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Abstract
Protein isoforms/splice variants can play important roles in various biological processes and can
potentially be used as biomarkers or therapeutic targets/mediators. Thus, there is a need for
efficient and, importantly, accurate methods to distinguish and quantify specific protein isoforms.
Since protein isoforms can share a high percentage of amino acid sequence homology and
dramatically differ in their cellular concentration, the task for accuracy and efficiency in
methodology and instrumentation is challenging. The analysis of intact proteins has been
perceived to provide a more accurate and complete result for isoform identification/quantification
in comparison to analysis of the corresponding peptides that arise from protein enzymatic
digestion. Recently, novel approaches have been explored and developed which can possess the
accuracy and reliability important for protein isoform differentiation and isoform-specific peptide
targeting. In this review, we discuss the recent development in methodology and instrumentation
for enhanced detection of protein isoforms as well as the examples of their biological importance.
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1 Introduction
The analysis of a complex proteome with a broad dynamic range of protein concentrations is
especially challenging. In addition, different forms of the same protein may be present due
to alternative splicing, polymorphism and post-translation modifications (PTMs) which adds
to the proteome complexity. Although protein isoforms can originate from separate genes,
e.g. actin isoforms [1], single gene can code for multiple proteins due to the process called
alternative (differential) mRNA splicing which results in multiple protein forms that
comprise different peptide sequences. Each isoform can have various biological roles [2-4].
An example of a protein and its spliced variant is demonstrated in Figure 1. It shows the
alignment of the amino acid sequences of two protein isoforms, transcription factor 2
(A1EC66_RAT, 558 amino acid sequence length) and transcription factor 2 splice variant
(A1EC67_RAT, 532 amino acid sequence length) which are encoded by the same gene
Hnf1b and differ due to alternative splicing.

As the methods for the quantification of splice variants expression developed over years
[5-7], the estimated percentage of human gene products that went through alternative
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splicing was identified as 35 % [8], 60 % [3] as to high as 95 % [9] but it was not
straightforward how many of the predicted splice variants are actually functional [10-11].
The isoforms/splice variants are involved in many biological processes and are connected to
various stages in a number of pathologies [12-13]. As such, they have been used as
biomarkers [14-16] and therapy targets [17-18]. For example, specific protein isoforms have
been shown to impact thyroid pathological conditions [19], they are involved in various
types of cancer [20-22], multiple sclerosis [23], heart hypertrophy [24], autoimmune
diseases [25] and in diabetes [26] as well as in the regulation of embryonic stem cell
pluripotency and reprogramming [27]. Yet, the exact roles of most splice variants/isoforms
are still poorly understood. This is, in part, because of the lack of techniques to differentiate
the isoforms and accurately identify/quantify them.

Two basic proteomic platforms are commonly used in protein analysis. In the first platform,
proteins are enzymatically digested into peptide fragments prior to mass spectrometry (MS)
identification (bottom-up). In the second approach, MS is performed on intact proteins (top-
down) [28]. This classification is a MS-centric point of view, i.e. whether intact proteins or
the resulting peptides after protein enzymatic cleavage are introduced into MS instrument.
However, pre-fractionation of intact proteins followed by enzymatic digestion of proteins
with peptides introduced to MS can be considered as combination of both top-down and
bottom-up approaches. Although different analytical separation methods or their various
combinations are often applied in the pre-fractionation step in order to simplify the protein
mixture and increase the proteome coverage by MS, direct analysis on the liquid
chromatography - tandem MS (LC-MS/MS) instrument is another possibility. While the
bottom-up MS platform is conventionally used for protein identification and in high
throughput manner, the top-down MS approach was not so frequently applied due to many
factors but basically because of the lack of methodology available and compatible with MS
and due to requirements for efficient MS instruments [29-33]. However, it is the analysis of
intact proteins which can provide the accurate and more complete information, e.g. on the
size of the proteins and on the quantification and precise characterization of splice forms and
PTMs [32-39]. For example, the bottom-up approach detects only a certain number of
peptides of the original protein due to various constraints during separation and MS analysis
(isoelectric point, molecular mass and hydrophobicity range limitation) and thus, the
important peptides which are unique to isoform can be undetected and missed. This is not
the case with the top-down approach in which the whole protein amino acid sequence is
analyzed.

The top-down approach has been used in targeted proteomics (single protein or simple
protein mixture where the protein amino acid sequences are known) and as a
complimentary/integrated method to bottom-up [40-42]. The possibility of using a top-down
approach in large-scale discovery platform increased in the last years and has been reported
[43-44].

Protein isoforms are often reported in the MS-based protein datasets obtained from a
discovery proteomic study. However, the question is: Are they truly unique isoforms of the
same proteins? Considering the false-positive rates for the protein identifications in bottom-
up approach, protein/peptide redundancy in the databases and the manner in which isoform
names are assigned by various database search engines, one must be careful in reporting
distinct protein isoforms. Only if a peptide amino acid sequence that is unique to a specific
isoform is observed, the protein isoform can be unambiguously assigned. This leads to the
other questions: What is required to increase the probability of observing peptides that are
specific to isoforms and quantify them? Are there certain methods that can improve the
chance to identify protein isoforms? Can intact protein separation enhance the number and
accuracy of isoform identifications?
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Each step of proteomic pipeline will be important to improve the current status of protein
isoform identification process with the separation methods, MS and efficient MS data
processing to be the cornerstones. Recently, improvements to existing technologies as well
as new methods have been developed for efficient and accurate peptide/protein identification
and quantification in targeted proteomics. These targeted approaches are complementary to
the established discovery proteomics. Targeted MS-based methods can be used as antibody-
free validation tools or can stand alone as potential tools to selectively analyze specific
protein isoforms. In this review, we will concentrate on novel technical improvements
published in recent years that are related to (intact) protein/protein isoform analysis in gel-
free format as well as on the examples of proteins whose isoforms have been identified to
have important biological implications.

2 Separation techniques with emphasis on novel approaches
To be able to improve protein analysis and the detection of protein isoforms, new separation
methodology platforms are needed in addition to the methods already used. Moreover, the
separation techniques for intact proteins have to keep the proteins in soluble forms and have
to be compatible with subsequent direct MS analysis [45]. As this special issue is dedicated
to gel-free separation methods, we will not discuss gel-based methodologies (e.g. 1-D and 2-
D gel electrophoresis and two-dimensional difference gel electrophoresis (2-D DIGE)) even
though these methods are often applied in protein/isoform analysis. In addition to the
improvements discussed in the following sections, there have been a number of reviews
published that provide complementary information [33,38,45-47].

2.1 The improvement in LC
The common LC technique used for protein separation is reversed phase LC (RPLC) which
separates proteins based on hydrophobicity. For intact proteins (high molecular weights,
tertiary structures), C4 or C5 alkyl chain stationary phases with pore size particles of 300 Å
are recommended [48], as they have less retention than longer carbon chain phases such as
C18. This does not preclude the use of these long carbon chain matrices for protein
separation. It depends on the composition and characteristics of the proteins comprising a
particular sample, including e.g. their hydrophobicities, that dictates which chromatographic
column yields better result in terms of separation efficiency, resolution and irreversible
protein adsorption onto column. For example, butyl (C4) instead of octyl (C8) and octadecyl
(C18) RP stationary phases was selected for its excellent separation ability, based on the
comparison of column separation efficiency, adsorption of intact proteins and sample
analysis. [49]. The less retentive C8 RP packing was used for intact protein analysis in 2-D
separation of RPLC coupling with capillary isoelectric focusing [50]. On the contrary, better
separation efficiency and resolution was accomplished with C18 column compared to C4
column for standard intact protein mixture [51], although the risk of protein loss due to
stronger C18 column retention is always involved and it needs to be taken into consideration
when deciding on what column matrix to use.

In another study [52], the compatibility of superficially porous (SP) resin (C18; a thin layer
of porous silica on a solid core of silica) with online capillary LC/MS for label-free intact
protein analysis was demonstrated. It showed improved chromatographic resolution, speed,
sensitivity and reproducibility with sub-ultrahigh pressure LC (sub-UPLC) limits. The
SPLC/MS platform was used for analysis of intact proteins from mouse heart homogenate
and from HeLa S3 acid soluble extracts at low cell count (5 × 104 cells per analysis). The
analysis of protein sample from mouse heart homogenate utilizing SP stationary phase
followed by LTQ-Orbitrap FT-MS was fast (30 min), sensitive with only 500 ng of total
protein loaded and yielded in 106 protein forms detected in a single high-resolution scan.
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For HeLa acid extracts, two replicated analyses yielded in total 343 protein forms identified
in 30 min time per each analysis.

Contrary to the particle-packed columns, monolithic columns are made of a single piece of
porous cross-linked polymer or porous silica. Due to their unique structure, monolithic
columns enable fast separation with low backpressure and high resolution. As well, the
macroporous structure and excellent separation efficiency make them well suited for
analysis of proteins [53-54]. They can be used as stationary phase columns for various LC
modes, e.g. reversed phase [55], ion exchange [56] or electrochromatography [57]. A new
type of monolithic trapping column with high mechanical strength was tested in application
to trap the intact proteins in on-line capillary LC [58]. The monolithic trapping column
fabricated by entrapping of C8 RP particles through a sol-gel network based on
methyltriethosilane chemistry showed a long-term stability for four protein mixtures with
protein recoveries on average of 99.3%. The method was used for analysis of mouse liver
intact proteins as well. In another study [56], high resolution separation of intact
glycoprotein isoforms was performed by using weak anion exchange (WAX) monolithic
capillary. The comparison with the capillary zone electrophoresis (CZE) showed that
although decrease in resolution for several glycoisoforms was observed, the WAX column
provided better selectivity (more glycoisoforms was observed).

2.2 HIC
Hydrophobic interaction chromatography (HIC) is an LC-based method which is especially
suitable for the separation of large biomolecules, e.g. proteins, and it separates proteins
based on their hydrophobicity [59-61]. Contrary to RPLC, HIC uses an aqueous solution
during the separation. This helps to keep the proteins in intact forms without denaturation by
organic solvents. Similarly to RPLC of intact proteins, medium hydrophobic C4 stationary
phase is preferred, and the retention of proteins to the stationary phase is realized primarily
by adding of high concentration of salt in water (e.g. up to 2 M ammonium sulfate; salt out
effect). By decreasing the salt concentration during the gradient, the proteins are eluted from
the column in order of increasing hydrophobicity. As shown previously [62], the selectivity
of particular protein for HIC and RPLC columns depends on the protein structure during
HIC and RPLC process (hydrophilic exterior of native protein in HIC (low retention) vs the
exposure of more hydrophobic interior of the same protein due to organic solvent
denaturation in RPLC (high retention)). The examination of protein function recovery has
shown that 10-200 μg of lactic dehydrogenase and alpha-chymotrypsin were recovered from
a HIC column (20 minutes linear gradient from 1.0 M sodium sulfate in 10 mM potassium
phosphate buffer (pH 7.0) to 10 mM potassium phosphate buffer (pH 7.0)) with 90% and
86% of enzymatic activity, respectively. The enzymatic activity recovery from RPLC
column (20-min linear gradient from 0.1% trifluoroacetic acid (TFA) in water to 0.1% TFA
in 2-propanol-water (60:40) at flow-rate 1 mL/min) was 55-91 % for alpha-chymotrypsin
and no activity was recovered for beta-glucosidase. Thus, depending on the downstream
analysis needs and whether denatured or intact (functioning) protein is required will dictate
use of HIC or RPLC.

Recently, a new approach was reported on separation of native proteins by using on-line
combination of weak-cation exchange chromatography (WCX) and HIC in a single column
with a single phase (2D-LC; 150 mm × 4.6 mm, silica-based; particle size 5 μm, pore size
22 nm) [63]. In this approach, an on-line buffer exchange (from WCX to HIC mode) was
performed and the fractions from the 1st dimension were collected and subsequently re-
injected into the same column and re-separated in a second retention mode. For native
proteins, the separation selectivity of this method was better and the resolution was
comparable to when the analysis was carried out using the two individual conventional
chromatographic columns. In another study, the performance of HIC was compared to an
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immune-affinity column that was used for the depletion of highly abundant proteins of
medium hydrophobicity from plasma [64]. Both methods showed similar reproducibility.
For this instance, HIC can be considered as complementary to immune affinity method,
since depletion of alpha-1-antitrypsin and albumin was incomplete by HIC but HIC method
yielded twice amount of spots compared to immune affinity method as observed by
subsequent 2-D gel electrophoresis.

Similarly to affinity chromatography and ion exchange chromatography, HIC has the ability
to concentrate proteins. It has been used to concentrate and purify green fluorescent protein
from bacterial lysate [65] and recombinant streptokinase from the Escherichia coli cell
lysate [66] as well as for the detection and analysis of the serum prostate-specific antigen
(PSA). In human prostate cancer, free PSA in serum contains a significant fraction of
precursor form (pPSA) [67].

2.3 The other separation methods
The capillary electrophoresis (CE) coupled to ESI-MS employing microfabricated and
monolithically integrated CE-ESI microchip has been used for intact protein analysis [68].
The material of the chip was a commercially available inorganic-organic hybrid polymer.
Contrary to silica-based chips, it did not require any chemical or physical surface
modification in order to reduce non-specific interactions with proteins. In another study
[69], chip-type asymmetric (cross)-flow field-flow fractionation (AF4) channel was directly
coupled with MS for top-down protein analysis. In this method, the size-dependent
separation occurs in a channel with external field force applied perpendicularly to the
carrier-flow that contains the sample. With this arrangement, desalting and purification of
proteins was achieved by using of the exiting cross-flow during the AF4 operation and by
MS-compatible buffer.

2.4 Recent multidimensional separation formats
Recently, a novel separation technology was reported [70] in which multiplexed gel-eluted
liquid fraction entrapment electrophoresis (mGELFrEE; size-based separation) was
performed simultaneously using 8 parallel glass gel columns. After SDS removal by
chloroform/methanol/water precipitation, this method can be followed by LC-MS/MS for
analysis of intact proteins. The major advantage of mGELFrEE is the separation of intact
proteins in solution phase. The mGELFrEE device distributes the sample among multiple
gel columns and thus, it allows the increase in the sample load while maintaining the
electrophoretic resolution with well-resolved liquid fractions and high protein solubility
during separation and sample collection. It can be a part of the multiplexed high-throughput
2-dimensional liquid electrophoretic (2D LE) platform with solution IEF (sIEF) coupled to
mGELFrEE device. It is the analog to 2D PAGE but with an avoidance of low protein
recovery and laborious steps prior to analysis by MS. This platform was used for analysis of
S. cerevisiae proteome in the pI range from 3.8 to 7.8 and the Mw range from 10 kDa to 150
kDa with separation time of 3.25 h (1 mg of proteins from S. cerevisiae). Although followed
by LC-MS/MS analysis of peptides after enzymatic digestion of the proteins in the 2D LE
fractions in this particular study, recently, the method was extended and enhanced for using
in top-down approach [37]. In this study [37], the 2D LE separation comprising sIEF and
GELFrEE is combined with nanocapillary LC and MS for large-scale whole protein analysis
of nuclear and cytosolic extracts of HeLa S3 cells. After separation, the detergent was
removed by precipitation and the mGELFrEE fractions were resuspended in 5% acetonitrile/
0.2% formic acid and injected into nano-RPLC coupled to linear ion trap FT MS (12T). For
a protein sample of 0.5-1 mg, the peak capacity of the system (including MS) was 20-fold
higher than that achieved using high-resolution 2-D gels (compare 100000 to 5000 peak
capacity for the proteins below 25 kDa) with identification of proteins up to 105 kDa. More
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than 3000 protein forms (due to PTMs or mRNA splicing) were identified, most of which
had not been previously detected.

3 Mass spectrometry and data processing
3.1 General approach

To analyze and identify intact proteins/protein isoforms in top-down MS approach, there are
special requirements for the MS instrumentation (e.g. high mass resolving power to resolve
the overlapping fragment ions and mass accuracy for high confidence) and for data
processing compared to the analysis of peptides obtained following protein digestion.
Mostly, high-resolution Fourier transform ion cyclotron resonance (FTICR) is applied for
high mass accuracy measurement of intact protein ion mass (mass errors < 2 ppm)
[29,32-33] with a specialized software to perform the data analysis [71-72]. For protein
mixtures, the isolation of a single molecular ion for MS/MS analysis can provide protein
identification of far higher reliability and confidence and can directly characterize amino
acid sequence errors and variations [73]. Thus, it can point out the protein isoforms and
PTMs. Nevertheless, top-down MS has been performed not only with FTICR MS but other
approaches have been used including various MS instruments and different types of
dissociation of intact proteins into fragments, such as MALDI TOF MS [74], LTQ Orbitrap
MS [75], Orbitrap Elite MS [37,76], Triple TOF 5600 System [77] with either collision-
induced dissociation (CID) [78], electron capture dissociation (ECD) [79] or electron
transfer dissociation (ETD) [80].

During data analysis, the extensive MS spectra datasets are generated which are compared
and matched to existing protein databases (e.g. UniProt/SwissProt, UniProt/TrEMBL,
NCBInr and Ensembl) using search engines (e.g. Sequest, Mascot, X!tandem, OMSSA and
various custom-made softwares) with pre-selected stringent rules and limitation criteria (e.g.
monoisotopic/average masses, semi-/full-enzyme search, number of missed cleavages,
variable/fixed modifications and post-search analysis). To increase the proteome coverage,
multiple search engines can be used since they use different search algorithms. The major
problems with identification are protein name and peptide redundancy. In different
databases (and even in the same database), a protein with identical amino acid sequence can
have various protein names and accession numbers. Although the efforts have occurred to
remove these redundancies from the databases, the investigators still need to run additional
amino acid sequence homology and clustering algorithms to avoid an incorrect and
redundant reporting. Another problem is peptide redundancy. Since many proteins share
amino acid sequence homology, especially the protein isoforms originated from the same
gene (splice variants), the peptide sequence identified can match several different proteins
making the assignment of the peptide to protein/protein isoform ambiguous. Unambiguous
protein isoform identification can be made only if peptide sequence that is unique to the
specific isoform is detected in the MS. This is a problem in bottom-up approach since only a
part of the proteome is identified due to e.g. limitation in pI and/or mass range of
instrumentation or peptide insufficient ionization. And thus, the isoform specific peptide
sequence/sequences can be lost during pre-separation, enzyme digestion and mass
spectrometry analysis. It can be helpful to digest the sample with multiple enzymes since
they will generate different peptides, increasing the probability of detecting peptides
comprising isoform specific sequences. Intact protein analysis is advantageous, since one
can observe the complete amino acid sequence. Moreover, the use of both methods (top-
down and bottom-up) as a complimentary/integrated approach for protein/protein isoform
identification could be a good option as well.

As mentioned previously, the lack of appropriate methodology and efficient MS instruments
in the past made the analysis of intact proteins less exploited. Over years, the studies have
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been reported analyzing the intact proteins from low-mass proteome (5-25 kDa) to protein
sizes of 80 kDa [81-85] and up to 229 kDa in protein size if combination of electrospray
additives, heated vaporization and bond dissociation was used [86], and the possibility of
using a top-down approach in large-scale discovery platform increased in the last years and
has been reported [43-44]. The more detailed description and summary on top-down MS can
be found in the recent reviews [32-34,36,40,73,80].

3.2 MRM and SWATH (do we really need to analyze isoforms in intact forms to get accurate
isoform identification/quantification?)

The ability to carry out target peptide analysis using high accuracy MS instrumentation in
which peptides represent unique protein isoforms evokes the question whether this method
or intact proteins analysis is more effective in the identification of protein isoforms. The
former approach is advantageous if many isoform-specific peptides could be accurately
detected in a single MS run. An additional advantage would be if accurate quantification of
these isoform specific peptides was also possible. Multiple reaction monitoring (MRM) or
selected reaction monitoring (SRM) is a sensitive and accurate targeted MS-based method
that has recently been used in proteomics for quantification of selected (known/targeted)
peptides (representing unique proteins) in complex mixtures [87-89]. MRM requires a priori
information regarding proteins and their potential isoforms in order to select the appropriate
isoform specific peptides. Based on this information, one can select the appropriate pairs of
parent-product ions (transitions) for the various peptides of interest. Compared to classical
quantitative methods (ELISA, Western blot), the advantages of MRM technique are: i) the
ability to carry out both relative and absolute quantification, ii) simultaneously quantified
multiple proteins/peptides, iii) it can be antibody-free (although enrichment methods can be
used to enhance sensitivity) iv) differentiation between protein isoforms (unique gene/splice
variants), v) detection of multiple PTMs vi) it can be used to analyze any body fluid and
tissue/cells and vii) small sample quantities are needed (unless enrichment is required).
Although the development of the assay for each target protein is still time consuming, it
needs to be performed only once, and once established, it can be universally used for a given
instrument. The MRM technique is usually performed on triple quadrupole MS instruments
which score high quantitative capabilities. However, the sample can be further analyzed on
other MS instruments (e.g. LTQ Orbitrap, Orbitrap Elite, TripleTOF 5600 System) if
qualitative analysis is the goal. For example, two protein isoforms, serum amyloid A1 and 2
(SSA1 and SSA2), were selected from crude serum samples and differentiated by MRM
[90]. As acute SSA exists in two isoforms with 92 % homology between their amino acid
sequences and only SAA1-specific antibody is available, SSA2 cannot be detected by
classical antibody-based methods. In the study mentioned, MRM assay was developed for
differential measurement of SSA1 and SSA2 in clinical crude serum samples from 99
healthy controls and 100 lung adenocarcinoma patients. While most of the healthy control
samples had small/no MS/MS peaks of the MRM targeted peptides, 10- to 34-fold increases
in lung cancer samples were observed.

Among the major features of LC-MS/MS instruments belong e.g. resolving power, peak
capacity, mass accuracy, sensitivity and rates of MS/MS spectra acquiring. In terms of these
features, the performances of MS instruments differ as they excel in only some of these
characteristics. For example, hybrid Q-TOF MS instruments have excellent spectral
acquisition rates while hybrid FT MS instruments (Q-FTICR, LTQ FT) exhibit high
resolution power and mass accuracy [91]. But even high resolution (RP ～ 30000 FWHM)
and high mass accuracy (～ 2 ppm) MS instruments available to date are able to identify
only limited fractions of proteins in complex protein samples, and one of the reasons is a
relatively slow MS/MS acquisition. Very recently, novel acquisition strategy called
“sequential window acquisition of all theoretical fragment-ion spectra” (SWATH MS)
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[92-93] was developed. Unlike a discovery MS approach, in which MS instruments use data
dependent acquisitions (a fixed number of precursor ions selected from a survey MS scan
are subjected to subsequent MS/MS analysis and resulting fragment ion spectra are searched
against database), SWATH MS strategy uses a data independent acquisition (DIA) and
acquires fragment ion spectra of all analytes in a single sample injection by cycling through
whole LC range and recording the consecutive survey scans and fragment ion spectra for all
precursors in the series of isolated windows (swaths) [92]. This acquisition method produces
fragment ion spectra of all precursor ions within a pre-determined precursor retention time
and m/z space and compiles them into complex fragment ion maps with the dimensions of
retention time, fragment ion m/z and intensity. The analysis of the fragment ion maps
requires a targeted data extraction strategy that exploits a priori informations that have been
previously obtained from MS spectral libraries of various cells and organisms. In order to
uniquely identify and quantify the peptides from the fragment ion maps, many parameters
(fragment ion signals, relative intensities, chromatographic profiles) are matched to the
known coordinates and parameters of each specific peptide of interest [92]. This approach
allows quantification of the proteins in a number typically possible by MS/MS of tryptic
peptides with the accuracy and reproducibility reached by MRM. Moreover, DIA used in
SWATH MS strategy allows re-examination of the acquired fragment ion spectra in silico
for any new protein without further data acquisition. It has been demonstrated that SWATH
MS targeted data extraction strategy is also valuable tool for unambiguous assignment of
PTMs [92]. This can also be used to target the peptides consisting of the isoform-specific
amino acid sequences.

SWATH MS acquisition technology can be used on a new hybrid quadrupole-TOF MS
instrument (TripleTOF 5600 System, AB SCIEX) [91]. This MS instrument combines high
score MS characteristics that have not been previously found simultaneously in a single MS
device. It possesses high resolution and mass accuracy (like the LTQ Orbitrap) with high
spectral acquisition rates and sensitivity (like the Q-TOF) and quantitative capabilities (like
the triple quadrupoles). Thus, TripleTOF 5600 System appears to be able to perform
accurate identification and quantification of the sample in a single platform. The TripleTOF
5600 System was applied to analyze the global proteome of Sacharomyces cerevisiae lysate
[91] as well as in a study of small molecules such as bosentan and its metabolites in urine
[93].

The top-down, bottom-up and MRM and SWATH methods are schematically shown in
Figure 2 as the parts of proteomic strategy for protein/protein isoform identification.

4 Protein isoforms/splice variants and biological relevance
Although the biological functions and roles are known for many proteins, the knowledge
about alternative spliced isoforms of a particular protein is often sparse. This includes
whether the isoform i) is expressed, and if so, in what cell type and at what stage of
development, ii) is altered with disease or iii) has distinct cell localization and function. In
this section, we will provide several examples to illustrate that specific protein isoform/
splice variant can alter biological functions and physiopathologies, highlighting the
importance of their reliable and accurate identifications. Examples of protein isoforms/splice
variants known to be relevant to various biological functions and diseases based on literature
search are summarized in Table 1.

The cytokines represent a broad group of proteins, many of which have a number of
isoforms [94]. For example, the splice variants of fibroblast growth factor (FGF-1 and
FGF-2), transforming growth factor (TGF-β1, TGF-β2 and TGF-β3), insulin-like growth
factor (IGF-1 and IGF-2), macrophage colony-stimulating factor (CSF-1 and CSF-4),
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interleukin family (IL-1α and IL-1β) and platelet-derived, placenta and vascular endothelial
growth factors (PDGF, PGF and VEGF). The cytokines and their splice variants are
involved in a broad number of biological processes, in variety of diseases and they have
been targeted as therapeutic agents [95-96]. A single gene gives a rise to several distinct
isoforms of VEGF which differ in their expression patterns and properties [97]. The targeted
decrease in VEGF level and/or the blocking of VEGF receptors resulting in the inhibition of
downstream signaling pathways have been demonstrated to be therapeutic anti-angiogenesis
approach for partial treatment of various cancer types. Although VEGF splice variants have
mostly pro-angiogenic features, several novel splice variants of VEGF with anti-angiogenic
properties were identified recently and were tested for more efficient anti-angiogenesis
therapy [98-99]. Another study was dedicated to IGF-I and to better understanding the
function mechanism of three splice variants (IGF-IEa, IGF-IEb and IGF-IEc) [100]. IGF-I
produced in skeletal muscle is known to play the role in skeletal muscle development,
growth and repair. IGF-IEa, IGF-IEb and IGF-IEc are up-regulated (in different time
courses) in the muscles of elderly people and they cause high resistance exercise. Although
some of the IL-1 family cytokines are known to be important parts of development and
inflammation regulation (e.g. IL-1α and IL-1β), the function of IL-37 was not well
explained yet. Recently, IL-37 was studied as a new anti-inflammatory cytokine of the IL-1
family together with its five different splice variants [101].

Fibronectin as a component of extracellular matrix is another example of protein that exists
in many alternatively spliced isoforms [102] and it was only recently associated with a
human disorder. An extensive review was published [103] discussing the roles of
alternatively spliced fibronectin isoforms which includes participation in lymphatic valve
formation, in prevention of tissue fibrosis, in fibroblast to myofibroblast differentiation and
fibronectin isoform pro-thrombotic roles.

In addition to regulation of thrombopoiesis (the process of generating of blood platelets),
thrombopoietin (THPO) and its splice variants (six in human and nine in mouse) were found
to be expressed even in the tissues not directly related to thrombopoiesis (brain, liver and
kidney) [104-105]. As well, THPO splice variants have been detected in cerebrospinal fluid
(CSF) of developing central nervous system (CNS) at different levels compared to adult
CNS [105], and THPO was shown to be strongly pro-apoptotic and causing the death of
newly generated neurons [105]. THPO isoforms have also been associated with risk of
myocardial infarction at a young age [106].

Neuregulins (NRG 1-4) and their corresponding splice variants play important roles in
mammary gland development, they are expressed at high levels in breast cancer [22] and
they are related to prostate cancer [107]. For example, NRG 4 has at least five splice
variants (A1, A2, B1, B2 and B3), their expressions are cell specific and they differ in
subcellular location. In prostate cancer, each variant has a different degree and pattern of
expression and function e.g. the effects on cell architecture and motility [107].

Enigma homolog (ENH) is a protein with four splice variants which have been detected in
the heart with different expression patterns in embryonic, neonatal and adult stages [24].
ENH 2, 3 and 4 are predominantly expressed in adult heart while ENH 1 is an embryonic
isoform. In rat neonatal cardiomyocytes, high levels of ENH1 promote the expression of
hypertrophy markers and they increase cell volume. On the contrary, high levels of ENH4
prevent these changes.

In pancreatic islet, four splice variants of T-cell factor 7-like 2 (TCF7L2; also known as
TCF4) were detected in higher expression levels compared to other organ tissues. Although
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the molecular mechanism still remains to be clarified, the studies have shown that pancreatic
islet is a major organ for TCF7L2-dependent risk of developing type 2 diabetes (T2D) [26].

Osteopontin splice variants (OPNa, b and c) are involved in cancer metastasis and
progression but the isoform specific expression patterns and particular functions are not well
understood due to, in part, the absence of reliable methods to distinguish among the
isoforms. Recently, a mass spectrometric approach was developed to identify and quantify
OPN isoforms in human plasma [108]. The approach consisted of immunocapture method
applied prior to analysis of isoform specific tryptic peptides by MRM MS. It was
demonstrated that OPNa is a major isoform in both healthy and non-small cell lung cancer
(NSCLC) and it is elevated in NSCLC whilst there is no difference in expression levels of
OPNb and OPNc isoforms in healthy individuals compared to NCCLC patients.

The p53 protein family consists of TP53, TP63 and TP73 genes, each of them produces
various spliced variants. They are involved in many various cellular functions and it was
shown that their high expression levels contribute to tumorigenesis and can affect tumor
response to some therapies [109].

5 Concluding remarks
The subset of protein isoforms and splice variants have been shown to be biological distinct
and involved in various biological processes. This strongly suggests that many other protein
isoforms are of importance as well. The improvement in routinely applied proteomic
methods and progress in development of novel approaches, techniques and instrumentation
promise the possibility for better and more precise protein analysis as well as for specific
protein isoform analysis. In proteomic discovery methods, the approaches of intact protein
separation or direct MS analysis have been proposed to enhance detection of protein
isoforms/splice variants. However, advancing commercial MS instrumentation and data
processing software, such as triple quadrupoles for targeted protein isoform analysis by
MRM/SRM or newly developed SWATH approach in TripleTOF 5600 System will allow
the investigation and targeting of selected isoform-specific peptides (and perhaps proteins)
in large numbers for enhanced detection. When coupled with quantitative standards (e.g. IS),
it should allow for greatly improved analysis of protein isoforms to determine their
expression profiles across the cell types, disease states and during development and aging.
Linking the identification and quantification of a particular isoform to disease state is the
first important step, followed by determination of the functional consequences. This will be
necessary to completely understand the impact of biological diversity evoked by the
expression of various protein isoforms.
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Figure 1.
The alignment of amino acid sequences of two protein isoforms encoded by the same gene
Hnf1b which differ due to alternative splicing shown for transcription factor 2 (A1EC66;
A1EC66_RAT, 558 amino acid sequence length) and transcription factor 2, splice variant
(A1EC67; A1EC67_RAT, 532 amino acid sequence length). The alternatively spliced
mRNA results in protein A1EC67 in which amino acid sequence
NQTVQSSGNMTDKSSQDQLLFLFPEF is missing. The initiator methionine (M) is
removed in the mature protein.
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Figure 2.
The top-down, bottom-up and MRM and SWATH methods schematically shown as the parts
of proteomic strategy for proteins/protein isoform identification.
GE – gel electrophoresis, SEC – size exclusion chromatography, IEC – ion exchange
chromatography, HIC – hydrophobic interaction chromatography, CE – capillary
electrophoresis, CZE – capillary zone electrophoresis, IEF – isoelectric focusing, CEC –
capillary electrochromatography.
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Table 1

The examples of protein isoforms/splice variants known to be relevant to various biological functions and
diseases (based on literature).

Protein isoforms/splice variants Function/disease Ref.

Interferon receptor (IFNAR) isoforms multiple sclerosis [23]

Enigma homolog splice variants (ENH 1-4) ENH1 promotes the expression of cardiac muscle hypertrophy
markers, high levels of ENH4 prevent these changes

[24]

B-cell activating factor (BAFF) isoforms autoimmune diseases [25]

T-cell factor 7-like 2 (TCF7L2) splice variants related to the development of type 2 diabetes [26]

Forkhead family transcription factor (FOXP1) embryonic
stem cell-specific isoform (FOXP1-ES)

embryonic stem cell pluripotency and reprogramming
regulation

[27]

Vascular endothelial growth factor (VEGF) splice variants anti-angiogenic properties in cancer therapy [98-99]

Insulin-like growth factor-1 (IGF-I) splice variants (IGF-IEa,
IGF-IEb and IGF-IEc)

high resistance exercise [100]

Interleukin IL37 and its splice variants anti-inflammatory cytokines [101]

Fibronectin splice variants participate in lymphatic valve formation; prevent tissue fibrosis;
mediate fibroblast to myofibroblast differentiation; pro-
thrombotic role

[102-103]

Thrombopoietin splice variants pro-apoptotic causing death of newly generated neurons; risk of
myocardial infarction

[105-106]

Neuregulin splice variants breast cancer; prostate cancer [22,107]

Osteopontin splice variants (OPNa, OPNb and OPNc) OPNa is a major isoform in both healthy and non-small cell
lung cancer (NSCLC) and it is elevated in NSCLC

[108]

p53 family (TP53, TP63 and TP73) splice variants high expression levels contribute to tumorigenesis; affect tumor
response to therapy

[109]

Proteomics. Author manuscript; available in PMC 2013 October 21.


