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V. Molecular and Cellular Biology in the lab
1. Model organisms


2. Cell cultures


3. Studying proteins 

‣ Protein sequence


‣ Protein purification


‣ Protein visualization


‣ Protein structure


‣ Mass spectrometry 

‣ Additional methods
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Mass spectrometry to identify unknown proteins

• How to identify a protein obtained from one of the purification methods or all the proteins in a sample?


• Genomes of most experimentally used organisms are known - catalogue of possible proteins is known


• Use of mass spectrometry combined with searches of databases


• Charged particles have very precise dynamics when subjected to electric and magnetic fields in a vacuum


• Mass spectrometry separates ions according to their mass-to-charge ratio (m/z)


• Extremely sensitive method
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Mass spectrometry to identify unknown proteins

456 Chapter 8:  Analyzing Cells, Molecules, and Systems

sequences present in the unknown sample with known cataloged genes. !is task 
is now performed almost exclusively by using mass spectrometry in conjunction 
with computer searches of databases.

Charged particles have very precise dynamics when subjected to electrical and 
magnetic "elds in a vacuum. Mass spectrometry exploits this principle to separate 
ions according to their mass-to-charge (m/z) ratio. It is an enormously sensitive 
technique. It requires very little material and is capable of determining the precise 
mass of intact proteins and of peptides derived from them by enzymatic or chem-
ical cleavage. Masses can be obtained with great accuracy, often with an error of 
less than one part in a million. 

Mass spectrometry is performed using complex instruments with three major 
components (Figure 8–18A). !e "rst is the ion source, which transforms tiny 
amounts of a peptide sample into a gas containing individual charged peptide 
molecules. !ese ions are accelerated by an electric "eld into the second compo-
nent, the mass analyzer, where electric or magnetic "elds are used to separate the 
ions on the basis of their mass-to-charge ratios. Finally, the separated ions collide 
with a detector, which generates a mass spectrum containing a series of peaks rep-
resenting the masses of the molecules in the sample.

!ere are many di#erent types of mass spectrometer, varying mainly in the 
nature of their ion sources and mass analyzers. One of the most common ion 
sources depends on a technique called matrix-assisted laser desorption ionization 
(MALDI). In this approach, the proteins in the sample are "rst cleaved into short 
peptides by a protease such as trypsin. !ese peptides are mixed with an organic 
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Figure 8–18 The mass spectrometer. (A) Mass spectrometers used in biology contain an ion source that generates gaseous 
peptides or other molecules under conditions that render most molecules positively charged. The two major types of ion source 
are MALDI and electrospray, as described in the text. Ions are accelerated into a mass analyzer, which separates the ions 
on the basis of their mass and charge by one of three major methods: 1. Time-of-flight (TOF) analyzers determine the mass-
to-charge ratio of each ion in the mixture from the rate at which it travels from the ion source to the detector. 2. Quadropole 
mass filters contain a long chamber lined by four electrodes that produce oscillating electric fields that govern the trajectory of 
ions; by varying the properties of the electric field over a wide range, a spectrum of ions with specific mass-to-charge ratios is 
allowed to pass through the chamber to the detector, while other ions are discarded. 3. Ion traps contain doughnut-shaped 
electrodes producing a three-dimensional electric field that traps all ions in a circular chamber; the properties of the electric 
field can be varied over a wide range to eject a spectrum of specific ions to a detector. (B) Tandem mass spectrometry typically 
involves two mass analyzers separated by a collision chamber containing an inert, high-energy gas. The electric field of the 
first mass analyzer is adjusted to select a specific peptide ion, called a precursor ion, which is then directed to the collision 
chamber. Collision of the peptide with gas molecules causes random peptide fragmentation, primarily at peptide bonds, 
resulting in a highly complex mixture of fragments containing one or more amino acids from throughout the original peptide. The 
second mass analyzer is then used to measure the masses of the fragments (called product or daughter ions). With computer 
assistance, the pattern of fragments can be used to deduce the amino acid sequence of the original peptide.

• Ion source transforms tiny amounts of 
peptide into a gas containing individual 
charged peptides


• Mass analyzer where ions are accelerated 
by electric or magnetic fields in which ions 
are separated according to their mass-to-
charge ratio


• Detector on which the ions collide which 
generate a mass spectrum


• Different types of mass spectrometer, 
with different ion sources and mass 
analyzers (e.g. MALDI-TOF)
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Mass spectrometry to identify unknown proteins

https://blog.perkinelmer.com/posts/mass-spectrometry-explained-how-lc-ms-ms-works/

• Use of LC-MS/MS for complex protein mixtures


• LC (Liquid Chromatography):

• Separates components of a mixture based on 

their chemical properties (like polarity).


• Helps reduce interference before detection.


• MS/MS (Tandem Mass Spectrometry):


• The first mass spectrometer isolates a specific 
molecule (the precursor ion)


• The molecule is then broken into fragments.


• The second mass spectrometer measures 
these fragments, providing high-specificity 
identification and quantification
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V. Molecular and Cellular Biology in the lab
1. Model organisms


2. Cell cultures


3. Studying proteins 

‣ Protein sequence


‣ Protein purification


‣ Protein visualization


‣ Protein structure


‣ Mass spectrometry


‣ Additional methods
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Immunoprecipitation (IP)
• Immunoprecipitation (IP) as a rapid affinity purification

https://www.rockland.com/resources/immunoprecipitation-technique/
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Finding proteins’ partners: Co-immunoprecipitation (co-IP)

https://www.activemotif.com/catalog/25/nuclear-complex-co-ip-kit
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Find the partners: Co-IP +SDS-PAGE

A B C
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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: CnoX
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• CryoEM

Indeed, GroEL does not release substrate proteins such as
unfolded citrate synthase (CS) upon GroES addition (Figure 1E);
rather, these proteins become encapsulated inside the GroEL-
GroES folding chamber for refolding.6,7 Along the same line,
we found that the presence of CnoX does not prevent GroEL
from recruiting unfolded CS (Figure S2E). Thus, CnoX does not
restrict access to the substrate-binding site of GroEL.

TheC-terminala-helix of CnoXbindsGroELnear the site
of substrate entry into the cage
Intrigued by these results, we sought to obtain structural infor-
mation on the CnoX-GroEL interaction using cryoelectron micro-

scopy (cryo-EM). We reconstituted the CnoX-GroEL complex by
mixing purified GroEL and CnoXN-Strep (10[GroEL]:1[CnoX] molar
ratio, which corresponds to a ratio of 1[GroEL14]:1.4 [CnoX]) in
the absence of nucleotides. The complex was then affinity-puri-
fied (Figure S3A) and imaged for single-particle cryo-EM analysis
(Figures S3B, S3C, and Table S1). Analysis of the two-dimen-
sional (2D) class averages showed the two rings of GroEL
stacked back-to-back and revealed the presence of a protruding
density on top of the two GroEL rings (Figures 2A, 2B, and S3D).
A c7-symmetrical 3D reconstruction resulted in a 3.4 Å electron
potential map (Figure S3E) with a density on the GroEL apical
domain corresponding to at least five a-helices and allowing

B

C D

A

CnoX

CnoX

GroEL

i

ii iii

Figure 2. Cryo-EM shows that the TPR domain of CnoX binds GroEL
(A and B) Cryo-EM 2D class averages of the GroEL-CnoX complex reconstituted in vitro at a 10:1 M ratio (scale bar: 100 Å).

(C and D) Side and top view of the structure of theGroEL-CnoX complex shown as a solvent-accessible surface. The equatorial, intermediate, and apical domains

of GroEL are shown in slate, orange, and light cyan, respectively, and CnoX is shown in pink.

See also Figure S3.

ll

1042 Cell 186, 1039–1049, March 2, 2023

Article

Real-life example: CnoX
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Finding proteins’ partners: Tandem affinity purification (TAP-Tag)

• The TAP-TAG method refers to the Tandem Affinity Purification (TAP) tag system — a biochemical technique used to isolate protein 
complexes with very high purity so researchers can study protein–protein interactions.


• It is a two-step purification strategy in which a protein of interest is genetically fused to a dual affinity tag. This allows the protein and its 
interacting partners to be pulled out of a cell extract with minimal contaminants.


• The traditional TAP tag contains:

• Protein A domains (bind to IgG resin)

• A TEV protease cleavage site

• Calmodulin-binding peptide (CBP) (binds to calmodulin resin in the presence of calcium)
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Finding proteins’ partners: Tandem affinity purification (TAP-Tag)

1. Create a tagged protein 
• The gene for your protein is fused with the TAP tag.

• The fusion protein is expressed in the cell.


2. First purification 
• Cell lysate is passed over IgG resin.

• Protein A portion binds strongly.

• Non-specific proteins are washed away.


3. TEV cleavage 
• TEV protease releases the protein + its binding partners from the first resin.

• Protein A is left behind.


4. Second purification 
• The eluate binds to calmodulin resin (via CBP).

• Additional washing removes contaminants.


5. Final elution 
• Removing calcium releases the highly purified protein complex.

*Protein A is a bacterial protein (from Staphylococcus aureus) that binds strongly 

and specifically to the Fc region of antibodies, particularly:
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Finding proteins’ partners: two-hybrid
• Yeast/Bacterial two-hybrid

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

https://www.photometrics.com/learn/physics-and-biophysics/fret

Finding proteins’ partners: 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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V. Molecular and Cellular Biology in the lab
1. Model organisms


2. Cell cultures


3. Studying proteins


4. Studying DNA 

‣ DNA sequencing 

‣ DNA extraction


‣ DNA amplification


‣ DNA cloning
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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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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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Dideoxy sequencing, or Sanger sequencing (named 
after the scientist who invented it), uses DNA 
polymerase, along with special chain-terminating 
nucleotides called dideoxyribonucleoside 
triphosphates (left), to make partial copies of the 
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
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DNA sequencing

• Sanger sequencing is a DNA sequencing method that 
determines the order of nucleotides (A, T, C, G) in a DNA 
fragment.  


• It relies on dideoxy nucleotides that terminate elongation


• Low cost, small scale (short DNA fragments)


Method:


1. A DNA template is copied using normal nucleotides plus special 
dideoxynucleotides (ddNTPs).


2. When a ddNTP is added, the chain stops because it lacks the 3′-OH group 
needed for extension.


3. This creates DNA fragments of different lengths, each ending with a labeled 
ddNTP.


4. The fragments are separated by size (usually by capillary electrophoresis).

5. A detector reads the colored labels on the ddNTPs, revealing the DNA sequence.

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 

Template strand 
of DNA 

Primer 
3′ 

A 

3′ 
5′ 5′ 

T G C 

3 

2 

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 
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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
8 
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DNA sequencing
• Third-generation sequencing refers to DNA sequencing technologies that read single DNA molecules 
in real time, without needing amplification (PCR). This makes them faster and able to produce ultra-long 
reads.


• Single-molecule sequencing (no PCR amplification).

• Real-time detection of nucleotide addition.

• Very long read lengths (tens to hundreds of kilobases).

• Useful for analyzing structural variants, repetitive regions, and whole genomes with fewer gaps.
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DNA sequencing
• Third-generation sequencing refers to DNA sequencing technologies that read single DNA molecules in real 
time, without needing amplification (PCR). This makes them faster and able to produce ultra-long reads.


Main technologies

A. PacBio SMRT sequencing —> Detects fluorescently labeled nucleotides as a polymerase incorporates them.

B. Oxford Nanopore sequencing —> DNA passes through a nanopore and changes in ionic current identify each nucleotide.

•  Ultra-long reads (can exceed 1 Mb).

•  Portable devices (e.g., MinION).


Advantages

• Very long reads.

• Faster sequencing.

• Better for genome assembly, structural variants, epigenetics (e.g., methylation detection).


Limitations

• Higher raw error rates (though improving).

• More expensive per read than some short-read methods.
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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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V. Molecular and Cellular Biology in the lab
1. Model organisms


2. Cell cultures


3. Studying proteins


4. Studying DNA 

‣ DNA sequencing


‣ DNA extraction 

‣ DNA amplification


‣ DNA cloning



28

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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V. Molecular and Cellular Biology in the lab
1. Model organisms


2. Cell cultures


3. Studying proteins


4. Studying DNA 

‣ DNA sequencing


‣ DNA extraction


‣ DNA amplification 

‣ DNA cloning
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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

  473

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

474 Chapter 8:  Analyzing Cells, Molecules, and Systems

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 

THIRD CYCLE
(produces eight double-stranded

DNA molecules)

SECOND CYCLE
(produces four double-stranded 

DNA molecules)

END OF
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DNA 
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DNA 
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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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Amplifying specific regions of DNA
• Polymerase Chain Reaction (PCR) for specific DNA region amplification - diagnostic or forensics
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Amplifying specific regions of DNA
• Polymerase Chain Reaction (PCR) for specific DNA region amplification - diagnostic or forensics
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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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Visualizing DNA
• Gel electrophoresis separates DNA fragment by size


• As for proteins, but each nucleotide already carries a negative charge on the phosphate group


• Agarose gel


• Use of an intercalating agent that binds DNA and fluoresces under UV

466 Chapter 8:  Analyzing Cells, Molecules, and Systems

A variation of agarose-gel electrophoresis, called pulsed-!eld gel electrophore-
sis, makes it possible to separate extremely long DNA molecules, even those found 
in whole chromosomes. Ordinary gel electrophoresis fails to separate very large 
DNA molecules because the steady electric !eld stretches them out so that they 
travel end-!rst through the gel in snakelike con!gurations at a rate that is inde-
pendent of their length. In pulsed-!eld gel electrophoresis, by contrast, the direc-
tion of the electric !eld changes periodically, which forces the molecules to re- 
orient before continuing to move snakelike through the gel. "is re-orientation 
takes much more time for larger molecules, so that longer molecules move more 
slowly than shorter ones. As a consequence, entire bacterial or yeast chromo-
somes separate into discrete bands in pulsed-!eld gels and so can be sorted and 
identi!ed on the basis of their size (Figure 8–25D). Although a typical mammalian 
chromosome of 108 nucleotide pairs is still too long to be sorted even in this way, 
large segments of these chromosomes are readily separated and identi!ed if the 
chromosomal DNA is !rst cut with a restriction nuclease selected to recognize 
sequences that occur only rarely.

"e DNA bands on agarose or polyacrylamide gels are invisible unless the 
DNA is labeled or stained in some way. A particularly sensitive method of staining 
DNA is to soak the gel in the dye ethidium bromide, which #uoresces under ultra-
violet light when it is bound to DNA (see Figure 8–25B and D). Even more sensitive 
detection methods incorporate a radioisotope or chemical marker into the DNA 
molecules before electrophoresis, as we next describe. 
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Figure 8–25 DNA molecules can 
be separated by size using gel 
electrophoresis. (A) Schematic illustration 
comparing the results of cutting the same DNA 
molecule (in this case, the genome of a virus 
that infects wasps) with two different restriction 
nucleases, EcoRI (middle) and HindIII (right). 
The fragments are then separated by gel 
electrophoresis using a gel matrix of agarose. 
Because larger fragments migrate more slowly 
than smaller ones, the lowermost bands on 
the gel contain the smallest DNA fragments. 
The sizes of the fragments can be estimated 
by comparing them to a set of DNA fragments 
of known sizes (left). (B) Photograph of an 
actual agarose gel showing DNA “bands” that 
have been stained with ethidium bromide. 
(C) A polyacrylamide gel with small pores 
was used to separate short DNA molecules 
that differ by only a single nucleotide. Shown 
here are the results of a dideoxy sequencing 
reaction, explained later in this chapter. From 
left to right, the bands in the four lanes were 
produced by adding G, A, T, and C chain-
terminating nucleotides (see Panel 8–1). The 
DNA molecules were labeled with 32P, and the 
image shown was produced by laying a piece 
of photographic film over the gel and allowing 
the 32P to expose the film, producing the dark 
bands observed when the film was developed. 
(D) The technique of pulsed-field agarose-gel 
electrophoresis was used to separate the 16 
different chromosomes of the yeast species 
Saccharomyces cerevisiae, which range in 
size from 220,000 to 2.5 million nucleotide 
pairs. The DNA was stained as in (B). DNA 
molecules as large as 107 nucleotide pairs can 
be separated in this way. (B, from U. Albrecht 
et al., J. Gen. Virol. 75:3353-3363, 1994; 
C, courtesy of Leander Lauffer and Peter 
Walter; D, from D. Vollrath and R.W. Davis, 
Nucleic Acids Res. 15:7865–7876, 1987. With 
permission from Oxford University Press.)

Figure 19.7 
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Amplifying specific regions of DNA
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V. Molecular and Cellular Biology in the lab
1. Model organisms


2. Cell cultures


3. Studying proteins


4. Studying DNA 

‣ DNA sequencing


‣ DNA extraction


‣ DNA amplification


‣ DNA cloning
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DNA cloning
• Plasmids are small circular DNA molecules that are present in bacteria and replicate separately from the bacterial 
chromosome


• We can insert DNA into plasmids to produce recombinant DNA


• This is then inserted into bacteria to make copies of the plasmid, to express a protein, etc.
Figure 19.5a 
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DNA cloningFigure 19.5b 

Host cell grown in  
culture to form a clone  
of cells containing the  
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Preparing plasmids
• Cloning genes using bacteria and plasmids (self-replicating circular dsDNA)
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Preparing plasmids
• Cloning genes using bacteria and plasmids468 Chapter 8:  Analyzing Cells, Molecules, and Systems

is used because this isolation is usually accomplished by making many identical 
copies of only the DNA of interest. We note that elsewhere in the book, cloning, 
particularly when used in the context of developmental biology, can also refer 
to the generation of many genetically identical cells starting from a single cell or 
even to the generation of genetically identical organisms (see, for example, Figure 
7–2). In all cases, cloning refers to the act of making many identical copies, and 
in this section, we use the term to refer to methods designed to generate many 
identical copies of a de!ned segment of nucleic acid.

DNA cloning can be accomplished in several ways. One of the simplest 
involves inserting a particular fragment of DNA into the puri!ed DNA genome of 
a self-replicating genetic element—usually a plasmid. "e plasmid vectors most 
widely used for gene cloning are small, circular molecules of double-stranded 
DNA derived from plasmids that occur naturally in bacterial cells. "ey generally 
account for only a minor fraction of the total host bacterial cell DNA, but owing 
to their small size, they can easily be separated from the much larger chromo-
somal DNA molecules, which precipitate as a pellet upon centrifugation. For use 
as cloning vectors, the puri!ed plasmid DNA circles are !rst cut with a restric-
tion nuclease to create linear DNA molecules. "e DNA to be cloned is added to 
the cut plasmid and then covalently joined using the enzyme DNA ligase (Figure 
8–27 and Figure 8–28). As discussed in Chapter 5, this enzyme is used by the cell 
to stitch together the Okazaki fragments produced during DNA replication. "e 
recombinant DNA circle is introduced back into bacterial cells that have been 
made transiently permeable to DNA. As the cells grow and divide, doubling in 
number every 30 minutes, the recombinant plasmids also replicate to produce an 

Figure 8–27 The insertion of a DNA 
fragment into a bacterial plasmid with 
the enzyme DNA ligase. The plasmid is 
cut open with a restriction nuclease (in this 
case, one that produces staggered ends) 
and is mixed with the DNA fragment to be 
cloned (which has been prepared with the 
same restriction nuclease). DNA ligase and 
ATP are added. The staggered ends base-
pair, and DNA ligase seals the nicks in the 
DNA backbone, producing a complete 
recombinant DNA molecule. In the 
accompanying micrographs, the inserted 
DNA is colored red. (Micrographs courtesy 
of Huntington Potter and David Dressler.)
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Figure 8–28 DNA ligase can join  
together any two DNA fragments in  
vitro to produce recombinant DNA  
molecules. ATP provides the energy  
necessary to reseal the sugar-phosphate  
backbone of DNA (see Figure 5–12).  
(A) DNA ligase can readily join two  
DNA fragments produced by the same 
restriction nuclease, in this case EcoRI. 
Note that the staggered ends produced 
by this enzyme enable the ends of the two 
fragments to base-pair correctly with each 
other, greatly facilitating their rejoining.  
(B) DNA ligase can also be used to 
join DNA fragments produced by 
different restriction nucleases—for 
example, EcoRI and HaeIII. In this 
case, before the fragments undergo 
ligation, DNA polymerase plus a mixture 
of deoxyribonucleoside triphosphates 
(dNTPs) are used to fill in the staggered cut 
produced by EcoRI. Each DNA fragment 
shown in the figure is oriented so that its 5ʹ 
ends are at the left end of the upper strand 
and the right end of the lower strand, as 
indicated. 
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1. Cloning with restriction enzymes
• Restriction nucleases are enzymes that cut DNA at specific sequences


• Purified from bacteria where they serve as foreign DNA defense systems  465

phenomenon. It had been observed that certain bacteria always degraded “for-
eign” DNA that was introduced into them experimentally. A search for the mech-
anism responsible revealed a then unanticipated class of bacterial nucleases that 
cleave DNA at speci!c nucleotide sequences. "e bacterium’s own DNA is pro-
tected from cleavage by methylation of these same sequences, thereby protecting 
a bacterium’s own genome from being overrun by foreign DNA. Because these 
enzymes restrict the transfer of DNA into bacteria, they were called restriction 
nucleases. "e pursuit of this seemingly arcane biological puzzle set o# the devel-
opment of technologies that have forever changed the way cell and molecular 
biologists study living things. 

Di#erent bacterial species produce di#erent restriction nucleases, each cut-
ting at a di#erent, speci!c nucleotide sequence (Figure 8–24). Because these 
target sequences are short—generally four to eight nucleotide pairs—many sites 
of cleavage will occur, purely by chance, in any long DNA molecule. "e reason 
restriction nucleases are so useful in the laboratory is that each enzyme will 
always cut a particular DNA molecule at the same sites. "us for a given sample of 
DNA (which contains many identical molecules), a particular restriction nuclease 
will reliably generate the same set of DNA fragments. 

"e size of the resulting fragments depends on the length of the target 
sequences of the restriction nucleases. As shown in Figure 8–24, the enzyme 
HaeIII cuts at a sequence of four nucleotide pairs; a sequence this long would 
be expected to occur purely by chance approximately once every 256 nucleotide 
pairs (1 in 44). In comparison, a restriction nuclease with a target sequence that 
is eight nucleotides long would be expected to cleave DNA on average once every 
65,536 nucleotide pairs (1 in 48). "is di#erence in sequence selectivity makes it 
possible to cleave a long DNA molecule into the fragment sizes that are most suit-
able for a given application. 

Gel Electrophoresis Separates DNA Molecules of Different Sizes 
"e same types of gel-electrophoresis methods that have proved so useful in the 
analysis of proteins (see Figure 8–13) can be applied to DNA molecules. "e pro-
cedure is actually simpler than for proteins: because each nucleotide in a nucleic 
acid molecule already carries a single negative charge (on the phosphate group), 
there is no need to add the negatively charged detergent SDS that is required to 
make protein molecules move uniformly toward the positive electrode. Larger 
DNA fragments will migrate more slowly because their progress is impeded to a 
greater extent by the gel matrix. Over several hours, the DNA fragments become 
spread out across the gel according to size, forming a ladder of discrete bands, 
each composed of a collection of DNA molecules of identical length (Figure 8–25A 
and B). To separate DNA molecules longer than 500 nucleotide pairs, the gel is 
made of a diluted solution of agarose (a polysaccharide isolated from seaweed). 
For DNA fragments less than 500 nucleotides long, specially designed polyacryl-
amide gels allow the separation of molecules that di#er in length by as little as a 
single nucleotide (see Figure 8–25C). 
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Figure 8–24 Restriction nucleases cleave 
DNA at specific nucleotide sequences. 
Like the sequence-specific DNA-binding 
proteins we encountered in Chapter 7 (see 
Figure 7–8), restriction enzymes often work 
as dimers, and the DNA sequence they 
recognize and cleave is often symmetrical 
around a central point. Here, both strands 
of the DNA double helix are cut at specific 
points within the target sequence (orange). 
Some enzymes, such as HaeIII, cut straight 
across the double helix and leave two 
blunt-ended DNA molecules; with others, 
such as EcoRI and HindIII, the cuts on each 
strand are staggered. These staggered 
cuts generate “sticky ends”—short, single-
stranded overhangs that help the cut DNA 
molecules join back together through 
complementary base-pairing. This rejoining 
of DNA molecules becomes important 
for DNA cloning, as we discuss below. 
Restriction nucleases are usually obtained 
from bacteria, and their names reflect their 
origins: for example, the enzyme EcoRI 
comes from Escherichia coli. There are 
currently hundreds of different restriction 
enzymes available; they can be ordered 
from companies that commercially produce 
them. 

Sticky ends

Sticky ends
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• DNA ligation

468 Chapter 8:  Analyzing Cells, Molecules, and Systems

is used because this isolation is usually accomplished by making many identical 
copies of only the DNA of interest. We note that elsewhere in the book, cloning, 
particularly when used in the context of developmental biology, can also refer 
to the generation of many genetically identical cells starting from a single cell or 
even to the generation of genetically identical organisms (see, for example, Figure 
7–2). In all cases, cloning refers to the act of making many identical copies, and 
in this section, we use the term to refer to methods designed to generate many 
identical copies of a de!ned segment of nucleic acid.

DNA cloning can be accomplished in several ways. One of the simplest 
involves inserting a particular fragment of DNA into the puri!ed DNA genome of 
a self-replicating genetic element—usually a plasmid. "e plasmid vectors most 
widely used for gene cloning are small, circular molecules of double-stranded 
DNA derived from plasmids that occur naturally in bacterial cells. "ey generally 
account for only a minor fraction of the total host bacterial cell DNA, but owing 
to their small size, they can easily be separated from the much larger chromo-
somal DNA molecules, which precipitate as a pellet upon centrifugation. For use 
as cloning vectors, the puri!ed plasmid DNA circles are !rst cut with a restric-
tion nuclease to create linear DNA molecules. "e DNA to be cloned is added to 
the cut plasmid and then covalently joined using the enzyme DNA ligase (Figure 
8–27 and Figure 8–28). As discussed in Chapter 5, this enzyme is used by the cell 
to stitch together the Okazaki fragments produced during DNA replication. "e 
recombinant DNA circle is introduced back into bacterial cells that have been 
made transiently permeable to DNA. As the cells grow and divide, doubling in 
number every 30 minutes, the recombinant plasmids also replicate to produce an 

Figure 8–27 The insertion of a DNA 
fragment into a bacterial plasmid with 
the enzyme DNA ligase. The plasmid is 
cut open with a restriction nuclease (in this 
case, one that produces staggered ends) 
and is mixed with the DNA fragment to be 
cloned (which has been prepared with the 
same restriction nuclease). DNA ligase and 
ATP are added. The staggered ends base-
pair, and DNA ligase seals the nicks in the 
DNA backbone, producing a complete 
recombinant DNA molecule. In the 
accompanying micrographs, the inserted 
DNA is colored red. (Micrographs courtesy 
of Huntington Potter and David Dressler.)

CLEAVAGE WITH
RESTRICTION

NUCLEASE

COVALENT
LINKAGE

BY DNA LIGASE

200 nm200 nm

circular,
double-stranded

plasmid DNA
(cloning vector) recombinant DNA

DNA fragment
to be cloned
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Figure 8–28 DNA ligase can join  
together any two DNA fragments in  
vitro to produce recombinant DNA  
molecules. ATP provides the energy  
necessary to reseal the sugar-phosphate  
backbone of DNA (see Figure 5–12).  
(A) DNA ligase can readily join two  
DNA fragments produced by the same 
restriction nuclease, in this case EcoRI. 
Note that the staggered ends produced 
by this enzyme enable the ends of the two 
fragments to base-pair correctly with each 
other, greatly facilitating their rejoining.  
(B) DNA ligase can also be used to 
join DNA fragments produced by 
different restriction nucleases—for 
example, EcoRI and HaeIII. In this 
case, before the fragments undergo 
ligation, DNA polymerase plus a mixture 
of deoxyribonucleoside triphosphates 
(dNTPs) are used to fill in the staggered cut 
produced by EcoRI. Each DNA fragment 
shown in the figure is oriented so that its 5ʹ 
ends are at the left end of the upper strand 
and the right end of the lower strand, as 
indicated. 
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Figure 19.6 
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2. Cloning using Gibson Assembly
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Transforming plasmids into bacteria
• using electroporation
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• using heat shock

Transforming plasmids into bacteria



48

Growing the transformed bacteria
• Growing the bacterial culture containing the plasmid of interest

  469

enormous number of copies of DNA circles containing the foreign DNA (Figure 
8–29). Once the cells are lysed and the plasmid DNA isolated, the cloned DNA 
fragment can be readily recovered by cutting it out of the plasmid DNA with the 
same restriction nuclease that was used to insert it, and then separating it from 
the plasmid DNA by gel electrophoresis. Together, these steps allow the ampli!-
cation and puri!cation of any segment of DNA from the genome of any organism. 

A particularly useful plasmid vector is based on the naturally occurring F 
plasmid of E. coli. Unlike smaller bacterial plasmids, the F plasmid—and its engi-
neered derivative, the bacterial arti!cial chromosome (BAC)—is present in only 
one or two copies per E. coli cell. "e fact that BACs are kept in such low numbers 
means that they can stably maintain very long DNA sequences, up to 1 million 
nucleotide pairs in length. With only a few BACs present per bacterium, it is less 
likely that the cloned DNA fragments will become scrambled by recombination 
with sequences carried on other copies of the plasmid. Because of their stability, 
ability to accept large DNA inserts, and ease of handling, BACs are now the pre-
ferred vector for handling large fragments of foreign DNA. As we will see below, 
BACs were instrumental in determining the complete nucleotide sequence of the 
human genome. 

An Entire Genome Can Be Represented in a DNA Library
Often it is useful to break up a genome into much smaller fragments and clone 
every fragment, separately, using a plasmid vector. "is approach is useful 
because it allows scientists to work with easily managed, discrete pieces of a 
genome instead of whole, unwieldy chromosomes. 

"is strategy involves cleaving genomic DNA into small pieces using a restric-
tion nuclease (or, in some cases, by mechanically shearing the DNA) and ligat-
ing the entire collection of DNA fragments into plasmid vectors, using conditions 
that favor the insertion of a single DNA fragment into each plasmid molecule. 
"ese recombinant plasmids are then introduced into E. coli at a concentration 
that ensures that no more than one plasmid molecule is taken up by each bac-
terium. "e collection of cloned plasmid molecules is known as a DNA library. 
Because the DNA fragments were derived directly from the chromosomal DNA of 
the organism of interest, the resulting collection—called a genomic library—will 
represent the entire genome of that organism (Figure 8–30), spread out over tens 
of thousands of individual bacterial colonies. 

An alternative strategy, one that enriches for protein-coding genes, is to 
begin the cloning process by selecting only those DNA sequences that are tran-
scribed into mRNA and thus correspond to protein-encoding genes. "is is done 
by extracting the mRNA from cells and then making a DNA copy of each mRNA 

ANALYZING AND MANIPULATING DNA

Figure 8–29 A DNA fragment can be 
replicated inside a bacterial cell. To 
clone a particular fragment of DNA, it is first 
inserted into a plasmid vector, as shown 
in Figure 8–27. The resulting recombinant 
plasmid DNA is then introduced into a 
bacterium, where it is replicated many 
millions of times as the bacterium 
multiplies. For simplicity, the genome of the 
bacterial cell is not shown. 
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Figure 8–30 Human genomic libraries containing DNA fragments 
that represent the whole human genome can be constructed using 
restriction nucleases and DNA ligase. Such a genomic library consists 
of a set of bacteria, each carrying a different fragment of human DNA. For 
simplicity, only the colored DNA fragments are shown in the library; in reality, 
all of the different gray fragments will also be represented.

• Purify the plasmid


• Express a protein of interest


• Overexpress a protein for 
purification


•…
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Protein overexpression
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DNA libraries

• A genomic library is a collection of bacteria 
each carrying a plasmid with one DNA fragment 
coming from an entire genome


• The library aims at covering the whole 
genome


• A bacterial artificial chromosome (BAC) is a 
large plasmid that can carry large DNA inserts

Genomic libraries 
Foreign genome 
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fragments 
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(a) Plasmid library 

(b) BAC clone 

Bacterial artificial 
chromosome (BAC) 

Large 
insert 
with 
many 
genes 

(c) Storing genome libraries 
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DNA libraries

• A cDNA library is made by cloning DNA 
made in vitro by reverse transcription of all the 
mRNA produced in the cell


• It represents only one part of the genome, 
the part being transcribed

Making cDNA from 
eukaryotic genes 
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DNA libraries

• Libraries can be screened to identify clones 
carrying a gene of interest using nucleic acid 
probes


• This based on nucleic acid hybridization

• A probe can be synthesized that is 
complementary to the gene of interest 

• For example, if the desired gene is 

 
 

     – Then we would synthesize this probe   

5′ 3′ ⋅⋅⋅ CTCAT CACCGGC⋅⋅⋅ 

5′ 3′ G A G T A G T G G C C G 

Sequence in the gene of interest

Probe

• A probe can be synthesized that is 
complementary to the gene of interest 

• For example, if the desired gene is 

 
 

     – Then we would synthesize this probe   

5′ 3′ ⋅⋅⋅ CTCAT CACCGGC⋅⋅⋅ 

5′ 3′ G A G T A G T G G C C G 
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DNA libraries
Research Method: Detecting a Specific DNA Sequence by 
Hybridization with a Nucleic Acid Probe 
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Expressing eukaryotic genes

• After cloning a gene, its protein product can be produced in large amounts


• They can be expressed in bacteria or eukaryotic cells


• What are the difficulties when expressing a eukaryotic protein in bacterial cells?


• Differences in promoters -> use of expression vectors with strong promoters


• Presence of introns -> use of cDNA


• Protein glycosylation
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Eukaryotic cloning systems

• Eukaryotic genes may not be expressed properly in bacteria (introns, post-translational modifications, …)


• Researchers have then to use eukaryotic cells, like yeasts 


• In some cases, yeasts do not have proteins required to modify a mammalian protein properly, in which case insect 

cells or cultured mammalian cells are used


• Recombinant DNA is typically introduced by electroporation or by injection (with microscopically thin needles)


• Once inside the cell, DNA is incorporated by natural recombination



Have a nice day! 
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