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Introduction

Figure 8–1 Microscopic life. A sample of 
“diverse animalcules” seen by van 
Leeuwenhoek using his simple microscope. 
(A) Bacteria seen in material he excavated 
from between his teeth. Those in fig. B he 
described as “swimming first forward and 
then backwards” (1692). (B) The 
eukaryotic green alga Volvox (1700). 
(Courtesy of the John Innes Foundation.) 

Innovations in lens grinding, rather 
than any conceptual or philosophical 
advance, allowed Hooke and van 
Leeuwenhoek to discover a 
previously unseen cellular world, 
where tiny creatures tumble and 
twirl in a small droplet of water 
(Figure 8–1). 

ISOLATING CELLS AND  
GROWING THEM IN CULTURE

• Cells Can Be Isolated from Tissues



Cells Can Be Isolated from Tissues

Figure 8–2 A fluorescence-activated cell 
sorter. A cell passing through the laser 
beam is monitored for fluorescence. 
Droplets containing single cells are 
given a negative or positive charge, 
depending on whether the cell is 
fluorescent or not. The droplets are then 
deflected by an electric field into 
collection tubes according to their 
charge. Note that the cell concentration 
must be adjusted so that most droplets 
contain no cells and flow to a waste 
container together with any cell clumps. 

A uniform population of cells can be 
obtained from a tissue

• How to separate a particular type of cell from the cells 
that surround it in the body.

‣ 1st: Be dissociated from each other: ‘proteolytic enzymes’

‣ 2nd: Be isolated from each other: ‘Antibodies (Ab)’ 

• Ab might recognized a specific protein that is expressed 
on the surface of only one particular type of cell.

• FACS (fluorescence-activated cell sorter): an Ab is 
chemically coupled to a fluorescent dye, the fluorescently 
labeled cells can be separated from the unlabeled ones in 
an electron FACS (see text).

Cell Cycle Analysis - Propidium Iodide 

Although propidium iodide is probably the most commonly used dye to quantitatively assess DNA content, there 
are several different dyes that are available which bind stoichiometrically to DNA.  These may be divided as 
follows: 
 • UV excited: Hoechst 33342, Hoechst 33258, DAPI 
 • 457nm excited: Mithramycin 
 • 488nm excited: Propidium Iodide, 7Aminoactinomycin D, SYTOX Green, DRAQ5 
 • 633nm excited: TO-PRO-3 Iodide 

Once we have identified the single cell population, we can estimate the percentage of cells in G1, S phase and 
G2/M either by subjectively applied markers (below, left) or by using a program that will mathematically 
deconvolute the DNA histogram and thus give a more accurate measurement of the percentage of cells in each 
phase. 

ISOLATING CELLS AND  
GROWING THEM IN CULTURE

• Cells Can Be Grown in Culture



Cells Can Be Grown in Culture

Figure 8–3 Light micrographs of cells in culture. (A) Mouse 
fibroblasts. (B) Chick myoblasts fusing to form multinucleate 
muscle cells. (C) Purified rat retinal ganglion nerve cells. (D) 
Tobacco cells in liquid culture. (A, courtesy of Daniel Zicha; B, 
courtesy of Rosalind Zalin; C, from A. Meyer-Franke et al., Neuron 
15:805–819, 1995. With permission from Elsevier; D, courtesy of 
Gethin Roberts.) 

Cells can be grown in a culture dish

• in vitro (“in glass”): experiments performed using cultured cells

• in vivo (“in the living”): experiments on intact organisms.

• Sometimes, however, in vitro refers to reactions carried out in a 
test tube in the absence of cells, whereas in vivo refers to any 
reaction taking place inside a living cell.

• Most cells display the differentiated properties

‣ fibroblast cells (ex, NIH3T3): the precursor cells that give rise to 
connective tissue, continue to secrete collagen.

‣ Nerve cells (ex, PC12): extend axons that are electrically 
excitable and make synapses with other nerve cells

ISOLATING CELLS AND  
GROWING THEM IN CULTURE

• Eukaryotic Cell Lines Are a Widely Used Source of 
Homogeneous Cells

Eukaryotic Cell Lines Are a Widely Used Source of Homogeneous Cells

코오롱 인보사 사태 잠깐 언급 https://
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Maintaining eucaryotic cells in culture poses 
special challenges

• Many vertebrate cells stop proliferating after a finite 
number of cell divisions in culture (typically divide only 
25-40 times) :

• Cells do not express ‘telomerase’ whose job is to renew 
the ends of chromosomes at each cell division.

• Cell line: proliferate indefinitely in the laboratory by 
providing them with the genes that encodes the catalytic 
subunit of telomerase (immortalized) (ex, ES (embryonic 
stem) cell).

ISOLATING CELLS AND  
GROWING THEM IN CULTURE

• Hybridoma Cell Lines Are Factories That Produce 
Monoclonal Antibodies

Hybridoma Cell Lines Are Factories That Produce Monoclonal 
Antibodies

Figure 8–4 The production of hybrid cells. It is possible to fuse one cell with another to form a heterokaryon, 
a combined cell with two separate nuclei. Typically, a suspension of cells is treated with certain inactivated 
viruses or with polyethylene glycol, each of which alters the plasma membranes of cells in a way that induces 
them to fuse. Eventually, a heterokaryon proceeds to mitosis and produces a hybrid cell in which the two 
separate nuclear envelopes have been disassembled, allowing all the chromosomes to be brought together in a 
single large nucleus. Such hybrid cells can give rise to immortal hybrid cell lines. If one of the parent cells 
was from a tumor cell line, the hybrid cell is called a hybridoma. 



Summary

Tissues can be dissociated into their component cells, from which 
individual cell types can be purified and used for biochemical analysis or 
for the establishment of cell cultures. Many animal and plant cells 
survive and proliferate in a culture dish if they are provided with a 
suitable culture medium containing nutrients and appropriate signal 
molecules. Although many animal cells stop dividing after a finite 
number of cell divisions, cells that have been immortalized through 
spontaneous mutations or genetic manipulation can be maintained 
indefinitely as cell lines. Hybridoma cells are widely employed to 
produce unlimited quantities of uniform monoclonal antibodies, which 
are used to detect and purify cell proteins, as well as to diagnose and 
treat diseases.

PURIFYING PROTEINS

• Cells Can Be Separated into Their Component 
Fractions

Cells Can Be Separated into Their Component Fractions

Figure 8–5 The preparative ultracentrifuge. 

Cells Can Be Separated into Their Component Fractions

Figure 8–6 Cell fractionation by centrifugation. 
Repeated centrifugation at progressively higher 
speeds will fractionate homogenates of cells into 
their components. In general, the smaller the 
subcellular component, the greater the centrifugal 
force required to sediment it. Typical values for the 
various centrifugation steps referred to in the figure 
are: 
low speed: 1,000 times gravity for 10 minutes  
medium speed: 20,000 times gravity for 20 minutes  
high speed: 80,000 times gravity for 1 hour  
very high speed: 150,000 times gravity for 3 hours 

인간이 버틸 수 있는 중력 한계는? http://
www.hani.co.kr/arti/science/
science_general/259869.html




Cells Can Be Separated into Their Component Fractions Cell Extracts Provide Accessible Systems to Study Cell Functions

Figure 8–7 Comparison of velocity sedimentation 
and equilibrium sedimentation. (A) In velocity 
sedimentation, subcellular components sediment at 
different speeds according to their size and shape 
when layered over a solution containing sucrose. To 
stabilize the sedimenting bands against convective 
mixing caused by small differences in temperature 
or solute concentration, the tube contains a 
continuous shallow gradient of sucrose, which 
increases in concentration toward the bottom  
of the tube (typically from 5% to 20% sucrose). 
After centrifugation, the different components can 
be collected individually, most simply by 
puncturing the plastic centrifuge tube with a needle 
and collecting drops from the bottom, as illustrated 
here.

Cell Extracts Provide Accessible Systems to Study Cell Functions

(B) In equilibrium sedimentation, 
subcellular components move up or 
down when centrifuged in a gradient 
until they reach a position where their 
density matches their surroundings. 
Although a sucrose gradient is shown 
here, denser gradients, which are 
especially useful for protein and nucleic 
acid separation, can be formed from 
cesium chloride. The final bands, at 
equilibrium, can be collected as in (A). 

PURIFYING PROTEINS

• Cell Extracts Provide Accessible Systems to Study 
Cell Functions



PURIFYING PROTEINS

• Proteins Can Be Separated by Chromatography

Proteins Can Be Separated by Chromatography

Figure 8–8 The separation of molecules by column chromatography. The sample, a solution containing a 
mixture of different molecules, is applied to the top of a cylindrical glass or plastic column filled with a 
permeable solid matrix, such as cellulose. A large amount of solvent is then passed slowly through the column 
and collected in separate tubes as it emerges from the bottom. Because various components of the sample 
travel at different rates through the column, they are fractionated into different tubes. 

Proteins Can Be Separated by Chromatography

Figure 8–9 Three types of matrices used for chromatography. (A) In ion- exchange chromatography, the 
insoluble matrix carries ionic charges that retard the movement of molecules of opposite charge. Matrices 
used for separating proteins include diethylaminoethylcellulose (DEAE-cellulose), which is positively 
charged, and carboxymethylcellulose (CM-cellulose) and phosphocellulose, which are negatively charged. 
Analogous matrices based on agarose or other polymers are also frequently used. The strength of the 
association between the dissolved molecules and the ion-exchange matrix depends on both the ionic strength 
and the pH of the solution that is passing down the column, which may therefore be varied systematically (as 
in Figure 8–10) to achieve an effective separation. 

Proteins Can Be Separated by Chromatography

(B) In gel-filtration chromatography, the small beads that form the matrix are inert but porous. Molecules that 
are small enough to penetrate into the matrix beads are thereby delayed and travel more slowly through the 
column than larger molecules that cannot penetrate. Beads of cross- linked polysaccharide (dextran, agarose,  
or acrylamide) are available commercially in a wide range of pore sizes, making them suitable for the 
fractionation of molecules of various molecular mass, from less than 500 daltons to more than 5 × 106 
daltons. 



Proteins Can Be Separated by Chromatography

(C) Affinity chromatography uses an insoluble matrix that is covalently linked to a specific ligand, such as an 
antibody molecule or an enzyme substrate, that will bind a specific protein. Enzyme molecules that bind to 
immobilized substrates on such columns can be eluted with a concentrated solution of the free form of the 
substrate molecule, while molecules that bind to immobilized antibodies can be eluted by dissociating the 
antibody–antigen complex with concentrated salt solutions or solutions of high or low pH. High degrees of 
purification can be achieved in a single pass through an affinity column. 

Proteins Can Be Separated by Chromatography

Proteins Can Be Separated by Chromatography Proteins Can Be Separated by Chromatography



PURIFYING PROTEINS

• Immunoprecipitation Is a Rapid Affinity Purification 
Method

PURIFYING PROTEINS

• Genetically Engineered Tags Provide an Easy Way 
to Purify Proteins

Genetically Engineered Tags Provide an Easy Way to Purify Proteins

Figure 8–11 Epitope tagging for the 
purification of proteins. Using standard 
genetic engineering techniques, a short 
peptide tag can be added to a protein of 
interest. If the tag is itself an antigenic 
determinant, or epitope, it can be 
targeted by an appropriate antibody, 
which can be used to purify the protein 
by immunoprecipitation or affinity 
chromatography.

Tags

• glutathione S-transferase (GST)

• Tandem affinity purification (TAP)

• HA

• Myc

• FLAG



PURIFYING PROTEINS

• Purified Cell-free Systems Are Required for the 
Precise Dissection of Molecular Functions

ANALYZING PROTEINS

• Proteins Can Be Separated by SDS Polyacrylamide-
Gel Electrophoresis

Proteins Can Be Separated by SDS Polyacrylamide-Gel Electrophoresis

Figure 8–12 The detergent sodium dodecyl 
sulfate (SDS) and the reducing agent ︎-
mercaptoethanol. These two chemicals are 
used to solubilize proteins for SDS 
polyacrylamide-gel electrophoresis. The SDS 
is shown here in its ionized form. 

Proteins Can Be Separated by SDS Polyacrylamide-Gel Electrophoresis

Figure 8–13 SDS polyacrylamide-gel electrophoresis (SDS-PAGE). (A) An electrophoresis apparatus. 



Proteins Can Be Separated by SDS Polyacrylamide-Gel Electrophoresis

(B) Individual polypeptide chains form a complex 
with negatively charged molecules of sodium 
dodecyl sulfate (SDS) and therefore migrate as a 
negatively charged SDS–protein complex through 
a porous gel of polyacrylamide. Because the 
speed of migration under these conditions is 
greater the smaller the polypeptide, this technique 
can be used to determine the approximate 
molecular weight of a polypeptide chain as well 
as the subunit composition of a protein. If the 
protein contains a large amount of carbohydrate, 
however, it will move anomalously on the gel and 
its apparent molecular weight estimated by SDS-
PAGE will be misleading. Other modifications, 
such as phosphorylation, can also cause small 
changes in a protein’s migration in the gel.



Proteins Can Be Separated by SDS Polyacrylamide-Gel Electrophoresis

Figure 8–14 Analysis of protein samples by 
SDS polyacrylamide-gel electrophoresis. 
The photograph shows a Coomassie-stained 
gel that has been used to detect the proteins 
present at successive stages in the 
purification of an enzyme. The leftmost lane 
(lane 1) contains the complex mixture of 
proteins in the starting cell extract, and each 
succeeding lane analyzes the proteins 
obtained after a chromatographic 
fractionation of the protein sample analyzed 
in the previous lane (see Figure 8–10). The 
same total amount of protein (10 µg) was 
loaded onto the gel at the top of each lane. 
Individual proteins normally appear as sharp, 
dye-stained bands; a band broadens, 
however, when it contains a large amount of 
protein. (From T. Formosa and B.M. Alberts, 
J. Biol. Chem. 261:6107–6118, 1986.) 

ANALYZING PROTEINS

• Two-Dimensional Gel Electrophoresis Provides 
Greater Protein Separation

Two-Dimensional Gel Electrophoresis Provides Greater Protein 
Separation

Figure 8–15 Separation of protein molecules by isoelectric focusing. At low pH (high H+ concentration), the 
carboxylic acid groups of proteins tend to be uncharged (–COOH) and their nitrogen- containing basic groups 
fully charged (for example, –NH3+), giving most proteins a net positive charge. At high pH, the carboxylic 
acid groups are negatively charged (–COO–) and the basic groups tend to be uncharged (for example, –NH2), 
giving most proteins a net negative charge. At its isoelectric pH, a protein has no net charge since the positive 
and negative charges balance. Thus, when a tube containing a fixed pH gradient is subjected to a strong 
electric field in the appropriate direction, each protein species migrates until it forms a sharp band at its 
isoelectric pH, as shown. 

Two-Dimensional Gel Electrophoresis Provides Greater Protein 
Separation

Figure 8–16 Two-dimensional polyacrylamide-gel electrophoresis. All the proteins in an E. coli bacterial cell 
are separated in this gel, in which each spot corresponds to a different polypeptide chain. The proteins were 
first separated on the basis of their isoelectric points by isoelectric focusing in the horizontal dimension. They 
were then further fractionated according to their molecular mass by electrophoresis from top to bottom in the 
presence of SDS. Note that different proteins are present in very different amounts. The bacteria were fed with 
a mixture of radioisotope-labeled amino acids so that all of their proteins were radioactive and could be 
detected by autoradiography. (Courtesy of Patrick O’Farrell.) 



ANALYZING PROTEINS

• Specific Proteins Can Be Detected by Blotting with 
Antibodies

Specific Proteins Can Be Detected by Blotting with Antibodies

Figure 8–17 Western blotting. All the proteins from dividing tobacco cells in culture were first separated by 
two-dimensional polyacrylamide-gel electrophoresis. In (A), the positions of the proteins are revealed by a 
sensitive protein stain. In (B), the separated proteins on an identical gel were then transferred to a sheet of 
nitrocellulose and exposed to an antibody that recognizes only those proteins that are phosphorylated on 
threonine residues during mitosis. The positions of the few proteins that are recognized by this antibody are 
revealed by an enzyme-linked second antibody. (From J.A. Traas et al., Plant J. 2:723–732, 1992. With 
permission from Blackwell Publishing.) 

ANALYZING PROTEINS

• Hydrodynamic Measurements Reveal the Size and 
Shape of a Protein Complex

Hydrodynamic properties of a complex

• Its behavior as it moves through a liquid medium.

• The velocity of a complex as it moves under the 
influence of a centrifugal field produced by an 
ultracentrifuge. The sedimentation coefficient (or S value) 
obtained depends on both the size and the shape of the 
complex (see Figure 8–7A)

• Charting the migration of a complex through a gel-
filtration chromatography column (see Figure 8–9B).



ANALYZING PROTEINS

• Mass Spectrometry Provides a Highly Sensitive 
Method for Identifying Unknown Proteins

Mass Spectrometry Provides a Highly Sensitive Method for Identifying 
Unknown Proteins

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. 

Mass Spectrometry Provides a Highly Sensitive Method for Identifying 
Unknown Proteins

(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. 

ANALYZING PROTEINS

• Sets of Interacting Proteins Can Be Identified by 
Biochemical Methods



ANALYZING PROTEINS

• Optical Methods Can Monitor Protein Interactions

Optical Methods Can Monitor Protein Interactions

Figure 8–19 Measurement of binding with fluorescence anisotropy. This method depends on a fluorescently 
tagged protein that is illuminated with polarized light at the appropriate wavelength for excitation; a 
fluorimeter is used to measure the intensity and polarization of the emitted light. If the fluorescent protein is 
fixed in position and therefore does not rotate during the brief period between excitation and emission, then 
the emitted light will be polarized at the same angle as the excitation light. This directional effect is called 
fluorescence anisotropy. Protein molecules in solution rotate or tumble rapidly, however, so that there is a 
decrease in the amount of anisotropic fluorescence. Larger molecules tumble at a slower rate and therefore 
have higher fluorescence anisotropy. (A) To measure the binding between a small molecule and a large 
receptor protein, the smaller molecule is labeled with a fluorophore. In the absence of its binding partner, the 
molecule tumbles rapidly, resulting in low fluorescence anisotropy (top). When the small molecule binds to its 
larger partner, however, it tumbles less rapidly, resulting in an increase in fluorescence anisotropy (bottom). 

Optical Methods Can Monitor Protein Interactions
ANALYZING PROTEINS

• Protein Function Can Be Selectively Disrupted With 
Small Molecules



Protein Function Can Be Selectively Disrupted With Small Molecules

Figure 8–20 Small-molecule inhibitors for manipulating living cells. (A) Chemical structure of monastrol, a 
kinesin inhibitor identified in a large- scale screen for small molecules that disrupt mitosis.

Protein Function Can Be Selectively Disrupted With Small Molecules

(B) Normal mitotic spindle seen in an untreated cell. The microtubules are stained green and chromosomes 
blue.

Protein Function Can Be Selectively Disrupted With Small Molecules

(C) Monopolar spindle that forms in cells treated with monastrol, which inhibits a kinesin protein required for 
separation of the spindle poles in early mitosis. (B and C, from T.U. Mayer et al., Science 286:971–974, 1999. 
With permission from AAAS.)

Protein Function Can Be Selectively Disrupted With Small Molecules



ANALYZING PROTEINS

• Protein Structure Can Be Determined Using X-Ray 
Diffraction

x-ray crystallography

• The three-dimensional structure of molecules, including 
proteins, at atomic resolution.

• X-rays, like light, are a form of electromagnetic 
radiation.

• Have a much shorter wavelength, typically around 0.1 
nm (the diameter of a hydrogen atom).

• Scattered by the atoms in the sample.

Protein Structure Can Be Determined Using X-Ray Diffraction

Figure 8–21 X-ray crystallography. 



ANALYZING PROTEINS

• NMR Can Be Used to Determine Protein Structure 
in Solution

NMR Can Be Used to Determine Protein Structure in Solution

Figure 8–22 NMR spectroscopy. (A) An example of the data from an NMR machine. This two-dimensional 
NMR spectrum is derived from the C-terminal domain of the enzyme cellulase. The spots represent 
interactions between hydrogen atoms that are near neighbors in the protein and hence reflect the distance  
that separates them. Complex computing methods, in conjunction with the known amino acid sequence, 
enable possible compatible structures to be derived. (B) Ten structures of the enzyme, which all satisfy the 
distance constraints equally well, are shown superimposed on one another, giving a good indication of the 
probable three-dimensional structure. (Courtesy of P. Kraulis.) 

ANALYZING PROTEINS

• Protein Sequence and Structure Provide Clues 
About Protein Function

Protein Sequence and Structure Provide Clues About Protein Function



Protein Sequence and Structure Provide Clues About Protein Function

Figure 8–23 Results of a BLAST search. Sequence databases can be searched to find similar amino acid or 
nucleic acid sequences. Here, a search for proteins similar to the human cell-cycle regulatory protein Cdc2 
(Query) locates maize Cdc2 (Sbjct), which is 68% identical to human Cdc2 in its amino acid sequence. The 
alignment begins at residue 57 of the Query protein, suggesting that the human protein has an N-terminal 
region that is absent from the maize protein. The green blocks indicate differences in sequence, and the yellow 
bar summarizes the similarities: when the two amino acid sequences are identical, the residue is shown; 
similar amino acid substitutions are indicated by a plus sign (+). Only one small gap has been introduced—
indicated by the red arrow at position 194 in the Query sequence—to align the two sequences maximally. The 
alignment score (Score), which is expressed in two different types of units, takes into account penalties for 
substitutions and gaps; the higher the alignment score, the better the match. The significance of the alignment 
is reflected in the Expectation (E) value, which specifies how often a match this good would be expected to 
occur by chance. The lower the E value, the more significant the match; the extremely low value here (e–111) 
indicates certain significance. E values much higher than 0.1 are unlikely to reflect true relatedness. For 
example, an E value of 0.1 means there is a 1 in 10 likelihood that such a match would arise solely by chance. 

Summary

Many methods exist for identifying proteins and analyzing their 
biochemical properties, structures, and interactions with other 
proteins. Small-molecule inhibitors allow the functions of 
proteins they act upon to be studied in living cells. Because 
proteins with similar structures often have similar functions, the 
biochemical activity of a protein can often be predicted by 
searching databases for previously characterized proteins that 
are similar in their amino acid sequences. 

ANALYZING AND MANIPULATING DNA

• Restriction Nucleases Cut Large DNA Molecules into 
Specific Fragments

Restriction Nucleases Cut Large DNA Molecules into Specific 
Fragments



Restriction nucleases cut DNA molecules at 
specific sites

Restriction nuclease
• a class of bacterial enzymes
• catalyze the hydrolysis of a phosphodiester bond in a nucleic acid
• cut double-stranded DNA only at particular sites
• used to produce a reproducible set of specific DNA fragments 
from any genome
• the target sequences are short generally 4-8 nt pairs
• useful since always cut a given DNA molecule at the same sites
• now a hot commodity in DNA technology and are typically 
ordered through the mail

Information about Restriction Enzymes

ANALYZING AND MANIPULATING DNA

• Gel Electrophoresis Separates DNA Molecules of 
Different Sizes

Gel Electrophoresis Separates DNA Molecules of Different Sizes



Gel Electrophoresis Separates DNA Molecules of Different Sizes

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.) 

Gel electrophoresis separates DNA 
fragments of different sizes

Gel electrophoresis
• Separates the DNA fragments on the basis of their length
• Because DNA is (-) charged, the fragments migrate toward the (+) 
electrode.
• Isolating a particular DNA fragment is simple: a small section of the gel 
containing the band can be cut out.
• Staining DNA is to expose it to a dye that fluoresces under UV when it is 
bound to DNA (ex, ethidium bromide (EtBr), [32P]NTP , etc)

Restriction Map
• One of applications of restriction nuclease cleavage
• By comparing the sizes of the DNA fragments produced form a particular 
region of DNA after digestion, a physical map can be constructed showing 
the location of each cutting site along the DNA molecules.

ANALYZING AND MANIPULATING DNA

• Purified DNA Molecules Can Be Specifically Labeled 
with Radioisotopes or Chemical Markers in vitro

Purified DNA Molecules Can Be Specifically Labeled with 
Radioisotopes or Chemical Markers in vitro

Figure 8–26 Methods for labeling DNA 
molecules in vitro. (A) A purified DNA 
polymerase enzyme can incorporate 
radiolabeled nucleotides as it 
synthesizes new DNA molecules. In this 
way, radiolabeled versions of any DNA 
sequence can be prepared in the 
laboratory.



Purified DNA Molecules Can Be Specifically Labeled with 
Radioisotopes or Chemical Markers in vitro

(B) The method in (A) is also used to produce nonradioactive DNA molecules that carry a specific chemical 
marker that can be detected with an appropriate antibody. The base on the nucleoside triphosphate shown is an 
analog of thymine, in which the methyl group on T has been replaced by a spacer arm linked to the plant 
steroid digoxigenin. An anti-digoxigenin antibody coupled to a visible marker such as a fluorescent dye is 
then used to visualize the DNA. Other chemical labels, such as biotin, can be attached and used in the same 
way. The only requirements are that the modified nucleotides properly base-pair and appear “normal” to the 
DNA polymerase. 

ANALYZING AND MANIPULATING DNA

• Genes Can Be Cloned Using Bacteria

Genes Can Be Cloned Using Bacteria

Figure 8–27 The insertion of a DNA fragment into a bacterial plasmid with the enzyme DNA ligase. 

Genes Can Be Cloned Using Bacteria

Figure 8–28 DNA ligase can join together any two DNA fragments in vitro to produce recombinant DNA 
molecules. 



Genes Can Be Cloned Using Bacteria

Figure 8–29 A DNA fragment can be replicated inside a bacterial cell. 

ANALYZING AND MANIPULATING DNA

• An Entire Genome Can Be Represented in a DNA 
Library

An Entire Genome Can Be Represented in a DNA Library

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. 

An Entire Genome Can Be Represented in a DNA Library

Figure 8–31 The synthesis of cDNA. 



An Entire Genome Can Be Represented in a DNA Library

Figure 8–32 The differences 
between cDNA clones and genomic 
DNA clones derived from the same 
region of DNA.

ANALYZING AND MANIPULATING DNA

• Genomic and cDNA Libraries Have Different 
Advantages and Drawbacks

Genomic libraries

• Determine the nucleotide sequences of a whole genome.

• Broken up into roughly 100,000-nucleotide-pair pieces, 
each of which was inserted into a BAC plasmid and 
amplified in E. coli. 

cDNA clones

• Contain the uninterrupted coding sequence of a gene.

• Produce the protein in large quantities by expressing the 
cloned gene in a bacterial or yeast cell.

ANALYZING AND MANIPULATING DNA

• Hybridization Provides a Powerful, But Simple Way 
to Detect Specific Nucleotide Sequences



Hybridization Provides a Powerful, But Simple Way to Detect Specific 
Nucleotide Sequences

Figure 8–33 A molecule of DNA can undergo denaturation and renaturation (hybridization) 

Hybridization Provides a Powerful, But Simple Way to Detect Specific 
Nucleotide Sequences

Figure 8–34 In situ hybridization can be used to 
locate genes on isolated chromosomes. Here, six 
different DNA probes have been used  
to mark the locations of their complementary 
nucleotide sequences on human Chromosome 5, 
isolated from a mitotic cell in metaphase (see  
Figure 4–59 and Panel 17–1, pp. 980–981). The DNA 
probes have been labeled with different chemical 
groups (see Figure 8–26B) and are detected using 
fluorescent antibodies specific for those groups. The 
chromosomal DNA has been partially denatured to 
allow the probes to base-pair with  
their complementary sequences. Both the maternal 
and paternal copies of Chromosome 5 are shown, 
aligned side by side. Each probe produces two dots 
on each chromosome because chromosomes 
undergoing mitosis have already replicated their 
DNA; therefore, each chromosome contains two 
identical DNA helices. The technique employed here 
is nicknamed FISH, for fluorescence in situ 
hybridization. (Courtesy of David C. Ward.) 

Once a gene has been identified...

We might want to know...
• at what stages in development and in what tissues the gene 
is transcribed.
• whether an organism whose genome has not been 
sequenced contains a related gene.
• if mutations present in the gene cause any human diseases.
• the same gene in a wide variety of individuals to see if it is 
responsible for any heritable traits.

 Hybridization (or renaturation)
• Hydrogen bonds between two strands of DNA can be 
broken by heating the DNA to around 90℃ or by subjecting 
it to extremes of pH.
• If this process is slowly reversed, the complementary 
strands will readily re-form double helices.

DNA hybridization facilitates the diagnosis 
of genetic diseases

DNA probe
• a single stranded DNA molecule, typically 10-1,000 nt long
• obtained from natural sources
• synthesized nonenzymatically in the lab (RT-PCR)
• identifying carriers of genetic disease* (ex, sickle-cell anemia, 
Fig 10-13)

* More than 3,000 different human genetic diseases are caused by 
mutations in single gene. In many cases, the mutations is recessive - it shows 
its effect only when an individual inherits two defective copies of the gene.



Tips…

Southern blotting : to detect specific DNA fragments
Northern blotting : to detect specific mRNA fragments
Western blotting : to detect specific proteins

ANALYZING AND MANIPULATING DNA

• Genes Can Be Cloned in vitro Using PCR

Genes Can Be Cloned in vitro Using PCR

Figure 8–35 A pair of primers directs the synthesis of a desired segment of DNA in a test tube.

Genes Can Be Cloned in vitro Using PCR

Figure 8–36 PCR uses repeated rounds of strand separation, hybridization, and synthesis to amplify DNA. 



Genes Can Be Cloned in vitro Using PCR

Figure 8–37 PCR can be used to  
obtain either genomic or cDNA clones. 

ANALYZING AND MANIPULATING DNA

• PCR Is Also Used for Diagnostic and Forensic 
Applications

PCR Is Also Used for Diagnostic and Forensic Applications

Figure 8–38 PCR can be used to detect the presence of a viral genome in a sample of blood. 



PCR Is Also Used for Diagnostic and Forensic Applications

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.

PCR Is Also Used for Diagnostic and Forensic Applications

ANALYZING AND MANIPULATING DNA

• Both DNA and RNA Can Be Rapidly Sequenced

Both DNA and RNA Can Be Rapidly Sequenced
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Both DNA and RNA Can Be Rapidly Sequenced
Here^^

• Both DNA and RNA Can Be Rapidly Sequenced
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Both DNA and RNA Can Be Rapidly Sequenced Both DNA and RNA Can Be Rapidly Sequenced



Illumina Sequencing

https://www.illumina.com/science/technology.html

Both DNA and RNA Can Be Rapidly Sequenced

Both DNA and RNA Can Be Rapidly Sequenced Ion Torrent Sequencing

https://www.thermofisher.com/us/en/home/life-science/sequencing/
next-generation-sequencing/ion-torrent-next-generation-sequencing-
technology.html



ANALYZING AND MANIPULATING DNA

• To Be Useful, Genome Sequences Must Be 
Annotated

To Be Useful, Genome Sequences Must Be Annotated

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.

To Be Useful, Genome Sequences Must Be Annotated

(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. 

ANALYZING AND MANIPULATING DNA

• DNA Cloning Allows Any Protein to be Produced in 
Large Amounts



DNA Cloning Allows Any Protein to be Produced in Large Amounts

Figure 8–41 Production of large amounts 
of a protein from a protein- coding DNA 
sequence cloned into an expression vector 
and introduced into cells. 

DNA Cloning Allows Any Protein to be Produced in Large Amounts

Figure 8–42 Production of large amounts of a 
protein by using a plasmid expression vector. 
In this example, an expression vector that 
overproduces a DNA helicase has been 
introduced into bacteria. In this expression 
vector, transcription from this coding 
sequence is under the control of a viral 
promoter that becomes active only at a 
temperature of 37°C or higher. The total cell 
protein, either from bacteria grown at 25°C 
(no helicase protein made) or after a shift of 
the same bacteria to 42°C for up to 2 hours 
(helicase protein has become the most 
abundant protein species in the lysate), has 
been analyzed by SDS polyacrylamide-gel 
electrophoresis. (Courtesy of Jack Barry.) 

DNA Cloning Allows Any Protein to be Produced in Large Amounts

Figure 8–43 Recombinant DNA techniques make it possible to move experimentally from gene to protein and 
from protein to gene. 

Summary

DNA cloning allows a copy of any specific part of a DNA or RNA sequence 
to be selected from the millions of other sequences in a cell and produced in 
unlimited amounts in pure form. DNA sequences can be amplified after 
breaking up chromosomal DNA and inserting the resulting DNA fragments 
into the chromosome of a self-replicating genetic element such as a plasmid. 
The resulting “genomic DNA library” is housed in millions of bacterial cells, 
each carrying a different cloned DNA fragment. Individual cells from this 
library that are allowed to proliferate produce large amounts of a single 
cloned DNA fragment. Bypassing cloning vectors and bacterial cells 
altogether, the polymerase chain reaction (PCR) allows DNA cloning to be 
performed directly with a DNA polymerase and DNA primers—provided 
that the DNA sequence of interest is already known. The procedures used to 
obtain DNA clones that correspond in sequence to mRNA molecules are the 
same, except that a DNA copy of the mRNA sequence, called cDNA, is first 
made. Unlike genomic DNA clones, cDNA clones lack intron sequences, 
making them the clones of choice for analyzing the protein product of a 
gene. 



Summary

Nucleic acid hybridization reactions provide a sensitive means of detecting any 
nucleotide sequence of interest. The enormous specificity of this hybridization 
reaction allows any single-stranded sequence of nucleotides to be labeled with a 
radioisotope or chemical and used as a probe to find a complementary partner 
strand, even in a cell or cell extract that contains millions of different DNA and 
RNA sequences. DNA hybridization also makes it possible to use PCR to 
amplify any section of any genome once its sequence is known. 

The nucleotide sequence of any genome can be determined rapidly and simply by 
using highly automated techniques based on several different strategies. Com- 
parison of the genome sequences of different organisms allows us to trace the 
evolutionary relationships among genes and organisms, and it has proved 
valuable for discovering new genes and predicting their functions. 

Taken together, these techniques for analyzing and manipulating DNA have 
made it possible to sequence, identify, and isolate genes from any organism of 
inter- est. Related technologies allow scientists to produce the protein products of 
these genes in the large quantities needed for detailed analyses of their structure 
and function, as well as for medical purposes. 
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Classical Genetics Begins by Disrupting a Cell Process by Random 
Mutagenesis

Figure 8–44 Insertional mutant of the snapdragon, Antirrhinum. A mutation  
in a single gene coding for a regulatory protein causes leafy shoots (left) to develop in place of flowers, which 
occur in the normal plant (right). The mutation causes cells to adopt a character that would be appropriate to a 
different part of the normal plant, so instead of a flower, the cells produce a leafy shoot. (Courtesy of Enrico 
Coen and Rosemary Carpenter.) 
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Genetic Screens Identify Mutants with Specific Abnormalities

Figure 8–45 A behavioral phenotype detected in a genetic screen. (A) Wild- type C. elegans engage in social 
feeding. The worms migrate around until they encounter their neighbors and commence feeding on bacteria. 
(B) Mutant animals feed by themselves. (Courtesy of Cornelia Bargmann, Cell 94: cover, 1998. With 
permission from Elsevier.)



Genetic Screens Identify Mutants with Specific Abnormalities

Figure 8–46 Screening for temperature- sensitive bacterial or yeast mutants. Mutagenized cells are plated out 
at the permissive temperature. They divide and form colonies, which are transferred to two identical Petri 
dishes by replica plating. One of these plates is incubated at the permissive temperature, the other  
at the nonpermissive temperature. Cells containing a temperature-sensitive mutation in a gene essential for 
proliferation can divide at the normal, permissive temperature but fail to divide at the elevated, nonpermissive 
temperature. Temperature-sensitive mutations of this type were especially useful for identifying genes needed 
for DNA replication, an essential process. 
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Mutations Can Cause Loss or Gain of Protein Function

Figure 8–47 Gene mutations that affect their protein product in different ways. In this example, the wild-type 
protein has a specific cell function denoted by the red rays. Mutations that eliminate this function or inactivate 
it at higher temperatures are shown. The conditional mutant protein carries an amino acid substitution (red)  
that prevents its proper folding at 37oC, but allows the protein to fold and function normally at 25oC. Such 
temperature- sensitive conditional mutations are especially useful for studying essential genes; the organism 
can be grown under the permissive condition and then be moved to the nonpermissive condition to study the 
consequences of losing the gene product. 
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Complementation Tests Reveal Whether Two Mutations Are in the 
Same Gene or Different Genes

Figure 8–48 A complementation test can 
reveal that mutations in two different 
genes are responsible for the same 
abnormal phenotype. When an albino 
(white) bird from one strain is bred with an 
albino from a different strain, the resulting 
offspring (bottom) have normal coloration. 
This restoration of the wild-type plumage 
indicates that the two white breeds lack 
color because of recessive mutations in 
different genes. (From W. Bateson, 
Mendel’s Principles of Heredity, 1st ed. 
Cambridge, UK: Cambridge University 
Press, 1913.) 

STUDYING GENE EXPRESSION  
AND FUNCTION

• Gene Products Can Be Ordered in Pathways by 
Epistasis Analysis

Epistasis is the phenomenon where the effect of one gene (locus) is dependent on the presence of one or more 
'modifier genes', i.e. the genetic background

Gene Products Can Be Ordered in Pathways by Epistasis Analysis

Figure 8–49 Using genetics to determine the order of function of genes. In normal cells, secretory proteins are 
loaded into vesicles, which fuse with the plasma membrane to secrete their contents into the extracellular 
medium. Two mutants, A and B, fail to secrete proteins. In mutant A, secretory proteins accumulate in the ER. 
In mutant B, secretory proteins accumulate in the Golgi. In the double mutant AB, proteins accumulate in the 
ER; this indicates that the gene defective in mutant A acts before the gene defective in mutant B in the 
secretory pathway.

STUDYING GENE EXPRESSION  
AND FUNCTION

• Mutations Responsible for a Phenotype Can Be 
Identified Through DNA Analysis



• DNA fragments containing the insertion (a 
transposon or a retrovirus, for example) are 
amplified by PCR, and the nucleotide sequence 
of the flanking DNA is determined.

• The gene affected by the insertion can then 
be identified by a computer-aided search of the 
complete genome sequence of the organism.

STUDYING GENE EXPRESSION  
AND FUNCTION

• Rapid and Cheap DNA Sequencing Has 
Revolutionized Human Genetic Studies
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Linked Blocks of Polymorphisms Have Been Passed Down from Our 
Ancestors

Figure 8–50 Single-nucleotide polymorphisms (SNPs) are sites in the genome where two or more alternative 
choices of a nucleotide are common in the population. Most such variations in the human genome occur at 
locations where they do not significantly affect a gene’s function. 



Single-nucleotide polymorphisms (SNPs)

• Any two individuals will differ in roughly 1 nucleotide pair in 1000.

• Most of these variations are common and relatively harmless. 

• When two sequence variants coexist in the population and 
both are common, the variants are called polymorphisms.

• The majority of polymorphisms are due to the substitution of 
a single nucleotide, called single-nucleotide polymorphisms or SNPs.

• Insertions or deletions: called indels when the change is small.

• Copy number variations (CNVs) when the change is large.

• These polymorphisms tend to travel in groups called haplotype 
blocks—combinations of polymorphisms that are inherited as a 
unit.

STUDYING GENE EXPRESSION  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• Polymorphisms Can Aid the Search for Mutations 
Associated with Disease

Polymorphisms Can Aid the Search for Mutations Associated with 
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• Genomics Is Accelerating the Discovery of Rare 
Mutations That Predispose Us to Serious Disease



• In contrast to polymorphisms, rare DNA variants—those 
much less frequent in humans than SNPs—can have 
large effects on the risk of developing some common 
diseases.

• A number of different loss-of-function mutations, each 
individually rare, have been found to increase greatly 
the predisposition to autism (자폐성) and schizophrenia (정신분

열증).

• The fact that these mutations arise spontaneously with 
some frequency could help explain why these common 
disorders—each observed in about 1% of the 
population.

STUDYING GENE EXPRESSION  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• Reverse Genetics Begins with a Known Gene and 
Determines Which Cell Processes Require Its 
Function

Reverse Genetics

• Classical genetics starts with a mutant phenotype (or, in 
the case of humans, a range of characteristics) and 
identifies the mutations, and consequently the genes, 
responsible for it. 

• Now with the aid of recombinant DNA technology, an 
investigator can start with a particular gene and 
proceed to make mutations in it, creating mutant cells 
or organisms so as to analyze the gene’s function-
reverse genetics (genome engineering, or genome editing).

Reverse Genetics Begins with a Known Gene and Determines Which 
Cell Processes Require Its Function



Reverse Genetics Begins with a Known Gene and Determines Which 
Cell Processes Require Its Function

Reverse Genetics Begins with a Known Gene and Determines Which 
Cell Processes Require Its Function

Figure 8–52 Engineered genes can be turned on and off with small molecules. Here, the DNA-binding portion 
of a bacterial protein (the tetracycline, Tet, repressor) has been fused to a portion of a mammalian 
transcriptional activator and expressed in cultured mammalian cells. The engineered gene X, present in place 
of the normal gene, has its usual gene control region replaced by cis-regulatory sequences recognized by the 
tetracycline repressor. In the absence of doxycycline (a particularly stable version of tetracycline), the 
engineered gene is expressed; in the presence of doxycycline, the gene is turned off because the drug causes 
the tetracycline repressor to dissociate from the DNA. This strategy can also be used in mice by incorporating 
the engineered genes into the germ line. In many tissues, the gene can be turned on and off simply by adding 
or removing doxycycline from the animal’s water. If the tetracycline repressor construct is placed under the 
control of a tissue-specific gene control region, the engineered gene will be turned on and off only in that 
tissue. 
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Animals and Plants Can Be Genetically Altered



Animals and Plants Can Be Genetically Altered

Figure 8–53 Summary of the procedures used for making gene replacements in mice. In the first step (A), 
an altered version of the gene is introduced into cultured ES (embryonic stem) cells. These cells are 
described in detail in Chapter 22. Only a few ES cells will have their corresponding normal genes replaced 
by the altered gene through a homologous recombination event. These cells can be identified by PCR and 
cultured to produce many descendants, each of which carries an altered gene in place of one of its two 
normal corresponding genes. In the next step of the procedure (B), these altered ES cells are injected into a 
very early mouse embryo; the cells are incorporated into the growing embryo, and a mouse produced by 
such an embryo will contain some somatic cells (indicated by orange) that carry the altered gene. Some of 
these mice will also contain germ-line cells that contain the altered gene; when bred with a normal mouse, 
some of the progeny of these mice will contain one copy of the altered gene in all of their cells. The mice 
with the transgene in their germ line are then bred to produce both a male and a female animal, each 
heterozygous for the gene replacement (that is, they have one normal and one mutant copy of the gene). 
When these two mice are mated (not shown), one-fourth of their progeny will be homozygous for the 
altered gene.

Animals and Plants Can Be Genetically Altered

Figure 8–54 Transgenic mice engineered to express a mutant DNA helicase show premature aging. The 
helicase, encoded by the Xpd gene, is involved in both transcription and DNA repair. Compared with a wild-
type mouse of the same age (A), a transgenic mouse that expresses a defective version of Xpd (B) exhibits 
many of the symptoms of premature aging, including osteoporosis (골다공증), emaciation (쇠약), early graying (노령

화), infertility (불임), and reduced life-span. The mutation in Xpd used here impairs the activity of the helicase 
and mimics a mutation that in humans causes trichothiodystrophy, a disorder characterized by brittle hair, 
skeletal abnormalities, and a very reduced life expectancy. These results indicate that an accumulation of DNA 
damage can contribute to the aging process in both humans and mice. (From J. de Boer et al., Science 
296:1276–1279, 2002. With permission from AAAS.) 
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The Bacterial CRISPR System Has Been Adapted to Edit Genomes in a 
Wide Variety of Species

Figure 8–55 Use of CRISPR to study gene function in a wide variety of species. (A) The Cas9 protein 
(artificially expressed in the species of interest) binds to a guide RNA, designed by the experimenter and also 
expressed. The portion of RNA in light blue is needed for associations with Cas9; that in dark blue is specified 
by the experimenter to match a position on the genome. The only other requirement is that the adjacent 
genome sequence includes a short PAM (protospacer adjacent motif) that is needed for Cas9 to cleave.  As 
described in Chapter 7, this sequence is how the CRISPR system in bacteria distinguishes its own genome 
from that of invading viruses. 

The Bacterial CRISPR System Has Been Adapted to Edit Genomes in a 
Wide Variety of Species

(B) When directed to make double-strand breaks, the CRISPR system greatly improves the ability to replace 
an endogenous gene with an experimentally altered gene since the altered gene is used to “repair” the double-
strand break (C, D). By using a mutant form of Cas9 that can no longer cleave DNA, Cas9 can be used to 
activate a normally dormant gene (C) or turn off an actively expressed gene (D). (Adapted from P. Mali et al., 
Nat. Methods 10:957– 963, 2013. With permission from Macmillan Publishers Ltd.) 

The Bacterial CRISPR System Has Been Adapted to Edit Genomes in a 
Wide Variety of Species

P. Mali et al., Nat. Methods 10:957– 963, 2013. 

The Bacterial CRISPR System Has Been Adapted to Edit Genomes in a 
Wide Variety of Species

Figure 1 | Functioning of the type II CRISPR-Cas systems in bacteria. Phase 1: in the immunization 
phase, the CRISPR system stores the molecular signature of a previous infection by integrating fragments of 
invading phage or plasmid DNA into the CRISPR locus as ‘spacers. 



The Bacterial CRISPR System Has Been Adapted to Edit Genomes in a 
Wide Variety of Species

Phase 2: in the immunity phase, the bacterium uses this stored information to defend against invading 
pathogens by transcribing the locus and processing the resulting transcript to produce CRISPR RNAs 
(crRNAs) that guide effector nucleases to locate and cleave nucleic acids complementary to the spacer. First, 
tracrRNAs hybridize to repeat regions of the pre-crRNA. Second, endogenous RNase III cleaves the 
hybridized crRNA-tracrRNA, and a second event removes the 5ʹ end of the spacer, yielding mature crRNAs 
that remain associated with the tracrRNA and Cas9. The complex cleaves complementary ‘protospacer’ 
sequences only if a PAM sequence is present. 

CRISPR system

• CRISPR system uses a guide RNA sequence to target (through 
complementary base-pairing) double-stranded DNA, which it then 
cleaves.

• Cas9 protein is expressed in ES cells along with a guide RNA 
designed by the experimenter to target a particular location on 
the genome. The Cas9 and guide RNA associate, the complex is 
brought to the matching sequence on the genome, and the Cas9 
protein makes a double-strand break.

• The double-strand breaks are often repaired by homologous 
recombination; here, the template chosen by the cell to repair the 
damage is often the altered gene, which is introduced to ES cells by the 
experimenter. 

• In this way, the normal gene can be selectively damaged by the 
CRISPR system and replaced at high efficiency by the 
experimentally altered gene.
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Large Collections of Engineered Mutations Provide a Tool for 
Examining the Function of Every Gene in an Organism

Figure 8–56 Making barcoded collections of mutant organisms. A deletion construct for use in yeast 
contains DNA sequences (red) homologous to each end of a target gene x, a selectable marker gene (blue), 
and a unique “barcode” sequence approximately 20 nucleotide pairs in length (green). 

Large Collections of Engineered Mutations Provide a Tool for 
Examining the Function of Every Gene in an Organism

Figure 8–57 Genome-wide screens for fitness using 
a large pool of barcoded yeast deletion mutants. A 
large pool of yeast mutants, each with a different 
gene deleted and present in equal amounts, is 
grown under conditions selected by the 
experimenter. Some mutants (blue) grow normally, 
but others show reduced growth (orange and 
green) or no growth at all (red). The fitness of each 
mutant is experimentally determined in the 
following way. After the growth phase is 
completed, genomic DNA (isolated from the 
mixture of strains) is purified and the relative 
abundance of each mutant is determined by 
quantifying the level of the DNA barcode matched 
to each deletion. This can be done by sequencing 
the pooled genomic DNA or hybridizing it to 
microarrays (see Figure 8–64) that contain DNA 
oligonucleotides complementary to each barcode. 
In this way, the contribution of every gene to 
growth under the specified condition can be rapidly 
ascertained. This type of study has revealed that of 
the approximately 6000 coding genes in yeast, only 
about 1000 are essential under standard growth 
conditions. 

Comprehensive libraries of mutations 

• In a variety of model organisms, including S. cerevisiae, C. 
elegans, Drosophila, Arabidopsis, and even the mouse.

• A collection of mutant strains in which every gene in the 
organism has been systematically deleted or altered in such a 
way that it can be conditionally disrupted.

• Collections of this type provide an invaluable resource for 
investigating gene function on a genomic scale. 
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RNA Interference Is a Simple and Rapid Way to Test Gene Function

Figure 8–58 Gene function can be tested by RNA interference. (A) Double-stranded RNA (dsRNA) can be 
introduced into C. elegans by (1) feeding the worms E. coli that express the dsRNA or (2) injecting the 
dsRNA directly into the animal’s gut.

RNA Interference Is a Simple and Rapid Way to Test Gene Function

(B) In a wild-type worm embryo, the egg and sperm pronuclei (red arrowheads) come together in the posterior 
half of the embryo shortly after fertilization. (C) In an embryo in which a particular gene has been inactivated 
by RNAi, the pronuclei fail to migrate. This experiment revealed an important but previously unknown 
function of this gene in embryonic development. (B and C, from P. Gönczy et al., Nature 408:331–336, 2000. 
With permission from Macmillan Publishers Ltd.) 

RNA Interference Is a Simple and Rapid Way to Test Gene Function

Figure 8–59 RNA interference provides a 
convenient method for conducting genome-
wide genetic screens. In this experiment, 
each well in this 96-well plate is filled with 
E. coli that produce a different double-
stranded RNA. Each interfering RNA 
matches the nucleotide sequence of a single 
C. elegans gene, thereby inactivating it. 
About 10 worms are added to each well, 
where they ingest the genetically modified 
bacteria. The plate is incubated for several 
days, which gives the RNAs time to 
inactivate their target genes—and the worms 
time to grow, mate, and produce offspring. 
The plate is then examined in a microscope, 
which can be controlled robotically, to 
screen for genes that affect the worms’ 
ability to survive, reproduce, develop, and 
behave. Shown here are normal worms 
alongside worms that show an impaired 
ability to reproduce due to inactivation of a 
particular “fertility” gene. (From B. Lehner 
et al., Nat. Genet. 38:896–903, 2006. With 
permission from Macmillan Publishers Ltd.) 
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Reporter Genes Reveal When and Where a Gene Is Expressed

Figure 8–60 Using a reporter protein to determine the pattern of a gene’s expression. (A) In this example, the 
coding sequence for protein X is replaced by the coding sequence for reporter protein Y. The expression 
patterns for X and Y are the same. 

Reporter Genes Reveal When and Where a Gene Is Expressed

(B) Various fragments of DNA containing candidate cis-regulatory sequences are added in combinations to 
produce test DNA molecules encoding reporter gene Y. These recombinant DNA molecules are then tested for 
expression after introducing them into a variety of different types of mammalian cells. The results are 
summarized in (C). For experiments in eukaryotic cells, two commonly used reporter proteins are the enzyme 
β-galactosidase (β-gal) (see Figure 7–28) and green fluorescent protein (GFP) (see Figure 9–22). 

Reporter Genes Reveal When and Where a Gene Is Expressed



Reporter Genes Reveal When and Where a Gene Is Expressed

Figure 8–61 GFPs that fluoresce at different wavelengths help reveal the connections that individual neurons 
make within the brain. This image shows differently colored neurons in one region of a mouse brain. The 
neurons randomly express different combinations of differently colored GFPs (see Figure 9–13), making it 
possible to distinguish and trace many individual neurons within a population. These images were obtained by 
genetically engineering the genes for four different fluorescent proteins, each flanked by loxP sites of 
recombination (see Figure 5–66), and integrating them into the mouse germ line. When crossed to a mouse 
that produced the Cre recombinase in neuronal cells, the fluorescent protein genes were randomly excised, 
producing neurons that express many different combinations of the four fluorescent proteins. Over 100 
combinations of fluorescent protein can be produced, allowing scientists to distinguish one neuron from the 
next. The stunning appearance of these labeled neurons has earned these animals the colorful nickname 
“brainbow mice.” (From J. Livet et al., Nature 450:56–62, 2007. With permission from Macmillan Publishers 
Ltd.) 
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Noncoding RNAs

Figure 8–62 In situ hybridization to mRNAs has been used to generate an atlas of gene expression in the 
mouse brain. This computer-generated image shows the expression of several different mRNAs specific to 
an area of the brain associated with learning and memory. Similar maps of expression patterns of  
all known genes in the mouse brain are compiled in the brain atlas project, which is available online. 
(From M. Hawrylycz et al., PLoS Comput. Biol. 7:e1001065, 2011.) 
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• RNA-seq: the number of “sequence reads” (short bits of 
nucleotide sequence) is proportional to the abundance 
of the RNA species.

• Quantitative RT-PCR (reverse transcription–polymerase 
chain reaction)

Expression of Individual Genes Can Be Measured Using Quantitative 
RT-PCR

Figure 8–63 RNA levels can be measured by quantitative RT-PCR. The fluorescence measured is generated by 
a dye that fluoresces only when bound to the double-stranded DNA products of the RT-PCR (see Figure 8–36). 
The red sample has a higher concentration of the mRNA being measured than does the blue sample, since it 
requires fewer PCR cycles to reach the same half-maximal concentration of double-stranded DNA. Based 
on this difference, the relative amounts of the mRNA in the two samples can be precisely determined.
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Gene Expression

Figure 8–64 DNA microarrays are used to analyze the 
production of thousands of different mRNAs in a single 
experiment.



Analysis of mRNAs by Microarray or RNA-seq Provides a Snapshot of 
Gene Expression

Analysis of mRNAs by Microarray or RNA-seq Provides a Snapshot of 
Gene Expression

Figure 8–65 Using cluster analysis to identify sets of genes that are coordinately regulated. Genes that 
have the same expression pattern are likely to be involved in common pathways or processes. To perform 
a cluster analysis, RNA-seq or microarray data are obtained from cell samples exposed to a variety of 
different conditions, and genes that show coordinate changes in their expression pattern are grouped 
together. In this experiment, human fibroblasts were deprived of serum for 48 hours; serum was then 
added back to the cultures at time 0 and the cells were harvested for microarray analysis at different time 
points. Of the 8600 genes depicted here (each represented by a thin, vertical line), just over 300 showed 
threefold or greater variation in their expression patterns in response to serum reintroduction. Here, red 
indicates an increase in expression; green is a decrease in expression. On the basis of the results of many 
other experiments, the 8600 genes have been grouped in clusters based on similar patterns of expression. 
The results of this analysis show that genes involved in wound healing are turned on in response to serum, 
while genes involved in regulating cell-cycle progression and cholesterol biosynthesis are shut down. 
(From M.B. Eisen et al., Proc. Natl Acad. Sci. USA 94:14863–14868, 1998. With permission from 
National Academy of Sciences.) 

DNA microarray

• Developed in the 1990s, DNA microarrays are glass 
microscope slides that contain hundreds of thousands 
of DNA fragments, each of which serves as a probe for 
the mRNA produced by a specific gene.

• Although microarrays are relatively inexpensive and 
easy to use, they suffer from one obvious drawback: the 
sequences of the mRNA samples to be analyzed must be 
known in advance and represented by a corresponding 
probe on the array. 

RNA-seq

• This approach can readily detect alternative 
RNA splicing, RNA editing, and the many 
noncoding RNAs produced from a complex 
genome.



Cluster analysis

• One can identify sets of genes that are coordinately 
regulated. Genes that are turned on or turned off 
together under different circumstances are likely to work 
in concert in the cell: they may encode proteins that are 
part of the same multiprotein machine, or proteins that 
are involved in a complex coordinated activity, such as 
DNA replication or RNA splicing.

• Characterizing a gene whose function is unknown by 
grouping it with known genes that share its 
transcriptional behavior is sometimes called “guilt by 
association.” Cluster analyses have been used to analyze 
the gene expression profiles that underlie many 
interesting biological processes, including wound 
healing in humans 
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Genome-wide Chromatin Immunoprecipitation Identifies Sites on the 
Genome Occupied by Transcription Regulators

Figure 8–66 Chromatin immunoprecipitation. This 
method allows the identification of all the sites in a 
genome that a transcription regulator occupies in vivo. 
The identities of the precipitated, amplified DNA 
fragments are determined by DNA sequencing.

Genome-wide Chromatin Immunoprecipitation Identifies Sites on the 
Genome Occupied by Transcription Regulators



Figure 8–67 Results of several chromatin immunoprecipitations showing proteins bound to the control region 
that control expression of the Oct4 gene. In this series of chromatin immunoprecipitation experiments, 
antibodies directed against a transcription regulator (first three panels) or a particular histone modification 
(fourth panel) were used to precipitate bound, cross-linked DNA. Precipitated DNA was sequenced, and the 
positions across the genome were mapped. (Only the small part of the mouse genome containing the Oct4 
gene is shown.) The results show that, in the embryonic stem cells analyzed in these experiments, Oct4 binds 
upstream of its own gene and that Sox2 and Nanog are bound in close proximity. Oct4, Sox2, and Nanog are 
key regulators in embryonic stem cells (discussed in Chapter 22) and this experiment reveals the position on 
the genome through which they exert their effects on Oct4 expression. In the fourth panel, the positions of a 
histone modification associated with actively transcribed genes is shown (see Figure 4–39). Finally, the 
bottom panel shows the RNA produced from the Oct4 gene under the same conditions used for the chromatin 
immunoprecipitations. Note that the introns and exons are relatively easy to identify from these RNA-seq 
data. 
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Figure 8–68 Ribosome profiling.

Ribosome Profiling Reveals Which mRNAs Are Being Translated in the 
Cell

Figure 8–69 Ribosome profiling can identify new genes. This experiment shows the discovery of a previously 
unrecognized gene—one that encodes a protein of only 20 amino acids. At the top is shown a portion of a viral 
genome with two previously annotated genes. Below are the results of a ribosome profiling experiment, 
displayed across the same section of the genome, after the virus was infected into human cells. The results 
show that the left-hand gene is not expressed under these conditions, the right-hand gene is expressed at low 
levels, and a previously unrecognized gene that lies between them is expressed at high levels.
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Human Health

• Many human pharmaceuticals in routine use (insulin, human 
growth hormone, blood-clotting factors, and interferon, for 
example) are based on cloning human genes and expressing the 
encoded proteins in large amounts. 

• More and more individuals will elect to have their genome 
sequenced; this information can be used to predict 
susceptibility to disease.

• The genomes of tumor cells from an individual can be 
sequenced to determine the best type of anticancer treatment.

• Using the recombinant DNA technologies discussed in this 
chapter, these mutations can then be introduced into animals, 
such as mice, that can be studied in the laboratory. 
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Transgenic Plants Are Important for Agriculture

Figure 8–70 Transgenic plants can be made using recombinant DNA techniques optimized for plants



Summary

Genetics and genetic engineering provide powerful tools for understanding 
the function of individual genes in cells and organisms. In the classical 
genetic approach, random mutagenesis is coupled with screening to identify 
mutants that are deficient in a particular biological process. These mutants 
are then used to locate and study the genes responsible for that process. 

Gene function can also be ascertained by reverse genetic techniques. DNA 
engineering methods can be used to alter genes and to re-insert them into a 
cell’s chromosomes so that they become a permanent part of the genome. If 
the cell used for this gene transfer is a fertilized egg (for an animal) or a 
totipotent plant cell in culture, transgenic organisms can be produced that 
express the mutant gene and pass it on to their progeny. Especially 
important for cell and molecular biology is the ability to alter cells and 
organisms in highly specific ways—allowing one to discern the effect on 
the cell or the organism of a designed change in a single protein or RNA 
molecule. For example, genomes can be altered so that the expression of 
any gene can be switched on or off by the experimenter. 

Summary

Many of these methods are being expanded to investigate gene function 
on a genome-wide scale. The generation of mutant libraries in which 
every gene in an organism has been systematically deleted, disrupted, or 
made controllable by the experimenter provides invaluable tools for 
exploring the role of each gene in the elaborate molecular collaboration 
that gives rise to life. Technologies such as RNA- seq and DNA 
microarrays can monitor the expression of tens of thousands of genes 
simultaneously, providing detailed, comprehensive snapshots of the 
dynamic pat- terns of gene expression that underlie complex cell 
processes. 


