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Abstract: Proteomics is the large-scale study of proteins. The field began with protein purification and analysis
by various techniques but today is largely understood to be mass spectrometry-based highly multiplexed protein
quantification. This article focusses on protein expression profiling, i.e. howmuch of each protein is in my sample
or how much does the level of each protein change upon a change in the environment?
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Introduction

The term Proteomics refers to the large-
scale study of proteins.[1] The proteome, a
blend of the words protein and genome,
usually refers to the entire set of proteins,
or at least a large sub-set of all proteins
produced by an organism or tissue. The
proteins present in plasma for instance are
referred to as the plasma proteome.

In principle proteomics as an analytical
method comprises various technologies for
protein purification and their analysis but it
is nowwidely synonymouswithmass spec-
trometry-based highly multiplexed protein
quantification and this article will focus
exclusively on this technology. Currently,
the main application of proteomics is pro-
tein expression profiling, i.e. answering a
simple quantitative question: Howmuch of
each protein is in my sample or how much
does the level of each protein change upon
a change in the environment?

The Significance of Proteomics

If genomics relates to the building plan
of an organism, proteomics relates to the
implementation of this plan in an actual
living system. Proteins constitute most
of the functions and the substance of any
organism. Large-scale gene expression
analysis, called transcriptomics, is in the
middle between genomics and proteomics.
Transcriptomics is still the most widely
used proxy for protein expression and in
fact due to its easy availability using mi-
croarrays or RNA-Seq, many researchers
seem to equate RNA expression with pro-
tein expression.

However, in many cases it was found to
be a poor proxy for protein expression.[2]
The reason is that mRNA is not always
translated into protein and protein levels
not only depend on the transcript avail-
ability but also on protein-intrinsic fac-
tors such as degradation, or generally on
post-transcriptional regulation. A compre-
hensive review of the relationship between
RNA and protein expression can be found
in the recent article of Liu et al.[3] In sum-
mary, RNA and protein expression are
moderately correlated under steady-state
conditions but can become completely
disconnected after a perturbation because
transcription and translation are happen-
ing on different time scales. In many cases
the research question is purely related to
proteins, so for instance if the density of
receptor proteins on the cell surface is of
interest, or if the proteome of the plasma
(where virtually no RNA can be found) is
addressed. Consequently, the only accurate
way to analyze protein composition in an
organism is to measure proteins directly.

A Short History of Proteomics

The most widely used protein sepa-
ration technique is SDS-PAGE, first re-

ported by Laemmli[4] in 1970. The step
from a single-protein analysis technique
to a proteomics technique was made when
SDS-Page was combined with isoelectric
focusing (IEF) to protein samples prior to
SDS-PAGE to become two-dimensional
(2D) gel electrophoresis.[5] Thanks to its
visual appeal and its ability to reveal the
proteome in a format familiar to research-
ers, 2D gel electrophoresis became very
popular and until the turn of the century
was the most widely used proteomics tech-
nique. However, from the beginning it was
plagued with reproducibility issues and
later it became apparent that it was also
limited in sensitivity. Protein expression
varies by orders of magnitudes. Compared
to LC-MS based methods described below,
2D gel electrophoresis only scratches the
surface of the proteome. For some appli-
cations, however, 2D gel electrophoresis
remains the method of choice. In contrast
to LC-MS it reveals intact proteins, which
for instance is an advantage for the study
of protein modifications.

Modern Proteomics – LC-MS/MS

Almost all modern mass spectrometry-
based proteomics techniques are so-called
bottom-up techniques. This term refers to
the method to cut the proteins into peptides
using digestion enzymes, analyze peptides
and then integrate peptide level quantities
computationally back to protein expres-
sion values. The reason for choosing this
indirect method is that peptides are much
easier to handle compared to proteins.
Peptides are essentially small molecules
which can be separated using a single type
of established chromatographic method
(usually C18 reverse phase chromatogra-
phy).When injected into a mass spectrom-
eter and subjected to MS/MS they typical-
ly fragment completely along the peptide
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with gas molecules in a fragmentation
chamber. The peptide fragments along
the peptide bond and gives rise to di-,
tri- etc. peptide fragments. This second
level analysis is also called MS2.

4. The combination of the mass of the in-
tact peptide and its characteristic frag-
mentation pattern enables the identifi-
cation of a specific peptide.
One important aspect is that this iden-

tification is not a sequencing technique but
rather a matching technique where MS2
spectra are compared to a selection of all
possible peptide in a sequence database.
Without genome sequencing shotgun pro-
teomics could not be done. In that sense
proteomics is dependent on genomics and
in fact for less common organisms, espe-
cially from the plant field, a limiting step is
the availability of well annotated genomes.

ionized using electrospray ionization, a
method for which John Fenn was awarded
the Nobel Prize in 2002. These ionized
peptides (a mixture of many peptide spe-
cies) are injected into a mass spectrometer,
which in the classical shotgun approach
is performed in four main steps (Fig. 1a,
DDA):
1. A mass spectrum of all peptide ions is

recorded, which typically shows sig-
nals of hundreds of peptides at various
intensity; because this happens at the
first level it is called MS1.

2. Peptide ions of a single mass are select-
ed from the MS1 spectrum. The mass
spectrometer selects and isolates a sin-
gle peptide ion starting with the most
intense ion until a duty cycle is over.

3. Each single selected peptide is frag-
mented by subjecting it to collision

bond, giving rise to information rich mass
spectra.[6,7]

Liquid chromatography–mass spec-
trometry (LC-MS/MS) therefore combines
the physical separation capabilities of liq-
uid chromatography (or HPLC) with the
mass analysis capabilities of mass spec-
trometry (MS).

Proteomics Using a Shotgun

The principles of mass spectrometry-
based proteomics as described in the in-
fluential review of Mann and Aebersold,[8]
are still valid today. Briefly, proteins are
extracted using any biochemical extraction
method, denatured, digested into peptides
and injected on a HPLC system. As the
peptides elute from the column they are
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Fig. 1. A) Basic proteomics workflow for shotgun proteomics data dependent acquisition (DDA) and next-generation data independent acquisition
(DIA). Proteins are extracted, digested to peptides and separated with liquid chromatography, which is connected on-line to a mass spectrometer.
The main difference is the isolation of single ion species in DDA while in DIA multiple ion species are fragmented together. This results for DIA in
convoluted but complete data sets, individual peptide signatures can be extracted using software algorithms.
B) Comparison of reproducibility of DIA and DDA as published by Bruderer et al.[16] Identical cell lysate samples were 24 times analyzed alternating
between DIA and DDA. Resulting protein quantities are plotted as heat map, with more intense proteins at the top. Data derived from DDA shows
many missing values (in white) as a result of the random and incomplete acquisition mode, whereas DIA data is largely complete.
C) Example of a small scale differential protein expression study (internal study). Tumor tissues from three patients are analyzed together with non-
tumor tissue from the biopsy. The heat map shows that protein profiles of tumors cluster together and show large heterogeneity, while the healthy
tissues from different patients show similar protein expression. The heat map is comprised of several thousand protein identifications.
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More Proteins, More Samples,
Higher Precision

Next-generation proteomics has be-
come the tool of choice for most of our
contract research projects that Biognosys
performs. Our focus in the past years has
been on increasing the sensitivity of analy-
sis and the throughput at the same time:

Sensitivity is important because with
greater numbers of proteins more path-
ways are represented in the dataset.We are
now able to identify and quantify in some
tissue types close to 9’000 proteins in a
single injection (unpublished data), which
is approximately three times the num-
ber that can be achieved using classical
shotgun proteomics. Compared to RNA
or DNA analysis, which are amplifying
techniques, the challenge for proteomics
technologies is the huge dynamic range
of protein expression levels. The top 99%
of protein mass comes from relatively few
proteins.[13]Any further increase in protein
numbers requires a large increase in the
sensitivity of themethod. Further gains can
be achieved on the software side with im-
proved signal processing methods and on
the hardware side with high-performance
chromatography and mass spectrometers.
The newest generation of instruments is
more sensitive and provides higher scan
speed and/or resolution, which not only
increases the technical sensitivity but pro-
vides new possibilities for more sophisti-
cated signal processing algorithms.

Achieving higher throughput of pro-
teomics methods is now equally important
as sensitivity, if proteomics should become
as widely used as transcriptomics methods
today.[14,15] Currently, a typical experiment
for deep analysis of a single sample can re-
quire up to 4 hours of instrument time and
even more if pre-fractionation is applied.
This limits the achievable sample through-
put. Consequently, in the past most of our
projects with customers from pharma or
biotech industry were using relatively
small sample designs, typically involving
less than 50 samples (see Fig. 1C for an
example). New chromatographic methods
and better resins have increased peak ca-
pacity and enable shorter gradients, which
in turn require instruments with faster scan
speed. This has enabled us to routinely pro-
cess hundreds of samples and thereby pro-
vide both high-content and high-through-
put at the same time.

The Future of Proteomics

From our commercial work with cus-
tomers across a wide range of research
questions we know that next-gen pro-
teomics provides valuable functional pro-
tein level data. But there are several chal-

Next-generation Proteomics –
Parallel Sequencing Replaces
Sequential Sequencing

Thanks to the pioneering work of sci-
entists such as Prof. Ruedi Aebersold,
co-founder of the Institute for Systems
Biology, Seattle, and today professor at the
ETHZurich, in the recent years proteomics
has become a quantitative and precise tool
that finally provides the depth and the
quantitative qualities that are required for
quantitative biology.

The starting point for this ‘new pro-
teomics’, now often called next-gen pro-
teomics – in an obvious reference to next-
gen sequencing – was not enabled by a
new class of instrument but rather by a
radically different approach to how peptide
data is acquired and analyzed. The basic
idea was developed by Ruedi Aebersold,
AB Sciex – an instrument vendor, and
Biognosys in 2009, while working on al-
gorithms for improved signal processing of
mass spectrometric data.[10]

The shotgun proteomics approach, de-
spite its huge capacity for acquiring data,
has essentially been an automatization of a
manual approach, where an analytical sci-
entist could in principle associate the pep-
tide mass (MS1) with a spectrum (MS2)
and by carefully combining the fragment
masses derive or validate a peptide se-
quence.

Next-generation proteomics, also
called data-independent acquisition (DIA)
works in a parallel mode where peptide
ions across large mass ranges (so-called
SWATHs) are isolated together and also
fragmented together (Fig 1A, DIA). The
result is a highly convoluted MS2 spec-
trum that consists of fragments from many
different peptides, which could not pos-
sibly be manually de-convoluted. If, how-
ever, it is known at which point in time a
peptide elutes from the HPLC column and
how the spectrum looks like it is possible
to de-convolute it with high confidence.
The collection of such template spectra
is called a spectral library. The benefit is
twofold: Because all randomness is gone
each single experiment is highly reproduc-
ible and because all peptides that give rise
to a signal at the detector are represented
in the data with theirMS2 fragments, many
more peptides can be ‘seen’ in each single
run (Fig. 1B).

Next-generation proteomics requires
an independent spectral library for data de-
convolution.We and others have published
methods that describe how large libraries
can be constructed in a very efficient way.
[11,12]Large pre-made libraries can be used,
in many cases, however, we typically gen-
erate sample specific libraries to ensure
maximum coverage.

Until today, shotgun proteomics is the
most widely used technique and thanks to
ever more sensitive mass spectrometers
and nano-LC systems with extremely high
peak capacity, the depth of 2D gels has
long been surpassed. In a recent publica-
tion in Nature[9] data for more than 15’000
proteins has been provided by the group
of Prof. Kuester, Technical University
Munich, combining hundreds of experi-
ments (https://www.proteomicsdb.org). In
single injections typically 3000–4500 pro-
teins per experiment can now be routinely
identified.

Limitations of the Classical
Shotgun LC-MS/MS Approach

The term shotgun proteomics origi-
nally referred to the protein digestion and
re-construction of peptide to protein data
but it also relates to the ion selection and
isolation process in step 2, which essen-
tially is a sequential and random sampling
process. In complex samples the duty
cycle of the mass spectrometer is not high
enough to pick each single analyte. Ions
that are not picked will not be fragmented
and remain un-detected. If a sample is in-
jected repeatedly the mass spectrometer
will cumulatively ‘see’ all the peptides that
can be detected but each single injection is
inherently incomplete and irreproducible.
On first glance this ‘missing data’ prob-
lem does not seem to be overly serious.
However, in contrast to most other ana-
lytical techniques, absence of evidence is
not evidence of absence. If for instance a
protein in sample A is detected but not in
sample B the conclusion that this protein is
expressed higher in A than B is not valid.

In the hunt for ever larger numbers of
identified proteins in the development of
proteomics techniques this aspect has been
largely ignored by the field. This has of-
ten led to a disconnect between scientists
asking for results that can be used to un-
derstand the biology of their samples and
proteomics scientists that were primarily
interested in achieving large numbers of
identifications. At Biognosys we some-
times use shotgun-proteomics in cases
where a customer requires in fact just a
list of proteins that is in a sample without
quantification; in the vast majority of cas-
es, however, the research questions of our
customers are intrinsically quantitative,
such as: Which proteins are different with
and without treatment? How does expres-
sion of a protein change over time? Does
an RNAi construct fully knock down its
target protein?



Life ScienceS in SwitzerLand CHIMIA 2016, 70, No. 12 863

teomics provides, to develop better drugs
and diagnostics, and ultimately to better
understand life.
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this is achieved by specific workflows on
the sample preparation level. Examples for
such functional proteomics workflows are:
· Protein crosslinking.[18]Here a bivalent

cross-linker is applied to native protein
lysates before digestion. After digest
peptides that were formerly close in
tertiary protein structure are still con-
nected and can be identified. This pro-
vides direct distance constraints, which
can be used for modeling of protein
complex structures from low resolu-
tion cryo-electron microscopy struc-
tures.[19]

· In phospho-proteomics experiments
phosphorylated peptides are sepa-
rated from non-modified peptides us-
ing special affinity resins. Thousands
of phospho-sites can be identified in
a single experiment and provide in-
formation about activity of signaling
pathways.[20]

· With limited proteolysis binding events
(e.g. to a drug) can be observed. Subtle
structural changes upon binding affect
the digestion kinetics. The presence or
absence of a peptide correlated with
binding can provide direct evidence
of the protein that interact with a mol-
ecule.[21]

· Large-scale protein–protein interac-
tion studies have been performed
where binding partners of proteins are
identified by immune-precipitation
with thousands of baits followed by
proteomics analysis of pull-downs. For
a review see for example Gringras et
al.[22]

Outlook

This article is focused on the devel-
opment of proteomics technology in the
research field. Currently there is a strong
interest of instrument vendors and clinical
researchers to apply proteomics methods
in clinical practice, e.g. as high-dimen-
sional diagnostic tests in the context of
personalized or precision medicine. It
can be expected, however, that it will take
several years before proteomics will be
broadly used in a regulated environment.
The reasons are not primarily technologi-
cal problems but rather the need to address
issues of instrument certification, the rela-
tionship to existing regulations of authori-
ties such as the FDA, and with questions
of reimbursement. There is no doubt that
proteomics and other -omics technologies
will find their place in clinical practice. But
until this can be achieved we should focus
on the possibilities that come with the new
quality and depth of data that next-gen pro-

lenges connected with the technical com-
plexity of nano-LC systems and program-
ming of mass spectrometers that have to
be overcome before proteomics becomes
as accessible to non-experts as for instance
next-gen sequencing is today.

The vendors of high-performance
chromatography systems and mass spec-
trometers are aware of these challenges
and are currently working towards the goal
of having easy to use desktop systems, and
as the demand for proteomics data further
increases it can be expected that such sys-
tems become available in the near future.

The arguably largest challenge when
dealing with proteomics is the deluge of
data that is produced at ever greater quan-
tities. The digital peptide ion maps gener-
ated with next-gen proteomics technology
are in the range of 10 GB/sample. To biolo-
gists without strong bioinformatics back-
ground signal processing, data analysis
and finally data interpretation of dataset
with 100’000 analytes or even more can be
a daunting task. To promote development
of the field we provide our Spectronaut
software as free academic version, which
is able to efficiently process and analyze
such large datasets.[16]

Connecting the Proteome with the
Genome

Transcriptomics and proteomics are
sometimes seen as competing technolo-
gies. From a biological point of view, how-
ever, they work on different levels of regu-
lation in biological systems and as such
are complementary. In a recent publica-
tion of Williams et al.[17] proteomics, tran-
scriptomics, metabolomics, and genomics
data were combined to establish causal
links between genotype and phenotype in
mouse liver function, which could not be
deduced from each data source alone. The
study also shows that the data-structures
of RNA-Seq and proteomics data are very
compatible and it can be expected that in
the future proteogenomics becomes the
method of choice for comprehensive sys-
tem level analysis.

Functional Proteomics

So far we have discussed how pro-
teomics technology can provide pre-
cise quantities of peptides and proteins.
Functional proteomics goes beyond ex-
pression profiling and enables the research-
er to gain insight into structure, signaling,
protein-protein interaction and even pro-
tein complex stoichiometry. In most cases


