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Learning outcomes 

When you have read Chapter 4, you should be able to: 

■ G;,;e oudine descriptions o f the events involved in DNA cloning and the polymerase chain 
reaction (PCR) a~d state the applications and limitatlOns of these techniques 

■ Descnbe ~ie activi,ies and main applications of the different types of enzyme used in 
recombinant D,"'JA research 

■ Identify the impomnt features of DNA polymerases and distinguish between the various 
DNA polymerases used in genomics research 

■ Describe. with examples. the way that restriction endonucleases cut DNA and explain how 
the result.$ of a restriction digest are examined 

■ Distinguish between blunt- and sticky-end ligation and explain how the efficiency of blunt-end 
ligation can bo increased 

■ Give derails of the key features of plasmid cloning vectors and describe how these vectors are 
used in cloning experiments, using pBR322 and pUC8 a. examples 

■ Describe how bacteriophage A. vectors are used co clone DNA 

■ Give examples of vectors used to clone long pieces of DNA, and evaluate the strengths and 
weaknesses of each type 

■ Summarize how DNA Is cloned in yeast, animals and plants 

■ Describe how a PCR is performed, paying particular attention to the Importance of the 
primers and the temperatures used during the thermal cycling 

TH. TOOi.KiT OF 'loCHNIQUES used by molecular biologists 
to study DNA molecule,; was assembled during the 
1970s and 1980s. Before then, the only way in which 
individual genes could be studied was by classical 
genetics, using the procedures that we will exami_ne in 
Chapter 5. Oassical genetics is a powerful approach to 
gene analysis and many of the fundamental discoveries 
in molecular biology were made in this way. The 
operon theory proposed by Jacob and Monod in 1961 
(Section 9.3.1), whJch describes how the expression of 
some bacle.rial genes is regulated, was perhaps the 
most heroic achievement of this era of genetics. But the 
c!Assical approac.h is limited because it does not 
involve the direct examination of genes, information on 
gene structure and activity being inferred from the bio­
logical chArnctcri.,tics of the organi,m bcing studied. By 
the late 1960s these indirect methods had become 
insufficient for answering the more detailed questions 
that molecular biologist$ had begun to ask about tho 
e:xpre$$ion pathways of individual genes. These ques­
tions could only be 'addressed by examining directly 
the segments of DNA containing the genes of interest. 

This was not possible using the current technology, so 
a new set of techniques had to be invented. 

The development of these new techniques was stimu­
lated by breakthroughs in biochemical research which, in 
the early 1970s, provided molecular biologists with 
enzymes that could be used to manipulate DNA mole­
cules in the test tube. These enzymes occur naturally in 
living cells and are involved in processes such as DNA 
replication, repair and recombination (see Chapters 13 
and 14). In older to determine the functions of these 
enzymes, many of them were purified and the reactions 
that they catalyze studied in the test tube. Molecular 
biologists then adopted U,e p= enzymes a• tools for 
manipulating DNA molecu.les in pre-determined ways, 
using them to make copies of DNA molecules, to cut 
DNA molecules into shorter frngmcnts, .:tnd to join them 
together again in combinations that d o not exist in nature 
(Figurt 4.1). These manipulations, which are described in 
~ction 4.1, fonn the: basis of rccombin;int ONA tech• 
nology, in which new or 'recombinant' DNA molecules 
are constructed in the test tube from pieces of nalt 
ocruning chromosom,,s and plo,mids. Recomb_ .. 
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DN'A methodology led to the developmenl of ONA or 
gene doning, in which short DNA fragments, possibly 
containing a single gene, are inserted into a plasmid or 
virus chromosome and then replicated i.ri a bacterial or 
eukaryotic host (Figure 4.2). We will examine exacUy how 
gene cloning: is per(ormed, and the reasons why this tech• 
nique resulted in a revolution in molecular biology, in 
Section 4.2. 

Gene don.ing w .. wcll established by the end ol the 
1970s. The next major technical breakthrough came some 
5 years later when the polymerase chain reaction (PCR) 
wt'IS invented {Mullis, 1990). PCR is not a compliCl.tcd 
technique - all that it achieves is the repeated copying of 
a shon segm ent of a ONA molecule <Figure 4.3) - but it 
has berome immensely important in many areas of hi<>-

Cutting ---....... 

Figure 4.1 Examples o( the manipulation, that can be 
carried out with ONA molecules. 

i.l ENZYMES FOk ONA MANIPULATION 97 

loglc.-tl researd1, nol leas! the study of genomes. PCR is 
covered in detail in Section 4.3. 

4. 1 Enzymes for DNA Manipulation 

Recombinant ONA technology was one of the main factors 
that contributed to the rapid advance in knowledge 
concerning gene expression that occurred during the 
1970s and 1980s. The basis of recombinant DNA tech­
nology is the ability to manipulate DNA molecules in the 
test tube. This, in turn, depends on the 4'.Vnilnbility of 
purified enzymes whose activities are known and can be 
controlled, and which can therefore be used to make 
specified clunges to the ONA molecules that are being 
manipttlated. The enzymes available to the molecular 
biologist fall into four broad categories: 

■ ONA polymerases (Section 4 .1.1), which arc 
enzymes that synthesi2e new polynucleotides com· 
plementary to an existing ONA or RNA template 
(Fig.,r, 4.4A); ' 

■ Nucle,ses (Section 4.1.2), which degrade DNA 
molecules by breaking the phosphocliester bonds 
that link one nucleotide to the next (Pigt,re 4.48); 

■ Ligases (Section 4,1.3), which join DNA molewi~ 
together by synthesizing phosphodiester bonds 
between nucleotides at tl\e ends of two different mole­
cules, er at the two ends of a single molerule(Figure 4.40; 

■ End·modification enzymes (Section 4.1.4)1 which 
make changes to the ends of ONA molecules, adding 
an important dimension to the design of ligation 
experiments, and providing one means of labeling 
DNA molecules with radioactive and other markers 
(Technical Note 4.1). 

Plasmid DNAO /' New ONA 

Figure 4.2 DNA cloning. 

:..rt ➔o 
n!!wONA 

Many copies 0 ofDNA 

o 0 o 
In this example, the fragment of ONA to be cloned l.s Inserted into a plasmid vector which Is subsequently rep~cated in~de a 1 
bacterial host. 
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DNA labeling 

Attachment of radioactive, fluorescent or other types of m,arker to DNA molecules. 

DNA l, beling is a central pare of many molccul.3r biology 
proc,oduros.,including S:outhern hybrldi.:r.:u!on (Sec-don ◄.1.2). 

fluorescent in siw hybridization (FISH: Section 5.3.2) and 
DNA sequencing (Section 6.1 ). It enables the location of a 
p.,rticular IDNA molecule - 011 a nluocc llu!osc: or nylon 

membr111e, in a chromosome or in a gel- to ba d1?term1n~d 
by detecting the signal emitted by the ni.rkcr.La!>eled RNA 
molecules .are also used in some. appkations (Technlc..:il 
Note 4.4, p<1gc 120). 

Radioacme marktn are frequently used for labeling 
DNA mole-culM. Nucleotides c.1n be synthe$ited In which 
one of the phosphorus a.toms i.s replaced with " P or " P. 
one of the oxygen atoms in the phosphate group Is 
replaced with 3SS. or one or mote of the hydroge:n atoms is 
replaced with 1H (see Figure 1.6, page 11). R:.adioactlve 
nucleotide.!: s-tlll act as substrates for DNA potymerases 
and so are Incorporated into a DNA molecule by any 
stnnd-syn~is reaaion catalyzed by a DNA polymerase. 
Labeled nudeoddes or 1ndi'vidu-a1 pho~pha.te g_TQups ca.n 
also be attached to one or both ends of a DNA molecule 
by the reactions catalyzed by T4 polynudeotide kinase or 
terminal deoxynucleotldyl u.nsrense (Section ◄. I .~)- The 
radioactive signal can be detected by saitillation counting. 
but for most moletular biology apptications positional 
information is needed, 30 detection i.s by cxpo:surc of an 
X-ray-sensi tive film (auto radiography) or • radiation-

• • •• 

Figure 4.3 m,e polymerase chain reaction (PCR) b used to 
m.,.kc copies of a selecced scrcm of a DNA molcculo. 

tn this c.x1mple, 3 single gone is copied. 

ser~itive phosphorescent screen (phosphorimaglng).Thc 
choice between the various: radio.active labels depends on 
the requirements of the procedure. High sensitivity is 
poisible with "P because this isotope h,s a high emission 
ene.rgy. but $enskivicy I$ ac.comp:mied by low resolution 

boousc of signal sta«ering. Low-emission isotopei such u 
"Sor 1H gi've less sensitivity but greater re.solution. 

Ht-21th and envir'onmental issuei have mea.nt tha:t 
radioactive markers have become less popular in recent 
years and for many p.ro<edures they are now largely super• 
seded by non-radioactive altematiw.s. The most useful of 
these are fluorescent marken, which are central com­
ponents or techniques such as FISH (Seclion 5.3.2) and 
automated DNA $equencing (Section 6. 1. 1 ~ Floore.scent 
labels with various emission wavelengths (i.e. of different 
colors) are incorporated into nuc.leotide.s or attached 
directly to ONA molecules.and are deteeted with a suit1ble. 
film, by fluorescence microscopy, or with a nuoresctnce 
detecror. Other types of non-radioactive labeling make use 
of chemiluminescent emissions. but the-.se have the dis­
advantage that the signal Is no: generated directly by the 
label, but Instead must be •developed' by cream,ent of the 
labeled molecule with chemkal~A popular method involves 
labeling the DNA with the enzyme allaline phosphatase, 
which b det«:tcd by applying dioxetane. which the enzyme 
dephosphoryla.tes to produce the chemiluminescence. 

4.1. 1 DNA polymerases 

Many of tl,e techniques used to study DNA de~nd. on 
the synthesis of copies of all or part of ei<isting ONA or 
RNA molecules. This is an essential ri!<Juirement for PCR 
(Section 4.3), DNA sequencing (Section 6.1), DNA lal:>e.1· 
ing (Technical Note4.1) and many other p rocedures that 
are central lo molecular biology research. An enzyme that 
, ynthcsizcs DNA h ca.lJed a DNA polymerase and ,one 
that copies an existing ONA or RNA molecule is called a 
templale-dependent ONA polymerase 

The mode of actio11 of o template-dependent DNA 
polymerase 

A template-dependenl DNA polymerase makes a new 
ONA polynudeotide whose sequence is dktatcd, vfo the 
base-pairing rules, by the sequence of nucleotides in lhe 
ONA moleru.le that is being copied (Figure 4.5). The mode 
of act:ion l$ very $irnilnr to th(lt of n tc.mplatc-dcpcncf 
RNA polymerase (Section 3.2.2), the new polynucleoL. 
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(A) DNA polyme, .. cs 

ONA u:mpla\t 

(8) Nudeases 

1-- --

(C) Lli••·· 

One ONA molecule 

l 
0 

\ J 
Internal cutS 
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DNA co11ies 

! ,, _____ .. 
\ J 
Nudtotides r-e:moved 

from tbe ends· 

Two DNA molecules 

l 

J\NA ccmplite 

Figure 4.4 The activici., of (A) DNA polymerases, (B) nuclease,, and (CJ liga,es. 

In (A), the activity of a DNA-dependent DNA polymerase Is shown on the left and that of an RNA-dependent DNA 
polymcn.so on the riAht. In (8). the activitie.s of endonudeases and exonucleases art shown. In (Q the red DNA molecule is 
ligated to itself on the left. and to a second molecule on the right 

being synthesized in lhe 5'-+3' direction; DNA p0ly­
merases that make ONA in the other direction are 
unknown in nature. 

One important difference between template-dependent 
DNA synthesis and the equivalent process for synthesis 
of RNA is that a ONA polymerase is unable to use an 
entirely single-stranded molecule •• the template. In 
order to initiate ONA synthesis there must be a short 
double-stranded region to provide a 3' end onto which 
the enzyme will add new nucleotides (Figure 4.6A). The 
way in which this requirement is met in living cells when 

the gcJlome is replicated is described in Chapter 13. (n the 
test tube, a DNA copying reaction is initiated by attaching 
to the template a short synthetic oligonucleotide, usually 
about 20 nucleotides in lengU1., whkh acts asa primer for 
DNA synthesis. At first glance, the need for a primer 
might appear to be an undesired complication in the use 
of DNA polymerases in recombinant ONA technology, 
but nothing could be further from the truth. Because 
annealing of the primer to the template depends on 
complementary bMe-poiri.ng:, the position wj~&..; .. , ._.,. 

template molecule at which DNA copying is init 
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ONA )' - TACCCAACGCGAATTc - s· 
· ATGG-
5' ) ' 
New ONA 

3' - TACCCAACGCGAATTC - S' 
ATGGGTTG-

5' )' 

Figuro 4.5 The activity of a DNA-dependent DNA 
polymerase. 

I New nucleotides are added on t<> the 3' end of the 
growing polynudeotide, the sequence of this new 
polynudeotide being determined by the s~uence or the 
template DNA. 

be specified by synthesizing a primer with the appropriate 
nucleotide sequence (figure 4.6B). A short specific seg• 
ment of a much longer lemplate molecule can therefore b, 

copied, which is much more valuable than the random 
copying that would occur UONAsyntheslsdid not need to 
be primed. You will fully appreciate lhe importance of 
priming when we deal with PCR in Section 4.3. 

A second general feature of template-dependent DNA 
polymerases is that many of these enzymes are multi­
functionaL being able to degrade DNA molecules as well 
as synthesize them. This is a reflection of the way LI\ 
which DNA polymerases act in the cell during genome 
replication (Section 132.2). As well as their 5'➔3' DNA 
syn the-sis capability, DNA polymerases C'ru\ also have one 
or both of the following exonuclease activities (Figurt4.7): 

■ A 3'➔5' exonuclease activity enables the enzyme to 
remove nucleotides from the 3' end of the strand that 
it has just synthesized. This is called the proof• 
reading activity because it allows lhe polymerase to 
correct errors by removing a nucleotide that has been 
inserled incorrectly. 

■ A 5'➔3' exonuclease activity is less common, but is 
possessed by some DNA polymernses whose natural 
function in genome replication requires that they 
must be able to remove at least part of a poly­
nucleotide that is alJ'cody attilchcd t'o the template 
strand that the polymerase is copying. 

The eypes of DNA poo/ll'lerases used in research 

Several of the template-dependent DNA polymerases 
!t;h3t l.\t'e used in mohx;uhl.r biology research (Table 4.1} are 
versions of the Escherichia C1ili DNA polymerase I enzyme, 
.vhich plays a central role in replication of this bac­
terium's genome (Section 13.2.2). This enzyme, some­
times called the Kornberg polymerase, after its 
d iscoverer Arthur Kornberg ()(omberg, 1960), has both 
~he 3'45' and 5'-+3' exonuclease activities, which limits 

(A) DNA. synthe.ils requires a primer 

Primer 

5' ( 3' 
$1:r l ttlllll'lf :rn:e PI 1111 t: I I 

) ' S' 3' 5' 

1 ONA polymerase l 
l lll t l lllttlstl illlll 11 11 11111 

No DNA synthesis ONA synthesb 

(B} The prim~r determines which put of a ONA molc,ulc is- ~opted 

Primer 

5' ( 3' 
.&.J. I. I •• ' I •• I ••••• I I ••• ,, ••• • j I j j j ; •• I I. I I LJ. 

ONA 

Figure 4.6 The role of the primer in templa*dependent 
DNA synthesis. 

(A) A DNA polymerase requires a primer In order to 
initiate the synthesis of a new polynudeotido. (8) The 
sequence of this ollgonucleotlde determines the position 
at which It attaches to the templue ONA and hence 
specifies the region of the template that will be copied. 
Whe.n a ONA polymerase is used to ma.ke new DNA in 
ritro. the primer is usually a short oli2onucleotide made by 
chemical symlw,sis. For details of how DNA synthesis is 
primed I~~• see Flgut< 13. r 2, p•g• 396. 

it usefulness in ONA manipulation. Its m..'\U\ .i.pplicatio n 
is in DNA labeling, as described in Technical Note 4.1. 

Of the two exonuclease activities, it is the 5'➔3' ver­
sion that causes most problems when a DNA polymerase 
is used to manipulate molecules in the test tube. This is 
because an enzyme that possesses this activity is able to 
remove nucleotides from the 5' ends of polynucleotides 
that have just been synthesized (Figure 4.8). It is unlikely 
that the polynucleotides will be completely degraded, 
because the polymerase function is usually much more 
active than the exonudease, but some techniques will nol 
work if the 5' ends of the new polynucleotides are short­
ened in any way. In particular, DNA sequencing is based 
on synthesis of new polynucleotides, all of which share 
exactly the same S' end., marked by the primer used to 
initiate the sequencing reactions. If any nibbling of the 5' 
ends occws, then ii is impossible to determine the correct 
DNA sequence. When DNA sequencing wa.s first intro­
duced in t.he late 1970s, it made use of a modifiei:l version 
of the Kornberg enzyme called the Kienow polymerase . 
The Kienow polymerase was initially prepared by culling 
the natural E. coli DNA polymerase I enzyme into two 
segments with a protease. One of these segments ret~' - · " 
the polymerase and 3' ➔S' exonuclease activities, 
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(A) 5'-->3' DNA ,ynthuls 
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\ ,. " " 7 " " . .. ~ --:-......... 3' ..,..
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'i ' I I I I 11 7i"9°~~~ ~~•:•,
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DNA polymerase 
rcvel"'$es Its di rectlon 

(C) 5'➔3' e,0<1ucleue actMtf 

Displaced rudeotides 

,.'j\ 
s· ~ -
3
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Figure ◄. 7 The DNA synthesis and exonucleale acttvlcies 
of DNA polymerases. 

All DNA polymerases can make DNA and many also have 
one or both of the exonud ease activities. 

lacked the 5' --->3' exonuclease of the untreated enzyme. 
The enzyme is still ofte.n caJJed the Kienow fragment in 
memory of this old method of preparation, but nowadays 
it is almost always prepared from E. coli cells whose poly­
merase gene has been engineered so that the resulting 
enzyme has the desl.red properties. But in fact tl1e Kienow 
polymerase Ls now rarely used in sequencing and has its 
major application in DNA labeling (see Technical Note 

4.1 ENZYMES FOR DNA MANIPULATION IO I 

New DNA 

•• , , , , ,
5
;,,, ,) 1,, 1 n3

.', , . , ,, 
3· y 

3' 

1 S'➔J' ex<>iudease acdvtiy 

S' 3' 
t ti I II t II I ii II jj I j I II t II It 

Se:gmcnt o( new 
ONA ~ degnded 

S' 

Figure 4.8 The 5'➔3' exonucteasc acclvliy ofa DNA 
polymerase can degrade the 5' end of apolynucleotide that 
has just been synthesited. 

4.1). This is because an enzyme caUed Sequeoase (see 
Table 4.1), which has superior properties as far a sequenc· 
ing is concerned, was developed in the 1980s. We will 
return lo the leatutts of Sequen••c, ond why they make 
the enzyme ideal for sequencing. in Box 6.1 (page 166). 

The E. coli DNA polymerase I enzyme has an optimum 
reaction tcmpcr.tturc of 37 ~, thi, being the usual temper­
ature of the natural environment of the bacterium, inside 
the intestines of mammals such as humans. Test-tube reac­
tions: '-'1ith either the Kornberg or l()enow polymerases~ 
and with Sequenase, are therefore incubated at 37 °C, and 
termi,nated by raising the temperature to 75 •c or above, 
which causes the protein to unfold or denature, destroying 
its activity. This regimen is perfectly adequate for most 
molecular biology techniques but, lor reasons tliat wW 
become dear in Section 4.3, PCR requires a thermostable 
DNA polymerase - one that is able to function at tempera­
tures much higher than 37 'C. Swtoble enzyme, can be 
obtained from bacteria such as 71,tnm,s aq11atic11s, which 
live in hot springs at temperatures up to 95 •c, and whose 
ONA polymerase I enzym< has an optimum working 
temperature of 72 'C. The biochemical basis of protein 
lhermostability is not fully understood, but probably 
centers on structural features that roouce the amount of 
prote.in u.nfolding that occurs at elevated temperatures. 

One additional type of DNA polymerase is important 
in molecular biology research. This is rtverse transaiptase, 
which is an RNA-dependent DNA polymerase and so 

Table 4 .1 Features of template-dependent DNA polyme-rascs used in molecular biology research 

Polymerase Description Main use Cross reference 

DNA polymen.se I Unmodified E. coll en2yme DNA labeling Technical Note 4.1 
(page ,a) 

Kie.now potyma.rase Modified version of£ coli DNA polymen,e I DNA l>beling Tec.hnkal Note ◄. I 
(page 98) 

Sequcn-a.se Modified version of phage T7 ONA polymerase I DNA sequencing Box 6.1 (page 166} 
Taq polymerase Thtm1u.s aquaticus DNA polymor..sa I PCR Section ◄.3 

Reverse transcriptase RNA-dependent DNA polymerase, obtained from cDNA synthesis Section 5.13 
various retroviruses 
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makes DNA copies of RNA rather than DNA templates. 
Reverse transcriptases are involved in the replication 
cycles of relroviruses (Section 2.4.2), including the human 
immunodeficiency viruses that cause AIDS, these having 
RNA genomes thar are copied into DNA after Infection of 
the host, In the test tllbe, a reverse transcriptase can be 
used to make DNA copies of mRNA molecules. These 
cop;e, •re called complementary DNA, (cONA,). Their 
synthesis is important in some types of gene cloning and 
in techniques used to map the regions of a genome that 
speci(y particular mRNAs (Section 7.1.2). 

4. 1.2 Nucleases 

A range of nucleases have found applications in recombi­
nant DNA technology (Table 4.2). Some nucleases have a 
broad range of activities but most are either exonude• 
ases, removing nucleotides from the ends of DNA and/ or 
RNA molecules, or endonudeases, making cuts at internal 
phosphodiester bonds. Some nuderuie, are speci(k for 
DNA and some for RNA; some work only on double­
stranded DNA and others only on single-stranded DNA, 
and some .trc not fussy what they work on. We will 
encounter various examples of nucleases in later chapters 
when we deal with the techniques in which they used. 
Only one type of nuclease will be c:onsidC"red in detail 
here: the restriction endonucleases, which play a central 
role Ln all aspects of recombinant DNA tech.nolo&Y· 

Restriction endonucleases enable DNA molecules to 
be cut at defined positions 

A restriction endonuclease is an enzyme that binds to a 
DNA molecule at a specific •equence o.nd makes a double­
s tranded cut at or near that sequence. Because of the 
sequence specificity, the pOSitions of cuts within a DNA 
rnolc-cuJc can be predicted, assuming th~t the DNA 
sequence is known, enabling defined segments to be 
excised from a larger molecule. This ability underlies 
gene cloning and all other aspects of r«or:nbinant DNA 
technology in which DNA fragments of known sequence 
are required . 

There are three types of restriction endonuclease. With 
Types I and m there is no strict control over the position 
of the cut relatlve to the specilic sequence In the DNA 
molecule that is recognized by the enzyme. These 

enzymes are therefore less useful b ecause the sequences 
of the resulting fragments are not precisely known. l)'pe 
n enzymes do not suffer from this disadvantage because 
the cul is always at the S.11Ile place, either within the 
recogttition sequence or very dose to it (Figure 4,9). For 

eimnpl~, the Typf I! em:yme ca!!ed. EroR.l (isolated 
from E. eel,) cuts DNA only at the hexanucleotide 
5'-GAATIC...J'. Digestion of DNA with a Type U enzyme 
therefore gives a reproducible set of fragments whose 
sequences are predictable if the sequence of the target 
DNA molecule is known. Over 2500 Type ll enzymes 
have been isolated and more than 300 are available for 
tUie in the laboratory (Brown, 1998). Many enzymes have 
hexnnuclcotide target sites, but others recogn.i2e shorter 
or longer sequences (Table 4.3). There are also examples of 
enzymes with degenerate recognition sequences, mean­
ing that they cut DNA at any of a famlly of related sites. 
Hinfl (from Haemophilus inft11e111i1e), for example, recog­
nizes 5'-GANTC- 3', where 'N' Is a ny nucleotide, and so 

Cuts m:i.de 2t vtri2ble po'.litio.ns 
♦ Ht 

:::::.:.:.:.: ::::::::::= 

l Type I or Ill re,trittion endonuc:leue 
R«ol"'ldon sequence , 

------- ------ ONA ! Typ, II restn"'cton endonodoase 

♦ 
AU cuts at the same position 

Figure. 4.9 CUt:S produced bf restriction endorucleases. 

In the top part of the diagram, the DNA is cut by a Type I 
or Type Ill restrietion endonudease.The cuts are made In 
slightly different positiom relative co the re,ognition 
sequence, so the resulting fragmenu lhave different lengths. 
In the lower part, a Type II eoryme: is used. Eath molecule 
is cut at exactly the same position to give exactt, the 
same pair of fragments. 

Table 4.2 Feawres of important nudeases ustd in molecular biology reseJn:h 

Nuc.lcase 

R.eltrlctlon 
endonudeases 

SI nuclease 

Deoxyribonuclease I 

Description Ma.in use Cross reference 

Sequence-specific DNA endonucfea.ses, from many Many appUcations Section 4.1.2 
sources 
Endonuclease specific {or single-suanded DNA and Transcript mapping Section 7.1.2 
RNA, from dH: fungus Aspcrg;lus oryzoc 

Endonuclease specific for double-wanded DNA and Nuclease foo,printing Section 9.1.1 
RNA, from £scherichio col 
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Table 4.3 Scme ex:ample.s of restriction endonucleases 

Enzyme 

Alul 

5ou3AI 

HinO 

BomHI 

6sr81 

EcoRI 

Pstl 

Nod 

8g/l 

N • ury twcltodde. 

Recognition sequence 

5'-AGCT-3' 

J'-TCGA-5' 

5'- GATC-3' 

3'-CTAG-S' 

5'-GANTC-3' 
3'-CTNAG-S' 

5'-GGATCC-3' 
3'-CCTAGG-5' 

S'-CCGCTC-3' 

l '-GGCGAG-5' 

S'-GAATTC-3' 

3'-CTTAAG-5' 

5'-CTGCAG-3 ' 
l '-GACGTC-5' 

5'-GCGGCCGC-3' 
3'-CGCCGGCG-5' 

S'-GCCNNNNNGGC-3 ' 

3'-CGGNNNNNCCG-5' 
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Typo of ands 

Blunt 

Sticky, 5' ovcrhong 

Sticky, S' o'l<!rhang 

Sticky, 5' o,-erhang 

Blunt 

Sticky, S' ovorhang 

Sticky, l ' overhang 

Sticky, 5' o,·erhang 

SUcky, 3' overhang 

End sC!quonccs 

5'-AG CT-3' 

3'-TC GA-S' 

5'- GATC-3' 

3'-CTAG -5' 

5'-G ANTC-3' 
3'-CTNA G-5' 

5'-G GATCC-3' 

3'-CCTAG G-5' 

S'- NNNCCGCTC-3' 

3'- NNNGGCGAG-5' 

S'-G AATTC-3 ' 
3'-CTTAA G-5' 

S'-CTGCA G-3' 
3'-G ACGTC-5' 

5'-GC GGCCGC-3' 
3'-CGCCGG CG-5' 

S'-GCCNNNN NGGC-3' 
3'-CGGN NNNNCCG-5' 

Note lmt mo:t, bJt not a ll. recogl"lltion sequtt1ee1 ~e ltwerttd qrm-,euy. when re.ad tn the S' ➔3' dlrtttlon, tM ~uenct ls W same In beth strands. 

culs at 5'-GAATC-3', 5'-GATIC-3', 5'-GAGTC-3' and 
5'-GACTC-3'. Most enzymes cut within the recognition 
sequence, but a fe,._,, such a BsrBl, cut at a speci6ed posi­
tion outside of this sequence. 

Restriction enzymes cul DNA in two different ways. 
Many make• simple double-stranded cul, giving a blunt 
or flush end; others cut the two DNA strands at different 
positions, usually two or four nucleotides apart, so that 
the resulting DNA fragments have short single-stranded 
overhangs al each end. These are called s ticky or cohe­
sive e nds bEcause base-pairing betwee11 them c:.n stirk 
the DNA molecule back together again (Figure 4.10A). 
Some sticky-end cutters give 5' overhangs {e.g. Sau3AI, 
Hinfl> whereas others leave 3' overhangs (e.g. Pstl) 
(Figure 4.10B). One feature that is particularly important 
in recombinant DNA technology is that some pairs of 
restriction enzymes have differen t recognition sequences 
but give the same sticlcy ends, examples being Sn113AJ 
and &mHI, wruch both give a 5'-GATC-3' sticky end 
even though Sau3AI has a 4-bp recognition sequence and 
BnmHl recognizes a 6-bp sequence (Figure 4.lOC). 

Examining the results of a restriction digest 
Afler treatment with a restriction endonuclease, the 
resulting DNA fragments can be examined by agarose 
gel electrophoresis (see Technical Note 2.1, page 37) to 

determine their sizes. Depending on the concentration of 
agarose in the gel, fragments between 100 bp and SO kb 
con be separated into sharp bands •ftc, electrophoresis 
(Figure 4.11). Fragments less than 150 bp can be sepa­
raled in a 4% or 5% agarose gel, making ii possible to 
distinguish bands representing molecules lhnt differ in 
size by just a single nucleotide. With larger fragments, 
however, ii is not always possible lo separale molecules 
of similar size, eve.n in gels of lower agarose roncentrn· 
lion. U the starting DNA is long, and so gives rise to 
many fragmPnts ~rter djgestion with a restriction 
enzyme, then lhc gel may simply show • •mcar of DNA 
because there are fragments of every possible length that 
all merge togelher. This is the usual result when genomic 
DNA is restricted. 

If the sequence of the starting DNA is !mown then the 
sequences, a nd hence the sizes, of the fragments resulting 
from treatment with a particular restriction enzyme can 
be predicted. The band for a desired fragment (for example, 
one containing a gene) can then be identified, cut out of 
the gel, and the DNA purified. Even ii its size is 
unknown, a fragment containing a gene or another 
segment of DNA of interest can be identified by the tech­
nique called Southern hybddi.,.ation, providinJt that 
some of the sequence within the fragment is k 
can be predicted. The first step is to transfer the rt::.u u.uvu 

fragments from lhe agarose gel to a nilrocellulose or 
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(A) Blunt and sdeky wids 

s· J' 
llll:Ii I:I Cili:11□1:Jlli:Ii I:1 Ci CIIO::i 

J ' 

S' 

3
, I I 1111 I I t I I I I I I I I s• 

Blunt ends 

(B) 5' and 3' 0\'orhangs 

S' GGATCC l ' :n:rc: :a:=: 
)' CCTAGG S' 

llll: G 
CCTAG5• 

1 BomHI 

s GATCC: ::cIJ: 
G 

(C) The sime sticky end produced by different enrymes 

S GGATCC 3' 

3,:o:m: CCTAGG :IIIIJ: 
5
, 

:C:C:G 
CCTAG5, 

1 SomHI 

S'GATCC ::Ill: 
G 

s· 

J ' 
iillii:: "liilli 

3· t s· 
Stid<y end, 

S' CTGCAG 3' 

3,:=GACGTC = S' 

CTGCA3' 
DJJ: G 

l Psti 

S' GATC J ' 

3
,l:IIII CTAG llDJ: 

5
, 

1 SovlAJ 

5
GATC = 

Figure 4. IO The resuiu of digestion of DNA with different mtriaion endonudeases. 

(A) Bkmt ends and sticky ends. (8) Different types of sticky end: the S' overhangs produced by BomHI and the 3' overhangs 
produced by Psti. (q The same sticky ends produced by two d ffe...,nt restricdon endonudeases:a S' overhang with the 
sequence 5 '-GATC-3' is produced by both 8amHI (recoinlzos S'-GGATCC-3') and Sou3AI (recognizes 5'-GATC-3'). 

nylon membrane. This is done by placing the membrane 
on the gel and allowing buffer to soak through, taking the 
DNA from the gel to the membrane, where it becomes 
bound (Fig-urt 4.12A}. This proc<!SS results in the ONA 
bands becoming immobilized in the same relative posi­
tions on the surface of the membrane. 

TI,e next s tep is to prepare a hybridization probe, 
which is a labeled DNA molecule whose sequence ts com­
plementary to the target DNA that we wish to detect. The 
probe could, for example, be a synthetic oligonudeotide 
whose sequence matches part o( an interesting gene. 
Because the probe a.nd target DNAs are complementary, 
they can base,.pair or hybridize, the position of the 
hybridized probe on the membrane being identified by 

detecting the signal given out by a label attached to the 
probe. To carry out the hybridization, the membrane is 
placed in a glass bottle with t.he labeled probe and some 
buffer, and the bottle gently rotated for several hours so 
that !he probe has plenty of opportunity to hybridize to 
its target ONA. The membrane is then washed to remove 
any probe that has not become hybridized, and the s ignal 
from the label is ,detected (see Technical Note 4.1, page 
98). In the example shown in Figure 4.128 the probe is 
radioactively labeled and the signal is detected by auto­
radiography. The band that is seen on the autoradiograph 
is the one that corresponds to the restriction fragment I~"' 
hybridizes to the probe and which therefore contains, 
gene thnt we are $etlrch.ing fot. 
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• 

X.Agaros.e 0.7S 1.00 1.25 

- 121<b 
-skb 

-1kb 

- l kb 
21<1, -

-0.Skb 
lkb-

O.Skb-

Figure 4. 11 Separation of DNA molecules by agarose gel 
e lectrophoresis. 

The range of fragment si:ze.s that an be res:olved depends 
on the concentration of agarose in the gel. Electrophorelis 
has been performed w idl three different concentrations o( 

agarose. The labels indicate the sites of bands in the left 
and right lanes. Photo courtesy of BioWhlttaker Molecular 
Applications. 

(A) Transfer or DNA rrom gel to membrane 

Restricted ONA 

/\ 
2 3 

ffu.lQ 
l 

Agarose gel 

Support 

(8) Hybridiucion analysis 

ONA probe 

Nylon membrane 

Figure 4.12 Southern hybridization. 
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4.1.J DNA ligases 

DNA fragments that have beel\ generated by treatment 
with " restriction trtdonuclensc can be joined back 
together again, or attached to a new partner, by a DNA 
ligase. n,e reaction requires energy, which is provided by 
addins either ATP or NAO to the reaction mixture; 
depending on the type of ligase that is being used. 

The most widely used DNA llgase Is oblained from f . 
coli cells infected with T4 bacteriophage. It is involved in 
replication of the phage DNA and is encoded by the T4 
genome Its natural role is to synthesize phosphodiester 
bonds between unlinked nucleotides present in one 
polynudeotide of a double-stranded molecule (Figure 
4.23A). ln order to join together hvo restriction frogrnents, 
the ligase has to synthesize two phosphodiester bonds, 
one in each strand (Figure 4.138). This is by no means 
beyond the capabilities of the enzyme, but the reaction can 
occur only ii the ends to be joined come close enough to 
one another by chance- the ligase is not able to catch hold 
of them and bring them together. If the hvo molecules have 
complementary sticky ends, and the ends come together 
by random dlffuslon events ln the ligation mixture, then 
transient base pairs oug.ht form between !he two over­
hangs. These base pairs are not particularly stable but they 
may persist for sufficient time for a. liga,sc enzyme to atfoch 
to the junction and synthesize phosphodiester bonds to 
fuse the ends together (Figure 4.13C). 11 the molecules an 
blunt ended, then they cannot base-pair to one another, 
not even temporarily, and ligation is a much less efficient 
pro<ess, even when the ONA concentration is high and 
pairs of ends are in relatively dose proximity. 

---+/4~1/ 
l 

Nylon membrane 

2 3 

I - -;;2 Hybl'fdf?Jng baods 

Autoradlograptl 

(A) Transfer of DNA from the gel to the membrane. (B) The membrane is probed with a radioactively labeled DNA mole.:ule. 
On the resulting aucoradiograph, one hybrid.fZing band ls seen fn lane 2, and two in lane 3. 
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(A) The rol~ of ONA nzasc Kl vivo 
Min ing phosphodiester bond 

S' I 3' 
i llli!IO ■ l!OJT 

J' s· 1 Missing bond S)Tldiesized by DNA llpse 

s· I 
it!Ciilli l llllll 

) ' 

J' s· 

S' J' 5' 3' 
JIJIJIII II II I:I I:I JIJIJI JI II II I:I I:1 

) ' 5' ) ' 5' 

5' 3' 

3
.' JJIJIJIII I:I I:1 I:\ CI Cl Ci!CllCllJIJ:i S' 

Two bonds synthesized by DNA '-1:ue 

(C) Sckky~cnd ligulon Is more- efficient 

s· J ' s· J ' 
Ii I ii I, , ••wm 

) ' 5' l ' 5' 

l ' 

Figure 4 .1 3 Ligation of ONA molecules with DNA ligaso. 

s· 

Two bonds syntht$1:zed 
by ONA llg>st 

(A) In living cell,. ONA ligase synthesizes a missing phosphodiester bo nd in one >trand of a double,stranded DNA molecule. 
(8) To ltnk cwo DNA molecules in vitro. ONA liga.se must make two phosphodiester bond$., o ne In each strand. (C) Ugation 
in vitro is mote efficient when the molecules have compatible sticky ends, because transient ba.se•~ring between these ends 
holds the molecules together and so increases the opportunity for C>NA ligase to attach • nd synthesize the MW 

phosphodi•ster bonds. For the role of DNA lig>se during DNA replicado n in vivo. see Fii ures 13.17 and 13.19. 
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The greater efficiency of sticky-end ligation has stimu­
lated the development or methods for converting blunt 
ends into s tid<y ends. In one method, short double­
stranded molecules called linkers or adaptors are 
attached to the blunt ends. Linl<ers and adaptors work in 
slightly different ways but both contain a rewgnition 
sequence for a restriction endonuclease and so produce a 
sticky end after treatment with the appropriate enzyme 
(Figure 4.74). Another way to create a sticky end is by 

s· 
3' 

Blunt•onded DNA 
mciec.ule 

3' 
!ililiiiiii ii lll :co: Linkers 

~-
J ' 

s· 

s· ::ca: 
:ID: :co: 

JD: 
~ 

! 
S' GGATCC 3' m: III: 
3, CCTAGG S' 

BatnHI nteognitic>n 
sequence 

,. 
I ii I It I Ii ii ii I ii I ii II I 

\ s· 
'--- Unktrs attached to 

the: end, of the ONA 
molecule 

3' 
~.' t:II I :C:11 :C:11:C:II :C:IIDll::C:ll::C:IIJ:111~ 

BomHI 
$tickyend 

3' 

: : : I I I I I I I 
3' G 

,J 
CCTAG S' 

Figure 4. 1 ◄ L:nkers art used to place sticky <ind, on to a 
blunt-ended molecule. 

In this example, each linker contains the recognition 
sequence for tte 6amHI restriction endonuclease. DNA 
ligase attaches me linkers to the ends of the blunt-ended 
molecule in a reaction that is made relatively efficient 
bee:1usc the linlen arc pre.sent at 3 high concentration. 
The restriction enzyme is then added to cleave the linkers 
and produce the sticky ends. Note that during the ligation 
the linkers ligat• to one another. ,o a series of linkers 
(a concatame,) is attached to each end of the blunt 
molecule. When the restriction enzyme is added, these 
linker concatarrers are cut into segments, with half of the 
innermost I nker left attached to the DNA molecule. 
Adaptors are sinilar to linkers but each one has one blunt 
end and one sticky end. The blunt-ended DNA is therefore 
given sticky ends simply by ligating it to the adaptoN; 
there is no need co carry out the restriction s-tep. For 
more details, see Brown (2001 ). 
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homopolymer tailing, in which nucleotides ate added 
01e after the other to the 3' terminus at a blunt end 
<Figure 4.15}. The enzyme involved is called terminal 
d,oxynucleotldyl transferase, which we will meet in the 
n,xt section. If U,e reaction contains the DNA, enzyme, 
and only one of the four nucleotides, then the new sltetch 
of single-stranded ONA that is made consists entirely of 
Just that single nucleotide. It could, for example-, be ~ 
poly{G) tail, which would enable the molecule to base­
pair to other molecules thal carry poly(C) tails, creab?d in 
t~.e same way but wilh dCTP rather than dGTP ln the 
reaction mixture. 

4.1.4 End-modification enzymes 

Tmninal deoxynucleotidyl transferase (see Fig11re 4.15), 
obtained from calf thymus tissue, is one example of an 
e.ud-modlficatfon enzyme. It is, in !act, a tcmrlatc• 
i11dept11de11t ONA polymerase, because it is able to 
S)nthesize a new ONA polynucleotide without oase­
ptiring of the incoming nucleotides to :in existing strand 
of ONA or RNA. Its main role in rewmbinant ONA lech· 
nology is in homopolymer tailing, as described above. 

Two other cnd-mod.ilic..,tion enzymes .i.re also 
(nquently used. These are alkaline phosphatase and T4 
potynucleotide kinase, whicll act in comptei:neotary 
ways. Alkoline phosphatase, which is obtained from 
various sources, including E. cofi and calf intestinal tissue, 
removes phosphate grou ps from the S' ends of DNA 
molecules. which prevents these molecules from being 
ligated to one another. 1\vo ends carrying 5' phosphates 
can be ligated 10 one another, and a phosphatased end 
can ligate to a non-phosphatased encl, but a link cannot 
be formed between a pair of ends if neither carr:es a 

J ' 

S' 

3' 

Blun,-c:nded ONA 
moltcule 

ll:II :Cl :Cl Cli□l::11:Ii:CI :Cl :Cii□l□IC[I 
3' 

s· 

l TtrmiNI deoxynucleotidyl 
C1"3n.sfera.se + dGTP 

s· 3· 
II I jj Ii jj I jj ii j ii Ii • ii 

s· ........ 

! 3' • .• - GGGGGGGGG 
·--~ s· \. 

Poly(G) Q/1 

Figu re 4. 1 S Homopolymer tailing. 

la this example, a poly{G) tail Is synthesized at each end o r 
a blunt•endcd DNA molecule. Tails comprising oth,. .. 
nucleotides are synthesited by Including the appro1 
dNTP in the reaction mixture. 
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5' phosphate. Judicious use of alkaline phosphatase can 
therefore d.lrect lhe action of a DNA ligase in a pre­
determined way so lhat only desired ligation products 
are obtained. T4 polynudeotide kinase, obtained from 
E. coli cells Wected with T4 phage, performs the reverse 
reaction to alkaline phosphatase, adding phosphates to 5' 
ends. Lil:e alkaline phosphatase, the enzyme is used 
during oomplicatcd lig~tion experiments, but its milin 
application is in the end-labeling of DNA molecules (see 
Technical Note 4.1, page 98). 

4.2 DNA Cloning 

DNA cloning is a logical extension of the ability to manip­
ulate ONA molecul~ with restriction endonucleases and 
ligases. Imagine that an animal gene has been obtained as 
a single restriction fragment after digestion of a larger 

BomHl s!m 

molecule with the restrktion enzyme BamHI, which 
leaves S'-GATC- 3' sticky ends (Figure 4.16). lmagmealso 
that a small E. coli plasmid has been purified and treated 
with BamHl, which cuts the plasmid in a single position. 
TI\e circular plasmid hc."l.s therefore been converted into a 

linear molecule, <1gain with 5' -CATC-3' sticlcy ends. Mil< 
the two ONA molecules together and add DNA ligase. 
Various recombinant ligation products w ill be obtained, 
one of which comprises the circularized p lasmid with the 
animal gene inserted into the position originally taken by 
the 811mHJ restriction site. lf the recombinant pJnsmid is 
now re-introduced into E. coli, and the inserted gene has 
not disrupted its replicative ability, then the plasmid plus 
inserted gene will be replicated and copies passed to the 
daughter bacteria after cell division. More rounds ol 
plasmid replication and cell division will result in a 
colony of recombinant E. coli bacteri.1, each bacterium 
containing multiple copies of the animal gene. Thls series 

SomHI site 

---9;.~ 
:,,, 

Anfrn1I ge:ne 

Anim1I ONA 

✓6,~-
0 &mHI 

Animal iecne 
in;e<.ted into 
the plaJmid 0 

kecornblnant 
plasmid Inside 
the bacterium 

Figure 4.16 An outline of gene cloning. 

See d>e text for deiails. 

E. coN bacceriurn 

fttpllcatc lnSide tM 
' b,cteria 

....._~ £.col colony 

/ Many copies of the o ✓ mombnantplasmld 

00 
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of events, as illustrated in Figure 4.16, constitutes the 
process called DNA or gene cloning. 

4.2.1 C loning vectors and the way they are 
used 

Ln the experiment shown In Fig11re f.16, the plasmid acts 
as a cloning vector, providing the replicative ability that 
enables the cloned ge.ne to be propagated inside the host 
cell. Plasmids replicate efficiently in bacterial hosts 
because each plasmid possesses an origin of replication 
which is recognized by the DNA polymerases and other 
proteins that nonnally replicaite the bc1cteriu..m's chromo­
somes (Section 13.2.1). The host cell's replicative machinery 
therefore propagales the plasmid, plu.s any new genes 
that l.m: ~11 ~«!!:II w!Q i!, l)~<;teri9phage genomei 
can also be used as cloning vectors because they too 
possess origins of replication that enable them to be prop­
agated in$idc b.-..cte.rin, either by the host enzymes o·r by 
DNA polymerases and other proteins specified by phage 
genes. The next two sections describe how plasmid and 
phoge vector& arc u~ to clone DNA i.t:1 E. coli. 

Plasmids are uncommon in eukaryotes, although 
S,cc/1aromyces cere11isiae possesses one that is sometimes 
used for cloning purposes; most eukaryoHc vectors are 
therefore based on virus genomes. Alternatively, with a 
eukaryotic host the replica.tion requirement can be 
bypas,ed by performinS the experiment in such a way 
that the DNA to be cloned becomes inserted into one of 
the host chromosomes. These approaehes to cloning ill 
eukaryotic eel.ls are de<cribed later in the chapter. 

Vectors bosed on E.coli plasmids 

The easiest way to understand how a cloning vector is 
used is to st-a.rt with the simpJcst £. coli plasm.id vectors, 
which illustrate all of the basic principles of DNA cloning. 
We wiU then be able to tum our attention to the special fea­
tures of phage vectors and vectors used with eukaryotes. 

One of the first plasmid vectors to be developed was 
pBR322 (Bolivar et al., 1977), which was constructed by 
ligating restriction fragn,ents from lh.rce naturaJly occur­
ring E. coli plasmids: Rl, R6.5 and pMBJ. The pBR322 
plasmid is small (just 4363 bp) and., as well as the origin 
of replication, it carries genes coding for enzymes that 
enable the host bacterium to withstand the growth• 
inhibitory effects of two antibiotics: ampicillin and ~tra­
cycline (Fig-i1re 4.17). This means t.hat cells containing a 
p8R322 plasmid can be distinguished from those that do 
not by plating the bacteria onto agar medium containing 
ompicillin and/ or tetracycline. Normal E. coli cells are 
sensitive to these antibiotics and cannot grow when either 
of the two antibiotics is present. Ampicillin and tetra­
cycline resistance are therefore selectable markers for 
pBR322. 

The manipulations shown :fJ\ Fig11re 4.16, resulting in 
construction of a recombinant plasmid., are carried out in 
the test tube with purified DNA. Pure pBR322 DNA can 

◄.2 DNA CLONING I 09 

Pstl 

Figure 4. t 7 pBR322. 

The map ,hows the ipositions of the ampidllin-reslse1nce j 
gone (omp~). the tetracycline-resistance gene (tet•), the 
origin of replicatlon (ori) and the recognition sequences 
tor seven restrh:tion endo,,uclea$es. 

be obtained quite easily from extracts of bacterial cells 
(Technical Note 4.2), but how can the manipulated 
plasmids be re-Introduced into the bacteria? The answer 
is to make use of the natural processes for transfonnation 
of bacteria, which result in the uptake of 'naked' DNA. by 
a bacterial celL This i• the process studied by Avery and 
his colleagues in the experiments which showed that 
bacterial genes are made of DNA (Section I. 1.1). Trans­
formation is not a particularly efficient pr0<css in many 
bacteria, including E. coli, but the rate of uptake can be 
enhanced significantly by suspending the cells in 
colcium chloride before ad dins the DNA, and then briefly 
incubating the mixture at 42 •c. Even after this enhance­
ment, only a very smaU proportion of the cells take up a 
plasmid. This is why the antibiotic-resistance markers. a.re 
so important - they allow the small number of trans• 
formants to be selected from the large background of non­
transfonned cells. 

The map of pBR322 shown in Fig11re 4.17 indicates the 
positions of the recognition sequences for seven restric­
tion enzymes, each of which cuts the plasmid at just one 
location. Note that six of these sites lie within one or other 
of the genes for antibiotic resistance. This means that if a 
new fr.\gmentof DNA is Hgated into one of these six sites, 
then the antibiotic•resistance properties of the plasmid 
bEcome altered - the plasmid loses the ability 10 confer 
either ampicillin or tetracycline resistance on the host 
cells. This is called i,nsertional inactivation of the select­
able marker and is the l<ey to distinguishing a recombi• 
nant plasmid - one that contains a.n inserted piece of 
DNA - from a non-recombinant plasmid that has no new 
DNA. Identifying recomblnants ls Important because the 
manipulations illustrated in Fig11re 4.16 result in 
of Hgation products, including plasmids that have rear· 
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ON A purification 

Techniques for the preparaclon ol pure samples of DNA from living cells ploy a central role in 

molecular biology research. 

The (irn seep in DNA purif'ication is to break open the cells: 
from which the DNA will be obtained.With some types ol 
material this step is easy:culcured animal c::ells.ror t.xafrl)le, 
are broken open simply by adding a detergent such as 
sodium dodecyl sulfate (SOS). which disrupts lhe cell mem­
branes, releasing the ctll contents. Other types of cell have 

strong walls and so demand a harsher treatment. Plant cells 
are usually frozen and then ground in a mortar and pesde, 
this bein, the only effective way o( breaking their cellulose 
walls. Bacteria such as Escherichia coli can be lysed by a com­
bination of enzymatic and chemical treatment. The enzyme 
is lysoz:yme,obtained from egg white, which bre.,,ks down 
the polymeric compounds in the bacterial cell wall; the 
chemical is ethylenediamine tecra.;icetate (EDTA), which 
chobto.s magnesium ions, further reducing the integrity of 

the cell wall. Disruption of the cell membrane by adding a 
detergent then causes the cells to burst 

Once the cells have been broken. two different methods: 
can be used to purify the DNA from the resulting extract. 
The first Involves degrading or removing all the cellular 
components other than the ONA. an approach that works 
best if the cells do not contain large amounts al lipid or 
carbohydrate.The extract is first centrffuged at low speed 
to remove debris such as pieces of cell wall, which form a 
pellet at che bottom of the tube. The supernatant is trans­
ferred to anot.he.- test tube and mixed w'ich phenol, which 

causes the protein to precipitate at the interface between 
the organic and aqueous layers. The aqueous layer, which 
contains the dis.solved nucleic acids, is col.leeted 3.nd a 
ribonuclease enzyme added, which breaks the RNA into a 
mixwre ol nucleotides and short oligonudeotides. The 
DNA polynudeotides. which remain intact. ca_n now bc:t pre• 
cipitated by adding ethanol, pelleted by cen!Iilugacion, and 
resuspended in an appropriate volume of buffer. 

In the second method for DNA purification. rather ffian 
degrading everything other than DNA, che DNA icsell is 
selectively removed from the extract. One way of doing this 

cularized without insertion o/ new DNA. To identify 
recombinants, the resistance properties of colonies are 
tested by transferring cells from agar containing one 
antibiotic onto .tigar containing the second antibiotic. For 
example, if the BamHI site has been used then recombi­
nants will be ampicillin resistant bul tetracycline sensi­
tive. because the BomHJ site lies within the region that 
specifies resistance to tetracycline. After transformation, 
cells arc plated ontoampiciUin agar (Figure4.18). All a?Us 
that contain a pBR322 plasmid, whether recombinallt or 

is by adding che detergent cctyluimethylammonium 
bromide (CTAB), which forms an insoluble con-plex with 
nucleic 1cid$. The predpitue is coUected by centrifugation 
and resuspended in a high-salt solution, which causes 
the complex to break down, releasing the nucleic acids. 
Ribonucleasc treatment followed by cth3nol precipitation 

yields pure DNA from this mixwre.Another POP'Jlar tech, 
nique mikes use ol the tight binding between DNA and silica 
partic.les that occurs in the presence of a denaturing chemic:i.l 
such as guanidirium thiocyanate. The silica particles and 
guanidinium lhiocyanate can be added directiy to the extract 
and the DNA collected by centrifugation. Ahcm~tively. the 
silica can be placed in a chromatography column and the 
extract, plus guanidinium thiocyanace, passed through. The 
DNA bind, co th~ silica partklu In the column and is sub­
sequently recovered by washing away the guanidinium 
thiocyanate with water, the DNA now detaching from the 
silica and oloting from tho column. 

The two approachES described above purify all the DNA 
in a cell. Special methods are needed if the aim is co obtain 
just plasmid DNA ((or exall\ple. recombinant clonine v,,aors) 
from bacterial eels. One popular method makes use of the 
fact cha~ although both plasmids and the bacterial chromo­
some arc made up of supcrcoilcd DNA. lysis of the bacte­
rial cell inevitably leads to a certain amount of disruption of 
the nucleoid. leading to bf'eakage of the loops of super­
coiled chromosomal DNA (Section 2.3.1 ). A cell extract 
therefore contains supercoiled plasmid DNA and no,,. 
supcrcoik:d chromosolT\31 DNA, 11nd the plasmids can be 
purified by a method that d~tinguishes between DNA 
molecules with these different conformations. One tech• 
nique involves adding 10diurn hydroxide until the pH of the 
cell extract reaches 12.0-12.S, which causes lhe base pairs 
in non-,upercoiled DNA to break. The resulting single 
strands tangle up into an insoluble network that can be 
removed by centrilugation,leaving the supercoiled plasmids 
in the s1Jpernacant 

not, divide and produce a colony. The co.101,ic..., are the_n 
transferred onto tetracycline agar by replica plating, 
which mulls in the colonies on the second plate retaining 
the refotivc po5itions t.hat they hod on the fir$t pli!tc. 
Some oolonies do not grow on the tetracycline agar 
because their cells contain recombinant pBR322 mole­
cuJe-s with a disrupted tetracycl.i.ne-resistance gene. These 
are the colonies we are looking for because they contain 
the cloned gene, so we return to the ampicillin'piate, fr 
which s.unples of the cells can be recovered. 
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Figure 4.18 Recombina.nc selection with p8R322. 

See text for d etails. The inset shows how replica plating is performed. 

Replica plating is not a diliicult technique but ii takes 
limo. It would be much better if re<:ombinants could be 
distinguished from non-recombinants s imply by plating 
onto a single agar medium. This is possible with rnost 
of the modern plasmid cloninS vectors, iJicludinS pUC8 
(Figure 4.19; Vieira and Messing, 1982). This vector car­
ries the arnpicillin-resistance ge.ne from p8R322, along 
with • second gene, coiled /ncZ', which is part of the E. 
coli gene for the enzyme ~-galactosidase. The remainder 
of the lacZ gene is located in the chromosome of the 
special E. coli strain that is used when cloning genes 
with pUCS. The proteins specified by the gene seg­
ments on the plasmid and on the cluomosome are able 
lo combine to produce a functional il-galactosidase 
enzyme. The presence of functional jl-galactosidase 
molecules tn the cells can be checked by a histochemi­
cal test with a compound called X-gal (5-bromo-4-cltloro-

3-indolyl-jl-o-galactopyranoside), which the enzyme con­
verts into a blue producl. The lncZ' gene contains a 
cluster of unique restriction s ites; insertion of new DNA 
into any one of these sites results in inserlional inacti­
vation of the gene and henee loss of ll-golactosidase 
activity. Recombinants a nd non-recombinants can there­
fore be dfStingu tshed simply by plating the transformed 
cells onto agar containing ampidllin and X-gaJ (Figure 
4.19). All colonies that grow on this medium are made 
up of transfom1ed cells because only transformants are 
ampicilHn resistant Some colonies are blue and some 
are white. Those that are blue conta in cells with func­
tional l}-galactosidase enzymes and hence with undis-
rupted lacZ' genes; these colonies are II ' 
non-cecombinants. The white colonies compri 
wlthout ~-galactosidase activily and hence with dis• 
rupted latZ' genes; these are recombinants. 
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Figu,e 4.19 Recombinant selection with pUC8. 

i See the text for details. 

Cloning vectors based on E.coli bacteriophage 
genomes 

E. coli bacteriophages were developed as cloning veclors 
back in the earliest days of the recombinant DNA revolution. 
The m;un reason for seekins a diff&ent type of vector was 
the inability of plasmids such as pBR322 and pUC8 to 
handle DNA nagments greater than about 10 kb in siie, 
larger inserts undergoing rearrangements or interfering 
with the plasmid replication system in such a way that the 
recombinant DNA molecules become lost from the host 
cells. The first attempts to develop \'ectors able to handle 
larger fragments of DNA centered on bacteriophage :\.. 
The infection cycle of ).. is simil:v to that of th~ T2 phages 
studied by Hershey and Oiase in the expenments that 
alerted molecular biologists to the fact that genes are 
made of ONA <S<,ction 1. 1.1), but there is one impomnt 
difference. As weU as foUowing the lytic iniection cycle 
(see Figure 1.48, page 9), the 1.. genom~ is able to ~ll~te 
into the bacterial chromosome, where 11 can remain qwes­
cent for many generations, being replicated along with the 
h~l du:vmv:,vnn.! every time t.lu: \.....:U WviJ0. Thb i;;, 
called the lysogenic infection cycle (Fig11re 420). . 

The 1,. genome is 48.5 kb, of which some 15 kb or so 1s 
'opt-ion.al' i.n that it contains genes that are only needed for 
integration of the phage DNA into the E. roli chromosome 
(Fig11re 4.ZIA). These segments can therefore be deleted 
without impairing the ability of the phage lo infect bacteria 
and direct synthesis of new). particles by the lytic cycle. 
Two types of vector have Ix.= developed (Figurr:4218~ 

■ lnsc.rtion vectors, in which par;t or all of the optior.a.l 
DNA has been removed and a unique restriction site 
introduced at some position within the trimmed 
down genome; 

■ Replactment vectors, in which the optional DNA is 
contained within a .stuffer fragment, nan.Iced by a 
pair of restriction sites, that is replaced when the 
ONA to be cloned is ligated into lhe vector. 

The :\. genome is linear, but the two natural ends of the 
molecule have 12-nucleotide sinsle-strandcd ove:rh.11.ngs, 
called cos sites, which have complemenlary sequences 
and so can base-pair to one another. A 1. cloning vector 
can therefo,e be obtained as a circular molecule which 
can be manipulated in the test tube in the same way as a 
pla,mid, nnd re-introduced into £. coli by transfection, 
the term used for uptake of naked phage DNA. Altema• 
lively, a more efficient uptake system called in vitro 
packaging can be utilized <Hohn md Murray, 1977). This 
procedure starts with the linear version of the cloning 
vector, the Initial restriction cutting the molecule into two 
segments, the left and right arms, each with a cos site at 
one end. The ligation is carried out with carefully 
measured quantities of each a.rm and the ONA to be 
cloned, the aim being to produce concatamers in which 
the differenl fragments are linked together in the order 
left arm- new DNA-right l:'rm, as: shown i.n Figurt 4.22. 
The concatamers are then added lo an in vitro packaging 
m»i, which contains all the proteins needed to make a 1. 
phage l)"rticle. These proteins form phage_particlesspon­
taneously, and will place inside the particles any DNA 
fragment Uiat is between 37 and 52 kb in length and ,.. 
Oanked by cos sites. The packaging mix therefore cuts le/t 
arm- new DNA-right arm combinations of 37-52 kb out 
of the concatam~rS and constructs A pha.ges a.round them. 
The phages are then mixed with E. coli cells, and the 
natural infe<tion precess transports the vector plus new 
ONA into the bacteria. 
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'Figure 4.20 The lysogenic infecti<ln cyde ofbamriophage >. 
Compo re with the lytic Infection cyde of Tl 
b2.cteriophage.shown in figure 1.48 (page 9).The special 
feature of the lysogenlc cycle is the Insertion of die phage 
genome Into the bacterium's chromosomal ONA, where It 
on remain qulcsce.nt for mal'f/ generations. 
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After infection, the cells are spread onto an agar plate. 
The objective is not to obtain individual colonies but to 
produce an even layer of bacteria nc:ross the enHre surface 
of the agar. Bacteria that were infected with the packaged 
cloning vector die within about 20 minutes because the "/.. 
genes oont~ined in the arms of the vector direct replic~­
tion of the DNA and synthesis of new phages by the lytic 
cycle, each of U\ese new phages containing its own copy 
of the vector plus cloned DNA. Death and lysis of the 
bacterium releases these phages into the surrounding 
medium, where they infect new cells and begin another 
round of phage replication and lysis. The end result is a 
zone of clearing, called a plaque, which is visible on the 
lawn of bacteria that grows on the agar plate (Figure 4.23). 
With some >.. vec1ors. aU plaques are made up of 
recombinant phages because ligation of the two arms 
without insertion of new ONA =ults in• molecule that 
is 100 short to be packaged. With other vectors it is 
necessary to distinguish recombinant plaques from non­
recombinant ones. Various method$ are used, including 
the ~galactosidase system described above for the 
plasmid vector pUCS (see Figure 4.19), which is also 
applicoblc to those?.. vectors that carry a fragment of the 
lacZ gene into which the DNA to be cloned is inserted. 

Veaors for longer pieces of DNA 

The 1- phage particle can accoinmodote up to 52 kb of 
ONA. so if the genome has 15 kb removed then up to 
18 kbof new ONAcan be cloned. This limit is higher than 
that for plasmid voctors, but is still very small compared 
with the sizes or intact genomes. The comparison is 
important because a done library-a collection of clones 
whose inserts cover an entire genome - is the starting 
point for a project aimed at determining the sequence ol 
that genome (Chapter 6). If a 1.. vector is used with hwnan 
ONA, then over half a million clones are needed for there 
to be a 95% chance of any particular part of the genome 
being pn:scnt in the library <T•&lt 4.4). It is p0$$ible to 
prepare a library comprising half a million clones, espe­
cially if automated techniques are used, but such a large 
ooll~tion is Ear from ideal. It would be much better t·o 
reduce the number of dones by using a vector that is able 
to handle fragments or ONA longer than 18 kb. Many of 
the developments in cloning technology over the last 20 
years have been aimed at finding ways of doing this. 

One posslblllty is to use a cosmid - a plasmid that 
carries a 1.. cos site (Figure 4.24). Concatamers of cosmid 
molecules, linked at their cos s ites, act as s ubstrates for in 
vitro packaging because tlle cos site is the ouly sequence 
that a DNA molecule needs in order to be recognized as a 
'A genome' by the proteins that p.,ckage DNA into l. 
phagll particles. Particles containing oosmid DNA are as 
infective as real 1.. phages, but once inside the ceU the 
cos mid cann01 direct synthesis or new phage particles and 
instead replicates as a plasmid. Recombinant DNA is 
therefore obtained from colorues rather than plaques. As 
withoUur types of A vec·tor, the uppe.r limit for I 
ol the cloned DNA is set by the spaceava.ilable '··--• ---
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Figure4.2 I Ooning vectors based on bacteriophage A. 

(A) In the l genome. the genes are arranged into functional groups. For example. the region rmrked as 'protein coat' comprises 
21 ge,1es coding for proteins that are either componentS of the phage capsid or are required for capsid assembly, and 'cell lysis" 
comprises four genes involved in lysis of tha bacterium it the end of die fytic phase of the infection cycle. The regions of the 
g•nome that can be deleted without impairing the ability of the phage to follow the lytlc cycle are Indicated in green. (B) The 
d1forc:nco$ botw0-0-n a A.. in,ordon vcct.or and a l rcpl:,,ccmcnt vector. 

?,. phage particle. A rosmid can be8 kb or less in size, so up 
to 44 kb of new DNA can be inserted before the packaging 
lhnit of the A ph3ge particle is ro..'lchcd. This reduces the 
size of the human genomic library to about a quarter of 
a million clones, which is an improvement compared 
with a>.. library, but is still a massive number of clones to 
have to work with. 

The first major breakthrough in attempts to done 
ONA fragments much longer than 50 kb came with the 
invention of yeast a_rtificial chromosomes or YACs 
(Burke cl 111., 1987). These vectors: a.re propa_g;itcd in 
S. certvisint rather than in E. coli and are based on 
chromosomes., rather than on plasmids or viruses. The 
first YACs were constructed after studies of natural 

chromosomes had s hown that, in addition to the genes 
that it carries, each chromosome has three important 
components: 

■ The centromere, w hich plays a critical role during 
nuclear division (see Figure 2.7, page 38); 

■ The teJomezes, the special sequences which mark the 
ends of chromosomal DNA molecules (see Figure 
2.10, page 41); 

■ One or more origins of -=eplic:::at.ion, which inltintc 
synthesis of new DNA when the chromosome 
divides (Section 13.2.1). 

In a YAC, the DNA sequences that underlie these chromo­
somal components are linked together with one or more 

Table 4.4 Sizes of human genomic librariei prepared in different types of cloning vector 

Type ofvector 

). replacemem 
Co1mld, (osm!d 

Pl 

SAC.PAC 

YAC 
Me:,-YAC 

*C2l<ubted from the equation: 

N • t,{'""'l I-;) 

Insert size (kb) 

18 
➔O 

125 

300 
600 

1100 

P ~ 95% 

532 500 
210 000 
77000 
32000 
16000 

6850 

Number of clones• 
P = 99% 

820000 
370000 

118000 

50000 
24500 
10 500 

whtrt- N is the mmber o r donecs t«fulred, P Is the probabilty th~ aNf Vven segimett ol the c-enom• is pn:stnt In the Uk'ary, c Is the 2w:nie sire or the O~ 
fngncnu inscr1.t4 into cri,c: v«tor, ffid t> is the site O! the ge,nomt. 
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Figure 4 .22 Cloning with a ).. insertion v,,ctor. 
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The linear form of-the vector is shown at the top of the diagram.Treatment with the appropriate restriction endonuc-lease 
produces the left and right arms. both of which h.we one blunt end and one end with the I 2~nudeotide overhang of the cos site. 
The DNA to be cloned is blunt ended and so Is inserted between the two anns during the ligation step. These arins also ligate to 
one another via their cos- ~tcs-, forming a coneae:i,mer. Some p:uu of the concat3mer comprise leh ttrm-inserc DNA.- right arm 

and. assuming this combination is 37-52 kb in length, will be enclosed Inside the capsid by the in vitro packaging mix. Parts ol the 
concatamer made up of left arm ligated directly to right ann, without new DNA, are too short to be pacl<aged. 
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Figure 4.23 Bacteriophage infection is visualized as a plaque 
on a lawn of bacteri:a. 
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Figure 4.24 A typical ca5mid 

pJBS is 5.4 kb in size and canies the ampiclllin-resis, 
gene (amp' ), a segment of J.. DNA containing the cos site, 
and an Escherkhia co!i origin of replication (ori). 
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selectable markers and at least one rtStriction site into 
which new DNA can be inserted (Figur< 4.25). All o{ these 
compontnts can be cont!\ined in a DNA molecule of 
10-15 kb. Natural yeast chromosomes range from 230 kb 
to over 1700 kb, so YAC& h.'l.vc the potential to clone Ml> 
sized DNA lragments. This p0tential !las been realized, 

(A) pYAC3 

II.◄ kb 

&mHI 8omHI 

(B) Cloning with pYAC3 

UP.A3 

standard YACs being able to clone 600 kb fragments, with 
spccinl types nblo to handle DNA up to 1400 kb in length. 
CUrrenlly Jhis is the highest capacity of any type of tloning 
vectot and several genome projects have mnde extensive 
us,, ofYACs. Un fortunately, with some typesofYAC there 
have been problems with insert stability, the cloned DNA 
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Figure 4.25 Working with a YAC. 
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(A) The cloning vector pYAC). (B) To clone with pYAC3, the circular vector is digested with BamHI and SnoBI.BamHI 
rescricrion removes the stuffer fragment held between the two telomeres in che eircul.ar molecule. SnoBI cuts within the SUP4 
gene and provide, the site into which new DNA will be inserted. Ligation of the two vector arms with new DNA produces the 
structure shown at the bottom.This suuccure carries functional copies ol the TRPI and URAJ selcccablc markers. The host. 
strain has inactivated copies of these genes, which means that it requires tryptophm and uracil as nutrients.After 
transformation, etlls are plated onto a minimal medium, lacking trypcophan and ur>c:11. Only cells that conialn the vector, and so 
can synthesize tryptophan and uraci. are able co survi\'e on this medium and produce colonies. Note that if a veaor comprises 
two Fight arms. or two left arms. then it will not give Mse to colonies because the transformed cells will still require one of the 
nutrients. The pr<!sence of insert. ONA in the c.lonc-d vector mofccule.s is chedced by tctting for lnactiv3tion of SUP4. This ls 
done by a color tesc on the appropriate medium. colonies c.onuining recombilant vectors (I.e . wlth an insert) are white; non• 
recomblnanu (vectQr but no inse.rt) are red. 
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Wo rking with a clone library 
' 

Clone collections used as a source of genes and other DNA segments. 

Clone libraries have been used In molecular biology rese,rch 
for many years and cheir importance exa,nds well beyond 
their tole a.s the starting point for a genome $equencing 
project. Since the 11970s, done libraries have been prepared 
from different org2nisms as a means of obtaining individual 
genes and other DNA segments for further study by 
sequencing and other recombinant DNA techniques. 

Clone libraries can be prepared from either genomic 
DNA or cDNA (Section 7.1.2), using a plasmid or bacterio­
phage vector. The clones are usually stored as baca,rial 
colonies or plaq.ues on 23 X 23 cm agar plates. wich 
I 00 000-150 000 clones per plate. A co~lete human 
fibrary can therefore be contained in just 1-8 plates.depend­
ing on the type of cloning vector that has been used (see 
Table 4.4).Three methods can identifyche clone that contains 
the gene or other piece of DNA that is being sought: 

a Hybridizati.on analysis can be performed with 
an oligonudeotide or other DNA molecule that is 
known to hybridize to the sequence of interest. To 
do this, a nyl,on or niuocellulose membrane is 
placed on th,e surface of the agar dish and d,en 
carefully removed to 'lift off' the colonies or 
plaques.Treatment with alkali and prote>Se 
degradel the cellular material, leaving bthind the 
DNA from each clone, which is then bound tightly 
to the surface of the membrane by heating or 
ultraviolet irvadiation.Thc labeled probe is now 
applied ro the membrane, in the same way as In 
Southern hybridization (Figure 4.12), and the 

becoming rearranged into new sequence combinations 
(Anderson, 1993). For th.is reason there is also great inter• 
est in other types of vectors, ones that c.1.nnot clone such 
large pieces of DNA but whicl, suffer less from instability 
problems. These vecton include the following: 

■ Bacteriophage Pl vectors (Sternberg, 1990) are very 
similar to l ve-ctors. being based on a deleted version 
of a natural phage genome, the capacity of the 
cloning vector being determined by the size of the 
deletion and the space within the phage particle. The 
Pl genome is larger than the A genome, and the 
phage particle is bigger, so a Pl vector can done 
larger fragme1:1ts of DNA than a A vector, up 10 125 kb 
using current technology. 

■ Bacterial uti6cial ch.romosornes or BACs (Sh.izuya 
et nl., 1992) are based on the naturally occurring 
F plasmid of E. coli. Unlike the plasmids used to 
construct the early cloning vectors, lhe F plasmid is 

position at which the probe attaches determined 
by the appropriate detection mechod. The 
position of the hybridization signal on the 
membrane corresponds to the location of the 
c lone of inte.res-t on the. agar plate. 

■ IPCR (Section 4.3) can be used to screen clones for 
the sequence of interest. Thi.s cannot be done In 
situ, so individual dones mun be transferred to 
the wells of microtiter trays.The PCR approach to 
clone identification is therefore relatively cumber• 
:$ome becau$eonlya fewhundreddones can be 
:accommodated in a single tray.PCRs using primers 
.specific for the sequence oflnterestare performed 
with each done in turn, possibly using a combina• 
torial approach.which reduces the number of PC Rs 
that are needed in order to Identify the one that 
gives a positive result(seeFieure 6.14. page 178). 

■ Immunological techniques can be used W the 
sequence being sought is a gene that Is expres.sed 
in the cell in which the clone library has been 
prepared. If gene expression is occurring then the 
protein produc·c w'III be made, and this can be 
detected by screening the library with a labeled 
antibody dut binds only to chat protein.As In 
hybriditation analysts. the clones arc first a-ans­
ferred onto a membrane and then treated to 
break down che cells and bind the protein to the 
mombrano sur+.i~c. Exposure of the membnne to 

the labeled antibody then reveals the position of 
the clone contailing the gene of interest. 

relatively large and vectors based on it have a higher 
cap>eity for accepling inserted DNA. llACs can be 
used to clone fragments of 300 kb and longer. 

■ Pl-derived artificial chromosomes or PACs (Ioannou 
el nl., 1994) combine features of Pl vectors and BACs 
and have a capacity of up to 300 kb. 

■ Fosmlds (Klmtt al., 1992)contaln theF plasmld origin 
of replication and a).. cos site. They are similar to cos• 
mids but have a lower copy number in E. coli, which 
means that they are less prone to instability problems. 

The sizes of human genome libraries prepared in these 
various types of vector are given in Tablt 4.4. 

Cloning in organisms other than E.coli 

Cloning is not merely an aid to DNA sequencin0 • •• ·-. 

provides a means of studying the mode of expression of• 
gene and the way in which expression is regulated, of 
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carrying out genetic engineering experiments aimed at 
modifying the biological charncteristics of U,e host 
organism, and of synthesizing important animal pro• 
teins, such as pharmaceuticals, in a new host cell from 
which the proteins can bt: obtained in larger quantities 
than is possible by conventional purification from 

(A)YTpS 

(B) lns:erticn of YlpS into ye:as-t c.hromosom;al ONA 

Mut.1tion~ 

··---------

animal tissue. These multifarious applications demand 
that gene:, rnust [req~cntly be cloned in organisms other 
than E.coli. 

Cloning vectors based on plasmids or phages have 
been developed for most of the well shtdfod species of 
bacteria such as Bncil/11s, Streplomyas and Pseudcmonns, 

X Homologous recombination 

------- • • Yeut chromo$0fflal ONA 
UAAJ 

Mutation 

• • 
uw 

Figure 4.26 Oonirg wid, a Yip. 

l No mutation 

•• 
lncegratedYlpS DNA UAAJ 

(A) YlpS. a typical yeast integrative plasmid.The plasmid contains the ampidllin-resisunce gene (amp•), the tetracyc.line­
resistance gene (let' ), the yeast gene URA3,and an Escherichia coli origin of replication (ori). The presence of the E. ccli ori 
means that recombinant YlpS molecules can be constructed in E. a,lj before their transfer into yeast cells. YlpS is therefore a 
shuttle vector - it can be shuttled becween two species. (B) YlpS has no origin of replication that can function inside yeast 
cells, but an $Urvivc if it intci:r.,,tcs Into the: yeast chromosomal DNA by homologous recombination bct'Wc:cn the pbsmkJ and 
chromosomal copie, of die URA3 gene. The chromo,omal gene carries a small mutation which means that it is non-functional 
and the host cells are uroJ-. One of the pair of URAJ genes ttiat are formed after Integration of the plasmid DNA is mutated, 
but the other i$ not. Recombinant cell.s are therefore urot and can be selected by plating on to minimal medium, which does 
not contain uracil. 
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these vectors being used In exactly the same way as the 
E. roli analogs. Plasmid vectors are also available for 
yeasts and fungi. Some of these carry the origin of repli· 
c.,tion from. the 2 µm circle, a plasmid present in many 
strains of S. cerevisiae, but other plasmid vectors only 
have an c. coli origin. An example is Ylp5, an S. cerevisiae 
vector tJ,at is simply a pBR322 plasmid that contains a 
copy of the yeast gene called URAJ (Figure 4.26A). What 
is the logic behind the construction of Ylp5? When used 
in a cloning experiment, the vector is initially -used with 
E. ccli as the host, up to the stage where the desired 
re-com bi.nan t molCCWe hM been co~truclecl by n:.:1t.ric­
tion and ligation. The re<:ombinant vector is then puri­
fied from E. e-0/i and transferred into S. cerl!'Visiae, usually 
by mixing tl,e DNA with protoplasts - yeast cells whose 
walls have been removed by enzyme treatment. WiU1out 
an origin of replication the vector is unable to propagate 
independen tly inside yeast cells, but it can survive if it 
becomes integrated into one of the yeast chromosomes, 
wh.ich c::.nn occur by homologous recombination (Section 
7 2.2) beh<een tl1e URA3 gene canied by the vector and 
the cl1romosomal copy of this gene (Figure 4.268). 'Yip' 
i.n fact Sttu'\ds for 'yenst integrt1tivc plasmid'. Once inte­
grated the Yip, plus any DNA that has been inserted into 
it, replicates along with the host chromosomes. 

Integration into chromosomal DNA is .ilso a fo:.tur<: 

of many of the cloning systems used with animals and 
plants, ancl forms the basts of the construction of 
knockout mice, which are used to determine the func­
tions of previously unknown genes that a.re d iscovered 
in the hwmU1 genome (Section 7.2.2). The vectors are 
animal eqw.ivalents of Yips. Adenoviruses and retro­
viruses are used to done genes in animals when the 
objective is to treat a genetic disease or a cancer by 
gene the,apy (Lemoine a.nd Cooper, 1998). A similar 
range of vC(:tors has been de\'eloped for dor:ting genes 
in plants. Plasmids can be introduced into plant 
embryos by bombardment with DNA«>ated micropro­
jectiles, a process called biolistics (Klein et al., 1987), 
integration ,of the plasmid DNA into the plant chromo­
somes, followed by growth of the embryo, resulting in 
a plant thnt contains I.he donecl DNA in 1nost or aU of 
its ceUs. Some success has also been achieYed with 
plan t vectors based on the genomes of cauli:rnoviruses 
a nd gcmin.iviruses (Timmermnns ct al., 1994; Vup1ana eJ 
al., 2001), but the most interesting types of plant cloning 
vector are t.hose derived from the Ti plasmid (Hansen 
a nd Wright, 1999). This is a huge bacteria 1 plasmid 
found in the soil microorganism Agrobacteriwn t11mefa• 
ciens, part o f which, the T•DNA, becomes l ntegrated 
into a plant chromosome when the bacterium infects a 
plant stem and causes crown root disease. The T-DNA 
carries a nwmber of genes Uuat lire expressed ins id.: the 
plant cells a.nd induce the various physiological changes 
that characterize the disease. Vectors such as p81N19 
(Fis11re 4.27) hove been designed to make use of this 
natural genetic engineering system (Bevan, 1984). The 
recombinant vector is introduced into A. I wnefnciens 
cells, which. are allowed to infect a cell suspension or 
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LdtT-DNA 
boundiry 

lccZ' 

p8INl9 

10kb 

Rtstrktlon sites 

kon' 

Figure 4.27 The plant cloning vector p81Nl9. 

pBIN19 c.rries the locZ' gene (see Figure 4./9),thc 
kanamycln-·rt.~ lstance gene (i«Jn"),an Escherichia coli origin 
of replication (ori), and the cwo boundary sequences from, 
the T-DNA region of the T1 plasmid. These two boundary 
sequences recombine with pbnt chromosomal DNA. 
inserting the segment of DNA bccween them into the 
plant DNA. The orientation of the bound.:ary $Cqucnc:c,: in 
pBIN 19 means that the /ocZ' and kon• genes. as well as 
any new DNA ligated into the restritt>On sites within 
/ocZ',are transferred to the plant DNA. Recombinant 
plant cells are ,eleaed by plating onto kantmycin agar, and 
the.n regenerated into whole plants. N ote that pBIN 19 is 
another example of a shuttle vector, rtcombinant 
molc-<ulcs: boJr,g connruetod in £ coli, using the lacZ' 
selection system, before trans-fer to Agroboc:terit.m 
wme(adens and dlence to the plant. For more details, see 
Brown (200 I). 

plant callus culltue, from which mature transforrn,ed 
plants ca;n be regcl"lerated.. 

4.3 The Polymerase Chain Reaction 
(PCR) 

In essence, DNA cloning l'(!Sults in the purification of a 
single fragment of DNA from a complex mixture of DNA 
molecules. Cloning is a powerful technique and its 
impact on our understa.nding of genes and genomes has 
been immeasurable. Cloning does, however, have one 
major disadvantage: ll Js a time<onsuming and, in parts., 
difficult p1ocedure, It takes several days to perform the 
manipulations needed to insert DNA fragments into a 
clorting vector n.nd then introduce the Ugated molecules 
into the host cells and select recombinants. If the experi­
mental strategy involves generation of a large clone 
library, followed by screening of the library to idontily a 
clone that contains a gene of interest (see Technical 
Note 4.3), then several more weeks or even months mi2ht 
be needed to complete the project. 
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Techniques for studying RNA 

Many of the techniques devised for studying DNA molecules can be adapted for use with RNA. 

■ Ag:lrose gal aloctrophorosis of RNA is o_r,-ied 

out after denawration of the RNA so that the 
migration rate of each molecule is dependent 
cntirol:y on its length. :tnd is not influenced by the 
intramolecular base pairs that can form In many 
RNAs (e.g.Figure II.I /, page 323).The denaturant. 
usuailly formaldehyde or gtyox.il. is .added to dho 
..-.mple before it Is loaded onto the gel. 

■ Northern hybridization refers to <he 
procedure whereby an RNA gel is blotted on~o :1 

nylon membrane and hy~rid,xed to a labeled probe 
(see figure 7.4,pag• 192).Tllii itequl'lalem to 
Southt?rn hybridi~tion and is done in a similar way. 

1:1 Labeled RNA mo!eculesaro usually prepared by 
c.opyfng a ONA temp lace into R.NA In lhe presence 
of a labeled ribonutleotido.ihe RNA polymerase 
enzymes of SP6,T3 orT7 b2e1eriophages are used 
because they can produce up to 30 iig of labeled 
RNA from I )Jg of DNA in 30 n1inutes. RNA can 
also be end-labeled by treaunentwith purified 
poly(A) polymerase (Section I 0. 1.2). 

■ PCR of RNA molecules requires a modification to 
the first step of lhe normal reaction. Toq 
polymerase cannot copy an RNA molecule so the 
first step is catalyzed by a reverse transcf1)tas:e, 
which makes • DNA copy of the RNA templaie. 
This D NA copy is then amplified by Toq 
polymerase.The technique is called reverse 
transcriptase-PCR or R"f.PCR. The discovery of 
thcrmosu.ble enzyme, th3t make DNA cop ios 
of both RNA and DNA templates (e.g. the I th 

PCR complements DNA cloning in that it enables the 
same result to be achieved - purification of a specified 
DNA fragment - but in a much shorter time, pe1haps just 
a few hours (Saiki el al., 1988). PCR is complementary to, 
not a replacement for, cloning because it has its own lim· 
itations, the most import:IJ"lt of which is the need to know 
the sequence of at least part of the fragment that is to be 
purified. Despite lhis constraint, PCR has acquired 
central importance in many areas of molecular biology 
research. \Ne will examine the technique first and then 
survey its applications. 

4.3.1 Carrying out a PCR 

PCR results i.n the repeated copying of a selected region of 
a DNA molecule (see Figure 4.3, page 98). Unlike doning, 

DNA p,afymc,-.uc from the bacterium Thermus 

thennophi/us) raises the possibility of carrying out 
RT-PCR in a single reaction with jusc one enzyme. 

■ RNA scquC!nc.ing methods exist but a.re difficult 
to perform and are applicable only to small 
molecules. The method.s are similar to chemical 
dogr.adation sequencing of ONA (Box 6-.1. p:lgo 
170) but employ se-quence-specific tndonuclwes 
ratlier than cherricals to generate the cleaved 
molecules. In practice. the sequence of :an RNA 
molecule is usualfy obtained by converting it into 
cDNA (see Rgur~ ~·.n, ~~ ! ~~) an4 sequencing 
by <he chain terrrination method (Section 6. 1.1). 

■ Specialist methods have been developed for 
mapping the positions of RNA molecules on to 
DNA sequences, for example to determine the 
start and end points or transcription and co locate 
the positions o f introns in a ONA sequence. 
These methods are described In Section 7.1.l 

The only major defidency in the RNA toolkit 11 the absence 
or enzymes with the degree of sequence specificity dis• 
played by the restriction e.ndonue:leases th.at are so impor• 
tant in DNA manipula<lons. Other thtn this, che only 
drawback wtth RNA work IS the ease wtth which RNAs are 
degraded by ribonucleases <hat are released when cells are 
disrupted (as during RNA extraction). and which are also 
pf'C.Jent on the hands of laboratory workers and which tend 
to contaminate glassware and so lutions. This means that 
rigorous laboratory procedures (c.g cleaning of glassware 
with chomic:2-ls that dutroy ribonucleases) h;).vc to be 
adopted In o rder to keep RNA molecule1 Intact. 

PCR is a lesl-tube reaction and does not involve the use of 
living a?lls: the copying is carried out not by cellular 
en-.ymes but by the pwified. thermostable DNA poly• 
merase of T. aq11alicus (Section 4.1.1). The reason why a 
thermostable enzyme is needed will become dear when 
we look in more detail ii t the events that occur during PCR. 

To carry out a PCR experiment, the target DNA is 
mixed with Taq ON A polymerase, a pair of oligo­
nucleotide primers, and a supply of nucleotides. The 
amount of target DNA can be very small because PCR is 
extremely sensitive and will work with just a single start· 
ing molecule. The primers are needed to initiate the D NA 
synthesis reactions lhat will be carried out by the Taq 
polymerase (see Figure 4.G, page 100). They must attach to 
the target DNA at either side of I.he segment that is to be 
copied; the sequences of these attachment sites m•· -· 
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therefore be known so that primers of the appropriate 
sequences can be synthesized. 

The reaction is started by heating the mixture to 94 •c. 
At this te.mperature the hydrogen bonds that hold 
together the two polynuclEOtides of the double helbc are 
broken, so the target DNA becomes denatured into single­
stranded molecules (Figure4.28). The temperature is then 
reduced to 50-&I "C, which results in some rejoining of 
the single strands of the ta,get DNA, but also allows the 
pri.mers to attach to their annealing positions. DNA 
synthesis can now begin, S:> the temperature is raised to 
72 •c, the opfunum for Tnq polymerase. In this first stage 
of the PCR, a set of 'long products' is synthesized from 
each strand of the target DNA. These polynucleotides 
have identical 5' ends bt.:.t random 3' ends, the latter 
representing positions where DNA synthesis terminates 
by chance. When the cycle of denatwation-ar.nealing­
synthesis is repealed, the Jong products act as templates 
for new DNA synthesis, giving rise to 'short products' 
whose 5' and 3' ends are both set by the primer annealing 
positions (Figure 4.29). In subsequent cycles, the number 
of short products accumulates in an exponential fashion 
(doubling during each cyc:e) until one of the components 
of the reaction becomes d epleted. This means that after 30 
cycles, there will be over 250 million short products 

Region to be ffllf)lifled 
5 0

JJ:ID:O:mCIIma:
3
' I ii I I I I Target DNA 

l ' 5· 

)' s· l Cool ,o S6-110 •c 

s· 3' 
' ' ' ' ' '' ' ' ' '_9,L' ' 

/ Primers 
11 ffl1 11 I I ltl t i I 

)' 5' 

1 ONA ,-yMhe.1.ls -71 °C 

S' 3' 
◄,:II :II :II ;11□1□1:II :Ii :II Ilffl:lll:ll;'' ~. 
3' \ 5' 

'long' prodJCU 
S' \ 3' 
,, fflii lllllllli ' 

) ' 5' 

Figure ◄.28 The first s,aie of a PCR. 

See the text for decans. 
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derived from e.ich s ta rting molecule. In real terms, this 
equates to several micrograms of PCR product from a few 
nnnogmms or less of tnrget DNA. 

The results of a PCR can be determined in various 
ways. Usually, the products are analyzed by agarose gel 
electrophoresis, w hich will reveal a single ba.nd i.f the PCR 

has worked as expected and has amplified a single seg­
ment or the target UNA lfigurt 4.3U). Alternatively, the 
sequence of the produtt can be determined, using tech• 
niques described in Section 6. 1.1. 

4.3.2 The applications of PCR 

PCR is such a straightforward procedure that ii is some­
times difficult to under.stand how it can have become so 
lmpor1ant in modem research. First we will deal with its 
limitations. In order to synthesize primers that wi.11 
anneal at the correct positions, the sequences of the 
boundary regions of t.he DNA 10 be amplified must be 
known. Th.is means that PCR cannot ·be used 10 purify 
fragments of genes or other parts of a genome that have 
never beell studied before. A second constrarnt ts the 
length of DNA that can be copied. Regions of up to 5 kb 
can be amplified without too much difficulty, and longer 
ampli/icatlons - up to 40 kb - are possible using modifi­
cations of the standard technique. However, the> 100 kb 
fragments that are needed for genome sequencing 
proje<ts are unattainable by PCR. 

What are the strengths of PCR? Primary among these is 
the ease with which producis representing a single 
segmmt 0£ the genome <:an~ obtdincd from i'l number of 
different DNA samples. We will encounter one important 
cxomplc of this in the next chapter when we look ot how 
DNA markers are typed in genetic r:napping projects 
(Section 5.2.2). PCR is used in a similar way to screen 
human DNA samples for mutations associatoo. with 
genetic diseases such as thalassemfa and cystic fibrosis. It 
also forms the basis of genetic profiling, in which varia­
tions in microsate!Ute length are typed (see Figure 2.25, 
page 61). 

A second important feature of PCR is its ability to work 
with tn.inuscule amounts of starting DNA. This means 
that !'CR can be used to obtain sequences from the trace 
amounts of DNA that are present in hairs, bloodstains 
and other forensic Spt."Clmens, and from bones and other 
n,mains preserved at arrhaP.Olo,gkal sites. 1n clinical diag­
nosis, PCR is able to detect the presence of viral Di'IAweU 
before the viru$ ha$ reached the levels needed to lnlllate 
a disease response. This is particularly important in the 
early identification of viral-induced cancers because ii 
mcnl'\$ th11t treatment programs can be in.it.ialed before the 
cancer becomes established. 

Th? above are just a few of the applications of PCR. The 
technique; is now a major component of the molttult1r 
biologist's toolldt and we will discover niany morewunples 
of its use in the shtdy of genomes as we progres.< thmnPh 
the r,maining choptc,rs of this book. 
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Second cycle 
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l DNA synthesis 

'"' j ii j i.W'; 
'Short' product 

-accumulates In an ---{ j 11 i j Ii i ■w 
exponential manner 

Third cycle 
produtu 

Figure 4.29 The synthe,is of 'shon' produa:s in a POI.. 

The first cyc:le products from Rgure 4.28 are shown at the top. The next cycle or dcnaturatiofl-\tJlnealing-symhesls leads to 
four producu. two of which are identical to the Orst cycle products and two of which are made entirely of new DNA. During 
the third cycle, the latter give rise to 'short' producu whith, in subsequent cycles, accumulate in an exponentitl fashion. 

2 3 
Aga.rose gel . ~ 

7 _ _ _ _ e_1ec_vop1,_ a...o_re_,_1, ____ ➔? ~--: ... .: 
Figure 4.30 Analysing tile results of a PCR by agarose gel electrophoresi1 

The PCR has been carried out in a microfuge tube.A sample is loaded Into 1,ne 2 of an agarose gel. Lane l contains DNA size 
markers.and lane 3 contains a sample of• PCR done by a colleague.After electrophoresis,the gel Is stained with ethldium 
bromide (see Technical Note 2.1, page 37). Lane 2 contain.s a single band of the expected size. showing that the PCR has be, 
successful. In lane 3 there is no band - this PCR has not worked. 
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Key terms 

Give short definitions or the following terms: 

l 11m circle Complementary DNA 
Adoptor (cONA) 
A lkaline phosphatase Concatamer 
Autoradiography cos site 
8:ictC!ri3I 2rtifici3.I 
chromosome (SAC) 

Bacteriophage P I "'ctor 
Bioli.stics 
Blunt end 
Clone library 
Clonfng vector 
Cohesive end 

Cosmld 
Dennuration of protein 
DNA cJoaing 
D NA polymerase 
End-mo diOcation enzyme 
Endonuclea.se 
Exonuclea.se 
f lush end 
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Mullis KB (1990) The unu<ual origin, of \he polymerase chain reac• 
don. So.Am .. 162(4). S6-65. 

Saikj RK, Gelfand DH, Stoffel S , et al. (1988) Primer-dire:ctc-d 
$nt:ym3dc :tr'l'lf)l iflc~tlon of ONA with :i thcrmosQbfo ONA poly• 
mtrasc. Sdtna. 139, ◄87--491. 

Shi'r.uya H, Bin-en 8, Kirn UJ, cc al. (19-92) Cloning a.nd stable: 
maintenance of 300-kilobasc-pall'" fragments of human DNA In 
Esdlerldl!o cof u$1ng an F-factor-bued vector. Prrx, No!J Ar:od. Sd 
Us.A, 89,8794-8797. 

Stcrnbe.rg N ( lttO) 63.cttriopllage t i donlng system for lhc 1,01a­
tion, amplification, and recovery of DNA fn.gmenu as luge at 100 
kilooase pairs.Pro<, NotJAcad. So. USA. 87. 103-107, 

Timmermans MCP, Das OP and Messing J {1994), Geminivlruses 
and their uses as extrac.hromosomal replicons. Ann, Rev. Plom 
Pl,y,iol. Plant MoL Biol.. 45, 79-112. 

Viaplana R,Turner DS and Covey SN (200 I )Tn.Nlem expression 
of a GUS reporter een-e (rom cauliflower mosiic virus replacement 
vectors in the prc-scnce and absence of helper virus. J. ~. Virol •. 
82.59-6~. 

Vieira J and Messing J (1982) The pUC plumids ... MI :lmp7-
derived sysce_,i, for instr-don muu.genesis and ~uencini with 
,ymhetic universal primers. Qne, 19, 259-268. 

artificial chro.nosomes a.s research tools. Tttnds 8iotechnoL 12, 
280-286, - A food miew of lieh<opadty doni!lf -,eao,s. 

South•m EM (2000) Blotting at 2S. T"'nds Biochtm. Sci., 25, 585-SBa 
- The orifins of Southern hybridization. 

Watson JO, Gilman M, Witkowski J and Z oUer M (19'92) 
Recombinant ONA. 2nd edtion.WH. Freeman. New York. - Ottoil-ed 
dn<riptions of bosic; rw,mbi,,on< ONA metbodolcgy. 

Fosmid 

Gene cloning 
Gene thenpy 
HomofogOU$ recombination 
Homcpolymer cailing 
Hybridization 
Hybridiution probe 
In vitro packaging 
lnsen.ion WC[Or 

lnsertional inactivation 
Kienow polymerase 
Knoe:kout mice 

Kornberg polymerase 
Ligase 

Linker 

Lysogenic infection cycle 
Lysozyme 
Ly,:ic infection cycle 
Northern hybridizatio n 
Nuclease 
Oligonudeotide 
Origin of replication 
Pl-derived artiflcial 
chromosome [PAC) 

Phosphorimaging 
Plaque 
Polymerase chain rr • • 

(PCR) 
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Primer • 
Proofre,dlng 
Protopla.st 

Recombinant 
Recombinant DNA 

tochnofogy 

Replacem-ent veccor 
Replica placing 
Re.striction endorudease 
Reverse transcriptase 
Reverse cramcripw:e•PCR. 
RNA-dependent DNA 
polymerue 

Selectable marker 
Sequenase 
Shuttle vector 
Southern hybridization 

Self study questions 

Sticky end 
Stuffer fragment 
T4 polynucleotide kinase 
T-DNA 
Te"'4'late-dependent DNA 

polymerase 
Te"'4'late-independent DNA 

polymerase 
Terminal deoxynucleotidyl 

transferase 
Thermostabl~ 
Ti plasmid 
T ransfection 
Transformation 
Yean anifidal chromosome 

{YAC) 

I . Draw diagrams that outline the evenu th.2t oc:cur during 

(a) DNA cloning, and (b) PCR.What are the limitations of 
each of these two tee:tvlique.s? 

2. List the types of enzyme used in recombinant DNA 
research. 

3. Distinguish between the rm types of exonucleasc actMty 
that can be po<Sessed by • DNA polymerase. and explain 
how these activities influence the potential applications of 
individual DNA polymerases In recombinant DNA resea~h. 

4. Using e,amples. describe the various types of eod produced 
after digestion of DNA with a restriction endonudease. 

5. How are agarose gel electrophoresis and Southern 
hybrfdrzation used to examine the results of a restriction 
digest! 

6. Expt.ln why the efficiency of blunt-end ligation Is less than 
that of sticky-end l igation. What steps can be taken to 
improve the efficiency of blunt-end ligation! 

7. Draw diagrams of (a) pBR321, and (b) pUC8. Explain how 
the differences botwoon those two vectors: influence the 

ways in which they are used to clone DNA fragments. 
8. Distinguish between the lytic and lysogenic infection cycles 

for n bactcrioph3ge. 
9. Write• short description of the vvay In which a bacterio­

phage).. vector is used to clone DNA. How does a cosmid 
differ from 3 standard ). vector? 

I 0. Draw a d~ram showing a typical YAC. Indicate the key 
fearures and explain how a YAC is used to done DNA. 

11. What problemJ might arise when a YAC is used to clone a 
large fragment of DNA! To what extent can these prob­
lems be solved by the use of other types of high-capacity 
cloning vector-I 

12. How is DNA cloned in org,ni!ms other than Escherichia 
aili7 

13. Describe how i PCR i$ c3rried out. paying particular atte.na 

tion to the role of the primers and the temperatures used 
during the thermal cycling. 

Problem-based learning 

I . Soon after the first gene cloning experiments were carried 
out in the early 1970s. 1 number of scientists argued that 

there should be • temporary moratorium on this type of 
research. What was the basis of these scientists' fears and 
to what extent were these fears justified? 

2. What would be the features of an ideal cloning vector! To 
what extent are these requirements met by any of the 
existing cloning vectors? 

3. The speciOclcy of the primers Is a critical feature of a suc­
cessful PCR. If the primers anneal at more chan one posl• 
don io the target DNA then produces •ddidonal to the one 
being sought will be synthesized. Explore the f.ictors that 
detennlne primer specificity and evaluate the Influence of 
the annealing temperawre on the outcome of a PCR. 




