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A EXPERIMENTAL FIGURE 3-37 Three commonly used liquid
chromatographic techniques separate proteins on the basis of
mass, charge, or affinity for a specific binding partner. (a) Get
filtration chromatography separates proteins that differ in size. A
mixture of proteins is carefully layered on the top of a cylinder
packed with porous beads. Smaller proteins travel through the
column more slowly than larger proteins. Thus different proteins
emerging in the eluate flowing out of the bottom of the column at
different times (different elution volumes) can be collected in
separate tubes, called fractions. (b) lon-exchange chromatography
separates proteins that differ in net charge in columns packed with
spedial beads that carry either a positive charge (shown here) or a
negative charge. Proteins having the same net charge as the beads
are repelled and flow through the column, whereas proteins having

retained on the column. The proteins bound to the affinity
column are then eluted by adding an excess of a soluble
form of the ligand or by changing the salt concentration or
PH such that the binding to the molecule on the column is
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the opposite charge bind to the beads more or less tightly,
depending on their structures. Bound proteins—in this case,
negatively charged—are subsequently eluted by passing a salt
gradient (usually of NaCl or KCl) through the column. As the ions
bind to the beads, they displace the proteins (more tightly bound
proteins require higher salt concentration in order to be released).
(¢) In antibody-affinity chromatography, a mixture of proteins is
passed through a column packed with beads to which a specific
antibody is covalently attached. Only protein with high affinity for the
antibody is retained by the column; all the nonbinding proteins flow
through. After the column is washed, the bound protein is eluted
with an acidic solution or some other solution that disrupts the
antigen—antibody complexes; the released protein then flows out of
the column and is collected.

disrupted. The ability of this technique to separate particu-
lar proteins depends on the selection of appropriate binding
partners that bind more tightly to the protein of interest
than to other proteins.
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Highly Specific Enzyme and Antibody Assays
Can Detect Individual Proteins

The purification of a protein, or any other molecule, re-
quires a specific assay that can detect the presence of the
molecule of interest as it is separated from other molecules
(e.g-, in column or density-gradient fractions or gel bands or
spots). An assay capitalizes on some highly distinctive char-
acteristic of a protein: the ability to bind a particular ligand,
to catalyze a particular reaction, or to be recognized by a
specific antibody. An assay must also be simple and fast to
minimize errors and the possibility that the protein of inter-
est becomes denatured or degraded while the assay is per-
formed. The goal of any purification scheme is to isolate
sufficient amounts of a given protein for study; thus a use-
ful assay must also be sensitive enough that only a small
proportion of the available material is consumed by it.
Many common protein assays require just 10~ to 10712 g
of material.

Chromogenic and Light-Emitting Enzyme Reactions
Many assays are tailored to detect some functional aspect of a
protein. For example, enzymatic activity assays are based on the
ability to detect the loss of substrate or the formation of prod-
uct. Some enzymatic assays utilize chromogenic substrates,
which change color in the course of the reaction. (Some sub-
strates are naturally chromogenic; if they are not, they can be
linked to a chromogenic molecule.) Because of the specificity of
an enzyme for its substrate, only samples that contain the
enzyme will change color in the presence of a chromogenic
substrate; the rate of the reaction provides a measure of the
quantity of enzyme present. Enzymes that catalyze chromogenic
reactions can also be fused or chemically linked to an antibody
and used to “report” the presence or location of an antigen to
which the antibody binds (see below).

Antibody Assays As noted earlier, antibodies have the
distinctive characteristic of binding tightly and specifically to
antigens. As a consequence, preparations of antibodies that
recognize a protein antigen of interest can be generated and
used to detect the presence of the protein, either in a com-
plex mixture of other proteins (finding a needle in a
haystack, as it were) or in a partially purified preparation of
a particular protein. The tight binding of the antibody to its
antigen, and thus the presence of the antigen, can be visual-
ized by labeling the antibody with an enzyme, a fluorescent
molecule, or radioactive isotopes. For example, luciferase,
an enzyme present in fireflies and some bacteria, can be
linked to an antibody. In the presence of ATP and the sub-
strate luciferin, luciferase catalyzes a light-emitting reaction.
In either case, after the antibody binds to the protein of in-
terest (the antigen) and unbound antibody is washed away,
substrates of the linked enzyme are added and the appear-
ance of color or emitted light is monitored. The intensity is
proportional to the amount of enzyme-linked antibody, and
thus antigen, in the sample. A variation of this technique,
particularly useful in detecting specific proteins within living
cells, makes use of green fluorescent protein (GFP), a
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naturally fluorescent protein found in jellyfish (see Figure
9-12). Alternatively, after the first antibody binds to its target
protein, a second, labeled antibody is used to bind to the
complex of the first antibody and its target. This combina-
tion of two antibodies permits very high sensitivity in the de-
tection of a target protein.

To generate the antibodies, the intact protein or a frag-
ment of the protein is injected into an animal (usually a rab-
bit, mouse, or goat). Sometimes a short synthetic peptide of
10~135 residues based on the sequence of the protein is used
as the antigen to induce antibody formation. A synthetic
peptide, when coupled to a large protein carrier, can induce
an animal to produce antibodies that bind to that portion
(the epitope) of the full-sized, natural protein. Biosyntheti-
cally or chemically attaching the epitope to an unrelated pro-
tein is called epitope tagging. As we’ll see throughout this
book, antibodies generated using either peptide epitopes or
intact proteins are extremely versatile reagents for isolating,
detecting, and characterizing proteins.

Detecting Proteins in Gels Proteins embedded within a
one- or two-dimensional gel usually are not visible. The two
general approaches for detecting proteins in gels are either to
label or stain the proteins while they are still within the gel or
to electrophoretically transfer the proteins to a membrane
made of nitrocellulose or polyvinylidene difluoride and then
detect them. Proteins within gels are usually stained with an
organic dye or a silver-based stain, both detected with normal
visible light, or with a fluorescent dye that requires specialized
detection equipment. Coomassie blue is the most commonly
used organic dye, typically used to detect =1000 ng of protein,
with a lower limit of detection of ~4-10 ng. Silver staining or
fluorescence staining are more sensitive (lower limit of =1 ng).
Coomassie and other stains can also be used to visualize
proteins after transfer to membranes; however, the most com-
mon method to visualize proteins in these membranes is
immunoblotting, commonly called Western blotting.

Western blotting combines the resolving power of gel
electrophoresis and the specificity of antibodies. This mul-
tistep procedure is commonly used to separate proteins
and then identify a specific protein of interest. As shown
in Figure 3-38, two different antibodies are used in this
method, one that is specific for the desired protein and a
second that binds to the first and is linked to an enzyme or
other molecule that permits detection of the first antibody
(and thus the protein of interest to which it binds). En-
zymes to which the second antibody is attached can either
generate a visible colored product or, by a process called
chemiluminescence, produce light that can readily be
recorded by film or a sensitive detector. The two different
antibodies, sometimes called a “sandwich,” are used to
amplify the signals and improve sensitivity. If an antibody
is not available, but the gene encoding the protein is avail-
able and can be used to express the protein, recombinant
DNA methods (Chapter 5) can incorporate a small peptide
epitope (epitope tagging) into the normal sequence of the
protein that can be detected by a commercially available
antibody to that epitope.
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A EXPERIMENTAL FIGURE 3-38 Western blotting
(immunoblotting) combines several techniques to resolve and
detect a specific protein. Step Hl: After a protein mixture has been
electrophoresed through an SDS gel, the separated bands (or spots,
for a two-dimensional gel) are transferred {blotted) from the gel onto
a porous membrane from which it is not readily removed. Step HI:
The membrane is flooded with a solution of antibody (Ab1) specific
for the desired protein and allowed to incubate for a while. Only the
membrane-bound band containing this protein binds the antibody,
forming a layer of antibody molecules (whose position cannot be
seen at this point). Then the membrane is washed to remove
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unbound Ab,. Step H: The membrane is incubated with a second
antibody (Ab,) that specifically recognizes and binds to the first Ab,.
This second antibody is covalently linked to either an enzyme (e.g.,
alkaline phosphatase, which can catalyze a chromogenic reaction),
radioactive isotope, or some other substance whose presence can
be detected with great sensitivity. Step El: Finally, the location and
amount of bound Ab, are detected (e.g., by a deep-purple -
precipitate from chromogenic reaction), permitting the
electrophoretic mobility (and therefore the mass) of the desired
protein to be determined, as well as its quantity (based on band
intensity).

Radioisotopes Are Indispensable Tools
for Detecting Biological Molecules

A sensitive method for tracking a protein or other biological
molecule is by detecting the radioactivity emitted from ra-
dioisotopes introduced into the molecule. At least one atom
in a radiolabeled molecule is present in a radioactive form,
called a radioisotope.

TABLE 3-1 Radioisotopes Commonly Used in Biological

Research

ISOTOPE HALF-LIFE

Phosphorus-32 14.3 days

Sulfur-35

= &

Carbon-14 5730.4 years

Radioisotopes Useful in Biological Research Hundreds
of biological compounds (e.g., amino acids, nucleosides, and
numerous metabolic intermediates) labeled with various ra-
dioisotopes are commercially available. These preparations
vary considerably in their specific activity, which is the
amount of radioactivity per unit of material, measured in
disintegrations per minute (dpm) per millimole. The specific
activity of a labeled compound depends on the probability of

decay of the radioisotope, determined by its balf-life, which

is the time required for half the atoms to undergo radioactive
decay. In general, the shorter the half-life of a radioisotope,
the higher its specific activity (Table 3-1).

The specific activity of a labeled compound must be high
enough that sufficient radioactivity is incorporated into mol-
ecules to be accurately detected. For example, methionine
and cysteine labeled with sulfur-35 (3°S) are widely used to
biosynthetically label cellular proteins because preparations
of these amino acids with high specific activities (>10"
dpm/mmol) are available. Likewise, commercial preparations
of 3H-labeled nucleic acid precursors have much higher spe-
cific activities than those of the corresponding 14C-labeled
preparations. In most experiments, the former are preferable

SNOILIINNOD VIOGINW

because they allow RNA or DNA to be adequately labeled -

after a shorter time of incorporation or require a smaller cell
sample. Various phosphate-containing compounds in which
every phosphorus atom is the radioisotope phosphorus-32
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are readily available. Because of their high specific activity,
*?P-labeled nucleotides are routinely used to label nucleic
acids in cell-free systems.

Labeled compounds in which a radioisotope replaces
atoms normally present in the molecule have virtually the
same chemical properties as the corresponding nonlabeled
compounds. Enzymes, for instance, generally cannot distin-
guish between substrates labeled in this way and their nonla-
beled substrates. The presence of such radioactive atoms is
indicated with the isotope in brackets (no hyphen) as a prefix
(e-g., [’Hlleucine). In contrast, labeling almost all biomole-

cules {e.g., protein or nucleic acid) with the radioisotope

iodine-125 (**°1) requires the covalent addition of T to a
molecule that normally does not have iodine as part of its
structure. Because this labeling procedure modifies the chemi-
cal structure, the biological activity of the labeled molecule
may differ somewhat from that of the nonlabeled form. The
presence of such radioactive atoms is indicated with the iso-
tope as a prefix with a hyphen (no bracket) (e.g., 1>*I-trypsin).
Standard methods for labeling proteins with **°] result in co-
valent attachment of the **I primarily to the aromatic rings of
tyrosine side chains (mono- and diiodotyrosine).

Labeling Experiments and Detection of Radiolabeled
Molecules Whether labeled compounds are detected by au-
toradiography, a semiquantitative visual assay, or their radioac-
tivity is measured in an appropriate “counter,” a highly quanti-
tative assay that can determine the amount of a radiolabeled
compound in a sample, depends on the nature of the experi-
ment. In some experiments, both types of detection are used.
In one use of autoradiography, a tissue, cell, or cell con-
stituent is labeled with a radioactive compound, unassociated
radioactive material is washed away, and the structure of the
sample is stabilized either by chemically cross-linking the
macromolecules (‘fixation’) or by freezing it. The sample is
then overlaid with a photographic emulsion sensitive to radi-
ation. Development of the emulsion yields small silver grains
whose distribution corresponds to that of the radioactive ma-
terial and is usually detected by microscopy. Autoradiographic
studies of whole cells were crucial in determining the intracel-
lular sites where various macromolecules are synthesized and
the subsequent movements of these macromolecules within
cells. Various techniques employing fluorescent microscopy,
which we describe in Chapter 9, have largely supplanted
autoradiography for studies of this type. However, autoradi-
ography is commonly used in various assays for detecting
specific isolated DNA or RNA sequences (Chapter 5).
Quantitative measurements of the amount of radioactiv-
ity in a labeled material are performed with several different
instruments. A Geiger counter measures ions produced in a
gas by the B particles or vy rays emitted from a radioisotope.
In a scintillation counter, a radiolabeled sample is mixed with
a liquid containing a fluorescent compound that emits a flash
of light when it absorbs the energy of the B particles or v rays
released in the decay of the radioisotope; a phototube in the
instrument detects and counts these light flashes. Phosphorim-
agers are used to detect radioactivity using a two-dimensional
array detector, storing digital data on the number of decays in
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disintegrations per minute per small pixel of surface area.
These instruments, which can be thought of as a kind of
reusable electronic film, are commonly used to quantitate
radioactive molecules separated by gel electrophoresis and
are replacing photographic emulsions for this purpose.

A combination of labeling and biochemical techniques
and of visual and quantitative detection methods is often em-
ployed in labeling experiments. For instance, to identify the
major proteins synthesized by a particular cell type, a sample
of the cells is incubated with a radioactive amino acid (e.g.,
[**S]methionine) for a few minutes, during which time the la-
beled amino acid mixes with the cellular pool of unlabeled
amino acids and some of the labeled amino acid is biosyn-
thetically incorporated into newly synthesized protein. Subse-
quently unincorporated radioactive amino acid is washed
away from the cells. The cells are harvested, the mixture of
cellular proteins is extracted from the cells (for example, by a
detergent solution), and then separated by gel electrophore-
sis; and the gel is subjected to autoradiography or phospho-
rimager analysis. The radioactive bands correspond to newly
synthesized proteins, which have incorporated the radiola-
beled amino acid. Alternatively, the proteins can be resolved
by liquid chromatography, and the radioactivity in the eluted
fractions can be determined quantitatively with a counter. To
detect only one specific protein, rather than all the proteins
biosynthetically labeled this way, a specific antibody to the
protein of interest can be used to precipitate the protein away
from the other proteins in the sample (immunoprecipitation).
The precipitate is then solubilized in a detergent, separating
the antibody from the protein, and the sample is subjected to
SDS-PAGE followed by autoradiography. In this type of ex-
periment, a fluorescent compound that is activated by the
radiation is often infused into the gel so that the light emitted
can be used to detect the presence of the labeled protein,
either using film or a two-dimensional electronic detector.

Pulse-chase experiments are particularly useful for tracing
changes in the intracellular location of proteins or the modi-
fication of a protein or metabolite over time. In this experi-
mental protocol, a cell sample is exposed to a radiolabeled
compound that can be incorporated or otherwise attached to
a cellular molecule of interest—the “pulse”—for a brief pe-
riod of time, then washed with buffer to remove the unincor-
porated label, and finally incubated with an unlabeled form
of the compound—the “chase” (Figure 3-39). Samples taken
periodically during the chase period are assayed to determine
the location or chemical form of the radiolabel as a function
of time. Often, pulse-chase experiments, in which the protein
is detected by autoradiography after immunoprecipitation
and SDS-PAGE, are used to follow the rate of synthesis, mod-
ification, and degradation of proteins by adding radioactive
amino acid precursors during the pulse and then detecting the
amounts and characteristics of the radioactive protein during
the chase. One can thus observe postsynthetic modifications
of the protein that change its electrophoretic mobility and the
rate of degradation of a specific protein. A classic use of the
pulse-chase technique was in studies to elucidate the pathway
traversed by secreted proteins from their site of synthesis in
the endoplasmic reticulum to the cell surface (Chapter 14).
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A EXPERIMENTAL FIGURE 3-39 Pulse-chase experiments can
track the pathway of protein modification or movement
within cells. (a) To follow the fate of a specific newly synthesized
protein in a cell, cells were incubated with [35S)methionine for 0.5 hr
(the pulse) to label all newly synthesized proteins, and the radioactive
amino acid not incorporated into the cells was then washed away.
The cells were further incubated (the chase) for varying times up to
24 hours, and samples from each time of chase were subjected to
immunopredipitation to isolate one specific protein (here, the low-
density fipoprotein receptor). SDS-PAGE of the immunoprecipitates
followed by autoradiography permitted visualization of the one
specific protein, which is initially synthesized as a small precursor (p)
and then rapidly modified to a larger mature form (m) by addition of
carbohydrates. About half of the labeled protein was converted from
p to m during the pulse, the rest was converted after 0.5 hour of
chase. The protein remains stable for 6-8 hours before it begins to
be degraded (indicated by reduced band intensity). (b) The same
experiment was performed in cells in which a mutant form of the
protein is made. The mutant p form cannot be properly converted to
the m form, and it is more quickly degraded than the normal protein.
{Adapted from K. F. Kozarsky, H. A. Brush, and M. Krieger, 1986, J. Cell Biol.
102(5):1567-1575.]

Mass Spectrometry Can Determine the Mass
and Sequence of Proteins

Mass spectrometry (MS) is a powerful technique for charac-
terizing proteins. MS is particularly useful in determining the
mass of a protein or fragments of a protein. With such in-
formation in hand, it is also possible to determine part of or
all the protein’s sequence. This method permits the very
highly accurate direct determination of the ratio of the mass
{m) of a charged molecule (ion) to its charge (z), or m/z.
Techniques are then used to deduce the absolute mass of the
ion. There are four key features of all mass spectrometers.
The first is an ion source, from which charge, usually in the
form of protons, is transferred to the peptide or protein
molecules. The formation of these ions occurs in the pres-
ence of a high electric field that then directs the charged mo-
lecular ions into the second key component, the mass ana-
lyzer. The mass analyzer, which is always in a high vacuum
chamber, physically separates the ions on the basis of their
fliffering mass-to-charge (m/z) ratios. The mass-separated
ions are subsequently directed to strike a detector, the third
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key component, which provides a measure of the relative
abundances of each of the ions in the sample. The fourth es-
sential component is a computerized data system that is used
to calibrate the instrument; acquire, store, and process the re-
sulting data; and often direct the instrument automatically
to collect additional specific types of data from the sample,
based on the initial observations. This type of automated
feedback is used for the tandem MS (MS/MS) peptide-
sequencing methods described below.

The two most frequently used methods of generating ions
of proteins and protein fragments are (1) matrix-assisted laser
desorptionfionization (MALDI) and {2) electrospray (ES). In
MALDI (Figure 3-40) the peptide or protein sample is mixed
with a low-molecular-weight, UV-absorbing organic acid (the
matrix) and then dried on a mietal target. Energy from a laser
jonizes and vaporizes the sample producing singly charged
molecular ions from the constituent molecules. In ES (Figure
3-41a), the sample of peptides or proteins in solution is con-
verted into a fine mist of tiny droplets by spraying through a
narrow capillary at atmospheric pressure. The droplets are
formed in the presence of a high electric field, rendering them
highly charged. The droplets evaporate in their short flight
(mm) to the entrance of the mass spectrometer’s analyzer,
forming multiply charged ions from the peptides and proteins.
The gaseous ions are sampled into the analyzer region of the
MS, where they are then accelerated by electric fields and sep-
arated by the mass analyzer on the basis of their m/z.

The two most frequently used mass analyzers are time-
of-flight (TOF) instruments and ion traps. TOF instruments
exploit the fact that the time it takes an ion to pass through
the length of the analyzer before reaching the detector is

Laser

cceleration

Lightest ions
arrive at
detector first

Intensity

Time

A EXPERIMENTAL FIGURE 3-40 Molecular mass can be
determined by matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) mass spectrometry. in a MALDI-TOF
mass spectrometer, pulses of light from a laser ionize a protein or
peptide mixture that is absorbed on a metal target (step H). An
electric field accelerates the ions in the sample toward the detector
(steps B and Hl). The time to the detector is proportional to the
square root of the mass-to-charge (m/2) ratio. For ions having the
same charge, the smaller ions move faster (shorter time to the
detector). The molecular weight is calculated using the time of flight
of a standard.
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A EXPERIMENTAL FIGURE 3-41 Molecular mass of proteins
and peptides can be determined by electrospray ionization
ion-trap mass spectrometry. (a) Electrospray (ES) ionization
converts proteins and peptides in a solution into highly charged
gaseous ions by passing the solution through a needle {forming the
droplets) that has a high voltage across it (charging the droplets).
Evaporation of the solvent produces gaseous ions that enter a mass
spectrometer. The ions are analyzed by an ion-trap mass analyzer that
then directs ions to the detector. (b) Top panel- Mass spectrum of a
mixture of three major and several minor peptides is presented as the
relative abundance of the ions striking the detector (y axis) as a
function of the mass-to-charge (m/z) ratio (x axis). Bottom panel: In
an MS/MS instrument (such as the ion trap shown in part (a), a
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spedific peptide ion can be selected for fragmentation into smaller
ions that are then analyzed and detected. The MS/MS spectrum (also
called the product-ion spectrum) provides detailed structural
information about the parent ion, including sequence information for
peptides. Here, the ion with a m/z of 836.47 was selected,
fragmented and the m/z mass spectrum of the product ions was
measured. Note there is no longer an ion with an m/z of 836.47
present because it was fragmented. From the varying sizes of the
product ions, the understanding that peptide bonds are often broken
in such experiments, the known m/z values for individual amino acid
fragments, and database information, the sequence of the peptide,
FIVGYVDDTQFVR, can be deduced. [Part (a) based on a figure from

S. Carr; part (b), unpublished data from S. Carr]




proportional to the square root of m/z (smaller ions move
faster than larger ones with the same charge, see Figure 3-40).
In ion-trap analyzers, tunable electric fields are used to cap-
wure, or ‘trap,’ ions with a specific m/z and to sequentially
pass the trapped ions out of the analyzer onto the detector
(see Figure 3-41a). By varying the electric fields, ions with a
wide range of m/z values can be examined one by one, pro-
ducing a mass spectrum, which is a graph of m/z (x axis) ver-
sus relative abundance (y axis) (Figure 3-41b, top panel).

In tandem, or MS/MS, instruments, any given parent ion in
the original mass spectrum (Figure 3-41b, top panel) can be
mass-selected, broken into smaller ions by collision with an in-
ert gas, and then the m/z and relative abundances of the result-
ing fragment ions measured (Figure 3-41b, bottom panel), all
within the same machine in about 0.1 s per selected parent ion.
This second round of fragmentation and analysis permits the
sequences of short peptides (<25 amino acids) to be deter-
mined, because collisional fragmentation occurs primarily at
peptide bonds, so the differences in masses between ions corre-
spond to the in-chain masses of the individual amino acids,
permitting deduction of the sequence in conjunction with data-
base sequence information (Figure 3-41b, bottom panel).

Mass spectrometry is highly sensitive, able to detect as lit-
tle as 1 X 107¢ mol (100 attomoles) of a peptide or 10 X
10" mol (10 femtomoles) of a protein of 200,000 MW. Er-
rors in mass measurement accuracy are dependent upon the
specific mass analyzer used, but are typically =0.01 percent
for peptides and 0.05-0.1 percent for proteins. As described
in the proteomics section that follows, it is possible to use MS
to analyze complex mixtures of proteins as well as purified
proteins. Most commonly, protein samples are digested by
proteases, and the peptide digestion products are subjected to
analysis. An especially powerfully application of MS is to
take a complex mixture of proteins from a biological speci-
men, digest it with trypsin or other proteases, partially sepa-
rate the components using liquid chromatography (LC), and
then transfer the solution flowing out of the chromatographic
column directly into an ES tandem mass spectrometer. This
technique, called LC-MS/MS, permits the nearly continuous
analysis of a very complex mixture of proteins.

The abundances of ions determined by mass spectrome-
try in any given sample are relative, not absolute, values.
Therefore, if one wants to use MS to compare the amounts
of a particular protein in two different samples (e.g., from a
normal versus a mutant organism), it is necessary to have an
internal standard in the samples whose amounts do not dif-
fer between the two samples. One then determines the
amounts of the protein of interest relative to that of the stan-
dard in each sample. This permits quantitatively accurate in-
tersample comparisons of protein levels.

Protein Primary Structure Can Be Determined by
Chemical Methods and from Gene Sequences

The classic method for determining the amino acid sequence
of a protein is Edman degradation. In this procedure, the
free amino group of the N-terminal amino acid of a polypep-
tide is fabeled, and the labeled amino acid is then cleaved
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from the polypeptide and identified by high-pressure liquid
chromatography. The polypeptide is left one residue shorter,
with a new amino acid at the N-terminus. The cycle is re-
peated on the ever shortening polypeptide until all the
residues have been identified.

Before about 1985, biologists commonly used the Edman
chemical procedure for determining protein sequences. Now,
however, complete protein sequences usually are determined
primarily by analysis of genome sequences. The complete
genomes of several organisms have already been sequenced,
and the database of genome sequences from humans and nu-
merous model organisms is expanding rapidly. As discussed
in Chapter 5, the sequences of proteins can be deduced from
DNA sequences that are predicted to encode proteins.

A powerful approach for determining the primary struc-
ture of an isolated protein combines MS and the use of se-
quence databases. First, the peptide “mass fingerprint” of the
protein is obtained by MS. A peptide mass fingerprint is the
list of the molecular weights of peptides that are generated
from the protein by digestion with a specific protease, such as
trypsin. The molecular weights of the parent protein and its
proteolytic fragments are then used to search genome data-
bases for any similarly sized protein with identical or similar
peptide mass maps. Mass spectrometry can also be used to di-
rectly sequence peptides using MS/MS, as described above.

Protein Conformation Is Determined
by Sophisticated Physical Methods

In this chapter, we have emphasized that protein function is
dependent on protein structure. Thus, to figure out how a
protein works, its three-dimensional structure must be
known. Determining a protein’s conformation requires so-
phisticated physical methods and complex analyses of the
experimental data. We briefly describe three methods used
to generate three-dimensional models of proteins.

X-ray Crystallography The use of x-ray crystallography to
determine the three-dimensional structures of proteins was pio-
neered by Max Perutz and John Kendrew in the 1950s. In this
technique, beams of x-rays are passed through a protein crystal
in which millions of protein molecules are precisely aligned with
one another in a rigid crystalline array. The wavelengths of x-
rays are about 0.1-0.2 pm, short enough to determine the posi-
tions of individual atoms in the protein. The electrons in the
atoms of the crystal scatter the x-rays, which produce a diffrac-
tion pattern of discrete spots when they are intercepted by pho-
tographic film or an electronic detector (Figure 3-42). Such pat-
terns are extremely complex—composed of as many as 25,000
diffraction spots, or reflections, whose measured intensities vary
depending on the distribution of the electrons, which is, in turn,
determined by the atomic structure and three-dimensional
conformation of the protein. Elaborate calculations and modifi-
cations of the protein (such as the binding of heavy metals) must
be made to interpret the diffraction pattern and calculate the dis-
tribution of electrons (called the electron density map). With the
three-dimensional electron density map in hand, one then “fits”
a molecular model of the protein to match the electron density,
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(a)

X-ray

source
Detector Diffracted
{e.g., film) beams

(b B

A EXPERIMENTAL FIGURE 3-42 X-ray crystallography provides
diffraction data from which the three-dimensional structure of
a protein can be determined. (a) Basic components of an x-ray
aystallographic determination. When a narrow beam of x-rays strikes
a crystal, part of it passes straight through and the rest is scattered
(diffracted) in various directions. The intensity of the diffracted
waves, which form periodic arrangements of diffraction spots, is
recorded on an x-ray film or with a solid-state electronic detector.

(b) X-ray diffraction pattern for a protein crystal collected on a solid-
state detector. From complex analyses of patterns of spots like this
one, the location of the atoms in a protein can be determined. [Part
(a) adapted from L. Stryer, 1995, Biochemistry, 4th ed., W. H. Freeman and
Company, p. 64; part (b) courtesy of J. Berger] -

and it is these models that one sees in the various diagrams of
proteins throughout this book (e.g., Figure 3-8). The process is
analogous to reconstructing the precise shape of a rock from the
ripples that it creates when thrown into a pond. Although some-
times the structures of portions of the protein cannot be clearly
defined, using x-ray crystallography researchers are systemati-
cally determining the structures of representative types of most
104 o
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proteins. To date, the detailed three-dimensional structures of
more than 10,000 proteins have been established.

Cryoelectron Microscopy  Although some proteins readily
crystallize, obtaining crystals of others—particularly large
multisubunit proteins and membrane-associated proteins—
requires a time-consuming trial-and-error effort to find just the
right conditions, if they can be found at all. (Growing crystals
suitable for structural studies is as much an art as a science.)
There are several ways to determine the structures of such
difficult-to-crystallize proteins. One is cryoelectron mi-
croscopy. In this technique, a protein sample is rapidly frozen
in liquid helium to preserve its structure and then examined in
the frozen, hydrated state in a cryoelectron microscope. Pic-
tures of the protein are taken at various angles and recorded on
film using a low dose of electrons to prevent radiation-induced
damage to the structure. Sophisticated computer programs an-
alyze the images and reconstruct the protein’s structure in three
dimensions. Recent advances in cryoelectron microscopy per-
mit researchers to generate molecular models that can help
provide insight into how the protein functions. The use of cry-
oelectron microscopy and other types of electron microscopy
for visualizing cell structures is discussed in Chapter 9.

NMR Spectroscopy The three-dimensional structures of
small proteins containing as many as 200 amino acids can be
studied with nuclear magnetic resonance (NMR) spec-
troscopy. In this technique, a concentrated protein solution
is placed in a magnetic field, and the effects of different ra-
dio frequencies on the nuclear spin states of different atoms
are measured. The spin state of any atom is influenced by
neighboring atoms in adjacent residues, with closely spaced
residues having a greater influence than distant residues.
From the magnitude of the effect, the distances between
residues can be calculated by a triangulation-like process;
these distances are then used to generate a model of the
three-dimensional structure of the protein.

Although NMR does not require the crystallization of a
protein, a definite advantage, this technique is limited to
proteins smaller than about 20 kDa. However, NMR analy-
sis can also be applied to isolated protein domains, which
can often be obtained as stable structures and tend to be
small enough for this technique. -

KEY CONCEPTS OF SECTION 3.6

Purifying, Detecting, and Characterizing Proteins

m Proteins can be separated from other cell components
and from one another on the basis of differences in their
physical and chemical properties.

m Various assays are used to detect and quantify proteins.
Some assays use a light-producing reaction to generate a
readily detected signal. Other assays produce an amplified
colored signal with enzymes and chromogenic substrates.

w Centrifugation separates proteins on the basis of their
rates of sedimentation, which are influenced by their
masses and shapes.
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» Electrophoresis separates proteins on the basis of their rates
of movement in an applied electric field. SDS-polyacrylamide
gel electrophoresis (PAGE) can resolve polypeptide chains
differing in molecular weight by 10 percent or less (see Fig-
ure 3-35). Two-dimensional gel electrophoresis provides
additional resolution by separating proteins first by charge
(first dimension) and then by mass (second dimension).

s Liquid chromatography separates proteins on the basis
of their rates of movement through a column packed with
spherical beads. Proteins differing in mass are resolved on
gel filtration columns; those differing in charge, on ion-
exchange columns; and those differing in ligand-binding
properties, on affinity columns, including antibody-based
affinity chromatography (see Figure 3-37).

s Antibodies are powerful reagents used to detect, quan-
tify, and isolate proteins.

= Immunoblotting, also called Western blotting, is a fre-
quently used method to study specific proteins that exploits
the high specificity and sensitivity of protein detection by
antibodies and the high-resolution separation of proteins
by SDS-PAGE.

u Radioisotopes play a key role in the study of proteins and
other biomolecules. They can be incorporated into mole-
cules without changing the chemical composition of the
molecule, or as add-on tags. They can be used to help detect
the synthesis, location, processing, and stability of proteins.

= Autoradiography is a semiquantitative technique for de-
tecting radioactively labeled molecules in cells, tissues, or
electrophoretic gels.

» Pulse-chase labeling can determine the intracellular fate
of proteins and other metabolites (see Figure 3-39).

» Mass spectrometry is a very sensitive and highly precise
method of detecting, identifying, and characterizing pro-
teins and peptides.

s Three-dimensional structures of proteins are obtained by
x-ray crystallography, cryoelectron microscopy, and NMR
spectroscopy. X-ray crystallography provides the most
detailed structures but requires protein crystallization. Cry-
oelectron microscopy is most useful for large protein com-
plexes, which are difficult to crystallize. Only relatively
small proteins are amenable to NMR analysis.

Proteomics

For most of the twentieth century, the study of proteins was
restricted primarily to the analysis of individual proteins. For
example, one would study an enzyme by determining its enzy-
matic activity (substrates, products, rate of reaction, require-
ment for cofactors, pH, etc.), its structure, and its mechanism
of action. In some cases, the relationships between a few en-
zymes that participate in a metabolic pathway might also be
studied. On a broader scale, the localization and activity of an
enzyme would be examined in the context of a cell or tissue.
The effects of mutations, diseases, or drugs on the expression
and activity of the enzyme might also be the subject of
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investigation. This multipronged approach provided deep in-
sight into the function and mechanisms of action of individual
proteins or relatively small numbers of interacting proteins.
However, this one-by-one approach to studying proteins does
not efficiently provide insights into a global picture of what is
happening in the proteome of a cell, tissue, or entire organism.

Proteomics Is the Study of All or a Large Subset
of Proteins in a Biological System

The advent of genomics (sequencing of genomic DNA and its
associated technologies, such as simultaneous analysis of the
levels of all mRNAs in cells and tissues) clearly showed that a
global, or systems, approach to biology could provide unique
and highly valuable insights. Many scientists recognized that a
global analysis of the proteins in biological systems had the po-
tential for equally valuable contributions to our understanding.
Thus, 2 new field was born—proteomics. Proteomics is the sys-
tematic study of the amounts, modifications, interactions, lo-
calization, and functions of all or subsets of proteins at the
whole-organism, tissue, cellular, and subcellular levels.

A number of broad questions are addressed in proteomic
studies:

 In a given sample (whole organism, tissue, cell, subcellu-
lar compartment), what fraction of the whole proteome is
expressed (i.e., which proteins are present)?

m Of those proteins present in the sample, what are their
relative abundances?

w What are the relative amounts of the different splice
forms and chemically modified forms (e.g., phosphorylated,
methylated, fatty acylated) of the proteins?

m Which proteins are present in large multiprotein com-
plexes, and which proteins are in ecach complex? What are
the functions of these complexes and how do they interact?

m When the state (e.g., growth rate, stage of cell cycle, dif-
ferentiation, stress level) of a cell changes, do the proteins in
the cell or secreted from the cell change in a characteristic
(fingerprint-like) fashion? Which proteins change and how
(relative amounts, modifications, splice forms, etc.)? (This is
a form of protein expression profiling that complements the
transcriptional (mRNA) profiling discussed in Chapter 7.)

n Can such fingerprint-like changes be used for diagnostic
purposes? For example, do certain cancers or heart disease
cause characteristic changes in blood proteins? Can the
proteomic fingerprint help determine if a given cancer is re-
sistant or sensitive to a particular chemotherapeutic drug?
Proteomic fingerprints can also be the starting point for
studies of the mechanisms underlying the change of state.
Proteins (and other biomolecules) that show changes that
are diagnostic of a particular state are called biomarkers.

s Can changes in the proteome help define targets for drugs
or suggest mechanisms by which that drug might induce
toxic side effects? If so, it might be possible to engineer
modified versions of the drug with fewer side effects.
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These are just a few of the questions that can be addressed us-
ing proteomics. The methods used to answer these questions
are as diverse as the questions themselves, and their numbers
are growing rapidly.

Advanced Techniques in Mass Spectrometry
Are Critical to Proteomic Analysis

Advances in proteomics technologies (e.g., mass spectrome-
try) are having a profound effect on the types of questions that
can be practically studied. For many years, two-dimensional
gel electrophoresis has allowed researchers to separate, dis-
play, and characterize a mixture of proteins (Figure 3-36).
The spots on a two-dimensional gel can be excised, the pro-
tein fragmented by proteolysis (e.g. by trypsin digestion), and
the fragments identified by MS. An alternative to this two-
dimensional gel method is bigh throughput LC-MS/MS.
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Figure 3-43 outlines the general LC-MS/MS approach in
which a complex mixture of proteins is digested with a
protease, the myriad resulting peptides are fractionated by
LC into multiple, less complex fractions, which are slowly
but continuously injected by electrospray ionization into a
tandem mass spectrometer. The fractions are then sequen-
tially subjected to multiple cycles of MS/MS until sequences
of many of the peptides are determined and used to identify
from databases the proteins in the original biological sample.

An example of the use of LC-MS/MS to identify many of
the proteins in each organelle is seen in Figure 3-44. Cells from
murine {mouse) liver tissue were mechanically broken to re-
lease the organelles, and the organelles were partially sepa-
rated by density-gradient centrifugation. The locations of
the organelles in the gradient were determined using im-
munoblotting with antibodies that recognize previously iden-
tified, organelle-specific proteins. Fractions from the gradient

Podcast: Use of Mass Spectrometry in Cell Biology B

Electrospray ionization mass spectrometer

A EXPERIMENTAL FIGURE 3-43 LC-MS/MS is used to identify
the proteins in a complex biological sample. A complex mixture
of proteins in a biological sample (e.g., isolated preparation of Golgi
organelles) is digested with a protease, the mixture of resulting
peptides is fractionated by liquid chromatography (LC) into multiple,
less complex, fractions, which are slowly but continuously injected by
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electrospray ionization into a tandem mass spectrometer. The
fractions are then sequentially subjected to muitiple cycles of MS/MS
until masses and sequences of many of the peptides are determined
and used to identify the proteins in the original biological sample
through comparison with protein databases. {Based on a figure provided
by S. Carr]
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were subjected to LC-MS/MS to identify the proteins in each
ﬁaaion, and the distributions in the gradient of many indi-
vidual proteins were compared with the distributions of the
organelles. This permitted assignment of many individual pro-
teIns to one or more organelles (organelle proteome profiling).

Proteomics combined with molecular genetics methods
are currently being used to identify all protein complexes in a
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<« EXPERIMENTAL FIGURE 3-44 Density-gradient centrifugation
and LC-MIS/MS can be used to identify many of the proteins in
organelles. (a) The cells in fiver tissue were mechanically broken to
release the organelles, and the organelles were partially separated by
density-gradient centrifugation. The locations of the organelles—which
were spread out through the gradient and somewhat overlapped with
one another—were determined using immunoblotting with antibodies
that recognize previously identified, organelle-specific proteins. Fractions
from the gradient were subjected to proteolysis and LC-MS/MS to
identify the peptides, and hence the proteins, in each fraction.
Comparisons with the locations of the organelles in the gradient (called
protein correlation profiling) permitted assignment of many individual
proteins to one or more organelles (organelle proteome identification).
{b) The hierarchical breakdown of data derived from the procedures in
part (a).:Note that not all proteins identified could be assigned to
organelles and some proteins were assigned to more than one
organelle. [From L. J. Foster:et al;, 2006, Cell 125(1):187-199.]

eukaryotic cell, the yeast Saccharomyces cerevisiae. Approxi-
mately 500 complexes have been identified, with an average
of 4.9 distinct proteins per complex, and these in turn are in-
volved in at least 400 complex-to-complex interactions. Such
systematic proteomic studies are providing new insights into
the organization of proteins within cells and how proteins
work together to permit cells to live and function.

KEY CONCEPTS OF SECTION 3.7

Proteomics

n Proteomics is the systematic study of the amounts (and
changes in the amounts), modifications, interactions, local-
ization, and functions of all or subsets of all proteins in bi-
ological systems at the whole-organism, tissue, cellular, and
subcellular levels,

m Proteomics provides insights into the fundamental organ-
ization of proteins within cells, and how this organization is
influenced by the state-of the cells (e.g., differentiation into
distinct cell types; r_espénse to stress, disease, and drugs).

= A wide variety of methods are used for proteomic analy-
ses, including two-dimensional gel electrophoresis, density-
gradient centrifugation, and mass spectroscopy (MALDI-
TOF and LC-MS/MS).

= Prétéomics has helped begin to identify the proteomes of
organelles (“organelle proteome profiling”) and the organ-
ization' of individual proteins into multiprotein complexes
that inferact in a complex network to support life and cel-
lular function '

Perspectives for the Future

Impressive expansion. of the computational power of com-
puters is at the core of advances in determining the three-
dimensional structures of proteins. For example, vacuum
tube computers running on programs punched on cards were
used to solve the first protein structures on the basis of x-ray
crystallography. In the future, researchers aim to predict the
structures of proteins, ‘using only amino acid sequences
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deduced from gene sequences. This computationally challenging
problem requires supercomputers or large clusters of computers
working in synchrony. Currently, only the structures of very
small domains containing 100 residues or fewer can be predicted
at a low resolution. However, continued developments in com-
puting and models of protein folding, combined with large-scale
efforts to solve the structures of all protein structural motifs by x-
ray crystallography, will allow the prediction of the structures of
larger proteins. With an exponentially expanding database of
structurally defined motifs, domains, and proteins, scientists will
be able to identify the motifs m an unknown protein, match the
motif to the sequence, and use this to predict the three-
dimensional structure of the entire protein.

New combined approaches will also help in determining
high-resolution structures of molecular machines. Although
these very large macromolecular assemblies usually are diffi-
cult to crystallize and thus to solve by x-ray crystallography,
they can be imaged in a cryoelectron microscope at liquid he-
lium temperatures and high electron energies. From millions
of individual “particles,” each representing a random view of
the protein complex, the three-dimensional structure can be
built. Because subunits of the complex may already be solved
by crystallography, a composite structure consisting of the
x-ray-derived subunit structures fit to the EM-derived model
will be generated. An example of this approach for an elec-
tron-transport “supercomplex” is described in Chapter 12.

Methods for rapid structure determination combined
with identification of novel substrates and inhibitors will
help determine the structures of enzyme-substrate com-
plexes and transition states, and thus help provide detailed
information regarding the mechanisms of enzyme catalysis.

The rapid development of new technologies can be ex-
pected to help solve some of the still outstanding problems in
proteomics. It should soon be possible to identify and se-
quence intact proteins in complex mixtures using MS tech-
niques without first digesting the samples into peptides. An
ongoing problem in proteomic analysis of complex mixtures
is that it is difficult to detect and identify protein fragments
from samples whose concentrations in the sample differ by
more than 1000-fold: some samples, such as blood plasma,
contain proteins whose concentrations vary over a 10'"-fold
range. Routine analysis of specimens with such diverse con-
centrations should dramatically improve the mechanistic
and diagnostic value of blood plasma proteomics.
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Review the Concepts

1. The three-dimensional structure of a protein is deter-
mined by its primary, secondary, and tertiary structures. De-
fine the primary, secondary, and tertiary structures. What
are some of the common secondary structures? What are
the forces that hold together the secondary and tertiary
structures?

2. Proper folding of proteins is essential for biological ac-
tivity. Describe the roles of molecular chaperones and chap-
eronins in the folding of proteins.

3. Enzymes can catalyze chemical reactions. How do en-
zymes increase the rate of-a reaction? What constitutes the
active site of an enzyme? For an enzyme-catalyzed reaction,
what are K, and V,,.? For enzyme X, the K, for substrate
A is 0.4 mM and for substrate B is 0.01 mM. Which sub-
strate has a higher affinity for enzyme X2

4. Motor proteins convert energy into a mechanical force.
Describe the three general properties characteristic of motor
proteins.

5. Proteins are degraded in cells. What is ubiquitin, and
what role does it play in tagging proteins for degradation?
What is the role of proteasomes in protein degradation?.
How might proteasome inhibitors serve as chemotherapeu-
tic (cancer-treating) agents?

6. The function of proteins can be regulated in a number of
ways. What is cooperativity, and how does it influence pro-
tein function? Describe how protein phosphorylation and
proteolytic cleavage can modulate protein function.

7. A pumber of techniques can separate proteins on the ba-
sis of their differences in mass. Describe the use of two of
these techniques, centrifugation and gel electrophoresis. The
blood proteins transferrin (MW 76 kDa) and lysozyme (MW
15 kDa) can be separated by rate-zonal centrifugation or
SDS-polyacrylamide gel electrophoresis. Which of the two
proteins will sediment faster during centrifugation? Which
will migrate faster during electrophoresis?

8. Chromatography is an analytical method used to sepa-
rate proteins. Describe the principles for separating proteins
by gel filtration, ion-exchange, and affinity chromatography.
9. Various methods have been developed for detecting pro-
teins. Describe how radioisotopes and autoradiography can
be used for labeling and detecting proteins. How does West-
ern blotting detect proteins?




10. Physical methods are often used to determine protein
conformation. Describe how x-ray crystallography, cryo-
electron microscopy, and NMR spectroscopy can be used to
determine the shape of proteins.

11. Mass spectrometry is a powerful tool in proteomics. What
are the four key features of a mass spectrometer? Describe
briefly how MALDI and two-dimensional polyacrylamide gel
electrophoresis (2D-PAGE) could be used to identify a protein
expressed in cancer cells but not in normal healthy cells.

Analyze the Data

Proteomics involves the global analysis of protein expression.
In one approach, all the proteins in control cells and treated
cells are extracted and subsequently separated using two-di-
mensional gel electrophoresis. Typically, hundreds or thou-
sands of protein spots are resolved and the steady-state levels
of each protein are compared between control and treated
cells. In the following example, only a few protein spots are
shown for simplicity. Proteins are separated in the first
dimension on the basis of charge by isoelectric focusing
(pH 4-10) and then separated by size by SDS-polyacrylamide
gel electrophoresis. Proteins are detected with a stain such as
Coomassie blue and assigned numbers for identification.

a. Cells are treated with a drug (“+ Drug”) or left un-
treated (“Control”), and then proteins are extracted and sep-
arated by two-dimensional gel electrophoresis. The stained
gels are shown below. What do you conclude about the effect
of the drug on the steady-state levels of proteins 1-7?

Control + Drug
4 pH 10 4 pH 10
-1 2 _
[ ] . . L )
[ ] ®
5
6« . o ’ ol
e ® —-®
+ +

b.  You suspect that the drug may be inducing a protein
kinase and so repeat the experiment in part (a) in the pres-
ence of *?P-labeled inorganic phosphate. In this experiment
_the two-dimensional gels are exposed to x-ray film to detect
the presence of >?P-labeled proteins. The x-ray films are
shown below. What do you conclude from this experiment
about the effect of the drug on proteins 1-7?

Control +Drug
4 pH 10 4 pH 10
. [ J
[ J
— ‘ — _.,
+ - +

c.  To determine the cellular localization of proteins 1-7,
the cells from part (a) were separated into nuclear and cytoplas-
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mic fractions by differential centrifugation. Two-dimensional
gels were run, and the stained gels are shown below. What do
you conclude about the cellular localization of proteins 1-7?

Control
Nuclear Cytoplasmic
4 pH 10 4 pH 10
[ ] .
| J
4
o L
e -
+ +
+ Drug
Nuclear i Cytoplasmic
4 pH 10 4 pH 10
. L J
®
o L J *—
@ @
+ +

d. Summarize the overall properties of proteins 1-7,
combining the data from parts (a), (b), and (c). Describe how
you could determine the identity of any one of the proteins.
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