

Figure 2 
Three different ways of 'retrofitting' a YAC clone with (a) an integration vector to put 
the neomycin resistance gene (NEO) and a yeast selectable marker (LYS) into the 
YAC left arm (L); (b) a fragmentation vec~tor that truncates the YAC after recombi- 
nation with human repeat sequences such as ALU or LINE, using a vector with a 
cloned Tetrahymena telomere; and (c) a vector to put the NEO gene on the right 
arm of the YAC after replacing the normal URA selectable marker. (Reprinted, with 
permission, from Ref. 27.) 
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Molecular cloning usefulness

1) Provides enough DNA copies to carryout 
sequencing reactions.



2) The cloning site of the vector is of known 
sequence, which can be used as primers for the 
sequencing reactions.

Molecular cloning usefulness



3) Allows coping DNA fragments of different 
sizes.

Molecular cloning usefulness



4) Provides information about the size of the 
unknown fragment. 

5) Help in mapping!! 

Molecular cloning usefulness



Molecular technologies of the time
Polymerase Chain Reaction
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Polymerase chain reaction

• Polymerase Chain Reaction 
(PCR) allows the amplification 
(copying) of small amounts of 
DNA millions of copies. 

• The method was developed 
by Kary Mullis (1983) and he 
was awarded the Nobel Prize 
for his invention.



Polymerase chain reaction

• The process of PCR is 
similar to the process of DNA 
replication except it is done in 
tubes rather than living cells. 

• It is considered in many 
cases the first step before any 
genetic analysis. 

• Many methods and 
applications involve PCR.



DNA replication and PCR

• DNA replication in the cells involves making an 
identical copy of the genome (DNA). 

• PCR uses the same procedure but to generate 
millions of copies of a small section of the 
genome in a tube! 



Why PCR?

PCR is used: 

1. To amplify small quantities of DNA. 

2. For DNA quantification. 

3. For genetic profile analyses: 
• RFLP 
• Microsatellite 
• Mitochondrial DNA genotyping 

and sequencing. 

4. For sequencing small section of the 
genome or the entire genome.



Components

 What do we need to replicate (copy) DNA? 

1.  DNA template. 

2.  Building block of DNA (dNTPs). 

3.  DNA copier (an enzyme). 

4. 3’OH (primer). 



PCR Process

• Three steps are involved in PCR: 

1. DNA template denaturation: 
separation of the two strands of DNA. 

2. Primers annealing: small 
oligonucleotide attaches to each 
separated strand providing the 3’OH 
for DNA polymerase. 

3. DNA polymerization (extension): 
DNA polymerase extends the primers 
on both strands and adds nucleotides.



PCR Process

1. DNA denaturation 2. Primers annealing 3. DNA extension



PCR cycles

1. DNA denaturation 2. Primers annealing 3. DNA extension

Te
m

p 
(C

)
94 C

55-65 C

72 C

What happens if we repeat this cycle many 
times?

2 copies
4 copies

8 copies
16 copies

32 copies

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5



PCR cycles

21 22 23 24 25

Exponential growth in the number of copies 
generated. 

The number of copies you get at the end of your 
PCR will be 2#cycles (236 cycles = 68 billion copies)

2 copies
4 copies

8 copies
16 copies

32 copies

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5



PCR – how many copies?

# 
D

N
A 

co
pi

es

# cycles

Threshhold

Not enough DNA 
template

No chemicals left in the 
reaction tube



Problems!

There were some difficulties with this 
system: 

1.Three water-baths with three different 
temperature. 

2.DNA polymerase denatures at 94 C.



Problems!

DNA denature 
(94 C)

Primer annealing 
(55-65 C)

Extension 
(72 C)

• The sample has to be transferred into multiple 
water baths to accommodate the needed 
temperature.



Problems!

DNA denature 
(94 C)

Primer annealing 
(55-65 C)

Extension 
(72 C)

Adding 
DNA Pol

DNA Pol 
denatures

• DNA polymerase needs to be added in every 
cycle because DNA polymerase denatures at 
high temperature.



Improvement 1

• Using Thermus aquaticus (Taq) polymerase. 

• Taq polymerase is heat stable and the cycles 
can take place without the polymerase being 
destroyed during the denaturation phase



Improvement 2
Replacing old machine (water baths) with a 

thermocycler



Comparison



Why copy DNA?

Why molecular cloning or PCR matters in 
genome studies? 

DNA CANNOT be sequenced using one copy! 
Genome is huge! 

Sequencing technology!



Expectations

• You understand the ideas behind molecular 
cloning and PCR. 

• Do not focus on details but know the concepts 
in general. 

• This will make more sense when DNA 
sequencing is covered.



Disclaimer

 Figures, photos, and graphs in my lectures are 
collected using google searches.  I do not claim to have 

personally produced the material (except for some). I 
do cite only articles or books used. I thank all owners of 

the visual aid that I use and apologize for not citing 
each individual item.  If anybody finds the inclusion of 
their material in my lectures a violation of their copy 

rights, please contact me via email. 

hhalhaddad@gmail.com
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