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Abstract

Mass spectrometry (MS) is the most widely used technology for proteome analysis, and MS-based proteomics platforms have
identified over 10,000 human proteins in single-state cellular targets. Here, we review recent advances towards complete
analysis of the human proteome. The main obstacles are the enormously wide dynamic range and huge complexity of the
proteome. New technologies of sample preparation, protein/peptide separation and MS acquisition have been developed to
tackle these issues. Pre-fractionation approaches, such as multidimensional separations prior to LC-MS/MS, have been
introduced, but the total measurement time increases as the fraction number increases. Alternative approaches using
high-resolution LC without pre-fractionation have also been developed, because high sample recovery is expected if the
number of sample pretreatment steps is minimized. Although technical and methodological issues remain, human proteome

analysis covering 7,000 - 10,000 proteins is currently feasible.
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1. Introduction
The cellular proteome, i.e., the set of proteins expressed
in a particular cell under particular condition, is one of the
most difficult targets for analysis because of its enormously
wide dynamic range and huge complexity. So far, protein
expression profiles have often been indirectly measured at
the mRNA level, mainly because technologies for mRNA
analysis, such as microarrays and high-throughput
sequencing, already meet the requirements for complete
transcriptome analysis. However, considering that protein
abundance is regulated not only by transcription but also by
translation [1], direct proteome analysis is essential for
detailed investigation of a wide range of cellular functions.
In addition, post-translational modifications (PTMs),
protein-protein interactions and cellular localizations of
proteins cannot be analyzed by transcriptomics. Direct
analysis of the protcome thus provides otherwise
inaccessible information on the molecular basis of control
of cellular functions.
Mass spectrometry (MS) is a powerful tool to identify
expressed proteomes, and many biological studies have

been performed to examine protein  turnover,
protein-protein  interactions, PTMs and differential
proteome profiling of various cells and tissues by means of
MS-based proteomics. Since 2009, the depth of proteome
analysis has been dramatically increased, and it is currently
possible to routinely capture over 5,000 expressed proteins
in a single-state proteome.

In this review, we focus on recent advances and strategies
for achieving in-depth human proteome analyses by means
of MS-based proteomics. First, we describe the general
workflow of MS-based shotgun proteomics. We then
consider analytical obstacles to the identification of the
cellular proteome and discuss recent strategies for
overcoming these difficulties. Finally, we discuss the
prospects for complete human proteome analysis using
MS-based technologies.

2. Workflow for shotgun proteomics

‘Shotgun proteomics’ was a term coined by the Yates lab
to describe MS-based proteomics, based on the analogy to
shotgun genome sequencing [2]. This approach has also
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Fig. 1. Workflow of shotgun proteomics. In shotgun proteomics, proteins are extracted from cell pellets or tissues, and digested into
peptides by sequence-specific proteases, such as trypsin and Lys-C. Digested peptides are separated by reversed-phase nanoLC and
continually electrosprayed into a tandem mass spectrometer. Peptide ions in MS are further isolated as precursor ions. The MS/MS spectra of
product ions formed by fragmentation of the precursor ions are recorded to provide information on the amino acid sequences. All peaks in
MS and MS/MS spectra are digitized and searched against protein sequence databases by the use of database search engines.

been referred to as "bottom-up proteomics", because
proteins are not analyzed in intact form (this would be a
"top-down approach” [3]), but must be digested into
peptides for MS analyses. Both top-down and bottom-up
approaches have their pros and cons, but so far top-down
approaches have not been fully explored because of
inadequate MS sensitivity. Fig. 1 shows a typical workflow
of shotgun proteomics. Extracted protein mixtures are first
digested into peptides by sequence-specific proteases such
as trypsin, Lys-C or Asp-N. Then, the peptide mixtures are
separated by reversed-phase nano liquid chromatography
and continually electrosprayed [4, 5] into a tandem mass
spectrometer (nanoLC-ESI-MS/MS). Peptide ions in MS
are further isolated as precursor ions and fragmented into
product ions, for which MS/MS spectra are obtained to
provide information on the amino acid sequences. All peaks
in MS and MS/MS spectra are digitized and searched
against protein sequence databases by database search
engines such as Mascot [6], SEQUEST [7], Paragon [8]
MaxQuant [9] and so on, to identify peptides and proteins.
Generation of digested peptides is essential in shotgun
proteomics, even though this step enormously increases the
complexity as well as the dynamic range of the samples,
making complete proteome analysis difficult.

3. Complexity and dynamic range of the proteome
Currently the number of human genes is considered to be

in the range of 20,000 — 25,000 [10]. Approximately 20,000

human proteins are registered in the latest version of the

UniProtKB/Swiss-Prot ~ (2014-04)  protein  sequence
database. Although it is still difficult to predict how many
proteins are indeed translated from the human genome in a
single cellular state, a recent paper reported detection of
16,846 transcripts in a single state of human HeLa cells,
suggesting that up to 80% of the whole proteome might be
expressed in a single cellular state [11]. We can roughly
estimate the complexity of shotgun proteomics samples
based on the following assumptions.

(1) Abundance distribution: the distribution of proteome
abundance is assumed to be Gaussian in a logarithmic copy
number scale [12] covering seven orders of magnitude for
cell crude extract [1] and ten orders of magnitude for
plasma [13].

(2) Total protein number: about 15,000 proteins are
assumed to exist in a single-state human cell. For the
present purpose, we randomly selected 15,000 human
cellular proteins from the UniProtKB/Swiss-Prot database.
(3) MS-detectable tryptic peptides: we assume that trypsin
digests the 15,000 proteins without any missed cleavage.
Because the m/z scan range and the distinguishable peptide
charge are limited, we assume that peptides of 600-4,000
Da can be detected by MS, resulting in approximately
640,000 peptides. However, in fact the peptide number
would be larger due to the presence of numerous
unexpected proteolytic digestion products as well as PTMs
(e.g. phosphorylation, acetylation, methylation,
ubiquitylation, etc.) [14-16]. Based on these considerations,
we can conclude that typical shotgun proteomics samples
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are likely to contain millions of detectable peptides. In
addition, the dynamic range in the original peptide mixture
would be further extended owing to differences in
ionization efficiency of the peptides, depending upon
physicochemical properties such as hydrophobicity and
charge [17].

4. Progress in MS instrumentation

In shotgun proteomics, MS data acquisition is conducted
by means of an MS survey scan followed by MS/MS scans
to measure the m/z values of the peptide precursor ion and
its fragment ions. Therefore, any improvements in MS
performance, such as detection sensitivity, scan speed, mass
accuracy, mass resolution and fragmentation efficiency,
lead directly to an increase in the number of identified
peptides/proteins. Extensive efforts have been made to
develop new MS instrumentation, including mass analyzers
(linear ion trap, hybrid ion trap-FT ICR, hybrid
quadrupole-TOF,  hybrid ion trap-orbitrap, hybrid
quadrupole-orbitrap), ion sources, fragmentation techniques
(CID, ECD, ETD, HCD), and detectors, as well as
computing power to speed up the scan cycle.
State-of-the-art MS instruments such as Q-Exactive
(Thermo) and TripleTOF 5600 (AB Sciex) can carry out 10
- 50 Hz MS/MS scans, corresponding to 36,000 - 180,000
MS/MS scans per hour. Nevertheless, to complete analysis
of a shotgun proteomics sample within one hour using
nanoLC-MS/MS analysis, at least a 10-fold increase of the
scan speed in addition to a much wider dynamic range,
without sacrificing sensitivity, would be needed.

The work of Michalski ef al. illustrates how many
peptides can be identified by single-shot LC-MS analysis of
a HelLa trypsin digest using an LTQ-Orbitrap Velos
(Thermo) [18]. With a 90 min gradient, 101,726 ions with
a peptide signature were detected. Less than 20% of these
ions were targeted by MS/MS and about half of these led to
peptide identification. This result suggests that the scan
speed is inadequate to target all detected ions and also that
the sensitivity in MS/MS is not enough to identify all
targeted peptides. In addition, ionization suppression must
be taken into account if the LC separation is not good
enough to adequately reduce the co-elution of peptides
[19-21]. Furthermore, the purity of the isolated precursor
ions is also a critical factor. In most cases, more than one
peptide ion was isolated within the selection window for
MS/MS, making peptide identification difficult.

Fig. 2 shows a typical distribution of protein abundance.
As the number of identified proteins increases, the depth of
the analysis, i.e., the dynamic range covered by the analysis,
is extended and the median of the abundance of identified
proteins is decreased. To accomplish deeper proteome
analysis with current MS instrumentation, we have to
reduce the number of peptide precursor ions per MS survey

scan. One conventional strategy is to fractionate proteins
and peptides prior to LC-MS/MS analysis [22, 23]. In
general, protein pre-fractionation is more effective to
reduce the dynamic range of the sample than peptide
pre-fractionation [24], but peptide pre-fractionation is easy
to automate with higher efficiency. Another strategy is to
increase the LC separation efficiency as well as the
separation time window in LC-MS/MS. In the field of
proteomics, 38-200 cm long columns packed with 1-3 pm
C18 particles [25-28] and 200 to 600 cm long CI18
monolithic columns [20, 29, 30] have been used for this
purpose. These strategies are effective to reduce the number
of peptides per MS scan and to increase the number of
MS/MS events. lonization suppression is also reduced due
to the reduction of peptide co-elution. As a result, more
peptides are selected for MS/MS and more peptides and
proteins are identified.

PubMed search with the seach terms ‘“proteomics”,
“human” and “comprehensive” yielded approximately 1500
papers. Among them, more than 98% reported less than
5000 human proteins as identified, and only 22 papers
successfully identified more than 5,000 proteins. Table 1
lists these papers with details of the conditions used.
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Fig. 2. Distribution of human protein abundance and proteome
coverage. The distribution of proteome abundance is assumed to
be Gaussian in a logarithmic copy number scale covering seven
orders of magnitude, and 15,000 human proteins are assumed to
exist in a single state. Proteome coverage is simulated based on
random sampling in a data-dependent acquisition mode.

5. Pre-fractionation approach

As mentioned above, fractionation at the protein and/or
peptide levels prior to LC-MS analyses is an effective
approach to reduce sample complexity. In 2008, the yeast
proteome was completely analyzed by de Godoy et al [31].
They employed extensive pre-fractionation both at the
protein level by SDS-PAGE and at the peptide level by
isoelectric  focusing (IEF) followed by gas-phase



Chromatography 2014, 35, 73-80

fractionation in MS. Finally, 523 LC-MS/MS runs (taking
about 1 month) were performed to obtain the first complete
yeast proteome map. Although the number of human genes
is only 3 times larger than the number of yeast genes, the
same depth of analysis of the human proteome has not yet
been reported.

In 2009, Wisniewski et al. identified more than 5,000
human proteins from single-state cells for the first time.
They optimized the sample preparation protocol to increase
protein recovery using sodium dodecyl sulfate and
performed 24 IEF fractionations to identify 7,093 proteins
from 50 pg samples by means of nanoLC-MS/MS
measurements over 2 days [32]. Since then, identification
of more than 5,000 proteins has been achieved using 6 to
300 fractionations with combinations of multidimensional
LC separations (strong cation exchange: SCX, strong anion
exchange: SAX), SDS-PAGE, IEF and high-pH
reversed-phase (RP) LC [11, 33-49]. In terms of protein
identification efficiency, Ding et al. achieved the highest
efficiency of 680 protein identifications per hour [33] (Fig.
3). They employed short high-pH RPLC to obtain 22
fractions in the first dimension. For the second dimension,
sequential 30 min RPLC-MS/MS runs at pH 3 were
performed. They identified 8,154 proteins in a total LC-MS
measurement time of 12 hours from 80 pg of HelLa cell
lysate. Although their pre-fractionation method was very
effective, the cumulative number of identified proteins did
not exceed 9,000, despite the increased number of fractions.
Therefore, they performed the same analyses with three
different MS instruments (Q Exactive, TripleTOF 5600 and
LTQ-Orbitrap Velos) and finally identified 9,037 proteins
(12 h x 3 instruments).

In 2011, the number of protein identifications was taken
beyond 10,000 proteins using LC-MS/MS measurements
(LTQ-Orbitrap Velos) of 0.1 mg to 10 mg samples over 11
to 30 days [11, 38, 39]. Nagaraj ef al. reported identification
of 10,255 proteins from 72 fractions obtained by gel
filtration and SAX from HeLa cell lysate, using different
proteases to produce various types of peptides [11]. Beck et
al. reported identification of 10,006 proteins from U20S
cells using 16 IEF fractions and an exclusion list of already
identified peptides [38]. Munoz et al. collected 45 to 50
SCX fractions from one ES cell line and two types of iPS
cells and fibroblasts to obtain up to 10,628 identified
proteins in combination [39]. It is interesting that increasing
the fraction number does not always result in a greater
number of identified proteins. This is because too many
fractions leads to an increase of overlapping
proteins/peptides between fractions, suggesting that higher
resolution in the first dimension would make it possible to
increase the fraction number and hence the proteome
coverage. Very recently, Branca ef al. identified 13,078
human proteins by pre-fractionation using high-resolution

IEF with gel strips covering pH intervals of 3.7-4.9,
3.70-4.05, 4.00-4.25, 4.20—4.45 and 4.39-4.99. Each strip
was divided into 72 fractions and analyzed by LC-MS/MS
on an LTQ Orbitrap Velos [47]. Although they used only
30% of the whole proteome (peptides with pl 3.9-5.0), they
successfully identified the largest number of human
proteins so far from single-state cells due to their
ultrahigh-resolution IEF fractionation (0.0035 pH units per
fraction) in the first dimension.
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Fig. 3. Identification efficiency of proteins. Meta-analysis of 22
recent publications with >5,000 human protein identification by
pre-fractionation approaches (m) or by one-shot approaches (0). A:
Identification efficiency is plotted according to the number of
identified proteins by number of identified proteins per analysis
time (hour). The efficiency decreases greatly at around
10,000-protein identification. The analysis time is based on single
MS usage. B: Number of identified peptides is plotted against the
number of identified proteins. As the number of proteins to be
identified increases, the required number of peptides also
increases.

6. Improvement of separation efficiency in nanoL.C

Another powerful strategy to increase the proteome
coverage is to use high-resolution LC with an expanded
separation window in LC-MS/MS without pre-fractionation.
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This approach is called ‘one-shot proteomics’ or
‘single-shot proteomics’. Generally, the usage of smaller
particles and longer columns increases the separation
efficiency. Compared to a pre-fractionation-based approach,
the one-shot approach is expected to have higher
recovery/sensitivity because it does not require any
additional step prior to LC-MS. However, the one-shot
approach with small particle-packed long columns has the
drawback that both smaller particles and longer columns
lead to higher back-pressure which must be kept below the
pressure limit of the LC system employed. Considering that
standard 15 cm columns packed with 3 um particles
(75-100 um inner diameter) generate 12-15 MPa at | mm/s
linear velocity, the maximum length that can be used in
general HPLC systems is around 35-50 cm at room
temperature.

So far, four papers have reported identification of more
than 5,000 human proteins by one-shot LC-MS/MS
analyses without pre-fractionation. In 2011, Thakur et al.
used a 50 cm column (75 pm i.d.) packed with 1.8 pm
particles to identify 5,376 proteins from 6 pg of HEK293
cells in triplicate analyses within 24 hours [50]. Similar
results were obtained by Pirmoradian ef al. in 2013 with a
much higher throughput (9 hour gradient time) from 9 pug of
A375 cells (triplicate analyses of 3-h gradient LC-MS/MS
run). They used almost the same analytical settings, but
each experimental procedure was optimized [51].

To further increase separation efficiency, monolithic silica
columns currently seem to be the best option in terms of
column length and feasible LC pressure. Monolithic
columns have small skeletons and relatively large
through-pores, which result in much lower back-pressure
compared to particle-packed columns, while they retain a
separation efficiency comparable to that of 3 pm
particle-packed columns [52]. In 2012, we reported the
identification of 5,970 proteins using a 400 cm long
monolithic column in triplicate analyses of 12 pg of HelLa
cell digest within 24 h [29]. After optimization of the
sample preparation methods [53], as many as 7,241 proteins
were identified in one day (triplicate analyses with §-hour
gradient time), and 9,510 proteins from 5 types of iPS cells
and 3 types of fibroblasts in 8 days [54].

7. Perspectives: Toward complete human proteome
analysis

Very recently, two groups independently reported the
largest human proteome draft maps to date [48, 49].
Pandey’s group profiled 30 human samples including 17
adult tissues, 7 fetal tissues and 6 purified primary
haematopoietic cells, resulting in identification of 17,294
gene products. Kuster’s group used both publicly available
LC-MS data and their own data to profile 18,097 gene
products. These groups identified proteins from >2,000 and

16,857 LC-MS runs, respectively. As more and more data
are accumulated from the proteomics community, these
draft maps should rapidly become comprehensive. Then,
the next step would be to establish a routine method to
profile single-state human cellular proteomes of interest
with reasonable throughput and acceptable sample size.
Currently, single-state human proteome analysis covering
7,000 - 10,000 proteins is feasible, although some technical
and methodological issues remain. However, it is still a
significant challenge to identify more than 10,000 proteins,
because the identification efficiency of current technology
is greatly decreased at this level of identification, as shown
in Fig. 3A. To accomplish identification of 15,000 proteins,
approximately 200,000 non-redundant peptides need to be
identified, as predicted from Fig. 3B. This should be
possible if ‘one-shot’-type long-gradient LCMS analysis is
combined with high-resolution pre-fractionation, though the
total measurement time might be long. Breakthroughs in
MS, LC and other technologies will be needed to achieve
complete single-state human cellular proteome analysis.

Recently, it has been reported that ESI sensitivity is
increased by employing lower LC flow rates and narrower
analytical columns [55, 56]. In addition, organic solvents
also increase the sensitivity when they are added to the LC
mobile phase [57]. We reported that the use of hydrophilic
interaction chromatography (HILIC)-MS with meter-long
ureidopropyl-modified  silica ~ monolithic ~ columns
dramatically increased the MS intensities of peptides,
compared to RPLC-MS, due to the higher content of
acetonitrile [58].

It is still the case that only a limited number of
laboratories can carry out proteome analyses reproducibly
and comprehensively [59]. Moreover, the cost of operating
a high-end MS is in the range of several hundred to one
thousand dollars per day [60]. However, trans-omics
comparisons, such as in-depth proteomics combined with
other omics data, can provide unique opportunities for
biologists to uncover biological mechanisms. Given the
demand for simplified and high-throughput analytical
platforms, we anticipate rapid progress in this field. Even
with current technologies, it will be possible to routinely
identify at least 10,000 proteins within 10 hours in the near
future [12, 51].
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