REVIEWS

*Department of Systems
Biology, Harvard Medical
School, 240 Longwood
Avenue, Boston,
Massachusetts 02115, USA.
*Department of
Biochemistry and Molecular
Biology, University of
Southern Denmark,
Campusvej 55,

DK-5230 Odense M,
Denmark.

Correspondence to M.M.
e-mail: mann@bmb.sdu.dk
d0i:10.1038/nrm1468

THE ABC’S (AND XYZ’S) OF
PEPTIDE SEQUENCING

Hanno Steen* and Matthias Mann*

To sequence a protein ten years ago, a substantial
amount had to be purified and a technique known as
Edman degradation had to be used. This method,
which was developed by Peer Edman, relies on the iden-
tification of amino acids that have been chemically
cleaved in a stepwise fashion from the amino terminus
of the protein and requires much expertise. Often no
sufficiently long or unambiguous peptide sequence
could be assigned and the method failed completely if
the protein was acetylated at its amino terminus or was
otherwise blocked to the Edman reaction, which
requires a free amino terminus. During the 1990s, mass
spectrometry (MS), in which biomolecules are ionized
and their mass is measured by following their specific
trajectories in a vacuum system, displaced Edman degra-
dation, because it is much more sensitive and can frag-
ment the peptides in seconds instead of hours or days®.
Furthermore, MS does not require proteins or peptides
to be purified to homogeneity and has no problem
identifying blocked or otherwise modified proteins. In
the last few years, further breathtaking technological
advances have established MS not only as the definitive
tool to study the primary structure of proteins, but also
as a central technology for the field of proteomics (for
recent proteomics reviews, see REFS 2-6).

Protein MS facilities have proliferated and many biol-
ogists now have access to a service to which they can sub-
mit a sample and are handed back a list of proteins that
have been identified by MS. This arrangement frequently
works quite well for the identification of single spots or
bands, but it is our experience that biologists generally do
not have the necessary background to critically interpret

Abstract | Proteomics is an increasingly powerful and indispensable technology in molecular cell
biology. It can be used to identify the components of small protein complexes and large
organelles, to determine post-translational modifications and in sophisticated functional screens.
The key — but little understood — technology in mass-spectrometry-based proteomics is
peptide sequencing, which we describe and review here in an easily accessible format.

the results of more challenging MS experiments —in
particular, the many kinds of advanced proteomic
screens that are now possible. Often, the results are over
interpreted. For example, a researcher might focus on the
presence of an interesting signalling protein among sev-
eral identified proteins in a stained gel band, even if this
protein is, at best, a minor component and cannot possi-
bly be the one that caused the gel-band staining.
Similarly, long lists of proteins that are identified in pro-
teomics experiments are published and biological con-
clusions are drawn when there is insufficient confidence
in these identifications. These problems could be avoided
if the scientists wishing to use proteomics had a solid
understanding of the principal issues that are involved in
peptide analysis by MS. As it is difficult and time con-
suming to learn about this subject from the technical lit-
erature, and most reviews have other goals, in this article
we explain the principles of peptide sequencing that are
important for the appreciation and interpretation of the
outcome of proteomics experiments.

In the main part of this review, we describe the steps
of a typical proteomic experiment (FiG. 1) and we use
boxes to explain peptide ionization, peptide fragmenta-
tion, how peptides are identified by peptide-database-
searching algorithms and how to judge the reliability of
a peptide hit (see below). The reader is referred to other
reviews for more technical detail and specialized topics
(for example, see REFS 7-15).

Why are peptides, and not proteins, sequenced?
After protein purification, the first step is to convert
proteins to a set of peptides using a sequence-specific
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High-performance liquid
chromatography (HPLC)
columns have inner diameters of
50-150 pm and a reversed-phase
stationary phase. Reversed phase
means that the surface is made
using long hydrophobic alkyl
chains, so they retain
hydrophobic compounds better
than hydrophilic ones.

m/z RATIO

(mass-to-charge ratio). Mass
spectrometry does not measure
the mass of molecules, but
instead measures their m/z
value. Electrospray ionization, in
particular, generates ions with
multiple charges, such that the
observed m/z value has to be
multiplied by z and corrected for
the number of attached protons
(which equals z) to calculate the
molecular weight of a particular
peptide.

QUADRUPOLE MASS
SPECTROMETER

A mass-selective ‘quadrupole
section’ only allows the passage
of ions that have a specific mass
to charge (m/z) value by
applying a particular sinusoidal
potential. Stepping through the
m/z range by applying different
potentials and detecting the ions
that pass through at each m/z
value generates the mass
spectrum.
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Figure 1 | The mass-spectrometry/proteomic experiment. A protein population is prepared from a biological source — for
example, a cell culture — and the last step in protein purification is often SDS-PAGE. The gel lane that is obtained is cut into several
slices, which are then in-gel digested. Numerous different enzymes and/or chemicals are available for this step. The generated
peptide mixture is separated on- or off-line using single or multiple dimensions of peptide separation. Peptides are then ionized by
electrospray ionization (depicted) or matrix-assisted laser desorption/ionization (MALDI) and can be analysed by various different
mass spectrometers. Finally, the peptide-sequencing data that are obtained from the mass spectra are searched against protein
databases using one of a number of database-searching programmes. Examples of the reagents or techniques that can be used at
each step of this type of experiment are shown beneath each arrow. 2D, two-dimensional; FTICR, Fourier-transform ion cyclotron

resonance; HPLC, high-performance liquid chromatography.

protease (FIG. 1). Even though mass spectrometers can
measure the mass of intact proteins, there are a number
of reasons why peptides, and not proteins, are analysed
in proteomics. Proteins can be difficult to handle and
might not all be soluble under the same conditions (it
should be noted here that many detergents interfere
with MS, because they ionize well and are in a huge
excess relative to the proteins). In addition, the sensitiv-
ity of the mass spectrometer for proteins is much lower
than for peptides, and the protein might be processed
and modified such that the combinatorial effect makes
determining the masses of the numerous resulting iso-
forms impossible. Furthermore, it is not easy to predict
from the sequence what the mass of a mature, correctly
modified protein will be or, conversely, which protein
might have given rise to a measured protein mass.
Most importantly, if the purpose is to identify the pro-
tein, sequence information is needed and the mass
spectrometer is most efficient at obtaining sequence
information from peptides that are up to ~20 residues
long, rather than from whole proteins. Nevertheless,
with very specialized equipment, it is becoming possible
to derive partial sequence information from intact pro-
teins, which can then be used for identification purposes
or the analysis of protein modifications in an approach
called ‘top-down’ protein sequencing6-°.

With very few exceptions, trypsin is used to convert
proteins to peptides. Trypsin is an aggressive and stable
protease, which very specifically cleaves proteins on the
carboxy-terminal side of arginine and lysine residues.
This creates peptides both in the preferred mass range
for sequencing and with a basic residue at the carboxyl
terminus of the peptide. Such peptides result in infor-
mation-rich, and easily interpretable, peptide-fragmen-
tation spectra (see below). The endoprotease Lys-C is
even more stable than trypsin and is often used before
trypsin digestion under harsh, solubilizing conditions
such as 8 M urea. Asp-N and Glu-C are also highly
sequence-specific (but less active) proteases, which can
be used to generate peptides that are complementary to
the tryptic peptides. Less sequence-specific proteases are
generally avoided because they divide the peptide signal
into many overlapping species and generate unnecessarily
complex mixtures.

Digesting the protein into a set of peptides also
means that the physico-chemical properties of the pro-
tein, such as solubility and ‘stickiness, become irrelevant.
As long as the protein generates a set of peptides, at least
some of them can be sequenced by the mass spectrome-
ter, even if the protein itself would have been unstable
or insoluble under the conditions used. It is for this
reason that membrane proteins are quite amenable to
MS-based proteomics. By contrast, these proteins are
very difficult to work with in many other areas of pro-
tein science, because of their insolubility. However, it
should be noted that the improved sequencing proper-
ties and detection efficiencies of peptide versus protein
analysis by MS are achieved at the expense of sequence
coverage — that is, only a low percentage of the entire
sequence is analysed, which is sufficient for protein
identification but not for complete protein characteriza-
tion (for example, post-translational modifications,
protein processing and truncations are not determined).

How do peptides get into the mass spectrometer?
The peptides that are generated by protein digestion are
not introduced to the mass spectrometer all at once.
Instead, they are injected ONto & MICROSCALE CAPILLARY HIGH-
PERFORMANCE LIQUID CHROMATOGRAPHY (HPLC) coLUMN that is
directly coupled to, or is ‘on-line’ with, the mass spec-
trometer (FIG. 2). The peptides are eluted from these
columns using a solvent gradient of increasing organic
content, so that the peptide species elute in order of their
hydrophobicity. Very hydrophilic peptides, however,
might be poorly retained on the column and elute
immediately, and extremely hydrophobic peptides
might not elute at all when a standard gradient is used.
As the mass spectrometer can distinguish the peptides
by their masses, there is no need to separate them into
non-overlapping chromatographic peaks and usually
many peptides arrive at the end of the column at any
given time. The signal intensity in the mass spectrum is
directly proportional to the analyte concentration, so
the peptides are eluted in as small a volume as possi-
ble. This is achieved by making the chromatographic
column as small as can be packed uniformly and kept
free of plugging, which is usually between 50-150 um
in inner diameter. Such columns can be loaded with
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Figure 2 | The liquid-chromatography-tandem-mass-spectrometry experiment. A peptide
mixture that has been generated by protein digestion is de-salted, concentrated and loaded onto
a microscale capillary, high-performance liquid chromatography (HPLC) column using an
autosampler (not shown). The peptides are ionized by electrospray ionization at the end of the
capillary column. The electrospray plume is generated at atmospheric pressure in close proximity
to the entrance of the mass spectrometer and, from here, the peptides are transferred into the
vacuum of the instrument for further analysis.

TIME OF FLIGHT (TOF) MASS
SPECTROMETER

This mass analyser is based on
the time it takes ions to travel
through an electric-field-free
flight tube. In the ion source, all
the ions are accelerated to the
same kinetic energy. As kinetic
energy is a function of mass, the
lighter ions fly faster than the
heavier ones and therefore reach
the detector sooner.

QUADRUPOLE ‘ION TRAPS'

Inion traps, the ions are first
caught (trapped) in a dynamic
electric field and are then
sequentially — according to
their mass to charge (m/z) value
— ejected onto the detector with
the help of another electric field.
Trapped ions can also be isolated
and fragmented within the trap.

DALTON

(Da). The unit of the mass scale,
which is defined as one twelfth
of the mass of the mono-
isotopic form of carbon, 12C (1
Da = 1.6605 x 10-?" kg). Other
commonly, but not necessarily
correctly, used units of relevance
to mass spectrometry are the
amu (an atomic mass unit that is
based on 1%0), the Thomson (the
proposed unit for the mass to
charge (m/z) scale) and the u
(‘unit, which is the same as Da).

low pg amounts of total peptide and they allow flow
rates on the order of 100 nl min~*. The width of each
peptide peak should be between 10 and 60 seconds.
However, these miniaturized chromatography systems
still require considerable expertise to operate. Sensitivity
can be easily lost due to sub-optimal chromatography
or inefficient autosampler set-up.

When a peptide species arrives at the end of the col-
umn, it flows through a needle. At the needle tip, the lig-
uid is vaporized and the peptide is subsequently ionized
by the action of a strong electric potential. This process is
called ‘electrospray ionization® (sox 1; see also The Nobel
Prize in Chemistry 2002 in the online links box).

The single dimension of peptide separation that is
provided by an HPLC column might not provide suffi-
cient resolution if highly complex protein mixtures are
analysed. In this case, the proteins can be divided into
fractions and digested separately, which produces less
complex peptide mixtures. Protein mixtures are often
separated by SDS—-PAGE and the whole lane of the gel
can be excised into equally sized slices, so that the pro-
teins in each gel slice can be analysed separately by
HPLC-MS (also just called liquid-chromatography—MS
or LC-MS)?., Advantages of this so-called ‘GeLC-MS’
approach include the fact that the apparent molecular
weight of the proteins is known, which provides infor-
mation about protein processing or modification.
Furthermore, the analysis is subdivided into several
independent analysis runs, which increases confidence
in database identifications and the dynamic range of the
measurement (the difference between the most abun-
dant and least abundant proteins that can be identified
in an experiment)?.

Asan alternative to protein fractionation, peptide
mixtures can be separated in two dimensions. For
example, a strong cation exchange column can be used
to separate the peptides — first on the basis of their
charge, and then on the basis of their hydrophobicity.

This technique is known as multidimensional protein-
identification technology (MudPIT)Z,

For simplicity, we focus on electrospray ionization in
this article. However, biomolecules can also be ionized
by matrix-assisted laser desorption/ionization
(MALDI?; Box 1). Although MALDI does not allow
direct ‘on-line coupling’ to HPLC, LC fractions can be
deposited in series on a metal target before automated
analysis and some modern MALDI mass spectrometers
are capable of peptide fragmentation as well as peptide-
mass measurement.

What happens inside the mass spectrometer?
Electrosprayed peptide ions enter the mass spectrome-
ter through a small hole or a transfer capillary. Once
inside the vacuum system, they are guided and manipu-
lated by electric fields. There are diverse types of mass
spectrometer, which differ in how they determine the
mass-to-charge (mz) ratios Of the peptides. Three main
types of mass spectrometers are used in proteomics:
QUADRUPOLE MASS SPECTROMETERS, TIME OF FLIGHT (TOF) MASS
SPECTROMETERs and QuADRUPOLE ‘loN TRAPS'. IN addition,
there are also mass spectrometers that combine princi-
ples, such as the popular quadrupole-TOF mass spec-
trometer. Each of these instruments generates a mass
spectrum, which is a recording of the signal intensity of
the ion at each value of the m/z scale (which has units of
pactons (Da) per charge).

In the electrospray-ionization process, tryptic peptides
usually become doubly protonated and are then desig-
nated (M +2H)?*, in which M is the mass of the peptide
and H* is the mass of a proton. So, as mass spectrometers
measure the m/z value, a peptide with mass of 1232.55
would be seenat (1232.55 + (2x 1.0073))/2 =617.28 in
the mass spectrum (see the highlighted peak in FIG.3b).
Peptides can also have higher charge states if they are
more than 15 amino acids long or contain further basic
amino acids such as histidine, which can also be proto-
nated. Fortunately, it is easy to determine the charge
state because each peptide signal actually consists of an
isotope cluster of peaks. Such peaks are separated by 1
Da, which is caused by the 1% probability of each car-
bon atom being the *3C isotope instead of the usual *>C
atom (see FIG. 3b, inset). For example, if the first 3C iso-
tope peak had a difference from the 2C monoisotopic
peak of 1 unit on the m/z scale (618.28 without a peak
at 617.78 in this example), then the charge state of the
peptide ion that produced this peak cluster would be 1.
However, as the difference between the first and second
peaks in this example (617.28 and 617.78) is 0.5 units,
the charge state of the peptide ion that produced this
peak cluster must be 2.

Close inspection of the separation of any of the pep-
tide isotope peaks reveals the resolution of the mass
spectrometer. lon traps barely resolve the isotopes of
doubly charged species, whereas TOF instruments with
a resolution of 10,000 (that is, the m/z value divided by
the peak width at half height) show a clear baseline sep-
aration for the isotopes of even highly charged species.
However, the ultimate resolution is provided by
‘Fourier-transform ion cyclotron resonance’ MS
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(FTICR-MS or FTMS). In contrast to the quadrupole
ion trap, these so-called ‘Penning traps’ keep the ions
confined in the high magnetic field of a super-conduct-
ing magnet, so FTMS can be thought of as the MS ana-
logue of NMR. The ions circle with frequencies that are
inversely proportional to their m/z value. This circling
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A fundamental problem in biological mass spectrometry was how to transfer highly
polar, completely non-volatile molecules with a mass of tens of kDa into the gas phase
without destroying them. This was solved by so-called ‘soft’ ionization techniques such as
matrix-assisted laser desorption/ionization (MALDI)® and electrospray ionization.
The latter technique earned its inventor a share of the Nobel Prize for chemistry in 2002
(see further information in the online links box).

For MALDI (see figure, part a), the analyte is mixed with a large excess of ultraviolet-
absorbing matrix, which is normally a low-molecular-weight aromatic acid. On
irradiation with a focused laser beam of the appropriate wavelength, the excess matrix
molecules sublime and transfer the embedded non-volatile analyte molecules into the gas
phase. After numerous ion—-molecule collisions in the plume of ions and molecules, singly
protonated analyte ions are formed, which are accelerated by electric potentials into a
mass analyser of choice.

For electrospray ionization (see figure, part b), the tapered end of a liquid-
chromatography column or a metal needle is held at a high electrical potential
(several kV) with respect to the entrance of the mass spectrometer. The liquid effluent
containing the peptides that are eluting from the chromatography column is thereby
electrostatically dispersed. This generates highly charged droplets, which are normally
positively charged in proteomics experiments, due to an excess of protons. Once the
droplets are airborne, the solvent evaporates, which decreases the size and increases
the charge density of the droplets. Desolvated ions are generated by the desorption of
analyte ions from the droplet surface due to high electrical fields and/or the formation
of very small droplets due to repetitive droplet fission until each droplet contains, on
average, only one analyte ion.

induces an alternating current in the metal plates that
make up the trap. This time-varying current constitutes
a frequency spectrum of the ion motion and is con-
verted by the mathematical operation Fourier transfor-
mation — which explains the name — into a mass
spectrum. The high resolution (more than 100,000)
and the mass accuracy (a few parts per million) of
FTMS are due to the fact that the spectrum is acquired
as a frequency measurement and frequencies can be
measured exceedingly accurately.

Having determined the m/z values and the intensi-
ties of all the peaks in the spectrum, the mass spectrom-
eter then proceeds to obtain primary structure
(sequence) information about these peptides. This is
called tandem MS, because it couples two stages of MS.
In tandem MS, a particular peptide ion is isolated,
energy is imparted by collisions with an inert gas (such
as nitrogen molecules, or argon or helium atoms), and
this energy causes the peptide to break apart. A mass
spectrum of the resulting fragments — the tandem MS
(also called MS/MS or MS?) spectrum — is then gener-
ated (F1G. 3c). In MS jargon, the species that is fragmented
is called the ‘precursor ion’ and the ions in the tandem-
MS spectrum are called ‘product ions’ (more endear-
ingly, but less politically correct, they used to be
described as parent and daughter ions). Note that the
MS? spectrum is the result of an ensemble of one partic-
ular precursor ion fragmenting at different amide
bonds. Throughout the chromatographic run, the
instrument will cycle through a sequence that consists of
obtaining a mass spectrum followed by obtaining tan-
dem mass spectra of the most abundant peaks that were
found in this spectrum.

BOX 2 explains how peptides fragment and how the
fragment ions are designated. The most common and
informative ions are generated by fragmentation at the
amide bond between amino acids. The resulting ions are
called b-ions if the charge is retained by the amino-ter-
minal part of the peptide and y-ions if the charge is
retained by the carboxy-terminal part. In quadrupole or
quadrupole-TOF instruments, y-ions predominate,
whereas in ion-trap instruments, b- and y-ions are both
observed. For an even more in-depth characterization,
the peptide fragments can be further fragmented. This is
known as MS® or, more generally, MS", and has recently
become feasible practically in proteomics with the
advent of linear ion traps — a new and improved ver-
sion of the traditional three-dimensional quadrupole
ion traps, in which more precursor ions can be stored
for fragmentation.

Peptide sequencing by mass spectrometry

As shown in FIG. 3¢, each peptide fragment in a series dif-
fers from its neighbour by one amino acid. In principle,
it is therefore possible to determine the amino-acid
sequence by considering the mass difference between
neighbouring peaks in a series, as is shown in FIG. 3.
However, the difficulty lies in the fact that the informa-
tion in tandem-MS spectra is often not complete and
that intervening peaks, which might or might not
belong to the series, can confuse the analysis. For
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DE NOVO SEQUENCING
Deriving the amino-acid
sequence (primary structure) of
a peptide solely from the mass-
spectrometry, peptide-
fragmentation data (that is,
without using databases).

TOTAL ION CURRENT

The sum of all the ion signals in
amass spectrum as a function of
elution time.

EXTRACTED ION CURRENT
The sum of the ion signal for a
particular mass to charge (m/z)
value — that is, for a particular
peptide-ion species.

example, a mass difference of 114 Da might be found
between two large peaks, but a very small peak might
also be found at 57 Da between these two large peaks.
This part of the spectrum could therefore correspond to
one asparagine (residue mass = 114 Da) or two glycines
(residue mass = 57 Da). In practice, experts can cor-
rectly interpret at least parts of tandem-MS spectra,
whereas computer algorithms are, as yet, unreliable
for determining amino-acid sequences. In either case,
the success of be Novo sequencing crucially depends on the
quality of the data, in terms of both the mass accuracy
and the resolution of the instrument, as well as the
information content of the tandem-MS spectrum
(for details of de novo sequencing software, see online
supplementary information S1 (box)).

At the beginning of the 1990s, researchers realized
that the peptide-sequencing problem could be con-
verted to a database-matching problem, which would be
much simpler to solve. The reason database searching is
easier than de novo sequencing is that only an infinitesi-
mal fraction of the possible peptide amino-acid
sequences actually occur in nature. A peptide-fragmen-
tation spectrum might therefore not contain sufficient
information to unambiguously derive the complete
amino-acid sequence, but it might still have sufficient
information to match it uniquely to a peptide sequence
in the database on the basis of the observed and
expected fragment ions. There are several different algo-
rithms that are used to search sequence databases with
tandem-MS-spectra data, and they have names such as
PeptideSearch, Sequest, Mascot, Sonar ms/ms and
ProteinProspector (for more information, see BOX 3; see
also the information on protein-identification software
in online supplementary information S1 (box)). A limi-
tation of database searching compared to de novo
sequencing is that large-scale proteomic experiments
should only be carried out using organisms that have
had their genome sequenced, so that all the possible
peptides are known. Organisms in which expressed-
sequence-tag projects have been carried out are accessi-
ble to a lesser degree, as are the proteomes of organisms
that have genes with a high homology to the proteome
of a sequenced species?>?.

Identifying proteins in small data sets

As mentioned above, proteins are often purified by one-
or two-dimensional gel electrophoresis and mass spec-
trometry is carried out on stained bands or spots. When
MALDI is used, proteins are identified by ‘mass finger-
printing’, which matches the tryptic peptide masses in
the mass spectrum to the calculated tryptic peptide
masses for each protein in a database. Although MALDI
fingerprinting works well in many cases, peptide
sequencing is a more specific and sensitive identification
method. In this procedure, peptides are sequenced
using the LC—-tandem-MS experiment and each tan-
dem mass spectrum is database searched using one of
the algorithms that are described in Box 3. Peptide iden-
tifications should be reported in terms of a probability
score, as is the case for the Mascot search engine® and a
recently modified version of the Sequest algorithm?,

Database-searching software packages usually also
indicate the scores that are considered significant (for
further information on the statistical treatment of pep-
tide-sequencing results, see online supplementary
information S1 (box)). If several statistically significant
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Figure 3 | Mass-spectrometry traces. a | The total ion
intensity from all the mass spectra that were recorded during
the liquid-chromatography-mass-spectrometry (MS) run

is shown as a function of elution time — that is, the black

trace shows the TOTAL ION CURRENT or total ion chromatogram.
Shown in bold is the trace for the intensity of one particular ion,
which elutes within a 40-second window approximately

42.5 minutes into the gradient — that is, the bold trace shows
an EXTRACTED ION CURRENT or extracted ion chromatogram. The
area under this curve represents the total signal of this peptide.
b | The mass spectrum of the peptides that were eluted

42.4 minutes into the gradient. The insert shows the mass-to-
charge values around the peptide ion of interest, which are
indicative of the resolution and allow the charge state to be
derived (please refer to the main text for further details). ¢ | The
tandem-MS (MS/MS) spectrum of the peptide ion of interest
(highlighted by a dashed box in part b). The mass differences
between this y-ion series indicate the amino-acid series, which
is shown below the spectrum. As this is a y-ion series, the
sequence is written in the carboxy-to-amino-terminus direction
going from left to right. m/z, mass-to-charge ratio.
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Box 2 | The abc’s (and xyz’s) of peptide sequencing

a peptide, together with the designation for
fragment ions (the Run

that is used when the peptide backbone is H |
fragmented by imparting energy onto the
molecule® ™, In the mass spectrometers that are ay, -
used in proteomics, peptide fragmentation is

induced by collisions with residual gas, and bond
breakage mainly occurs through the lowestenergy b
pathways — that is, cleavage of the amide bonds.

the amino-terminal fragment or y-ions when it is Ry
retained by the carboxy-terminal fragment (see

figure, part b). The fragmentation process has

recently been modelled quantitatively™.

amino-acid R groups these ions contain. They are also labelled

y(n—m) (n—m)’

hydroxyproline™.

peptides identify the same protein, then this protein
identification can be accepted without further work.
However, this is not the case if the sum of many mar-
ginal peptide scores results in a seemingly significant
protein score, which is a problem that frequently results
in the erroneous identification of very large proteins
that could produce a large number of potential pep-
tides. Furthermore, generally only ‘fully tryptic’ peptides
should be used in the database search — that is, pep-
tides in which the carboxy-terminal amino acid is
arginine or lysine and for which the amino acid that
precedes the peptide in the protein sequence is arginine
or lysine. Trypsin seems to be fully specific and only a
few ‘semi-tryptic’ peptides are generated through pro-
tein degradation or the breakup of the peptide before
tandem MS (REF. 30). Some peptides — in particular,
small ones with less than seven amino acids — match
more than one protein in the database, and this should
be indicated by the search software and taken into
account in data interpretation. Great care should be
taken with proteins that are identified on the basis of a
single peptide identification. If the probability score is
very high, such a peptide might be sufficient to identify
a protein, provided that the data are of high quality
(that is, a high mass accuracy and signal-to-noise ratio).
In these and all other cases in which an interesting pro-
tein will be further characterized biologically, the mass
spectra should be manually inspected according to the
rules in Box 4 before proceeding (see also
Supplementary material on peptide validation in the
online links box). If other information, such as the

Part a of the figure shows the chemical structure of a %

Roepstorff—-Fohlmann-Biemann nomenclature) N )Y

I Re |, O Ry, O 'n R
This leads to b-ions when the charge is retained by HZN%NJ\}\H/ N ﬁ/l‘ N N "N ‘ NW)L*N)YOH
H Ry M o Heo Hoo

lons are labelled consecutively from the original amino terminusa_, b and c_, in which m represents the number of

consecutively from the original carboxyl terminus z

(n-m)’

and x in which n—m equals the number of R groups these ions contain (n is the total number of residues, or R
groups, in the peptide and m is the number of R groups that the corresponding a-, b- or c-ion would contain; see figure).
Doubly charged tryptic peptides mainly yield singly charged y- and b-ions. In addition, a-ions (loss of a C=0 group or a
mass difference of 27.9949 Da relative to the b-ion) can occur, but this is normally only observed for the b,-ion, which
gives rise to the characteristic a,/b,-fragment ion pair in the lower mass range’ (see figure, part b). Apart from the ion
types shown, ‘satellite’ fragment ions due to the further loss of NH, or H,O can be produced. These ions are designated,
forexample,a_—NH,ory,  —H,O.Fragmentation both amino-terminal to and carboxy-terminal of the same amino
acid produces immonium ions, which are diagnostic of modified amino acids such as phosphotyrosine and/or

apparent molecular weight of the band as determined
by gel electrophoresis, does not agree with the protein
identified, the raw data should be similarly checked.

Although experimenters usually intend to purify
proteins to homogeneity in single electrophoretic bands,
itis important to realize that such bands often contain
more than one protein. Particular care should be taken
if, in asingle stained band, the protein of interest is iden-
tified by only a few peptides, whereas another protein is
identified by many peptides and much stronger MS
peaks. It is then probable that the interesting protein is a
minor contaminant and did not actually cause the stain-
ing that made the band visible. An exception to this is
keratin contamination, for example, through dust, hair
and wool sweaters, which is caused, for instance, by work-
ing without gloves. This contamination can produce
stronger peptide peaks than the protein that produced
the band.

Identifying proteins in large data sets

As a result of rapidly improving technology, the identifi-
cation of hundreds of proteins is not unusual, even ina
single project, and determining the reliability of these
protein hits is especially challenging. This is partly
because even small error rates for each of the corre-
sponding peptides can quickly add up when many
thousands of peptides are being identified. Another rea-
son is that the large-scale nature of an experiment is
often used as an excuse not to carry out any critical eval-
uation of the outcome. As a result, many large-scale pro-
teomic sequencing projects have an unknown, but
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apparently quite high, error rate. Simply increasing the
required identification scores would reduce the number
of misidentifications (‘false positives’). However, it
would do so at the cost of an increasingly larger fraction
of ‘false negatives’ that is, proteins that were present but
which have not been confidently identified. Fortunately,

all these problems have recently been addressed by a
combination of experiments on defined protein mix-
tures, randomized databases and the application of
robust statistical procedures.

Keller et al. used a mixture of recombinant proteins
and carried out protein identification using many

Box 3 | Database identification approaches
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enzyme used (in this fragments £
example, trypsin, which é
cleaves carboxy-terminal of - .
arginine or lysine residues). :
In a second approach, Calculate predicted fragments
which is implemented in the /2

Sequest algorithm?™, a signal-

processing technique called autocorrelation is used to mathematically determine the overlap between a theoretical
spectrum that has been derived from every sequence in the database and the experimental spectrum in question (see part
b of the figure). The overlap is given in the form of a score, and the score to the next best matching peptide sequence is
also often given. The technique has proven quite robust for low signal-to-noise spectra. It is used for low-resolution data
because autocorrelation would be too computer intensive for high-resolution data.

The third main approach, which is implemented in the Mascot search engine?, also involves calculating the
theoretically predicted fragments for all the peptides in the database, and it is called probability-based matching. The
predicted fragments are matched to the experimental fragments in a top-down fashion, starting with the most intense
b- and y-ions (see part ¢ of the figure, and note that the most intense peaks do not always result from simple b- and y-
ions). The probability that the number of fragment matches is random is calculated and the negative logarithm of this
number (multiplied by 10) is the identification score.

Many more bioinformatics approaches to peptide identification have been developed in recent years (for example, one
involving a mathematical discipline called graph theory). For more information on protein-identification software, see
online supplementary information S1 (box). MS, mass spectrometry; m/z, mass-to-charge ratio.
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rounds of LC-tandem-MS (Rer. 31). They could then
determine the false-positive and false-negative rates of
commonly used threshold criteria for peptide identifica-
tions. Researchers have also used randomized sequence
databases to determine significant database identification

Box 4 | Validation of peptide hits
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To evaluate ambiguous peptide identification, several rules of thumb can be used to
assess whether a particular protein identification is reasonable or not (see also
Supplementary material on peptide validation in the online links box). Some of these
rules are described using the example of a tandem mass spectrum that was acquired using
a quadrupole-time-of-flight instrument and the doubly protonated tryptic peptide
FLYM(OX)WPNAR (see figure; mass-to-charge ratio (m/z) = 607.32; the precursor ion is
highlighted by an asterisk; M(Ox), oxidized methionine):

« Itis often not possible to rationalize all the fragment ions that are observed in a tandem
mass spectrum. However, in the case of doubly charged tryptic peptides, the majority of
the most abundant peaks in the m/z range above and around the precursor ion should
be indicative of a (short) continuous series of y-type fragment ions (see the fragment
ions highlighted by red text that assign the sequence tag - Y-M(Ox)-W-). b-type
fragment ions of lower intensity are expected to be present when ion traps have been
used for the analysis, or if the peptide comprises an internal basic amino-acid residue.

* Peptide bonds that are amino-terminal to proline, and carboxy-terminal of aspartate,
residues are particularly labile — that is, more intense fragment ions are observed for
this cleavage compared to those for the cleavage of the preceding and subsequent
peptide bonds. In fact, cleavage carboxy-terminal of proline, and amino-terminal to
aspartate, is energetically unfavourable. Fragment ions that are derived from the labile
cleavage should therefore be much more abundant than those derived from the
hampered cleavage (see, for example, the signal intensities at the m/z value of 457.26
versus 359.19 in the figure).

« If a side-chain modification — such as serine/threonine phosphorylation, glycosylation
and/or methionine oxidation — is present, fragment ions that comprise this
modification can be accompanied by so-called ‘satellite ions’ This is a result of the ready
loss of modification-specific fragments — for example, phosphoric acid (98 Da) for
phosphorylated species or CH,SOH (64 Da) for oxidized methionine; see the m/z values
that are labelled in green in the figure. Depending on how facile this loss is, the satellite
ions can be more abundant than the related fragment ion.

* It is often assumed (by researchers and also by some of the database-searching
algorithms that are used at present) that fragment ions have a lower charge state than
the precursor ion from which they are derived. However, some intense fragment ions
that fall in the m/z range below the precursor ion and that have not been accounted for
can actually be fragment ions that have the same charge state as the precursor ion (see
the fragment ion that is marked with a red arrow; this ion is the doubly protonated form
of the fragment ion at the m/z value 953.44).

scores®>33, This experiment can easily be carried out by
reversing the sequences of every database entry and
searching the tandem mass spectra against this ‘non-
sense’ database. This type of exercise helps to ‘tune’ the
significance criteria to the specific instrument and sam-
ple-preparation methods used in particular laboratories.

More generally, Keller and colleagues noticed that
plotting peptide-identification scores against their fre-
quency revealed two approximately Gaussian-shaped
distributions®. The one centred on low score values is
caused by random matches, whereas the one centred on
higher scores belongs to true matches. Although the two
distributions overlap, they can be mathematically fitted
by two curves, and this provides a statistical way to
obtain a probability for correct identification for each
chosen cut-off score®. This, in turn, allows a desired cut-
off with a known false-positive and false-negative rate to
be selected depending on the requirements of the exper-
imental question. Another advantage of this method is
that it makes the data between different search engines
and different laboratories comparable®. All that is nec-
essary is that all peptide-identification scores — not
only the ones above a particular minimum — are
reported for every large-scale experiment (see also
Institute for Systems Biology in the online links box).

After all the peptides have been identified, they have
to be grouped into protein identifications. Usually, the
peptide scores are added up to yield protein scores in a
straightforward manner. However, the confidence in the
accuracy of a particular peptide identification increases
if other peptides identify the same protein and decreases if
no other peptides do so. This fact can be formulated
mathematically and can be used to determine the cor-
rect probability of protein identification from the
adjusted peptide-identification probability®. As already
mentioned above, protein identifications based on sin-
gle peptides should only be allowed in exceptional cases.
The use of peptides that are not fully tryptic and the use
of single-peptide identifications are by far the greatest
causes of false-positive protein identifications.

Despite the desire for unbiased and objective criteria,
these need not be applied blindly and exclusively. With
high mass accuracy and high-resolution data, data inter-
pretation by experts can add much to the interpretation
process, because computers only capture certain aspects
of the information in tandem-MS spectra. Furthermore,
peptides with low scores are, nevertheless, often correct,
so manual validation of such hits can often ‘rescue’ the
identification of important proteins. It is improbable
that human MS experience will be superseded, rather
than assisted, by machine intelligence in the near future.
In our opinion, the best way forward lies in the use of a
combination of powerful algorithms, robust statistics
and expert knowledge.

Isoforms, protein modifications and more

Proteomics experiments identify proteins on the basis of
several sequenced peptides, which might or might not
distinguish between all the possible isoforms of the pro-
tein. Fortunately, even a single amino-acid substitution
in any observed peptide will always lead to a different
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IONIZATION EFFICIENCY
The fraction of peptides in
solution that is converted to
peptide ions in the gas phase.

mass (except in the case of isoleucine/leucine), so even
a low sequence coverage of a protein will generally
determine which particular protein isoform it is.
However, this is not necessarily the case for isoforms
that are produced by alternative splicing or by protein
processing if the differing protein sequences are not
covered by any sequenced peptide.

The sequence databases that are used to identify
proteins are still far from optimal for proteomics
experiments. Ideally, we would have non-redundant
databases with entries for each gene and annotations
for all the isoforms, splicing variants and so on. In
practice, we have to choose between large databases
with much redundancy, such as the Entrez Protein
database of the National Center for Biotechnology
Information (NCBI; see online supplemenatary infor-
mation S1 (box)) or compact and minimal databases
such as the Unigene database (see online supplemen-
tary information S1 (box)). The former will list many
apparently, but not actually, different proteins, whereas
the latter is still in a state of flux with entries changing
significantly or even disappearing as genomes become
better annotated. The International Protein Index and
Ensembl are other database resources that are extremely
valuable for proteomics projects, because they contain
not only deposited protein and translated cDNA
sequences, but also information on predicted genes on
the basis of genomic and expressed-sequence-tag data
(see online supplementary information S1 (box)).

Post-translational modifications are generally not
considered in the first round of large-scale, protein-
sequencing experiments, and the identity of modified
proteins can, in principle, easily be determined using
any of the non-modified tryptic peptides of the pro-
tein. Slightly altered versions of the database-search-
ing algorithms that are described in Box 3 can deal
with modifications, in effect by matching various
modified versions of each peptide in the database
with the spectrum. However, this is at the expense of
avast increase in the search space and leads to a cor-
responding decrease in the confidence of identifica-
tion. On the other hand, fragmentation spectra of
modified peptides have special features — for exam-
ple, a prominent peak due to the loss of a phosphoryl
group from phosphorylated serine- or threonine-
containing peptides (Box 4) — and these features can
help to verify that a peptide is modified. However, it
is difficult to obtain tandem-MS spectra of all modi-
fied peptides in the first place, as it requires much
more material than is needed for identification, as
well as the use of several proteases to achieve close to
100% sequence coverage®?.

Few definitive conclusions can be drawn regarding
the absence of a protein from a large-scale analysis. The
protein might, in fact, still have been present, but its
peptides might have co-eluted with abundant peptides
from other proteins and might therefore not have been
selected for sequencing by the instrument. However, it
might be possible to conclude that the protein in
question is not a significant component if none of its
peptides has been sequenced, in particular, if all the

other proteins in the protein mixture have been identi-
fied by two or more peptides.

Mass-spectrometry data for quantification
Often, we are interested not only in the identity of a
peptide, but also in its quantity. Unfortunately, the
intensity of the signal of a peptide ion does not directly
indicate the amount of protein present. For example,
when digesting a protein, the peptides that are produced
should all be equimolar and might be expected to give
peaks of equal height in the mass spectrum. However,
accessibility to the protease, the solubility of the peptide
and the 1onization erriciency Of the peptide combine to
make these signals orders of magnitude different.
Fortunately, these factors are reproducible, so the peak
height of the same peptides can be a good indicator of
the relative amount of the related protein from one
experiment to the next.

Absolute quantification. Averaging the MS response of
the most abundant peptides for each protein can yield a
rough measure of the absolute amount of each protein
— within a factor of four if at least three peptides are
taken into account (J. Rappsilber, Y. Ishihama and
M.M., unpublished data). A more laborious, but pre-
cise, way of achieving absolute quantification is to
include isotopically labelled ‘internal standards’ — that
is, known amounts of peptides that mimic an expected
proteolytic peptide but have a slightly different mass.
The internal standard can be added to the sample before
digestion and loading onto the column. This is fre-
quently done for absolute quantification in small-mole-
cule MS and could also be done in proteomics studies
on a large scale®,

Relative quantification. The most accurate way of
obtaining a relative quantification of two protein pop-
ulations by MS — for example, populations obtained
from different cellular states or under different growth
conditions — involves the use stable isotopes (no
radioactivity is involved). The key idea is that two
forms of a molecule that differ only as a result of stable-
isotope substitution will behave identically during an
MS experiment; there will just be a mass difference
between them. Therefore, the ratio of the two peaks,
which can be determined quite accurately, directly indi-
cates the relative amounts of a protein that is present in
the two populations. In proteomics, the stable-isotope
label needs to be incorporated into the peptides and
this can be done in a number of ways (see below).
Hydrogen atoms (*H) can be replaced by deuterium
(®*H), ©C by 3C, and **N by >N, which all lead to a one-
mass-unit difference per substituted atom, and %O can
be replaced by *®O. At least a three-mass-unit shift per
peptide is desirable to separate the two isotope clusters
from each other.

In metabolic labelling, which was first used in pro-
teomics by Langen and colleagues* and Chait and co-
workers®, stable isotopes are included in the food source
of, for example, a microorganism. This is similar to the
procedure that is used to label proteins for structural
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Figure 4 | Techniques for the relative quantification of protein populations.

a | A schematic representation of the SILAC (‘stable-isotope labelling in cell culture’) method. A
stably labelled amino acid in a cell-culture medium (in this case, ‘heavy’ arginine) is incorporated
fully into the proteome of one cell population. Relative quantification experiments can easily be
carried out using cells that were grown in normal media as the control state. Cell lysates from
two conditions can be combined and purified through any number of steps. The proteins are
then digested and if the two forms of the peptides co-elute, a peptide ratio can be obtained for
each mass spectrum, which allows the protein levels in the two populations to be relatively
quantified. b | The ICAT (‘isotope-coded affinity tag’) method involves the use of a label that is
composed of three modular parts — an isotopically labelled linker between a biotin group and a
cysteine reactant. Two different isotopically labelled linkers can be used to allow the peptides of
two different protein populations from two different cell states to be relatively quantified. The
biotin group allows the selective capture and analysis of only the subset of peptides that contain
a cysteine residue. LC-tandem-MS, liquid-chromatography-tandem-mass-spectrometry;

m/z, mass-to-charge ratio.

biology purposes. It is important that there is 100%
labelling, otherwise the degree of labelling introduces
another source of uncertainty. We recently described an
approach called SILAC (‘stable-isotope labelling in cell
culture’). This approach is applicable to the cell cultures
of higher organisms and uses a stably labelled amino acid
in the culture media, which is incorporated fully into the
proteome of a cell population*** (FIG. 4a). Relative quan-
tification experiments can easily be carried out using
cells grown in normal media as the control state, and cell
lysates from two conditions can be combined and puri-
fied through any number of steps. If the two forms of the
peptides co-elute (which they do if the labelling is done
using **C or *N), a peptide ratio can be obtained for each
mass spectrum by comparing the signal intensities.
Alternatively, the intensity of the chromatographic peaks
for each form of the peptide (extracted ion current; FIG. 3a)
can be determined separately and divided to determine
the peptide ratio.

In another approach to isotopic labelling (which can
be called ‘post-harvest labelling’), protein samples are
chemically labelled before or after proteolysis. This can
be done by reacting chemical labels with particular
amino-acid side chains, such as the thiol group of cys-
teine residues®, or by using labels that target all newly
formed peptides by reacting with primary amines —
that is, the amino termini of the peptides*. One popular
method called ICAT (‘isotope-coded affinity tag’) incor-
porates a label that is composed of three modular parts
—an isotopically labelled linker between a biotin group
and a thiol-specific (cysteine) reactant*’*¢ (FIG. 4b). Two
different isotopically labelled linkers are used to com-
pare the peptides of two different protein populations,
and the biotin group allows the selective capture and
analysis of only the subset of peptides that contain the
relatively rare cysteine residue. This makes the peptide
mixture less complex, but proteins that lack cysteine
residues cannot be quantified.

The advantages of metabolic-labelling methods
include the fact that no chemical methods, which can be
tedious and can reduce the sensitivity of the measure-
ment, are involved. Furthermore, as indicated above, the
cell lysates of two conditions studied can be combined
and purified through any number of steps. Post-harvest
labelling, on the other hand, requires keeping track of
the fractions that are to be quantified against each other
(FIG. 4). However, advantages of post-harvest-labelling
techniques include the fact that they can be used on
samples that cannot be labelled metabolically, such as
human biopsies.

The accuracy of quantification is determined by the
mass resolution of the instrument and the signal-to-
noise ratio of the measurement, and under optimal con-
ditions, the protein ratios can be determined to within a
few per cent*. However, if one of the two forms of the
peptide is close to the noise level, only a lower limit can
be given for the protein ratio. There are many ways to
assess the accuracy of quantification. If labelled peptides
co-elute with their unlabelled counterparts, the peak
ratios can easily be determined by comparing the signal
intensities of the two peaks within each pair. As several
mass spectra are acquired as the peptides elute from the
LC column, several intensity ratios can be determined
for each peak pair, such that the spread of these ratios is
ameasure of the accuracy of the quantification. If there
are several peptides that quantify a protein, a standard
deviation can be obtained from the separate ratios for
each of these peptides. The experiment can also be car-
ried out in reverse — that is, by swapping the label
between the two states. Finally, improvements in
automation and sensitivity increasingly mean that it will
often be relatively easy to carry out the quantification in
several independent experiments.

Perspective for peptide-sequencing applications

As described above, peptide-sequencing technology can
now rapidly generate long lists of identified proteins
from virtually any source of protein material. Relative
quantification between protein populations is also often
achievable. Furthermore, a recent trend in proteomics
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Box 5 | Alternatives to liquid-chromatography-tandem-mass-spectrometry

On-line liquid-chromatography—tandem-mass-spectrometry (LC-tandem-MS) is not the only technique that can be
used for mass-spectrometry-based proteomics studies. Matrix-assisted laser desorption/ionization (MALDI)
continues to be attractive for the identification of single protein spots or bands, because a MALDI mass fingerprint is
obtained in less than one minute, whereas an LC run typically takes at least half an hour. The relatively low certainty

of protein identification using MALDI fingerprinting has been addressed by the development of MALDI
instruments that can also sequence peptides. In these instruments, a MALDI source is either coupled to a double
time-of-flight section (MALDI-TOF-TOF), to a hybrid quadruple TOF or to an ion trap. MALDI ions are singly
charged and generally give less informative mass spectra, but they are usually sufficient for identification. However, as
the general trend is moving away from two-dimensional gel electrophoresis, there has been less emphasis on single-
spot identification. For analysing complex protein mixtures, high-performance LC has to be coupled ‘off-line’ to
MALDI, and this is usually done by collecting fractions onto metal ‘targets’ that will be introduced to the MALDI
mass spectrometer. Off-line coupling is technically complex, but allows repeated analysis.

A technique that has captured the attention of many clinicians — and, notably, of Congress — is the surface-
enhanced laser desorption/ionization (SELDI) method (for a review, see Rer. 76). A bodily fluid, such as blood, is
placed on a surface that has ion-exchange or hydrophobic properties and is analysed by MALDI to produce a pattern
of peptides and small proteins. In diagnostic applications, these patterns can be linked to healthy and diseased
patients by statistical techniques’’. Despite the great clinical promise and importance of techniques for the direct
diagnosis of patient samples using mass spectrometry, the SELDI technique itself has been intensely controversial
because of its limited sensitivity for low-abundance components and the limited robustness of the bioinformatics

analysis (for example, see REFS 78,79).

has been towards large-scale experiments and automa-
tion. In many laboratories, the HPLC column is now
loaded by an autosampler, which allows the analysis of
many peptide mixtures per day without too much loss
of sample and sensitivity. So, where can this powerful
technology be applied most usefully?

One of the most rewarding applications so far has
been in the characterization of protein complexes**°,
There is an increasing focus on these ‘molecular
machines, and MS is very valuable as a first step to iden-
tify the protein members of these complexes and, possi-
bly, their modification state. Approaches have ranged
from the large-scale identification of immunoprecipi-
tated multiprotein complexes®-%? for the derivation of
protein-interaction networks to the characterization
of whole organelles®-5, The success of this strategy is due
to the fact that the purification step enriches the protein
population at the same time as it limits its complexity
compared to total cell lysates. Second, and more impor-
tantly, multiprotein complexes provide a functional con-
text, in which the proteomic results can be interpreted.

Recent developments now make it possible to
determine more transient and signal-dependent inter-
actions®®%’, by using the stable-isotope-based pro-
teomics techniques mentioned above to encode the
pull-down versus the control. For example, a phos-
phopeptide and the non-phosphorylated peptide can
be coupled to beads and incubated with *C-Arg- and
2C-Arg-encoded cell lysates, respectively. The proteins
that bind to the peptide beads can then be eluted and
mixed. Almost all of the peptides that are detected after
digesting these proteins will produce peak pairs that
have a one-to-one ratio, which indicates nonspecific
binding to the phosphopeptide and the non-phos-
phorylated counterpart or to the beads. However, if
the peptides are from proteins that specifically bind the
phosphopeptide, these peptides will predominantly be
detected in the *C form®,

One of the key limitations of organelle purification
has been the difficulty of distinguishing true organellar
proteins from co-purifying ones®. This difficulty has
only become worse with the increasing sensitivity and
throughput of MS. However, we noticed that we could
obtain a quantifiable profile of all the proteins from the
centrifugation fractions in the final enrichment step of
purification. True organellar proteins produced the
same, characteristic profile, whereas non-organellar pro-
teins showed quite different profiles®. This gives us the
ability to map essentially all cellular structures, even if
they can only be enriched and not purified completely.

In contrast to these targeted protein-interaction or
organelle-proteomics studies, experiments that are
aimed at determining protein expression in whole-cell
lysates or tissues (expression proteomics) have been less
successful so far. However, intense research efforts are
underway at present, because such a strategy would
enable the detection/identification of disease-related
biomarkers. Such a measurement is essentially the equiv-
alent of a microarray experiment, with the difference
being that protein, instead of MRNA, levels are com-
pared. MS experiments that compare protein-expression
levels are much more laborious than microarray experi-
ments, but are attractive because proteins are the active
agents of the cell, whereas the mMRNA population is often
a poor indicator of protein levels®. However, it is still dif-
ficult to identify and quantify all the low-abundance
proteins, especially in the presence of highly abundant
proteins. Furthermore, as in microarray experiments, the
results are ‘noisy’, because of the extremely large amounts
of data, and it can be difficult to distil functional and
mechanistic hypotheses from such global experiments.

That said, peptide-sequencing technology is rapidly
improving. It might soon become possible to quantify
most of the proteins in a cell line or tissue using high-
resolution MS (Rer. 61), especially as the key issues of
MS-based proteomics techniques — that is, the detection
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limits and dynamic range — are being pushed to
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