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Quick recap

• Lecture 1 - Structure and packing of DNA


• Lecture 2 - Structure of chromosomes and how genomes evolve


• Lecture 3 - Mobile genetic elements and DNA replication


• Lecture 4 - DNA replication and DNA repair
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Quick recap

• Lecture 5 - Transcription and RNA processing


• Lecture 6 - Translation and protein folding


• Lecture 7 - Transcriptional control 


• Lecture 8 - Post-transcriptional control
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Recap: Transcription attenuation
The expression of some genes is inhibited by premature termination of transcription
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Recap: Transcription attenuation

Attenuation is an alternative method of reducing the expression of the trp operon in prokaryotic cells

▪ It relies on the capacity for prokaryotes to undertake transcription and translation at the same time (as the DNA is cytosolic)

▪ Whereas the trp repressor system blocks the initiation of transcription, attenuation blocks the completion of transcription


 
Located between the operator and trp genes is a leader sequence that encodes a short polypeptide containing two Trp residues

▪ When transcribed, this leader sequence contains several self-complementary sections that are capable of forming hairpin loops

▪ One such loop is called the attenuator and functions as a site of transcriptional termination when it is formed (transcription halts)

▪ Alternatively, an earlier loop called the anti-terminator may form, which prevents attenuator formation (so transcription continues)


 
The presence of tryptophan determines whether the attenuator or anti-terminator is formed within the leader sequence

▪ If tryptophan is in low supply, the ribosome will pause at the two Trp codons within the leader sequence

▪ This pause allows time for the anti-terminator to form on the mRNA transcript, so transcription will continue (operon is 

expressed)

▪ If tryptophan is in high supply, the ribosome will not need to pause at the two Trp codons within the leader sequence

▪ This means the anti-terminator is unable to form and the attenuator will form instead (transcription halted ; operon not expressed)
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Recap: miRNA, siRNA and piRNA

MicroRNA (miRNA), small interfering RNA (siRNA), and piwi-interacting RNA (piRNA) are all small RNA 
molecules involved in gene regulation, primarily by silencing or down-regulating target genes. However, 

they differ in their origins, structures, mechanisms, and biological roles.
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Recap: miRNA, siRNA and piRNA

1. miRNA (MicroRNA)

• Origin: miRNAs are endogenously encoded in the genome. They are transcribed by RNA polymerase II, forming primary miRNAs 

(pri-miRNAs) that are processed in the nucleus and cytoplasm to mature miRNAs.


• Structure: They are usually 21-23 nucleotides long and have imperfect base-pairing, leading to stem-loop structures in 
precursor molecules.


• Function: miRNAs primarily regulate gene expression by binding to complementary sequences in the 3' untranslated region (3' 
UTR) of target mRNAs. They usually result in translational repression or mRNA degradation, although the exact mechanism 
depends on the level of sequence complementarity.


• Role: miRNAs are involved in various cellular processes, including development, differentiation, and disease (e.g., cancer).
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Recap: miRNA, siRNA and piRNA

2. siRNA (Small Interfering RNA)

• Origin: siRNAs can be endogenous (e.g., from transposons or viruses) but are often exogenous, such as those introduced 

experimentally or derived from viral infection.


• Structure: siRNAs are typically 20-25 nucleotides long and have perfect or near-perfect complementarity to their target RNA. 
They are often derived from longer double-stranded RNAs (dsRNAs) that are processed by the enzyme Dicer into siRNA 
duplexes.


• Function: siRNAs guide the RNA-induced silencing complex (RISC) to degrade specific mRNAs through a perfect base-pairing 
mechanism. This direct pairing leads to the target mRNA's cleavage and degradation, reducing gene expression.


• Role: siRNAs are part of the cellular defense against viral infection and transposons. They are also widely used as a tool in 
research to "knock down" genes in experiments by selectively silencing specific mRNAs.
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Recap: miRNA, siRNA and piRNA

3. piRNA (Piwi-interacting RNA)

• Origin: piRNAs are derived from specific genomic regions called piRNA clusters, which are often transposon-rich. They do not 

require Dicer for processing but are instead processed through a unique biogenesis pathway.


• Structure: piRNAs are generally longer than miRNAs and siRNAs, about 24-31 nucleotides, and show a preference for starting 
with a uridine at the 5’ end. They do not form duplexes like siRNA and miRNA and do not have a defined secondary structure.


• Function: piRNAs interact with Piwi proteins (a subclass of the Argonaute family) to silence transposable elements, particularly in 
germ cells, through both transcriptional and post-transcriptional silencing.


• Role: piRNAs play a crucial role in protecting the integrity of the germline genome by silencing transposons and other repetitive 
elements. They are essential for fertility and maintaining genomic stability in reproductive cells.
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Recap: miRNA, siRNA and piRNA
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Recap: p-bodies and stress granules

P-bodies, or processing bodies, are dynamic, membrane-less granules within the cytoplasm of eukaryotic cells. They 
serve as hubs for mRNA metabolism, particularly for mRNA decay and storage. P-bodies are involved in post-
transcriptional regulation, influencing gene expression by controlling the stability, translation, and degradation of mRNA.


Stress granules are dynamic, membrane-less cytoplasmic aggregates of RNA and protein that form in response to 
cellular stress, such as oxidative stress, heat shock, or nutrient deprivation. They play a crucial role in helping cells survive 
by temporarily halting translation and preserving select mRNAs under adverse conditions. This helps conserve energy and 
resources, allowing the cell to prioritize immediate stress response needs while protecting non-essential mRNAs for future 
use.
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Recap: X-inactivation
X-inactivation, a process occurring in female mammals to ensure dosage compensation, randomly silences one of the 
two X chromosomes in each somatic cell. This ensures that females (XX) have the same effective dose of X-linked genes 
as males (XY), who have only one X chromosome.


The exact mechanism by which the X chromosome to be inactivated is chosen is still not fully understood, but 
several factors contribute:

• Counting Mechanism: The cell has a counting mechanism that ensures only one X chromosome remains active. If 

more than two X chromosomes are present (as in some cases of aneuploidy, like XXX individuals), all but one X will be 
inactivated.

• Mutual Repression of Xist and Tsix: Xist has an antisense partner called Tsix, which is also expressed from the XIC 

and acts to suppress Xist expression on the chromosome that remains active. Tsix and Xist are in a mutually exclusive 
relationship—only one X chromosome will end up expressing Xist (and become inactivated), while the other expresses 
Tsix (and remains active).

• Stochastic Expression and Epigenetic Factors: The random choice may involve stochastic (random) fluctuations in 

the levels of Xist and Tsix. Once one chromosome "wins" by expressing higher levels of Xist or Tsix, this choice is 
stabilized by epigenetic modifications (such as DNA methylation and histone modification) to ensure only one X remains 
active.
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Genomic imprinting: somatic vs. germinal cells
408 Chapter 7:  Control of Gene Expression

In the early embryo, genes subject to imprinting are marked by methylation 
according to whether they were derived from a sperm or an egg chromosome. 
In this way, DNA methylation is used as a mark to distinguish two copies of a 
gene that may be otherwise identical (Figure 7–48). Because imprinted genes 
are somehow protected from the wave of demethylation that takes place shortly 
after fertilization (see pp. 404–405), this mark enables somatic cells to “remem-
ber” the parental origin of each of the two copies of the gene and to regulate 
their expression accordingly. In most cases, the methyl imprint silences nearby 
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Figure 7–48 Imprinting in the mouse. The top portion of the figure shows a pair of homologous chromosomes in the somatic 
cells of two adult mice, one male and one female. In this example, both mice have inherited the top homolog from their father 
and the bottom homolog from their mother, and the paternal copy of a gene subject to imprinting (indicated in orange) is 
methylated, preventing its expression. The maternally derived copy of the same gene (yellow) is expressed. The remainder of 
the figure shows the outcome of a cross between these two mice. During germ-cell formation, but before meiosis, the imprints 
are erased and then, much later in germ-cell development, they are reimposed in a sex-specific pattern (middle portion of 
figure). In eggs produced from the female, neither allele of the A gene is methylated. In sperm from the male, both alleles of 
gene A are methylated. Shown at the bottom of the figure are two of the possible imprinting patterns inherited by the progeny 
mice; the mouse on the left has the same imprinting pattern as each of the parents, whereas the mouse on the right has the 
opposite pattern. If the two alleles of gene A are distinct, these different imprinting patterns can cause phenotypic differences 
in the progeny mice, even though they carry exactly the same DNA sequences of the two A gene alleles. Imprinting provides 
an important exception to classical genetic behavior, and several hundred mouse genes are thought to be affected in this way. 
However, the majority of mouse genes are not imprinted, and therefore the rules of Mendelian inheritance apply to most of the 
mouse genome.
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How do know all of this?
Progress in Science are linked to advances in technology

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.)
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How do know all of this?

Biochemistry


Genetics


Molecular Biology - need to simplify the systems
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Plan
• Model organisms 


• Isolating cells and growing them in culture


• Studying proteins


• Protein sequence


• Protein purification


• Protein structure


• Protein visualization


• Mass spectrometry
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Model organisms

Bacteria: Escherichia coli, Bacillus subtilis
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Plan
• Model organisms 


• Isolating cells and growing them in culture


• Studying proteins


• Protein sequence


• Protein purification


• Protein structure


• Protein visualization


• Mass spectrometry
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Why do we need to isolate cells?

• To produce proteins in large amounts (unicellular organisms)


• To get information about specific cell types in a tissue (human or mammals cells)


• Cultured cells provide a homogeneous population to work with in the lab or from which 
to extract material


• Experiments carried on cells are typically referred to as “in vitro” as opposed to 
experiments with intact organisms (in vivo)
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How to isolate cells?

• Disrupt the extracellular matrix and cell-cell junctions 


• with proteolytic enzymes (trypsin and collagenase) to digest proteins in the extracellular matrix


• with agents like EDTA (ethylenediaminetetraacetic-acid) that chelate (bind) Ca2+ necessary for cell-cell 
adhesion


• Many cells require a solid surface to grow on and divide (plastic culture dish)


• Many cells require specific materials to coat the culture dish (polylysine or extracellular matrix components) to 
grow and proliferate

Primary cultures are prepared directly from the organism. They can be grown and re-cultured (passaged) repeatedly 
into secondary cultures for weeks or months. This way, most cells keep their original properties. 

Embryonic stem cells are pluripotent. They can differentiate into any cell type in the body. In vitro, they need the 
appropriate signalling factors and nutrients to differentiate into specific cell types. 
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Eukaryotic cell lines

• Cell cultures have one problem: cells die; they stop dividing 
after a number of division (replicative cell senescence)


• Fibroblasts divide 25 to 40 times in culture


• This reflects the shortening and uncapping of telomeres, 
following the decreased production of the telomerase


• By providing a telomerase, fibroblasts can be propagated as 
an immortalized cell line


• For some other cell types, the process is more complicated


• Cell lines are often derived from cancer cells (transformed cell 
lines)


• Can be stored in liquid nitrogen at -196 degrees

  443

activates a poorly understood protective mechanism (discussed in Chapter 17) 
that stops cell division—a process sometimes called “culture shock.” To immor-
talize these cells, one has to do more than introduce telomerase. One must also 
inactivate the protective mechanisms, which can be done by introducing certain 
cancer-promoting oncogenes (discussed in Chapter 20). Unlike human cells, 
most rodent cells do not turn o! production of telomerase and therefore their 
telomeres do not shorten with each cell division. "erefore, if culture shock can 
be avoided, some rodent cell types will divide inde#nitely in culture. In addition, 
rodent cells often undergo spontaneous genetic changes in culture that inactivate 
their protective mechanisms, thereby producing immortalized cell lines.

Cell lines can often be most easily generated from cancer cells, but these cul-
tures—referred to as transformed cell lines—di!er from those prepared from nor-
mal cells in several ways. Transformed cell lines often grow without attaching to a 
surface, for example, and they can proliferate to a much higher density in a culture 
dish. Similar properties can be induced experimentally in normal cells by trans-
forming them with a tumor-inducing virus or chemical. "e resulting transformed 
cell lines can usually cause tumors if injected into a susceptible animal. 

Transformed and nontransformed cell lines are extremely useful in cell 
research as sources of very large numbers of cells of a uniform type, especially 
since they can be stored in liquid nitrogen at –196°C for an inde#nite period and 
retain their viability when thawed. It is important to keep in mind, however, that 
cell lines nearly always di!er in important ways from their normal progenitors in 
the tissues from which they were derived. 

Some widely used cell lines are listed in Table 8–1. Di!erent lines have dif-
ferent advantages; for example, the PtK epithelial cell lines derived from the rat 

ISOLATING CELLS AND GROWING THEM IN CULTURE

TABLE 8–1 Some Commonly Used Cell Lines

Cell line* Cell type and origin

3T3 Fibroblast (mouse)

BHK21 Fibroblast (Syrian hamster)

MDCK Epithelial cell (dog)

HeLa Epithelial cell (human)

PtK1 Epithelial cell (rat kangaroo)

L6 Myoblast (rat)

PC12 Chromaffin cell (rat)

SP2 Plasma cell (mouse)

COS Kidney (monkey)

293 Kidney (human); transformed with adenovirus

CHO Ovary (Chinese hamster)

DT40 Lymphoma cell for efficient targeted recombination (chick)

R1 Embryonic stem cell (mouse)

E14.1 Embryonic stem cell (mouse)

H1, H9 Embryonic stem cell (human)

S2 Macrophage-like cell (Drosophila)

BY2 Undifferentiated meristematic cell (tobacco)

*Many of these cell lines were derived from tumors. All of them are capable of indefinite 
replication in culture and express at least some of the special characteristics of their  
cells of origin.
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Hybridoma cell lines and monoclonal antibodies

• Antibodies are extremely useful tools in the lab and are now also used to treat cancers


• Their great specificity allows to detect selected proteins among thousands


• They are produced by inoculating an animal with the purified protein of interest and further isolation of 
the antibodies from the serum

Polyclonal antibodies are a mixture of antibodies that recognise different antigenic sites (epitopes) on the protein of 
interest
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Hybridoma cell lines and monoclonal antibodies

• Needs the propagation of a clone of cells from a single antibody-secreting B lymphocyte


• B lymphocytes have a limited life-span so they are isolated from animals and fused with a 
transformed (cancer-derived) lymphocyte cell line


• Each hybrid cell produces a single type of monoclonal antibody

Monoclonal antibodies are identical antibodies that recognise one antigenic site on the protein of interest

444 Chapter 8:  Analyzing Cells, Molecules, and Systems

kangaroo, unlike many other cell types, remain !at during mitosis, allowing the 
mitotic apparatus to be readily observed in action.

Hybridoma Cell Lines Are Factories That Produce Monoclonal 
Antibodies 
As we see throughout this book, antibodies are particularly useful tools for cell 
biology. "eir great speci#city allows precise visualization of selected proteins 
among the many thousands that each cell typically produces. Antibodies are 
often produced by inoculating animals with the protein of interest and subse-
quently isolating the antibodies speci#c to that protein from the serum of the 
animal. However, only limited quantities of antibodies can be obtained from a 
single inoculated animal, and the antibodies produced will be a heterogeneous 
mixture of antibodies that recognize a variety of di$erent antigenic sites on a mac-
romolecule that di$ers from animal to animal. Moreover, antibodies speci#c for 
the antigen will constitute only a fraction of the antibodies found in the serum. An 
alternative technology, which allows the production of an unlimited quantity of 
identical antibodies and greatly increases the speci#city and convenience of anti-
body-based methods, is the production of monoclonal antibodies by hybridoma 
cell lines. 

"is technology, developed in 1975, revolutionized the production of antibod-
ies for use as tools in cell biology, as well as for the diagnosis and treatment of cer-
tain diseases, including rheumatoid arthritis and cancer. "e procedure requires 
hybrid cell technology (Figure 8–4), and it involves propagating a clone of cells 
from a single antibody-secreting B lymphocyte to obtain a homogeneous prepa-
ration of antibodies in large quantities. B lymphocytes normally have a limited 
life-span in culture, but individual antibody-producing B lymphocytes from an 
immunized mouse, when fused with cells derived from a transformed B lympho-
cyte cell line, can give rise to hybrids that have both the ability to make a particular 
antibody and the ability to multiply inde#nitely in culture. "ese hybridomas are 
propagated as individual clones, each of which provides a permanent and stable 
source of a single type of monoclonal antibody. Each type of monoclonal anti-
body recognizes a single type of antigenic site—for example, a particular cluster 
of #ve or six amino acid side chains on the surface of a protein. "eir uniform 
speci#city makes monoclonal antibodies much more useful than conventional 
antisera for many purposes.

An important advantage of the hybridoma technique is that monoclonal anti-
bodies can be made against molecules that constitute only a minor component 
of a complex mixture. In an ordinary antiserum made against such a mixture, the 
proportion of antibody molecules that recognize the minor component would be 
too small to be useful. But if the B lymphocytes that produce the various compo-
nents of this antiserum are made into hybridomas, it becomes possible to screen 
individual hybridoma clones from the large mixture to select one that produces 
the desired type of monoclonal antibody and to propagate the selected hybridoma 
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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.
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Plan
• Model organisms 


• Isolating cells and growing them in culture


• Studying proteins


• Protein sequence


• Protein purification


• Protein structure


• Protein visualization


• Mass spectrometry
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Protein sequence
• Identification of a protein but no information on what it does


• Comparison of proteins in databases (Basic Local Alignment Tool, BLAST)
  463

sequence along the archived sequences until a cluster of residues falls into full or 
partial alignment (Figure 8–23). Such comparisons can predict the functions of 
individual proteins, families of proteins, or even most of the protein complement 
of a newly sequenced organism.

As was explained in Chapter 3, many proteins that adopt the same confor-
mation and have related functions are too distantly related to be identi!ed from 
a comparison of their amino acid sequences alone (see Figure 3–13). "us, an 
ability to reliably predict the three-dimensional structure of a protein from its 
amino acid sequence would improve our ability to infer protein function from the 
sequence information in genomic databases. In recent years, major progress has 
been made in predicting the precise structure of a protein. "ese predictions are 
based, in part, on our knowledge of the thousands of protein structures that have 
already been determined by x-ray crystallography and NMR spectroscopy and, 
in part, on computations using our knowledge of the physical forces acting on 
the atoms. However, it remains a substantial and important challenge to predict 
the structures of proteins that are large or have multiple domains, or to predict 
structures at the very high levels of resolution needed to assist in computer-based 
drug discovery.

While !nding related sequences and structures for a new protein will provide 
many clues about its function, it is usually necessary to test these insights through 
direct experimentation. However, the clues generated from sequence compar-
isons typically point the investigator in the correct experimental direction, and 
their use has therefore become one of the most important strategies in modern 
cell biology.

Summary
Many methods exist for identifying proteins and analyzing their biochemical prop-
erties, 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 activ-
ity of a protein can often be predicted by searching databases for previously charac-
terized proteins that are similar in their amino acid sequences. 

ANALYZING AND MANIPULATING DNA
Until the early 1970s, DNA was the most di#cult biological molecule for the bio-
chemist to analyze. Enormously long and chemically monotonous, the string of 
nucleotides that forms the genetic material of an organism could be examined 
only indirectly, by protein sequencing or by genetic analysis. Today, the situation 
has changed entirely. From being the most di#cult macromolecule of the cell to 

ANALYZING AND MANIPULATING DNA
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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.
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Plan
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• Isolating cells and growing them in culture
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Protein purification
Why do we need to purify proteins?


• To separate them from the other thousands of proteins in each cell


• To study them in vitro (perform biochemical assays)


• To get their 3D structure
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Step 1: opening the cells
• Osmotic shock, ultrasonic vibrations, ground up in a blender, …


• These processes break the cell membranes and release the content inside small membrane vesicles


• These processes leave most of the organelles intact


• The components of this “homogenate” can be separated by ultracentrifugation, that separates the elements 
by size and density

446 Chapter 8:  Analyzing Cells, Molecules, and Systems

Centrifugation is the !rst step in most fractionations, but it separates only com-
ponents that di"er greatly in size. A !ner degree of separation can be achieved by 
layering the homogenate in a thin band on top of a salt solution that !lls a centri-
fuge tube. When centrifuged, the various components in the mixture move as a 
series of distinct bands through the solution, each at a di"erent rate, in a process 
called velocity sedimentation (Figure 8–7A). For the procedure to work e"ectively, 
the bands must be protected from convective mixing, which would normally 
occur whenever a denser solution (for example, one containing organelles) !nds 
itself on top of a lighter one (the salt solution). #is is achieved by augmenting 
the solution in the tube with a shallow gradient of sucrose prepared by a special 
mixing device. #e resulting density gradient—with the dense end at the bottom 
of the tube—keeps each region of the solution denser than any solution above it, 
and it thereby prevents convective mixing from distorting the separation.

When sedimented through sucrose gradients, di"erent cell components sepa-
rate into distinct bands that can be collected individually. #e relative rate at which 
each component sediments depends primarily on its size and shape—normally 
being described in terms of its sedimentation coe$cient, or S value. Present-day 
ultracentrifuges rotate at speeds of up to 80,000 rpm and produce forces as high as 
500,000 times gravity. #ese enormous forces drive even small macromolecules, 
such as tRNA molecules and simple enzymes, to sediment at an appreciable rate 
and allow them to be separated from one another by size. 

#e ultracentrifuge is also used to separate cell components on the basis of 
their buoyant density, independently of their size and shape. In this case, the 
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Figure 8–5 The preparative ultracentrifuge. (A) The sample is contained in tubes that are 
inserted into a ring of angled cylindrical holes in a metal rotor. Rapid rotation of the rotor generates 
enormous centrifugal forces, which cause particles in the sample to sediment against the bottom 
sides of the sample tubes, as shown here. The vacuum reduces friction, preventing heating of the 
rotor and allowing the refrigeration system to maintain the sample at 4°C. (B) Some fractionation 
methods require a different type of rotor called a swinging-bucket rotor. In this case, the sample 
tubes are placed in metal tubes on hinges that allow the tubes to swing outward when the rotor 
spins. Sample tubes are therefore horizontal during spinning, and samples are sedimented toward 
the bottom, not the sides, of the tube, providing better separation of differently sized components 
(see Figures 8–6 and 8–7).
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LOW-SPEED CENTRIFUGATION

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: 1000 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
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Step 1: opening the cells

446 Chapter 8:  Analyzing Cells, Molecules, and Systems

Centrifugation is the !rst step in most fractionations, but it separates only com-
ponents that di"er greatly in size. A !ner degree of separation can be achieved by 
layering the homogenate in a thin band on top of a salt solution that !lls a centri-
fuge tube. When centrifuged, the various components in the mixture move as a 
series of distinct bands through the solution, each at a di"erent rate, in a process 
called velocity sedimentation (Figure 8–7A). For the procedure to work e"ectively, 
the bands must be protected from convective mixing, which would normally 
occur whenever a denser solution (for example, one containing organelles) !nds 
itself on top of a lighter one (the salt solution). #is is achieved by augmenting 
the solution in the tube with a shallow gradient of sucrose prepared by a special 
mixing device. #e resulting density gradient—with the dense end at the bottom 
of the tube—keeps each region of the solution denser than any solution above it, 
and it thereby prevents convective mixing from distorting the separation.

When sedimented through sucrose gradients, di"erent cell components sepa-
rate into distinct bands that can be collected individually. #e relative rate at which 
each component sediments depends primarily on its size and shape—normally 
being described in terms of its sedimentation coe$cient, or S value. Present-day 
ultracentrifuges rotate at speeds of up to 80,000 rpm and produce forces as high as 
500,000 times gravity. #ese enormous forces drive even small macromolecules, 
such as tRNA molecules and simple enzymes, to sediment at an appreciable rate 
and allow them to be separated from one another by size. 

#e ultracentrifuge is also used to separate cell components on the basis of 
their buoyant density, independently of their size and shape. In this case, the 

rotor

motor
refrigeration  vacuum  

armored
chamber

(A) (B)sedimenting
material

MBoC6 m8.09/8.07

motor
refrigeration  vacuum  

sedimenting
materialhinge

Figure 8–5 The preparative ultracentrifuge. (A) The sample is contained in tubes that are 
inserted into a ring of angled cylindrical holes in a metal rotor. Rapid rotation of the rotor generates 
enormous centrifugal forces, which cause particles in the sample to sediment against the bottom 
sides of the sample tubes, as shown here. The vacuum reduces friction, preventing heating of the 
rotor and allowing the refrigeration system to maintain the sample at 4°C. (B) Some fractionation 
methods require a different type of rotor called a swinging-bucket rotor. In this case, the sample 
tubes are placed in metal tubes on hinges that allow the tubes to swing outward when the rotor 
spins. Sample tubes are therefore horizontal during spinning, and samples are sedimented toward 
the bottom, not the sides, of the tube, providing better separation of differently sized components 
(see Figures 8–6 and 8–7).
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LOW-SPEED CENTRIFUGATION

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: 1000 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
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sample is sedimented through a steep density gradient that contains a very high 
concentration of sucrose or cesium chloride. Each cell component begins to move 
down the gradient as in Figure 8–7A, but it eventually reaches a position where the 
density of the solution is equal to its own density. At this point, the component 
!oats and can move no farther. A series of distinct bands is thereby produced in 
the centrifuge tube, with the bands closest to the bottom of the tube containing 
the components of highest buoyant density (Figure 8–7B). "is method, called 
equilibrium sedimentation, is so sensitive that it can separate macromolecules 
that have incorporated heavy isotopes, such as 13C or 15N, from the same mac-
romolecules that contain the lighter, common isotopes (12C or 14N). In fact, the 
cesium-chloride method was developed in 1957 to separate the labeled from the 
unlabeled DNA produced after exposure of a growing population of bacteria to 
nucleotide precursors containing 15N; this classic experiment provided direct evi-
dence for the semiconservative replication of DNA (see Figure 5–5).

Cell Extracts Provide Accessible Systems to Study Cell Functions 
Studies of organelles and other large subcellular components isolated in the ultra-
centrifuge have contributed enormously to our understanding of the functions of 
di#erent cell components. Experiments on mitochondria and chloroplasts puri-
$ed by centrifugation, for example, demonstrated the central function of these 
organelles in converting energy into forms that the cell can use. Similarly, resealed 
vesicles formed from fragments of rough and smooth endoplasmic reticulum 
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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. 
(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).

• Improving separation using gradients
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Step 2: separating the proteins

• Using column chromatography


• A mixture of proteins is passed through a porous gel 
matrix


• Different proteins are retarded to different extents 
depending on their interaction with the matrix


• They are collected separately as they come out of the 
column

448 Chapter 8:  Analyzing Cells, Molecules, and Systems

(microsomes) have been separated from each other and analyzed as functional 
models of these compartments of the intact cell.

Similarly, highly concentrated cell extracts, especially extracts of Xenopus lae-
vis (African clawed frog) oocytes, have played a critical role in the study of such 
complex and highly organized processes as the cell-division cycle, the separa-
tion of chromosomes on the mitotic spindle, and the vesicular-transport steps 
involved in the movement of proteins from the endoplasmic reticulum through 
the Golgi apparatus to the plasma membrane. 

Cell extracts also provide, in principle, the starting material for the complete 
separation of all of the individual macromolecular components of the cell. We 
now consider how this separation is achieved, focusing on proteins.

Proteins Can Be Separated by Chromatography 
Proteins are most often fractionated by column chromatography, in which a 
mixture of proteins in solution is passed through a column containing a porous 
solid matrix. Di!erent proteins are retarded to di!erent extents by their interac-
tion with the matrix, and they can be collected separately as they "ow out of the 
bottom of the column (Figure 8–8). Depending on the choice of matrix, proteins 
can be separated according to their charge (ion-exchange chromatography), their 
hydrophobicity (hydrophobic chromatography), their size (gel-!ltration chroma-
tography), or their ability to bind to particular small molecules or to other macro-
molecules (a"nity chromatography).

Many types of matrices are available. Ion-exchange columns (Figure 8–9A) 
are packed with small beads that carry either a positive or a negative charge, so 
that proteins are fractionated according to the arrangement of charges on their 
surface. Hydrophobic columns are packed with beads from which hydrophobic 
side chains protrude, selectively retarding proteins with exposed hydrophobic 
regions. Gel-#ltration columns (Figure 8–9B), which separate proteins according 
to their size, are packed with tiny porous beads: molecules that are small enough 
to enter the pores linger inside successive beads as they pass down the column, 
while larger molecules remain in the solution "owing between the beads and 
therefore move more rapidly, emerging from the column #rst. Besides providing 
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COLUMN 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.
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Step 2: separating the proteins
• Depending on the matrix, proteins can be separated according to 


• their charge (ion-exchange chromatography), 


• their hydrophobicity (hydrophobic chromatography)


• their molecular weight (gel filtration = size-exclusion chromatography)


• their ability to bind small molecules (affinity chromatography)
  449

a means of separating molecules, gel-!ltration chromatography is a convenient 
way to estimate their size.

A"nity chromatography (Figure 8–9C) takes advantage of the biologically 
important binding interactions that occur on protein surfaces. If a substrate mol-
ecule is covalently coupled to an inert matrix such as a polysaccharide bead, the 
enzyme that operates on that substrate will often be speci!cally retained by the 
matrix and can then be eluted (washed out) in nearly pure form. Likewise, short 
DNA oligonucleotides of a speci!cally designed sequence can be immobilized in 
this way and used to purify DNA-binding proteins that normally recognize this 
sequence of nucleotides in chromosomes. Alternatively, speci!c antibodies can 
be coupled to a matrix to purify protein molecules recognized by the antibodies. 
Because of the great speci!city of all such a"nity columns, 1000- to 10,000-fold 
puri!cations can sometimes be achieved in a single pass.

If one starts with a complex mixture of proteins, a single passage through an 
ion-exchange or a gel-!ltration column does not produce very highly puri!ed 
fractions, since these methods individually increase the proportion of a given pro-
tein in the mixture no more than twentyfold. Because most individual proteins 
represent less than 1/1000 of the total cell protein, it is usually necessary to use 
several di#erent types of columns in succession to attain su"cient purity, with 
a"nity chromatography being the most e"cient (Figure 8–10). 

Inhomogeneities in the matrices (such as cellulose), which cause an uneven 
$ow of solvent through the column, limit the resolution of conventional column 
chromatography. Special chromatography resins (usually silica-based) com-
posed of tiny spheres (3–10 μm in diameter) can be packed with a special appa-
ratus to form a uniform column bed. Such high-performance liquid chromatog-
raphy (HPLC) columns attain a high degree of resolution. In HPLC, the solutes 
equilibrate very rapidly with the interior of the tiny spheres, and so solutes with 
di#erent a"nities for the matrix are e"ciently separated from one another even 
at very fast $ow rates. HPLC is therefore the method of choice for separating many 
proteins and small molecules.

Immunoprecipitation Is a Rapid Affinity Purification Method
Immunoprecipitation is a useful variation on the theme of a"nity chromatogra-
phy. Speci!c antibodies that recognize the protein to be puri!ed are attached to 
small agarose beads. Rather than being packed into a column, as in a"nity chro-
matography, a small quantity of the antibody-coated beads is simply added to a 
protein extract in a test tube and mixed in suspension for a short period of time—
thereby allowing the antibodies to bind the desired protein. %e beads are then 
collected by low-speed centrifugation, and the unbound proteins in the super-
natant are discarded. %is method is commonly used to purify small amounts of 
enzymes from cell extracts for analysis of enzymatic activity or for studies of asso-
ciated proteins.
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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. (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. 
(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.
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Genetically Engineered Tags Provide an Easy Way to Purify 
Proteins
Using the recombinant DNA methods discussed in subsequent sections, any gene 
can be modi!ed to produce its protein with a special recognition tag attached to 
it, so as to make subsequent puri!cation of the protein simple and rapid. Often 
the recognition tag is itself an antigenic determinant, or epitope, which can be 
recognized by a highly speci!c antibody. "e antibody can then be used to purify 
the protein by a#nity chromatography or immunoprecipitation (Figure 8–11). 
Other types of tags are speci!cally designed for protein puri!cation. For exam-
ple, a repeated sequence of the amino acid histidine binds to certain metal ions, 
including nickel and copper. If genetic engineering techniques are used to attach 
a short string of histidines to one end of a protein, the slightly modi!ed protein 
can be retained selectively on an a#nity column containing immobilized nickel 
ions. Metal a#nity chromatography can thereby be used to purify the modi!ed 
protein from a complex molecular mixture.
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Figure 8–10 Protein purification by 
chromatography. Typical results obtained 
when three different chromatographic steps 
are used in succession to purify a protein. 
In this example, a homogenate of cells was 
first fractionated by allowing it to percolate 
through an ion-exchange resin packed into 
a column (A). The column was washed to 
remove all unbound contaminants, and the 
bound proteins were then eluted by pouring 
a solution containing a gradually increasing 
concentration of salt onto the top of the 
column. Proteins with the lowest affinity 
for the ion-exchange resin passed directly 
through the column and were collected in 
the earliest fractions eluted from the bottom 
of the column. The remaining proteins 
were eluted in sequence according to 
their affinity for the resin—those proteins 
binding most tightly to the resin requiring 
the highest concentration of salt to remove 
them. The protein of interest was eluted 
in several fractions and was detected by 
its enzymatic activity. The fractions with 
activity were pooled and then applied 
to a gel-filtration column (B). The elution 
position of the still-impure protein was 
again determined by its enzymatic activity, 
and the active fractions were pooled and 
purified to homogeneity on an affinity 
column (C) that contained an immobilized 
substrate of the enzyme. 
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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. 
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Step 2: separating the proteins
• The resolution of classical chromatography columns is limited


• Special resins (silica-based) composed of tiny spheres (3-10 um) can be packed to form a uniform 
column bed to attain a high degree of resolution = high-performance liquid chromatography 
(HPLC)

https://microbenotes.com/high-performance-liquid-chromatography-hplc/https://noguchi.ug.edu.gh/services/hplc-analysis/
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Step 2: separating the proteins
• Immunoprecipitation (IP) as a rapid affinity purification

https://www.rockland.com/resources/immunoprecipitation-technique/
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Step 2: separating the proteins
• Protein tags provide an easy way to purify proteins


• His-Tag (addition of 8 His residues) strongly binds to Nickel


• GST (glutathione-S-transferase, entire protein)


• Cleavage site between the protein and the tag

450 Chapter 8:  Analyzing Cells, Molecules, and Systems

Genetically Engineered Tags Provide an Easy Way to Purify 
Proteins
Using the recombinant DNA methods discussed in subsequent sections, any gene 
can be modi!ed to produce its protein with a special recognition tag attached to 
it, so as to make subsequent puri!cation of the protein simple and rapid. Often 
the recognition tag is itself an antigenic determinant, or epitope, which can be 
recognized by a highly speci!c antibody. "e antibody can then be used to purify 
the protein by a#nity chromatography or immunoprecipitation (Figure 8–11). 
Other types of tags are speci!cally designed for protein puri!cation. For exam-
ple, a repeated sequence of the amino acid histidine binds to certain metal ions, 
including nickel and copper. If genetic engineering techniques are used to attach 
a short string of histidines to one end of a protein, the slightly modi!ed protein 
can be retained selectively on an a#nity column containing immobilized nickel 
ions. Metal a#nity chromatography can thereby be used to purify the modi!ed 
protein from a complex molecular mixture.
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Figure 8–10 Protein purification by 
chromatography. Typical results obtained 
when three different chromatographic steps 
are used in succession to purify a protein. 
In this example, a homogenate of cells was 
first fractionated by allowing it to percolate 
through an ion-exchange resin packed into 
a column (A). The column was washed to 
remove all unbound contaminants, and the 
bound proteins were then eluted by pouring 
a solution containing a gradually increasing 
concentration of salt onto the top of the 
column. Proteins with the lowest affinity 
for the ion-exchange resin passed directly 
through the column and were collected in 
the earliest fractions eluted from the bottom 
of the column. The remaining proteins 
were eluted in sequence according to 
their affinity for the resin—those proteins 
binding most tightly to the resin requiring 
the highest concentration of salt to remove 
them. The protein of interest was eluted 
in several fractions and was detected by 
its enzymatic activity. The fractions with 
activity were pooled and then applied 
to a gel-filtration column (B). The elution 
position of the still-impure protein was 
again determined by its enzymatic activity, 
and the active fractions were pooled and 
purified to homogeneity on an affinity 
column (C) that contained an immobilized 
substrate of the enzyme. 

INSERT DNA
ENCODING PEPTIDE
EPITOPE TAG

INTRODUCE
INTO CELL

MBoC6 m8.15/8.13

gene for protein of interest

rapid purification of tagged protein
and any associated proteins

epitope-tagged
protein

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. 
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Step 2: separating the proteins
• Protein tags provide an easy way to purify proteins


• His-Tag (addition of 8 His residues) strongly binds to Nickel


• GST (glutathione-S-transferase, entire protein)


• Cleavage site between the protein and the tag

450 Chapter 8:  Analyzing Cells, Molecules, and Systems

Genetically Engineered Tags Provide an Easy Way to Purify 
Proteins
Using the recombinant DNA methods discussed in subsequent sections, any gene 
can be modi!ed to produce its protein with a special recognition tag attached to 
it, so as to make subsequent puri!cation of the protein simple and rapid. Often 
the recognition tag is itself an antigenic determinant, or epitope, which can be 
recognized by a highly speci!c antibody. "e antibody can then be used to purify 
the protein by a#nity chromatography or immunoprecipitation (Figure 8–11). 
Other types of tags are speci!cally designed for protein puri!cation. For exam-
ple, a repeated sequence of the amino acid histidine binds to certain metal ions, 
including nickel and copper. If genetic engineering techniques are used to attach 
a short string of histidines to one end of a protein, the slightly modi!ed protein 
can be retained selectively on an a#nity column containing immobilized nickel 
ions. Metal a#nity chromatography can thereby be used to purify the modi!ed 
protein from a complex molecular mixture.
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Figure 8–10 Protein purification by 
chromatography. Typical results obtained 
when three different chromatographic steps 
are used in succession to purify a protein. 
In this example, a homogenate of cells was 
first fractionated by allowing it to percolate 
through an ion-exchange resin packed into 
a column (A). The column was washed to 
remove all unbound contaminants, and the 
bound proteins were then eluted by pouring 
a solution containing a gradually increasing 
concentration of salt onto the top of the 
column. Proteins with the lowest affinity 
for the ion-exchange resin passed directly 
through the column and were collected in 
the earliest fractions eluted from the bottom 
of the column. The remaining proteins 
were eluted in sequence according to 
their affinity for the resin—those proteins 
binding most tightly to the resin requiring 
the highest concentration of salt to remove 
them. The protein of interest was eluted 
in several fractions and was detected by 
its enzymatic activity. The fractions with 
activity were pooled and then applied 
to a gel-filtration column (B). The elution 
position of the still-impure protein was 
again determined by its enzymatic activity, 
and the active fractions were pooled and 
purified to homogeneity on an affinity 
column (C) that contained an immobilized 
substrate of the enzyme. 
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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. 
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Plan
• Model organisms 


• Isolating cells and growing them in culture


• Studying proteins


• Protein sequence


• Protein purification


• Protein structure


• Protein visualization


• Mass spectrometry
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Solving protein structures

➡ Mapping the precise position of each amino-acid within the 3D structure


• AlphaFold


• X-ray cristallography


• Nuclear Magnetic Resonance Spectroscopy


• CryoEM
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Solving protein structures
• AlphaFold
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Solving protein structures
• X-ray cristallography


• X-rays are a form of electromagnetic radiation with short wavelength (~0,1 nm)


• If a narrow beam of X-rays is directed at a sample of pure proteins, most pass through it but a small 
fraction is scattered by the atoms of the protein


• If the sample is a well-ordered crystal, the scattered waves reinforce each other and diffraction spots 
appear on the detector

  461

NMR Can Be Used to Determine Protein Structure in Solution
Nuclear magnetic resonance (NMR) spectroscopy has been widely used for 
many years to analyze the structure of small molecules, small proteins, or protein 
domains. Unlike x-ray crystallography, NMR does not depend on having a crys-
talline sample. It simply requires a small volume of concentrated protein solu-
tion that is placed in a strong magnetic !eld; indeed, it is the main technique that 
yields detailed evidence about the three-dimensional structure of molecules in 
solution.

Certain atomic nuclei, particularly hydrogen nuclei, have a magnetic moment 
or spin: that is, they have an intrinsic magnetization, like a bar magnet. "e spin 
aligns along the strong magnetic !eld, but it can be changed to a misaligned, 
excited state in response to applied radiofrequency (RF) pulses of electromag-
netic radiation. When the excited hydrogen nuclei return to their aligned state, 
they emit RF radiation, which can be measured and displayed as a spectrum. "e 
nature of the emitted radiation depends on the environment of each hydrogen 
nucleus, and if one nucleus is excited, it in#uences the absorption and emission 
of radiation by other nuclei that lie close to it. It is consequently possible, by an 
ingenious elaboration of the basic NMR technique known as two-dimensional 
NMR, to distinguish the signals from hydrogen nuclei in di$erent amino acid resi-
dues, and to identify and measure the small shifts in these signals that occur when 
these hydrogen nuclei lie close enough together to interact. Because the size of 
such a shift reveals the distance between the interacting pair of hydrogen atoms, 
NMR can provide information about the distances between the parts of the pro-
tein molecule. By combining this information with a knowledge of the amino acid 
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Figure 8–21 X-ray crystallography. (A) A narrow beam of x-rays is directed 
at a well-ordered crystal (B). Shown here is a protein crystal of ribulose 
bisphosphate carboxylase, an enzyme with a central role in CO2 fixation 
during photosynthesis. The atoms in the crystal scatter some of the beam, 
and the scattered waves reinforce one another at certain points and appear 
as a pattern of diffraction spots (C). This diffraction pattern, together with 
the amino acid sequence of the protein, can be used to produce an atomic 
model (D). The complete atomic model is hard to interpret, but this simplified 
version, derived from the x-ray diffraction data, shows the protein’s structural 
features clearly (α helices, green; β strands, red). The components pictured in 
A to D are not shown to scale. (B, courtesy of C. Branden; C, courtesy of J. 
Hajdu and I. Andersson; D, adapted from original provided by B. Furugren.)
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Solving protein structures
• X-ray cristallography


• Slowest step: getting a protein crystal (large amounts of very pure protein)


• The position and intensity of each spot of the diffraction pattern contain information on the location of 
the atoms in the crystal


• Computational methods to generate a 3D electron-density map


• By trial and error, the map and sequence are correlated by a computer to provide the best possible fit

https://macromoltek.medium.com/what-is-x-ray-crystallography-1e186bc3d180
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Solving protein structures

• Nuclear magnetic resonance (NMR) spectroscopy


• Does not depend on a protein crystal


• Only suited for small proteins


• Requires a small volume of a concentrated protein placed in a strong magnetic field


• Hydrogen nuclei behave as magnets and spin when exposed to magnetic field. The way they spin 
depends on their environment


• Interested to know more? https://www.youtube.com/watch?v=Sn3dNMv-67k

https://www.youtube.com/watch?v=Sn3dNMv-67k
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Solving protein structures

• 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.
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Plan
• Model organisms 


• Isolating cells and growing them in culture


• Studying proteins


• Protein sequence


• Protein purification


• Protein structure


• Protein visualization


• Mass spectrometry
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Visualizing/Separating proteins

• SDS-PAGE = sodium dodecyl sulfate polyacrylamide gel electrophoresis


• Proteins have a net positive or negative charge depending on the amino-acid they contain


• When an electric field is applied to a solution containing proteins, they will migrate depending on this charge, 
size and shape


• SDS-PAGE uses a cross-linked gel of polyacrylamide through which the proteins migrate, the pore size of the 
gel can be adjusted
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Proteins can be separated on SDS-PAGE
• The proteins are dissolved in a powerful negatively charged detergent, SDS


• SDS binds to hydrophobic regions of the protein, causing their unfolding 
and release from other proteins or membranes


• B-mercaptoethanol removes disulfide bonds

452 Chapter 8:  Analyzing Cells, Molecules, and Systems

ANALYZING PROTEINS
Proteins perform most cellular processes: they catalyze metabolic reactions, use 
nucleotide hydrolysis to do mechanical work, and serve as the major structural 
elements of the cell. !e great variety of protein structures and functions has stim-
ulated the development of a multitude of techniques to study them.

Proteins Can Be Separated by SDS Polyacrylamide-Gel 
Electrophoresis 
Proteins usually possess a net positive or negative charge, depending on the mix-
ture of charged amino acids they contain. An electric "eld applied to a solution 
containing a protein molecule causes the protein to migrate at a rate that depends 
on its net charge and on its size and shape. !e most popular application of this 
property is SDS polyacrylamide-gel electrophoresis (SDS-PAGE). It uses a highly 
cross-linked gel of polyacrylamide as the inert matrix through which the proteins 
migrate. !e gel is prepared by polymerization of monomers; the pore size of the 
gel can be adjusted so that it is small enough to retard the migration of the pro-
tein molecules of interest. !e proteins are dissolved in a solution that includes a 
powerful negatively charged detergent, sodium dodecyl sulfate, or SDS (Figure 
8–12). Because this detergent binds to hydrophobic regions of the protein mol-
ecules, causing them to unfold into extended polypeptide chains, the individual 
protein molecules are released from their associations with other proteins or lipid 
molecules and rendered freely soluble in the detergent solution. In addition, a 
reducing agent such as β-mercaptoethanol (see Figure 8–12) is usually added to 
break any S–S linkages in the proteins, so that all of the constituent polypeptides 
in multisubunit proteins can be analyzed separately.

What happens when a mixture of SDS-solubilized proteins is run through 
a slab of polyacrylamide gel? Each protein molecule binds large numbers of 
the negatively charged detergent molecules, which mask the protein’s intrin-
sic charge and cause it to migrate toward the positive electrode when a voltage 
is applied. Proteins of the same size tend to move through the gel with similar 
speeds because (1) their native structure is completely unfolded by the SDS, so 
that their shapes are the same, and (2) they bind the same amount of SDS and 
therefore have the same amount of negative charge. Larger proteins, with more 
charge, are subjected to larger electrical forces but also to a larger drag. In free 
solution, the two e#ects would cancel out, but, in the mesh of the polyacrylamide 
gel, which acts as a molecular sieve, large proteins are retarded much more than 
small ones. As a result, a complex mixture of proteins is fractionated into a series 
of discrete protein bands arranged in order of molecular weight (Figure 8–13). 
!e major proteins are readily detected by staining the proteins in the gel with 
a dye such as Coomassie blue. Even minor proteins are seen in gels treated with 
a silver stain, so that as little as 10 ng of protein can be detected in a band. For 
some purposes, speci"c proteins can also be labeled with a radioactive isotope 
tag; exposure of the gel to "lm results in an autoradiograph on which the labeled 
proteins are visible (see Figure 8–16). 

SDS-PAGE is widely used because it can separate all types of proteins, includ-
ing those that are normally insoluble in water—such as the many proteins in 
membranes. And because the method separates polypeptides by size, it provides 
information about the molecular weight and the subunit composition of proteins. 
Figure 8–14 presents a photograph of a gel that has been used to analyze each of 
the successive stages in the puri"cation of a protein.

Two-Dimensional Gel Electrophoresis Provides Greater Protein 
Separation
Because di#erent proteins can have similar sizes, shapes, masses, and overall 
charges, most separation techniques such as SDS polyacrylamide-gel electropho-
resis or ion-exchange chromatography cannot typically separate all the proteins 
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Figure 8–12 The detergent sodium 
dodecyl sulfate (SDS) and the reducing 
agent β-mercaptoethanol. These two 
chemicals are used to solubilize proteins for 
SDS polyacrylamide-gel electrophoresis. 
The SDS is shown here in its ionized form.
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Proteins can be separated on SDS-PAGE

• Binding of SDS masks the intrinsic charge of the protein and causes it to migrate towards the positive 
electrode during SDS-PAGE


• Proteins with the same size move at the same speed


• they are unfolded so their shape is the same


• they bind the same amount of SDS so their charge is the same
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Proteins can be separated on SDS-PAGE

• Larger proteins are retarded more than small ones in the acrylamide 
mesh


• Proteins can be stained (for example using Coomassie blue)
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in a cell or even in an organelle. In contrast, two-dimensional gel electrophore-
sis, which combines two di!erent separation procedures, can resolve up to 2000 
proteins in the form of a two-dimensional protein map.

In the "rst step, the proteins are separated by their intrinsic charges. #e sam-
ple is dissolved in a small volume of a solution containing a nonionic (uncharged) 
detergent, together with β-mercaptoethanol and the denaturing reagent urea. 
#is solution solubilizes, denatures, and dissociates all the polypeptide chains 
but leaves their intrinsic charge unchanged. #e polypeptide chains are then 
separated in a pH gradient by a procedure called isoelectric focusing, which takes 
advantage of the variation in the net charge on a protein molecule with the pH of 
its surrounding solution. Every protein has a characteristic isoelectric point, the 
pH at which the protein has no net charge and therefore does not migrate in an 
electric "eld. In isoelectric focusing, proteins are separated electrophoretically in 
a narrow tube of polyacrylamide gel in which a gradient of pH is established by 
a mixture of special bu!ers. Each protein moves to a position in the gradient that 

ANALYZING PROTEINS

+

B

C

A

protein with two
subunits, A and B,

joined by a disulfide
bridge

single-subunit
protein

A                  B                                 C

S-S

HEATED WITH SDS AND MERCAPTOETHANOL

SH

HS

___ _ __
__________ _ __________________ __
___
_____

__
_

_ _____
__

__ ______________________ _ ____
__
__
__
__
__
__
__
__
_ ______________________________

__
____

__
_

__ _ _____ _ _ ____ ____________ _ _ ___
__
__
__

_____________
_____

negatively
charged SDS
molecules

POLYACRYLAMIDE-GEL ELECTROPHORESIS

A B

C

slab of polyacrylamide gel

(B)(A)

+

cathode

anode

sample loaded onto gel
by pipette

plastic casing

buffer

buffer

gel

MBoC6 m8.18/8.15

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

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.)
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in a cell or even in an organelle. In contrast, two-dimensional gel electrophore-
sis, which combines two di!erent separation procedures, can resolve up to 2000 
proteins in the form of a two-dimensional protein map.

In the "rst step, the proteins are separated by their intrinsic charges. #e sam-
ple is dissolved in a small volume of a solution containing a nonionic (uncharged) 
detergent, together with β-mercaptoethanol and the denaturing reagent urea. 
#is solution solubilizes, denatures, and dissociates all the polypeptide chains 
but leaves their intrinsic charge unchanged. #e polypeptide chains are then 
separated in a pH gradient by a procedure called isoelectric focusing, which takes 
advantage of the variation in the net charge on a protein molecule with the pH of 
its surrounding solution. Every protein has a characteristic isoelectric point, the 
pH at which the protein has no net charge and therefore does not migrate in an 
electric "eld. In isoelectric focusing, proteins are separated electrophoretically in 
a narrow tube of polyacrylamide gel in which a gradient of pH is established by 
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electrophoresis apparatus. (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.

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.)
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in a cell or even in an organelle. In contrast, two-dimensional gel electrophore-
sis, which combines two di!erent separation procedures, can resolve up to 2000 
proteins in the form of a two-dimensional protein map.

In the "rst step, the proteins are separated by their intrinsic charges. #e sam-
ple is dissolved in a small volume of a solution containing a nonionic (uncharged) 
detergent, together with β-mercaptoethanol and the denaturing reagent urea. 
#is solution solubilizes, denatures, and dissociates all the polypeptide chains 
but leaves their intrinsic charge unchanged. #e polypeptide chains are then 
separated in a pH gradient by a procedure called isoelectric focusing, which takes 
advantage of the variation in the net charge on a protein molecule with the pH of 
its surrounding solution. Every protein has a characteristic isoelectric point, the 
pH at which the protein has no net charge and therefore does not migrate in an 
electric "eld. In isoelectric focusing, proteins are separated electrophoretically in 
a narrow tube of polyacrylamide gel in which a gradient of pH is established by 
a mixture of special bu!ers. Each protein moves to a position in the gradient that 
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electrophoresis apparatus. (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.

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.)
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2D-gel electrophoresis

• Two proteins can have the same size/shape/mass/charge


• 2D-gel electrophoresis combines two separation methods


• D1: separation by intrinsic charge


• D2: classical SDS-PAGE

454 Chapter 8:  Analyzing Cells, Molecules, and Systems

corresponds to its isoelectric point and remains there (Figure 8–15). !is is the 
"rst dimension of two-dimensional polyacrylamide-gel electrophoresis.

In the second step, the narrow tube gel containing the separated proteins is 
again subjected to electrophoresis but in a direction that is at a right angle to the 
direction used in the "rst step. !is time SDS is added, and the proteins separate 
according to their size, as in one-dimensional SDS-PAGE: the original tube gel is 
soaked in SDS and then placed along the top edge of an SDS polyacrylamide-gel 
slab, through which each polypeptide chain migrates to form a discrete spot. !is 
is the second dimension of two-dimensional polyacrylamide-gel electrophore-
sis. !e only proteins left unresolved are those that have both identical sizes and 
identical isoelectric points, a relatively rare situation. Even trace amounts of each 
polypeptide chain can be detected on the gel by various staining procedures—or 
by autoradiography if the protein sample was initially labeled with a radioisotope 
(Figure 8–16). !e technique has such great resolving power that it can distin-
guish between two proteins that di#er in only a single charged amino acid, or a 
single negatively charged phosphorylation site. 

Specific Proteins Can Be Detected by Blotting with Antibodies
A speci"c protein can be identi"ed after its fractionation on a polyacrylamide 
gel by exposing all the proteins present on the gel to a speci"c antibody that has 
been labeled with a radioactive isotope or a $uorescent dye. !is procedure is 
normally carried out after transferring all of the separated proteins present in the 

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.
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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.)
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2D-gel electrophoresis

• Two proteins can have the same size/shape/mass/charge


• 2D-gel electrophoresis combines two separation methods


• D1: separation by intrinsic charge


• D2: classical SDS-PAGE
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corresponds to its isoelectric point and remains there (Figure 8–15). !is is the 
"rst dimension of two-dimensional polyacrylamide-gel electrophoresis.

In the second step, the narrow tube gel containing the separated proteins is 
again subjected to electrophoresis but in a direction that is at a right angle to the 
direction used in the "rst step. !is time SDS is added, and the proteins separate 
according to their size, as in one-dimensional SDS-PAGE: the original tube gel is 
soaked in SDS and then placed along the top edge of an SDS polyacrylamide-gel 
slab, through which each polypeptide chain migrates to form a discrete spot. !is 
is the second dimension of two-dimensional polyacrylamide-gel electrophore-
sis. !e only proteins left unresolved are those that have both identical sizes and 
identical isoelectric points, a relatively rare situation. Even trace amounts of each 
polypeptide chain can be detected on the gel by various staining procedures—or 
by autoradiography if the protein sample was initially labeled with a radioisotope 
(Figure 8–16). !e technique has such great resolving power that it can distin-
guish between two proteins that di#er in only a single charged amino acid, or a 
single negatively charged phosphorylation site. 

Specific Proteins Can Be Detected by Blotting with Antibodies
A speci"c protein can be identi"ed after its fractionation on a polyacrylamide 
gel by exposing all the proteins present on the gel to a speci"c antibody that has 
been labeled with a radioactive isotope or a $uorescent dye. !is procedure is 
normally carried out after transferring all of the separated proteins present in the 

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.
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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.)
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Detecting proteins by Western Blot

• A specific protein can be 
detected on an SDS-PAGE 
using a specific labelled 
antibody


• Transfer of the proteins from the 
gel onto a nitrocellulose/nylon 
membrane using an electric 
current


• The membrane is soaked in 
antibody solution

https://www.biomol.com/resources/applications/western-blot/



Detecting proteins by Western Blot

https://www.labmanager.com/southern-vs-northern-vs-western-blotting-techniques-854
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Plan
• Model organisms 


• Isolating cells and growing them in culture


• Studying proteins


• Protein sequence


• Protein purification


• Protein structure


• Protein visualization


• Mass spectrometry
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Mass spectrometry to identify unknown proteins

• How to identify a protein obtained from one of the purification methods?


• 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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• Use of LC-MS/MS for complex protein mixtures
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Summary
• Model organisms 


• Isolating cells and growing them in culture


• Studying proteins


• Protein sequence


• Protein purification


• Protein structure


• Protein visualization


• Mass spectrometry



Have a nice day! 
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