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Summary
• Model organisms 


• Isolating cells and growing them in culture


• Studying proteins


• Protein sequence


• Protein purification


• Protein structure


• Protein visualization


• Mass spectrometry
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Plan
• Studying proteins


• Protein interactions


• Real-life example


• Studying DNA


• DNA sequencing


• DNA extraction


• DNA amplification
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Identifying interacting proteins

• co-immunoprecipitation (or co-IP)

https://www.activemotif.com/catalog/25/nuclear-complex-co-ip-kit
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Identifying interacting proteins

• tandem affinity purification (TAP-TAG)
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Identifying interacting proteins
• Yeast/Bacterial two-hybrid

https://old-ib.bioninja.com.au/options/untitled/b4-medicine/yeast-2-hybrid-system.html
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Identifying interacting proteins
• FRET = fluorescence resonance energy transfer

https://www.photometrics.com/learn/physics-and-biophysics/fret
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Fluorescence, phosphorescence, luminescence

• Fluorescence and phosphorescence are both photoluminescence (i.e. glow is triggered by light) whereas in 
chemiluminescence, glow is triggered by a chemical reaction


• Fluorescence and phosphorescence both absorb light and emit light of a longer wavelength (and lower 
energy)


• Fluorescence is immediate


• In phosphorescence, absorbed light can be stored and emitted later on
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Fluorescence
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Plan
• Studying proteins


• Protein interactions


• Real-life example


• Studying DNA


• DNA sequencing


• DNA extraction


• DNA amplification
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Real-life example

Article

CnoX Is a Chaperedoxin: A Holdase that Protects Its
Substrates from Irreversible Oxidation

Graphical Abstract

Highlights
d Bleach turns CnoX into a holdase via reversible chlorination

d CnoX provides dual protection, preventing irreversible

aggregation and oxidation

d CnoX is a holdase capable of cooperating with both GroEL/

ES and DnaK/J/GrpE

d CnoX activity depends on the reducing power of glutathione

Authors

Camille V. Goemans,

Didier Vertommen, Rym Agrebi,

Jean-François Collet

Correspondence
jfcollet@uclouvain.be

In Brief
Bleach is a powerful oxidant that kills

bacteria by causing protein aggregation.

Goemans et al. identified Escherichia coli

CnoX (YbbN) as a bleach-activated

chaperone that uniquely combines

holdase activity with the ability to protect

its substrates from irreversible oxidation.

After bleach stress, CnoX transfers its

client proteins to GroEL/ES and DnaK/

J/GrpE.

Goemans et al., 2018, Molecular Cell 70, 614–627
May 17, 2018 ª 2018 Elsevier Inc.
https://doi.org/10.1016/j.molcel.2018.04.002

Article

A molecular device for the redox quality control of
GroEL/ES substrates

Graphical abstract

Highlights
d CnoX is a chaperedoxin that performs a chaperone- and a

redox-function

d CnoX binds to the apical domain of the bacterial Hsp60

chaperonin GroEL

d CnoX provides redox quality control for GroEL substrates

d Proteins sharing structural features with CnoX exist in

eukaryotes

Authors
Emile Dupuy,

Sander Egbert Van der Verren,

Jiusheng Lin, ...,

Camille Véronique Goemans,

Han Remaut, Jean-François Collet

Correspondence
camille.goemans@embl.de (C.V.G.),
han.remaut@vub.be (H.R.),
jfcollet@uclouvain.be (J.-F.C.)

In brief
CnoX is a redox quality-control molecular

plugin for an evolutionarily conserved

Hsp60 chaperonin complex crucial for

protein folding in all living cells.
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CnoX Mediated Redox Quality Control of 
GroEL/GroES (Hsp60/Hsp10) Substrates

Dupuy et al., 2023, Cell 186, 1039–1049
March 2, 2023 ª 2023 Elsevier Inc.
https://doi.org/10.1016/j.cell.2023.01.013 ll
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• the cnoX gene is important for bacteria to survive oxidative stress (HOCl)

How does this work?
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Real-life example
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CnoX
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Real-life example
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Protein sequence

NCBI

Real-life example
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Uniprot

https://www.uniprot.org/uniprotkb/P77395/entry

Real-life example
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BLAST

Real-life example
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BLAST

Real-life example
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How does this work?

Purify CnoX

Solve its 3D-structure Test it biochemically

Real-life example
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Solve its 3D-structure with alpha fold

Real-life example
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Solve its 3D-structure (cristallography)

This aggregation increases the light scattering of the solution, as
measured with a spectrophotometer. When incubated with a
protein exhibiting holdase activity, CS is stabilized and protected
from aggregation. Here YbbNwas unable to suppress the aggre-
gation of CS even at high concentrations (Figure 2C), which
suggests that it has no holdase activity.

Interestingly, although the vast majority of E. coli proteins are
damaged by HOCl (Winter et al., 2008), a handful of them,
including Hsp33 (Winter et al., 2008), become activated when
exposed to this compound (Drazic et al., 2013; Gray et al.,
2013b; M€uller et al., 2014; Parker et al., 2013). To investigate
the effect of HOCl on YbbN, the protein was treated with 2 mM
HOCl for 10 min (YbbNHOCl) and used in CS aggregation assays.
Remarkably, YbbNHOCl, which remained monomeric in solution
(Figure 2D), efficiently protected CS from thermally induced
aggregation (Figure 2E). A similar result was obtained when CS
was first unfolded by guanidine hydrochloride and then diluted
into a buffer to induce aggregation (Figure 2F). In both cases, a
1:1 molar ratio of YbbNHOCl to CS was sufficient to nearly
completely suppress aggregation (Figures 2E and 2F), an effect
even stronger than that described for Hsp33 (Jakob et al., 1999).
In addition, YbbNHOCl efficiently suppressed the aggregation of
luciferase, another common substrate for holdase assays, indi-
cating that YbbNHOCl was active for structurally distinct proteins

(Figure 2G). When we measured the kinetics of the activation
of YbbN by HOCl, we found that the protein was rapidly
activated, reaching 100% holdase activity within the first 5 s of
treatment (Figure 2H) with a 10-fold molar excess of HOCl
(Figure 2I). This activation was specific to HOCl; other oxidizing
compounds, such as H2O2 and diamide, had no effect (Fig-
ure 2J). Addition of ATP had no effect on activity, consistent
with YbbNHOCl acting as a holdase (Figure 2K). Taken together,
these results show that YbbN is a potent holdase for structurally
distinct substrates when specifically activated by HOCl.

YbbN Is Activated by the Reversible Chlorination of
Several Residues in Its TPR Domain
We next sought to determine how HOCl turns YbbN into an
efficient holdase. To date, HOCl has been shown to activate
proteins using two distinct mechanisms. In the first mechanism,
activation occurs via the oxidation of specific residues. For
example, the oxidation of two conserved cysteines in Hsp33
triggers the cascade that activates its holdase function (Barbirz
et al., 2000; Jakob et al., 1999, 2000). A second example of
the first mechanism involves HypT, a transcription factor that
responds to HOCl stress (Drazic et al., 2013). In this case, activa-
tion occurs via HOCl-induced oxidation of methionines to methi-
onine sulfoxides in HypT, allowing the formation of oligomers

Figure 1. YbbN Is Required for Protection
against HOCl Stress
(A) Structure of YbbN (PDB: 3QOU; Lin and Wil-

son, 2011). Cys38 is shown in yellow and Cys63 in

blue. See also Figure S1.

(B) Growth curves of WT cells harboring an empty

vector (EV) (black), DybbN cells + EV (orange), and

DybbN cells expressing WT YbbN in trans (blue)

show thatDybbN cells are highly sensitive toHOCl.

Cells were grown in M9 + glucose medium after

adding 2 mM HOCl. Optical density 600 (OD600)

was measured for 450 min. This graph shows the

meanof three independent experiments; error bars

represent SEM. See also Figure S2.

(C) Colony phenotypes of a WT strain + EV,

DybbN + EV, and a DybbN expressing WT YbbN in

trans show that the DybbN strain is highly sensitive

to HOCl. Cells were initially grown in M9 + glucose

medium. At OD600 = 0.3, cells were treated with

2 mM HOCl for 10 min, and serial dilutions (10!2,

10!3, 10!4, and10!5) were plated on a lysogeny

broth (LB) agar plate and incubated overnight. This

experiment was performed in triplicate, and repre-

sentative results are shown. See also Figure S2.

(D) HOCl induces the expression of YbbN. The

ybbN promoter was cloned in a vector encoding

GFPmut2. Liquid cultures of the strain containing

this plasmid were treated at mid-log phase with

2 mM HOCl, 10 mM H2O2, or 2 mM paraquat.

OD600 and fluorescence481/535 nm, which were

measured with a Biotek Synergy H1 hybrid mi-

croplate reader for 10 min to calculate the relative

GFPmut2 production (dGFP/dt/OD600), indicate

that the ybbN promoter responds to HOCl. This

graph shows the mean of three independent

experiments; error bars represent SEM. Differ-

ence were tested for significance with Student’s

t test (ns, not significant; p > 0.05, **p < 0.01).

616 Molecular Cell 70, 614–627, May 17, 2018

Real-life example
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Test it biochemically
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Find the partners: Co-IP +SDS-PAGE
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Figure 1. CnoX interacts stably with GroEL
(A) GroEL co-elutes with CnoX when CnoX is pulled down from wild-type cell extracts using a-CnoX antibodies. Both proteins are absent when the experiment is

repeated with extracts prepared from the DcnoX mutant. The image of sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), stained with

Coomassie blue, is representative of >3 replicates. * indicates the light and heavy chains of the antibodies.

(B) Purified CnoXN-Strep and GroEL form a complex that can be isolated using streptavidin affinity purification. Two fractions are shown.

(C) Purified CnoX and GroEL form a complex that can be isolated using size-exclusion chromatography.

(legend continued on next page)

ll

1040 Cell 186, 1039–1049, March 2, 2023

Article

• co-IP using a-CnoX antibodies


• SDS-PAGE: we only detect one other band 


• Mass spectrometry: this band is GroEL 

Why don’t we do a western blot here?

Real-life example
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On a western blot, CnoX looks like this

What could be those bands above CnoX upon HOCl treatment ?

Real-life example

carried out with the YbbNC38AC63A mutant to specifically test
the importance of mixed disulfide formation. Then proteins
were precipitated, HOCl was removed, and reduced cysteines
were modified with iodoacetamide to prevent further rear-
rangements. DTT was used to reduce disulfide bonds and
sulfenylated cysteines before N-ethylmaleimide was finally
added to alkylate all newly reduced cysteines. Proteins were
then digested, and the resulting lysate was analyzed by 2D
LC-MS/MS. This experimental setup allowed us to reproduc-
ibly identify eight YbbN substrates (Table 1) presenting an
over-oxidized cysteine when oxidation occurred in the pres-
ence of YbbNC38AC63A or in the absence of YbbN. Remarkably,
the over-oxidized cysteines were not detected when the exper-
iment was performed in the presence of WT YbbN. Thus,
altogether, the results above provide direct evidence that
YbbN protects its substrates from over-oxidation and reveal
the importance of this redox-protective function.

Reduced GSH Regulates the Activity of YbbN
Although we determined that GSH reduces mixed disulfide com-
plexes between CS and YbbN in vitro (Figure 6D), the system
responsible for reducing the complexes in living cells after stress
remained to be identified. In E. coli, the Trx and glutaredoxin
(Grx) systems cooperate to control cytoplasmic redox homeo-
stasis (Berndt et al., 2008). To identify the pathway responsible
for resolving the mixed disulfide complexes with YbbN in vivo,
we monitored complex formation and disappearance in mutant
strains selectively impaired in the Trx (DtrxADtrxC, lacking the
two cytoplasmic Trxs) or Grx (DgshA, unable to synthesize
GSH, which is required for Grx-dependent recycling) systems.
Although most mixed disulfide complexes only formed tran-
siently in WT cells and in the DtrxADtrxC mutant (Figure 6E),
they accumulated in the DgshAmutant (Figure 6E). Thus, reduc-
tion of mixed disulfide complexes involving YbbN is mostly
carried out by the Grx system at the expense of GSH.

A B

C D

E

Figure 6. YbbN Protects GroEL Substrates
from Irreversible Oxidation and Aggregation
(A) Growth curves for the WT strain + EV (black), a

DybbN strain + EV (orange), a DybbN strain ex-

pressing YbbNC38AC63A in trans (blue), a DybbN

strain expressing YbbNC38A in trans (green), and a

DybbN strain expressing YbbNC63A in trans (red)

show that both YbbNC38AC63A and YbbNC63A are

not able to fully complement a ybbN deletion. Cells

were grown in M9 + glucose medium after addition

of 2 mM HOCl. OD600 was measured for 400 min.

This graph shows the mean of three independent

experiments; error bars represent SEM.

(B) Colony phenotypes of a WT strain + EV,

a DybbN strain + EV, and a DybbN strain express-

ing YbbNC38AC63A, YbbNC38A, or YbbNC63A in trans

show that YbbNC38AC63A and YbbNC63A do not fully

complement the DybbN phenotype. Cells were

initially grown in M9 + glucose medium. At OD600 =

0.3, cells were treated with 2 mM HOCl for 10 min,

and serial dilutions (10!2, 10!3, 10!4, and 10!5)

were plated on an LB agar plate and incubated

overnight at 37"C. This experiment was performed

in triplicate, and representative results are shown.

(C) Mixed disulfide complexes form upon HOCl

stress. DybbN cells expressing YbbN, YbbNC38A,

YbbNC63A, or YbbNC38AC63A were grown in M9 +

glucose and treated with 2 mM HOCl at mid-log

phase for 10 min. Samples were harvested,

precipitated with trichloroacetic acid, subjected to

SDS-PAGE under non-reducing conditions, and

immunoblotted with anti-YbbN (STAR Methods).

NT, non-treated sample; DTT, sample first treated

withHOCland thenwithDTT,a reducingagent.This

experiment shows that YbbN formsmixed disulfide

bonds with its substrates that are dependent on

Cys63. See also Figure S3 and Table S1.

(D) YbbNHOCl protects CS from HOCl-mediated aggregation by forming a mixed disulfide complex. CS was unfolded by HOCl in the presence or absence of

YbbNHOCl (6:1 ratio to CS). Then the sample was diluted in a buffer containing various combinations of GroEL/ES and GSH (STAR Methods) in the presence of

ATP. Here the recovered activity of CS serves as a proxy to quantify CS refolding (STAR Methods). These results show that YbbNHOCl is able to transfer HOCl-

unfolded CS to GroEL/ES and that the addition of GSH increases the recovery. This graph shows the mean of three independent experiments; error bars

represent SEM. Differences were evaluated with Student’s t test (ns, not significant, p > 0.05, ***p < 0.001). See also Figure S4.

(E) Mixed disulfide complexes depend on GSH for recovery after stress. WT cells, DtrxA DtrxC cells, and DgshA cells were grown in M9 + glucose and treated

with 2 mM HOCl for 10 min at mid-log phase. Samples were harvested 10 min after HOCl treatment and 30 min after HOCl was removed. Samples were

precipitated with trichloroacetic acid, subjected to SDS-PAGE under non-reducing conditions, and immunoblotted with anti-YbbN (STAR Methods). This

experiment was performed in triplicate, and representative results are shown.

622 Molecular Cell 70, 614–627, May 17, 2018

CnoX
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Plan
• Studying proteins


• Protein interactions


• Real-life example


• Studying DNA


• DNA sequencing


• DNA extraction


• DNA amplification
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Building a DNA toolbox

• Based on DNA sequencing


• DNA sequencing has allowed advances in technology 


• Use of recombinant DNA, i.e DNA from different sources that is combined


• This is useful for genetic engineering, i.e. manipulating genes for practical purposes


• DNA technologies have an impact on research, medicine, forensics, agriculture, …
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Plan
• Studying proteins


• Protein interactions


• Real-life examples


• Studying DNA


• DNA sequencing


• DNA extraction


• DNA amplification
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DNA sequencing

• exploits complementary base pairing


• developed in the 1970s by Sanger (Nobel Prize in 1980)


• in 2000s, development of next-generation sequencing, which is faster and cheaper: the DNA fragments are 
amplified, then one strand is immobilized and the complementary strand is synthetized, one nucleotide at a time —
> real-time identification of the added nucleotide


• recently, development of third-generation sequencing. In some methods, long stretches of DNA are 
sequenced without cutting or amplifying (e.g. nanopore)
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DNA sequencing
• Sanger or dideoxy sequencing relies on dideoxy nucleotides that terminate elongation
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after the scientist who invented it), uses DNA 
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nucleotides called dideoxyribonucleoside 
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DNA fragment to be sequenced. These ddNTPs are 
derivatives of the normal deoxyribonucleoside 
triphosphates that lack the 3′ hydroxyl group.  
When incorporated into a growing DNA strand, 
they block further elongation of that strand. 

DNA SEQUENCING 

MANUAL DIDEOXY SEQUENCING 

AUTOMATED DIDEOXY SEQUENCING 

To determine the complete sequence of a 
single-stranded fragment of DNA (gray), the DNA 
is first hybridized with a short DNA primer (orange) 
that is labeled with a fluorescent dye or 
radioisotope. DNA polymerase and an excess of all 
four normal deoxyribonucleoside triphosphates 
(blue A, C, G, or T) are added to the primed DNA, 
which is then divided into four reaction tubes.  
Each of these tubes receives a small amount of a 
single chain-terminating dideoxyribonucleoside 
triphosphate (red A, C, G, or T). Because these will 
be incorporated only occasionally, each reaction 
produces a set of DNA copies that terminate at 
different points in the sequence. The products of 
these four reactions are separated by 
electrophoresis in four parallel lanes of a 
polyacrylamide gel (labeled here A, T, C, and G). In 
each lane, the bands represent fragments that 
have terminated at a given nucleotide but at 
different positions in the DNA. By reading off the 
bands in order, starting at the bottom of the gel 
and reading across all lanes, the DNA sequence of 
the newly synthesized strand can be determined 
(see Figure 8–25C). The sequence, which is given in 
the green arrow to the right of the gel, is 
complementary to the sequence of the original 
gray single-stranded DNA. 

Fully automated machines can run dideoxy sequencing reactions. 
(A) The automated method uses an excess amount of normal 
dNTPs plus a mixture of four different chain-terminating ddNTPs, 
each of which is labeled with a fluorescent tag of a different color.  
The reaction products are loaded onto a long, thin capillary gel 
and separated by electrophoresis. A camera (not shown) reads the 
color of each band as it moves through the gel and feeds the data 
to a computer that assembles the sequence. (B) A tiny part of the 
data from such an automated sequencing run. Each colored peak 
represents a nucleotide in the DNA sequence.

5′  GCAT

3′  CGTA

478 PANEL 8–1: DNA Sequencing Methods



30

DNA sequencing

• Sanger or dideoxy sequencing relies on 
dideoxy nucleotides that terminate elongation


• low cost, small scale (short DNA fragments)

Figure 19.3 
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DNA sequencing
• Next-generation sequencing


• since 2005


• allow large-scale sequencing


• most common is Illumina Sequencing


• short DNA sequences (few hundreds nt)


• bioinformatic analysis

Figure 19.4a 

Technique 

Genomic DNA is fragmented. 

Each fragment is isolated with 
a bead. 

Using PCR, 106 copies of each 
fragment are made, each attached 
to the bead by 5′ end. 

The bead is placed into a well with 
DNA polymerases and primers. 

4 
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of DNA 

Primer 
3′ 

A 
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5′ 5′ 

T G C 

3 
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1 

5 A solution of each of the four nucleotides 
is added to all wells and then washed off. 
The entire process is then repeated. 
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DNA sequencing
• Next-generation sequencing


• since 2005


• allow large-scale sequencing


• most common is Illumina Sequencing


• short DNA sequences (few hundreds nt)


• bioinformatic analysis

Figure 19.4b 

6 7 If a nucleotide is joined to  
a growing strand, PPi is  
released, causing a flash 
of light that is recorded. 
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DNA sequencing
• Next-generation sequencing


• since 2005


• allow large-scale sequencing


• most common is Illumina Sequencing


• short DNA sequences (few hundreds nt)


• bioinformatic analysis
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The process is repeated until every 
fragment has a complete complementary 
strand. The pattern of flashes reveals the 
sequence. 
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DNA sequencing

• Third-generation sequencing


• longer DNA molecules - better to reconstitute genomes


• more expensive



35

Gene annotations
• Mark the genes


• Assign possible roles

482 Chapter 8:  Analyzing Cells, Molecules, and Systems

contain a stop codon about every 20 amino acids; protein-coding regions will, 
in contrast, usually contain much longer stretches without stop codons (Figure 
8–40). Known as open reading frames (ORFs), these usually signify bona !de 
protein-coding genes. "is assignment is often “double-checked” by comparing 
the ORF amino acid sequence to the many databases of documented proteins 
from other species. If a match is found, even as imperfect one, it is very likely that 
the ORF will code for a functional protein (see Figure 8–23). 

"is strategy works very well for compact genomes, where intron sequences 
are rare and ORFs often extend for many hundreds of amino acids. However, in 
many animals and plants, the average exon size is 150–200 nucleotide pairs (see 
Figure 6–31) and additional information is usually required to unambiguously 
locate all the exons of a gene. Although it is possible to search genomes for splic-
ing signals and other features that help to identify exons (codon bias, for exam-
ple), one of the most powerful methods is simply to sequence the total RNA pro-
duced from the genome in living cells. As can be seen in Figure 7–3, this RNA-seq 
information, when mapped onto the genome sequence, can be used to accurately 
locate all the introns and exons of even complex genes. By sequencing total RNA 
from di#erent cell types, it is also possible to identify cases of alternative splicing 
(see Figure 6–26). 

RNA-seq also identi!es noncoding RNAs produced by a genome. Although the 
function of some of them can be readily recognized (tRNAs or snoRNAs, for exam-
ple), many have unknown functions and still others probably have no function at 
all (discussed in Chapter 7, pp. 429–436). "e existence of the many noncoding 
RNAs and our relative ignorance of their function is the main reason that we know 
only the approximate number of genes in the human genome. 

But even for protein-coding genes that have been unambiguously identi!ed, 
we still have much to learn. "ousands of genomes have been sequenced, and we 
know from comparative genomics that many organisms share the same basic set 
of proteins. However, the functions of a very large number of identi!ed proteins 
remain unknown. Depending on the organism, approximately one-third of the 
proteins encoded by a sequenced genome do not clearly resemble any protein 
that has been studied biochemically. "is observation underscores a limitation of 
the emerging !eld of genomics: although comparative analysis of genomes reveals 
a great deal of information about the relationships between genes and organisms, 
it often does not provide immediate information about how these genes function, 
or what roles they have in the physiology of an organism. Comparison of the full 
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Figure 8–40 Finding the regions in a 
DNA sequence that encode a protein. 
(A) Any region of the DNA sequence can, 
in principle, code for six different amino 
acid sequences, because any one of three 
different reading frames can be used to 
interpret the nucleotide sequence on each 
strand. Note that a nucleotide sequence 
is always read in the 5ʹ-to-3ʹ direction and 
encodes a polypeptide from the N-terminus 
to the C-terminus. For a random nucleotide 
sequence read in a particular frame, 
a stop signal for protein synthesis is 
encountered, on average, about once every 
20 amino acids. In this sample sequence 
of 48 base pairs, each such signal (stop 
codon) is colored blue, and only reading 
frame 2 lacks a stop signal. (B) Search 
of a 1700-base-pair DNA sequence for a 
possible protein-encoding sequence. The 
information is displayed as in (A), with each 
stop signal for protein synthesis denoted 
by a blue line. In addition, all of the regions 
between possible start and stop signals 
for protein synthesis (see pp. 347–349) are 
displayed as red bars. Only reading frame 
1 actually encodes a protein, which is 475 
amino acid residues long.
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But how is DNA extracted?
• Goal: isolate the DNA without its associated proteins

• Phenol-chloroform is less polar than water and induces protein aggregation


• DNA is further precipitated with ethanol
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• Goal: isolate the DNA without its associated proteins

But how is DNA extracted?
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Amplifying specific regions of DNA
• To work directly on specific regions/genes, we amplify these regions to obtain multiple identical copies 


• Polymerase Chain Reaction (PCR) for specific DNA region amplification


• design the DNA primers needed by the DNA polymerase


• need nucleotides


• get billions of copies of the original sequences after 20-30 cycles
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hybridization has many uses in modern cell and molecular biology; one of the 
most powerful is in the cloning of DNA by the polymerase chain reaction, as we 
next discuss.

Genes Can Be Cloned in vitro Using PCR
Genomic and cDNA libraries were once the only route to cloning genes and they 
are still used for cloning very large genes and for sequencing whole genomes. 
However, a powerful and versatile method for amplifying DNA, known as the 
polymerase chain reaction (PCR), provides a more rapid and straightforward 
approach to DNA cloning, particularly in organisms whose complete genome 
sequence is known. Today, since genome sequences are abundant, most cloning 
is carried out by PCR. 

Invented in the 1980s, PCR revolutionized the way that DNA and RNA are 
analyzed. !e technique can amplify any nucleotide sequence selectively and is 
performed entirely in a test tube. Eliminating the need for bacteria makes PCR 
convenient and rapid—billions of copies of a nucleotide can be generated in a 
matter of hours. Starting with an entire genome, PCR allows DNA from a speci"ed 
region—selected by the experimenter—to be greatly ampli"ed, e#ectively “puri-
fying” this DNA away from the remainder of the genome, which remains unam-
pli"ed. Because of its power to greatly amplify nucleic acids, PCR is remarkably 
sensitive: the method can be used to detect the trace amounts of DNA in a drop of 
blood left at a crime scene or in a few copies of a viral genome in a patient’s blood 
sample. 

!e success of PCR depends both on the selectivity of DNA hybridization 
and on the ability of DNA polymerase to copy a DNA template faithfully through 
repeated rounds of replication in vitro. As discussed in Chapter 5, this enzyme 
adds nucleotides to the 3ʹ end of a growing strand of DNA (see Figure 5–4). To copy 
DNA, the polymerase requires a primer—a short nucleotide sequence that pro-
vides a 3ʹ end from which synthesis can begin. For PCR, the primers are designed 
by the experimenter, synthesized chemically, and, by hybridizing to genomic 
DNA, “tell” the polymerase which part of the genome to copy. As discussed in the 
previous section, DNA primers (in essence, the same type of molecules as DNA 
probes but without a radioactive or $uorescent label) can be designed to uniquely 
locate any position on a genome. 

PCR is an iterative process in which the cycle of ampli"cation is repeated doz-
ens of times. At the start of each cycle, the two strands of the double-stranded 
DNA template are separated and a di#erent primer is annealed to each. !ese 
primers mark the right and left boundaries of the DNA to be ampli"ed. DNA poly-
merase is then allowed to replicate each strand independently (Figure 8–35). In 
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Figure 8–35 A pair of primers directs the synthesis of a desired segment of DNA in a test tube. Each cycle of PCR includes three steps:  
(1) The double-stranded DNA is heated briefly to separate the two strands. (2) The DNA is exposed to a large excess of a pair of specific primers—
designed to bracket the region of DNA to be amplified—and the sample is cooled to allow the primers to hybridize to complementary sequences 
in the two DNA strands. (3) This mixture is incubated with DNA polymerase and the four deoxyribonucleoside triphosphates so that DNA can be 
synthesized, starting from the two primers. To amplify the DNA, the cycle is repeated many times by reheating the sample to separate the newly 
synthesized DNA strands (see Figure 8–36). 
     The technique depends on the use of a special DNA polymerase isolated from a thermophilic bacterium; this polymerase is stable at much higher 
temperatures than eukaryotic DNA polymerases, so it is not denatured by the heat treatment shown in step 1. The enzyme therefore does not have 
to be added again after each cycle. 
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• need nucleotides


• get billions of copies of the original sequences after 20-30 cycles
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hybridization has many uses in modern cell and molecular biology; one of the 
most powerful is in the cloning of DNA by the polymerase chain reaction, as we 
next discuss.

Genes Can Be Cloned in vitro Using PCR
Genomic and cDNA libraries were once the only route to cloning genes and they 
are still used for cloning very large genes and for sequencing whole genomes. 
However, a powerful and versatile method for amplifying DNA, known as the 
polymerase chain reaction (PCR), provides a more rapid and straightforward 
approach to DNA cloning, particularly in organisms whose complete genome 
sequence is known. Today, since genome sequences are abundant, most cloning 
is carried out by PCR. 

Invented in the 1980s, PCR revolutionized the way that DNA and RNA are 
analyzed. !e technique can amplify any nucleotide sequence selectively and is 
performed entirely in a test tube. Eliminating the need for bacteria makes PCR 
convenient and rapid—billions of copies of a nucleotide can be generated in a 
matter of hours. Starting with an entire genome, PCR allows DNA from a speci"ed 
region—selected by the experimenter—to be greatly ampli"ed, e#ectively “puri-
fying” this DNA away from the remainder of the genome, which remains unam-
pli"ed. Because of its power to greatly amplify nucleic acids, PCR is remarkably 
sensitive: the method can be used to detect the trace amounts of DNA in a drop of 
blood left at a crime scene or in a few copies of a viral genome in a patient’s blood 
sample. 

!e success of PCR depends both on the selectivity of DNA hybridization 
and on the ability of DNA polymerase to copy a DNA template faithfully through 
repeated rounds of replication in vitro. As discussed in Chapter 5, this enzyme 
adds nucleotides to the 3ʹ end of a growing strand of DNA (see Figure 5–4). To copy 
DNA, the polymerase requires a primer—a short nucleotide sequence that pro-
vides a 3ʹ end from which synthesis can begin. For PCR, the primers are designed 
by the experimenter, synthesized chemically, and, by hybridizing to genomic 
DNA, “tell” the polymerase which part of the genome to copy. As discussed in the 
previous section, DNA primers (in essence, the same type of molecules as DNA 
probes but without a radioactive or $uorescent label) can be designed to uniquely 
locate any position on a genome. 

PCR is an iterative process in which the cycle of ampli"cation is repeated doz-
ens of times. At the start of each cycle, the two strands of the double-stranded 
DNA template are separated and a di#erent primer is annealed to each. !ese 
primers mark the right and left boundaries of the DNA to be ampli"ed. DNA poly-
merase is then allowed to replicate each strand independently (Figure 8–35). In 
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Figure 8–35 A pair of primers directs the synthesis of a desired segment of DNA in a test tube. Each cycle of PCR includes three steps:  
(1) The double-stranded DNA is heated briefly to separate the two strands. (2) The DNA is exposed to a large excess of a pair of specific primers—
designed to bracket the region of DNA to be amplified—and the sample is cooled to allow the primers to hybridize to complementary sequences 
in the two DNA strands. (3) This mixture is incubated with DNA polymerase and the four deoxyribonucleoside triphosphates so that DNA can be 
synthesized, starting from the two primers. To amplify the DNA, the cycle is repeated many times by reheating the sample to separate the newly 
synthesized DNA strands (see Figure 8–36). 
     The technique depends on the use of a special DNA polymerase isolated from a thermophilic bacterium; this polymerase is stable at much higher 
temperatures than eukaryotic DNA polymerases, so it is not denatured by the heat treatment shown in step 1. The enzyme therefore does not have 
to be added again after each cycle. 
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subsequent cycles, all the newly synthesized DNA molecules produced by the 
polymerase serve as templates for the next round of replication (Figure 8–36). 
!rough this iterative ampli"cation process, many copies of the original sequence 
can be made—billions after about 20 to 30 cycles. 

PCR is now the method of choice for cloning relatively short DNA fragments 
(say, under 10,000 nucleotide pairs). Each cycle takes only about "ve minutes, 
and automation of the whole procedure enables cell-free cloning of a DNA frag-
ment in a few hours. !e original template for PCR can be either DNA or RNA, so 
this method can be used to obtain either a genomic clone (complete with introns 
and exons) or a cDNA copy of an mRNA (Figure 8–37).

PCR Is Also Used for Diagnostic and Forensic Applications 
!e PCR method is extraordinarily sensitive; it can detect a single DNA mole-
cule in a sample if at least part of the sequence of that molecule is known. Trace 
amounts of RNA can be analyzed in the same way by "rst transcribing them into 
DNA with reverse transcriptase. For these reasons, PCR is frequently employed for 
uses that go beyond simple cloning. For example, it can be used to detect invading 
pathogens at very early stages of infection. In this case, short sequences comple-
mentary to a segment of the infectious agent’s genome are used as primers and 
following many cycles of ampli"cation, even a few copies of an invading bacterial 
or viral genome in a patient’s sample can be detected (Figure 8–38). For many 
infections, PCR has replaced the use of antibodies against microbial molecules to 
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Figure 8–36 PCR uses repeated rounds of strand separation, hybridization, and synthesis to amplify DNA. As the 
procedure outlined in Figure 8–35 is repeated, all the newly synthesized fragments serve as templates in their turn. Because the 
polymerase and the primers remain in the sample after the first cycle, PCR involves simply heating and then cooling the same 
sample, in the same test tube, again and again. Each cycle doubles the amount of DNA synthesized in the previous cycle, so 
that within a few cycles, the predominant DNA is identical to the sequence bracketed by and including the two primers in the 
original template. In the example illustrated here, three cycles of reaction produce 16 DNA chains, 8 of which (boxed in yellow) 
correspond exactly to one or the other strand of the original bracketed sequence. After four more cycles, 240 of the 256 DNA 
chains will correspond exactly to the original sequence, and after several more cycles, essentially all of the DNA strands will be 
this length. Typically, 20–30 cycles are carried out to effectively clone a region of DNA starting from genomic DNA; the rest of the 
genome remains unamplified, and its concentration is therefore negligible compared with that of the amplified region (Movie 8.2).
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Figure 8–39 PCR is used in forensic science to distinguish one individual from another. The DNA sequences analyzed are short tandem 
repeats (STRs) composed of sequences such as CACACA… or GTGTGT… STRs are found in various positions (loci) in the human genome. The 
number of repeats in each STR locus is highly variable in the population, ranging from 4 to 40 in different individuals. Because of the variability in 
these sequences, individuals will usually inherit a different number of repeats at each STR locus from their mother and from their father; two unrelated 
individuals, therefore, rarely contain the same pair of sequences at a given STR locus. (A) PCR using primers that recognize unique sequences on 
either side of one particular STR locus produces a pair of bands of amplified DNA from each individual, one band representing the maternal STR 
variant and the other representing the paternal STR variant. The length of the amplified DNA, and thus its position after gel electrophoresis, will 
depend on the exact number of repeats at the locus. (B) In the schematic example shown here, the same three STR loci are analyzed in samples 
from three suspects (individuals A, B, and C), producing six bands for each individual. Although different people can have several bands in common, 
the overall pattern is quite distinctive for each person. The band pattern can therefore serve as a DNA fingerprint to identify an individual nearly 
uniquely. The fourth lane (F) contains the products of the same PCR amplifications carried out on a hypothetical forensic DNA sample, which could 
have been obtained from a single hair or a tiny spot of blood left at a crime scene. 
     The more loci that are examined, the more confident one can be about the results. When examining the variability at 5–10 different STR loci, the 
odds that two random individuals would share the same fingerprint by chance are approximately one in 10 billion. In the case shown here, individuals 
A and C can be eliminated from inquiries, while B is a clear suspect. A similar approach is used routinely in paternity testing. 
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