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Abstract—A critical analysis of proteomes provides a basis for understanding the operation of complex bio-
chemical systems. A personalized approach to therapy takes into account biological uniqueness of each
patient at genome, transcriptome, and proteome levels, and is a priority area in molecular medicine. The
identification of proteoforms, which have dramatic impact on the phenotype of a disease, is a fundamental
task of personal molecular profiling. Considerable progress of proteomic approaches presented new avenues
for accurate, specific, and high-performance protein analysis. Thus, the identification of new efficient bio-
markers can be expected based on studies of aberrant proteoforms associated with various diseases.
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INTRODUCTION

The completion of the Human Genome Project
resulted in some 20000 protein-coding genes, which is
approximately 50000 times smaller than the initial
estimates [1]. The coding space is rather limited and
the complexity of living systems is achieved through
the regulation of transcription, translation, and vari-
ous modifications, which is responsible for the diver-
sity of proteoforms. Due to alternative splicing, a pro-
tein-coding gene produces four splice-mediated tran-
scripts on average [2—4]; this is further multiplied by
the number of possible single amino acid polymor-
phisms (SAPs) and post-translational modifications
(PTM), which results in a theoretical total number of
protein variants or proteoforms encoded by a single
gene exceeding a hundred [5].

Today, proteomic studies are focused on protein
forms represented in the organism the most, that is,
canonical (unmodified) amino acid sequences. The
sequence is considered canonical if it is encountered
the most frequent among several alternative tran-
scripts, is most similar to orthologous forms of pro-
tein, or its amino acid composition or length allow for
the most complete description of domains, polymor-
phisms, etc. (protein amino acid sequence database
http://www.uniprot.org/help/canonical_and_isoforms).
The concept of canonical protein products encoded by
a single gene is mainly used in the context of alterna-
tive splicing and implies that one of the translated

Abbreviations: SAP, single amino acid polymorphism; PTM,
post-translational modification; SNP, single nucleotide poly-
morphism; ELISA, enzyme-linked immunosorbent assay;
SRM, selected reaction monitoring.

splice forms is selected as the reference; the rate of
SAP is taken into account when the reference
sequence is appointed.

Aberrant (noncanonical) proteoforms are products
of amino acid sequence editing that differs from that of
the canonical proteoform. The concept of a canonical
proteoform only makes sense when indicating the
organ or tissue under consideration, since different
proteoforms that are encoded by a single gene fre-
quently prevail in different types of biomaterials, even
under normal conditions [6].

The emergence and progression of pathology in an
organ or tissue gives rise to the accumulation of multi-
ple proteoforms that are normally absent or expressed
in insignificant amounts in the tissue [7, 8]. Building
up with the progression of the disease, these variants
affect the regulation of the cell cycle, apoptosis, or
DNA reparation either directly or indirectly. The
molecular profiling of diseases has become a modern
trend in the development of fundamental medicine.
Proteomic profiles of malignant tumors of the highest
heterogeneity compared to other similar tumors or
normal tissues are of particular interest. In tumor tis-
sues, the number of mutant protein variants per gene
can exceed that in normal tissue by several orders of
magnitude [8].

In 2014, the results of two large-scale projects that
present draft human proteome and report the identifi-
cation of over 90% of protein-coding genes [9, 10]
were published; nevertheless, the total number of pro-
teoforms that comprise an organism’s proteome or its
individual organ or tissue is not reliably known. This
lack of data is largely due to the methodological diffi-
culties associated with the experimental confirmation
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of proteoform translation. The difficulties are caused
by dynamic nature of the proteome and sensitivity lim-
itations of the existing analytical techniques [11]. Tak-
ing into account various scenarios of aberration gener-
ation, human proteome may contain hundred thou-
sand to several billion proteoforms [1, 12, 13].

SOURCES OF PROTEOME HETEROGENEITY
Single Amino Acid Polymorphism

Single nucleotide polymorphism (SNP) is a major
instrument that generates heterogeneity at the level of
genes [ 14, 15]. The abundance of the aberration is per-
fectly illustrated by the fact that genomes of two
healthy humans differ by 4 million nucleotides on
average [15, 16]. Today, over 150 million SNPs (NCBI
dbSNP Build 146) have been discovered in the human
genome.

Nonsynonymous nucleotide substitutions at the
level of genes generate not only start and stop codons,
but also SAPs in the protein. Changes in the protein
function and scenarios of its interaction with other
proteins are caused by changes in stability and/or con-
formation of the protein product [17, 18].

Biochemical reactions that occur in living systems
are sensitive to stereometric parameters of the inter-
acting substances. Even if products of the reaction that
involve a modified protein remain the same, the kinet-
ics of the process might change; for example, single
amino acid substitutions in the NIS protein that are
responsible for the active transport of sodium iodide,
lead to impairment of the electrostatic interactions in
its transmembrane domains and decrease in the activ-
ity of iodide ion transport resulting in inherent hypo-
thyreosis [19]. Substitution of an amino acid residue
(for example, a bulky side chain with a compact one)
can influence the stability of a protein molecule [20].
For example, among the disease-associated SAPs,
only 20% does not change the protein stability [21].

Not every aberration leads to noticeable change in
properties of the protein product. Aberrations can be
arbitrarily divided into neutral (passenger) and pathol-
ogy-associated (driver) aberrations. The former are
typical of individual populations; they occur sponta-
neously in somatic cells through their whole life and
play no significant role in formation of a pathology
phenotype. The Ilatter occur in disease-associated
genes and lead to significant changes in the level of
protein expression, as well as the activation or suppres-
sion of its functional activity. In the case of oncology
diseases, mutations play a key role in the malignant
transformation and progression of tumors [22].

Pathology-associated mutations and aberrant pro-
tein products they encode are of the most interest in
the search for prognostic and diagnostic biomarkers,
as well as therapeutic targets. However, even in known
oncogenes and oncosuppressors, as little as 40%
amino acid substitutions are considered meaningful
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without a single mutation, but a pattern of several sub-
stitutions is critical [23].

Single mutations can considerably modify the pro-
tein profile [24—26]. Replacement of asparagine with
valine at position 6 of the hemoglobin B-subunit pro-
vides stability to the malaria parasite due to the differ-
ence in its tertiary structure and the properties of the
protein it creates [27].

Cases of a significant modification of protein char-
acteristics due to substitutions that do not provide
advantages in survival, but on the contrary are associ-
ated with the emergence and development of pathol-
ogy are more frequent. The so-called butterfly effect
when a single amino acid substitution induces the
transformation of the gene-expression profile of a
healthy cell into a profile typical of malignant tumor,
was exemplified by the H1047R mutation in the
PIK3CA protein, which is responsible for cell growth,
proliferation, and survival in healthy mammary gland
cell line MCF-10A [28].

Alternative Splicing

The annotation of transcriptomes of various organ-
isms has revealed that almost every multiexon gene is
subject to alternative splicing, i.e., the excision of
silent introns and the ligation of information-rich
exons of protein-encoding genes, which results in a
range of unique mRNAs [29].

The contribution of alternative splicing to an
increase in proteome heterogeneity is the subject of
many discussions [4, 30]. A popular hypothesis
defines the role of alternative splicing as a key instru-
ment in the tissue-specific commutation of protein—
protein interactions [31, 32]. The opposite hypothesis
formulated in a number of works on comparing the
levels of heterogeneity of transcriptome and proteome
is based on the supposition that alternative splicing is
of a stochastic nature and far from all alternative tran-
scripts encode proteins [33]. In addition to the evalu-
ation of alternative splicing contribution to the gener-
ation of proteome diversity, the timely importance of
these studies is associated with the fact that spliceo-
forms produced by a single gene can equally rest unno-
ticed by the organism or turn out to be critical, either
vital or fatal. At least 15% of point mutations associ-
ated with genetic diseases are harmful due to the
impairment of constitutive splicing sites or the inacti-
vation of their regulators [34, 35].

The maintenance of the balance between various
proteoforms is principal for the functioning of a
healthy cell: e.g., the impairment of the ratio between
isoforms 3R and 4R of the T-protein, which are nor-
mally present in equal amounts, is associated with the
progression of Alzheimer’s disease [36].

The misbalanced expression of aberrant splice vari-
ants provides grounds for the progression of oncolog-
ical diseases at both the initial stages of tumor genera-
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tion and subsequent tumor progression [37]. The
TP53 oncosuppressive gene illustrates the oncology-
associated alternative splicing. TP53 is known to gen-
erate 12 spliceoforms; although they are detected in
normal tissues as well, impaired balance between
canonical and aberrant forms is stably observed in
tumor cells and cell lines, which correlates with
decreased survival [38—40].

The importance to take into account alternative
splicing when developing a treatment strategy was
demonstrated by the example of vemurafenib, an
inhibitor of the BRAF protein (V600E), which is
responsible for cell proliferation. Clinical studies of
vemurafenib efficacy in metastasizing melanoma
treatment revealed that approximately 80% patients
responded positively to therapy with further habitua-
tion and, consequently, a decrease in the drug effi-
ciency [41, 42]. Acquired resistance is explained by the
increased expression of the p61 splice variant of the
BRAF protein prone to dimerization. The splice vari-
ant lacks several exons that surround the domain inter-
acting with G proteins. Remarkably, patients who dis-
played no BRAF (V600E) variants prone to dimeriza-
tion retained susceptibility to vemurafenib [43].

Post-Translational Modifications

Another major source of the proteome heterogene-
ity are PTMs of proteins. At this stage of proteome for-
mation, protein functional diversity is enlarged by
covalent binding of functional groups (phospho,
glyco, etc.) or other proteins (e.g., ubiquitin). The syn-
thesized protein may be covalently modified at any
stage of the cell’s life cycle, and any PTM leads to
changes in the spatial structure of protein and its prop-
erties and functions. PTMs of proteins provide the
basis for the control of a number of key events in cell,
from signal transduction into the nucleus and regula-
tion of the gene transcription to triggering the degra-
dation of the deregulated protein [44, 45].

Approximately 5% of the proteome is represented
by enzymes that produce over 400 types of PTMs [44].
In normal cell, most PTMs are reversible and are used
as a signal to trigger or terminate proliferation pro-
cesses. Irreversible reactions of aberrant PTMs turn
off normal regulation processes in a cell. Chemical
modifications influence the level of gene expression,
the activation of signal pathways, increased prolifera-
tion, and a number of other processes; thus, knowl-
edge on modified proteins is used in the diagnostics of
the disease [46]. Approximately 10% of clinical bio-
markers in blood plasma and serum approved by the
Food and Drug Administration (FDA) in the United
States make use of PTM analysis.

Ubiquitination, which is a system for recognizing
and utilizing damaged proteins, is one of the most
studied PTMs [48]. Abnormal ubiquitination leads to
the impairment of the mechanisms of cleavage of mis-
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folded proteins, the accumulation of damaged compo-
nents, and the slowdown of the renewal of intracellular
proteins. A loss of the functional integrity of the pro-
teome is considered to be the major factor in the aging
and risk of major human pathologies, including onco-
logical, cardiovascular, and neurodegenerative dis-
eases [49, 50]. Mass spectrometry analysis of the level
of modification of T-protein with paired helical fila-
ments isolated from brain tissues of an Alzheimer’s
patient has revealed 30 phosphorylation sites and three
ubiquitinated lysine residues (K254, K311, and K353).
The hyperphosphorylated and ubiquitinated protein
not subjected to proteasome degradation has been pro-
posed for use as a marker of Alzheimer’s disease [51].

Profile of aberrant modifications rising from
PTMs can also be used as a biomarker [52]. For exam-
ple, in various types of malignant tumors accumula-
tion of inactive hyperphosphorylated form of a major
negative regulator of cell cycle RB is often observed in
cell nucleus in the absence of mutations in the RB gene
and maintenance of its expression level [53]. More-
over, the level of the protein modification can be used
to personify treatment strategy and predict tumor
response to treatment. For example, high level of
phosphorylation of protein kinase PKB/Akt in glio-
blastoma patients decreases the efficiency of erlotinib,
an inhibitor of receptor tyrosine kinase acting on epi-
dermal growth factor receptors (EGFR) [54].

Other Sources of Proteoforms

RNA editing. In 1986, changes in nucleotides of
mRNA sequence that modify the genetically deter-
mined transcript have been registered for the first time
in mitochondria of a single-cell organism. Enzymatic
modification of the information space of transcripts
was termed RNA editing [55].

RNA editing includes a number of ribonucleotide
PTMs diving rise to a sequence different from that
encoded by genes, with modified functions, stability,
or coding ability [56]. According to the preliminary
evaluation, at least 1.5% of human mRNA is subjected
to editing [57]. Classical examples of RNA editing
include modifications of cytosine and adenine.

RNA editing in epithelial cells of small intestine in
mammals is studied the most. These cells produce a
proteoform of apolipoprotein B APOB-48, which is
integrated into intestinal lipoproteins. The same gene
is expressed in human liver cells, but in hepatocytes its
protein product APOB100, governing the capture and
degradation of low-density lipoproteins, is twice lon-
ger than the intestinal variant ApoB-48. The reason
for this difference is the C — U substitution replacing
the glutamine codon CAA with a stop codon UAA.
The modification plays an important role in the
metabolism of lipoproteins and determines the
uniqueness of mechanisms of fat transport in the
intestines and liver [58].
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Hydrolytic deamination of adenosine to inosin
(A — 1 editing) catalyzed by the ADAR family of
enzymes is widely spread. A — I editing is mostly pres-
ent in cells of the central nervous system; the diversity
and frequency of RNA editing in these cells can be
explained by the need for the diversity of proteoforms
needed for the flexibility of system functioning [59].

The impairment of A — I editing is also associated
with oncological pathologies [60, 61]. One of the rea-
sons for acute myeloid leukemia is the impairment of
PTPNG6 oncosuppressive functions through its mRNA
editing. The study of the biomaterial obtained from
leukemia patients revealed that the decrease in the rate
of RNA editing correlates with an increased duration
of the remission period in the patients [62].

Chimerism. Hybrid (chimeric) proteins are pro-
teins encoded by several fused genes. Many of these
genes that rise from complicated chromosomal rear-
rangements are associated with various pathologies
[63]. One of the first chromosomal rearrangements
detected in human tumor cells was the Philadelphian
chromosome typical of myeloid leukemia [64]. The
defective chromosome originates from a transloca-
tion, which merges the ABL I gene of chromosome 9
with BCR gene of chromosome 22. Chimeric protein
encoded by the BCR-ABL gene is an oncogene; its
hyperexpression activates pathways of intracellular
signal transduction and causes excessive cell prolifera-
tion. BCR-ABL is viewed as a marker of myeloid leu-
kemiaA and a promising target for therapy [65].

A hybrid of an androgen-regulated gene TMPRSS2
and a member of an oncogene transcription factor
family ERG often causes prostate cancer. For example,
Demichelis et al. identified hyperexpression of the
TMPRSS2:ERG gene in 50% of prostate cancer
patients and linked it with more aggressive phenotype
that leads to a fatal outcome [66].

Also, chimerism is interesting from the point of
view of drug development; chimeric biomolecules
combine functional properties of effector protein
increasing recognition, binding, and toxicity, with the
stability and specificity of a transporter protein [67].

Impaired protein processing. Maturation of protein
implies transformation of the polypeptide into an
active biomolecule with correct spatial structure.
Aberrations in polypeptides can affect final tertiary
structure of the protein molecule. Incorrect folding
can lead to decreased stability and/or changes in func-
tional properties of final protein product. For exam-
ple, some types of cataract are associated with the
R116C mutation in the o-crystallin A protein. This
mutation changes the protein conformation and
decreases its activity as a chaperon fourfold compared
to the wild-type protein [68].

Processing errors that are not corrected in the
endoplasmic reticulum are associated with various
disorders, ranging from Alzheimer’s disease to diabe-
tes [69—71]. For example, SAP in the enzymes that
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catalyze protein cleavage in lysosomes decrease lyso-
some activity, which lead to lysosomal storage dis-
eases, which are severe genetic disorders characterized
by accumulation of intermediate proteoforms, which
are normally degraded, inside the cell [72].

Sources of protein heterogeneity are schematically
presented in Fig. 1.

PROTEOMIC APPROACHES
TO PROTEOFORM IDENTIFICATION

Studies of DNA and RNA allowed to detect multi-
ple genes involved in tumor processes; however, only
two genome sets, Oncotype DX [73] and MammaPrint
[74], have been introduced into clinical practice due to
the high cost. These sets are used to determine activity
of a group of breast cancer genes and predict relapses.
Considerable disadvantage of genomic and transcrip-
tomic methods is rooted in the stochastic nature of the
proteome: only 10% of mutations observed in cancer
cell lines at genomic and transcriptomic levels can be
detected in the proteome; this is due to the low sensitivity
of current techniques, as well as the heterogeneity of
tumors and diverse oncogenesis mechanisms [75].

The proteome is a result of realization of hereditary
information processes; therefore, it provides data on
protein properties (structure, localization, expression
level, modifications, and protein—protein interac-
tions) that are actually occurring, not the plausible
ones. PTMs play an important role in the regulation of
protein activity, but they cannot be predicted at either
the transcriptome or genome levels [76]; therefore, the
proteome-based approaches can fully depict the dis-
ease profile at a molecular level.

Enzyme- Linked Immunosorbent Assay

Enzyme-linked immunosorbent assay (ELISA) is
one of the methods based on mapping protein aberra-
tions, which is also used to identify the pathophysio-
logical conditions [77]. ELISA is based on two princi-
ples, i.e., the first principle is that immobilized pro-
teins, including antibodies, are able to maintain their
functional activity, while the second principle is that
interactions underlying formation of the antibody—
enzyme complex are highly specific (Fig. 2).

Modern diagnostic ELISA systems enable the
detection of diseases both determined by a single fac-
tor (e.g., the E6 oncoprotein of the human papilloma
virus) and a multifactorial nature (oncological, auto-
immune, and neurodegenerative conditions), which
requires the analysis of several molecular markers [78].
The application of multiplex panels allows for a shorter
analysis time and lower cost, also saving biomaterial.
Progress in the multiplex ELISA widens the profile of
monitored markers, which allows distinguishing of
diseases with similar phenotypes [79].
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Fig. 2. General scheme of ELISA.

The expansion of the catalogue of antibodies spe-
cific to certain regions of the protein molecule enabled
the development of new approaches in detection of
aberrant proteoforms, including both ELISA and
ELISA-PCR combination [80, 81]. For example,
ELISA was used to detect the K196E substitution in
the S-protein, a genetic risk factor of thromboembo-
lism [82]. The application of specific antibodies
No. 3
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enabled the detection of splice-mediated protein vari-
ants encoded by the TNFR2 gene, which recognizes
and binds the tumor necrosis factor [83]. Major suc-
cess was achieved in solving the problem of PTMs of a
number of signaling proteins, which could not be per-
formed by transcriptomic methods [84]. ELISA
results are used in the development of personalized
strategies to treat diseases and control patients'
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response to therapy. For example, determination of
phosphorylation status in protein products of genes
EGFR and MEK in colorectal cancer cell line provides
data on the progression of the oncological disease in
the patient’s organism and allows treatment to be per-
sonalized [85].

Despite that ELISA is considered the golden stan-
dard for protein detection, this method has a number
of faults associated with hybridization specificity,
which typically manifests when proteins of a single
family or aberrant forms are studied. A proteoform of
the hepatitis B surface antigen (HBsAg) with the
T118M substitution in its hydrophilic surface-exposed
region has been detected; it allows the virus to evade
host immune response. Now, this proteoform of
HBsAg is included in ELISA kits designed for hepati-
tis B virus diagnostics. Earlier, up to 80% of the test
systems used to analyze donor blood did not allow the
detection of the HBsAg proteoform and showed false-
negative results for hepatitis B patients [86].

Recently, inefficiency of a popular prostate cancer
biomarker, the prostate-specific antigen (PSA), which
yields large fractions of false-negative and false-posi-
tive results has been revealed. In studies of prostate
gland bioptates, oncological diagnosis has been con-
firmed in as few as 25% of men with elevated PSA lev-
els and, on the contrary, malignant transformations
could not be excluded, even if the PSA level was within
normal range [87, 88]. The reason for the poor perfor-
mance is that the test used for PSA detection was suit-
able for detecting a canonical form of the protein,
while there are over 20 proteoforms thereof [88]. The
example confirms the idea that even well-proven lab-
oratory-scale diagnostic tests often underestimate het-
erogeneity of the proteome; therefore, when applied in
clinics, they produce results that are not always true.

The application of ELISA is also complicated by
the fact that it is often difficult to select antibodies that
would selectively interact precisely with the aberrant
and not the canonical proteoform [89]; the search for
potential high-affinity agents takes much time and
resources. Application of the method is also limited by
the constant of antigen—antibody complex formation;
proteins with concentrations below 10> M cannot be
detected [90].

Two-Dimensional Gel Electrophoresis

Two-dimensional gel electrophoresis (2DE) is
used to separate complex protein mixtures by two
independent physicochemical parameters, i.e., the
isoelectric point (p/) of proteins and their molecular
masses. Isoelectric focusing is achieved by passing
current through the electrolyte solution in which the
voltage gradient is formed. Under the effect of the
electric field, proteins migrate according to their
charge to the region of electrolyte, where pH matches
the protein p/. The second axis of protein separation
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orthogonal to the first one is the molecular mass. Sep-
aration by molecular masses is performed by electro-
phoresis in polyacrylamide gel and is based on the dif-
ferences in protein migration rate under the effect of
an electrical field [91] (Fig. 3).

2DE technique holds one of the leading positions
among methods of protein fractionation. Combined
with approaches to enrich, specifically stain, and fur-
ther identify proteins (e.g., by mass spectrometry), the
method allows fractioning protein mixtures and differ-
entiating proteoforms at structural level, according to
their physicochemical properties [92—96].

The detection of proteoforms with 2DE can be per-
formed in non-covalent and covalent modes [97]. The
difference gel electrophoresis (DIGE) approach based
on covalent binding of fluorescent probes differing by
excitation and emission wavelengths, enables the repro-
ducible quantitative analysis of the protein composition
of several samples in a single-gel format [98—100].

Possibilities of 2DE in tandem with shotgun mass
spectrometry for identifying proteoforms were
demonstrated in both studies that are focused on the
identification of certain aberrations (e.g., glycoforms
[94], SAPs in protein products of several genes [101],
or splice-mediated variants [102]) and large-scale
screening projects [95, 96, 103].

Disadvantages of the 2DE method, which in most
proteomic experiments is followed by mass spectrom-
etry analysis, include low reproducibility and narrow
range of detected protein masses. The method does
not allow for the separation of low-copy proteins or
proteins with extreme physicochemical characteris-
tics, i.e., acidic or basic, hydrophobic, or too bulky or
compact. Despite the above-mentioned limitations,
2DE remains a powerful tool for protein inventory and
is successfully combined with other proteomic tech-
nologies.

Mass Spectrometry

Today, high-throughput strategies of chromatogra-
phy—mass spectrometry analysis adapted for certain
research task hold a central place among methods of
proteoform studies. The classification of mass spec-
trometry-based proteomic approaches according to
the aim of the study includes two strategies, i.e., a
shotgun approach suitable for screening studies and a
targeted approach for analyzing a certain proteoform.

Shotgun mass spectrometry. The prevailing fraction
of proteomic data has been acquired by methods of
shotgun proteomics [104]. The problem facing the
shotgun proteomics is identification of the maximum
number of proteins to fulfil a wide range of scientific
tasks, from mapping of major proteins in cell lysates
[105] to searching for sensitive and selective biomark-
ers of diseases [106].

Mass spectrometry is one of the most efficient
methods to study protein mixtures, however even the
MOLECULAR BIOLOGY  Vol. 52
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Fig. 3. Principal scheme of two-dimensional gel electrophoresis.

most up-to-date mass spectrometers are limited by the
dynamic range of peptides that can be registered
during a single scan. In a typical proteomic study mass
spectrometry is preceded by chromatography frac-
tionation, which allows to separate peptides in a sys-
tem of two contacting nonmixing phases, one of which
is typically mobile and moves with respect to another
phase, i.e., the stationary phase. Chromatography is
used to separate mixtures of macromolecules that
enter mass spectrometer over time; each macromole-
cule has individual physicochemical properties and,
thus, interacts with the sorbent surface with a varying
strength. Chromatography allows to concentrate the
analyte within a narrow zone (peak), which leads to an
increase in sensitivity of further mass spectral analysis.

To fractionate complex protein mixtures, liquid
chromatography is widely used; the variants include
reverse-phase, ion-exchange, affinity, and exclusion
chromatography, as well as others [107]. Adding the
liquid chromatography stage preceding mass spectral
analysis decreases the effect of interference on the
result of mass spectrometry proteomic data obtained
for complex biological mixtures.

After the chromatography stage in proteomic chro-
matography—mass spectrometry, an ionized and frag-
MOLECULAR BIOLOGY Vol. 52

No.3 2018

mented peptide or protein is characterized by mass
spectra that reflect the stages of ion filtration by the
mass-to-charge ratio. The key step in shotgun analyses
is the identification of fragmented peptides in the mass
spectra. In contrast to genomic and transcriptomic
approaches, in which fragments of nucleotide sequences
are read letter-wise, in proteomic mass spectrometry
peptides are traditionally identified by matching experi-
mental mass spectra with theoretical spectra of all possi-
ble peptides contained in a database.

Two complementary most popular strategies to
mass spectrometry analysis are bottom-up and top-
down approaches, which share common chromatog-
raphy and mass spectrometry stages of the analysis,
but differ by the sample preparation stage. In bottom-
up approach, proteins are subject to proteolysis, after
which the mixture of peptides is separated on a chro-
matography column and then analyzed in a mass spec-
trometer. In the top-down approach, full proteins are
analyzed in a mass spectrometer without preliminary
cleavage.

Bottom-up. In the last two decades, bottom-up
mass spectrometry approach, when proteins are
cleaved into 6—30 amino acid-long peptides, has been
one of the primary methods to analyze amino acid
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Fig. 4. Principles of shotgun mass spectrometry with preliminary chromatographic fractionation according to bottom-up (a) and
top-down (b) approaches. In contrast to top-down strategy, in the bottom-up approach, liquid chromatography (LC) fraction-
ation and the mass spectrometry (MS or MS/MS) experiment follow the stage of proteolytic protein cleavage.

sequence [108] (Fig. 4a). Simplicity of peptide separa-
tion and possibility to predict fragmentation patterns
enabled the technology to be used for a high through-
put analysis of complex protein mixtures and whole
proteomes.

There is a number of experiments reported on aber-
rant proteoforms studied by a bottom-up approach
aimed at both the investigation of a specific mutation
(for example, substitution determining the human
hemoglobin type) and an inventory of all variants of
target biomaterial [109, 110]. Large-scale bottom-up
studies of cell lines or human tissues (including those
employing RNA sequencing-derived databases [95])
enable dozens of splice-variants, hundreds of SAPs,
and thousands of PTMs to be detected, some of which
are found to be associated with diseases [75, 111, 112].
For example, in several cell lines, it was possible to
detect the Y186R substitution in the BCAT?2 protein,
which is associated with glioma progression [113].

The bottom-up approach is very popular, although
it is not free from considerable disadvantages. When
PTMs are analyzed, the technology does not allow to
determine whether researcher deals with a protein
modified twice at two sites or there are two popula-
tions of the protein with a single modification each.
Use of bottom-up approach in the analysis of splice
variants is also limited, since the fragment of amino
acid sequence differing from the canonical proteoform
may be too short or contain no proteolysis sites [114].
Up to 95% non-mapped mass spectra are referred to
uninterpreted zone of amino acid sequence of the pro-
teoform [115]; the fact can partially be explained by
reasons common for data-dependent mass spectrom-
etry approaches: insufficient quality of analyzed mass

spectra [116] and imperfect search algorithms [117], as
well as the incompleteness of reference amino acid
sequence libraries, which do not include all possible
modifications [118]. The identification of modified
peptides is a difficult task. If a researcher does not
indicate a specific modification in the search settings,
the peptide with the modification will naturally not be
identified, while listing of all possible modifications in
the search might lead to a combinatorial explosion
[119]. Spectra generated based on the results of modi-
fied peptide analysis are interpreted erroneously in
20—50% cases [116]. These erroneous identifications
are typically characterized by a higher rate of intensity
and reliability score than false-positive hits.

Top-down mass spectrometry allows to determine
the amino acid sequences of protein ions and study
PTMs without preliminary proteolysis (Fig. 4b). For
example, the top-down analysis of HeLa cells enabled
the identification of over 3000 proteoforms encoded
by 1043 genes [120]. Generally, mass spectrometry of
complete proteins has a rather narrow area of applica-
tion and is aimed at a thorough analysis of individual
short peptides or simple mixtures with effectively low
throughput, although in some cases it can be used for
analyses of complex biological samples [121, 122].

The classical example of identifying amino acid
substitutions in hemoglobin was not ignored by mod-
ern top-down mass spectrometry. Coelho Graca et al.
[123] used the top-down approach to register single
amino acid substitutions in hemoglobin. The experi-
ment was performed under the conditions of direct
injection of high concentrations of hemoglobin
extracted from red blood cells; four SAPs were
detected virtually.
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Fig. 5. Principles of targeted mass spectrometry.

Top-down approach allows to perform qualitative
and quantitative analyses of various splice variants
translated from a single gene, which has been demon-
strated based on the example of two splice variants of
tropomyosin associated with muscle diseases [124].

To correctly identify protein products of two or sev-
eral related genes, which often have similar physico-
chemical properties, high-precision equipment and
special software algorithms are required. For example,
the trimethylation of lysine changes protein mass by
42.0470 Da, and acetylation changes by 42.0106; the
difference between the two modifications is 0.0364 Da,
which is not always reliably registered by top-down
mass spectrometry. Moreover, in the absence of pre-
liminary hydrolysis, only relatively short proteins (up
to 50 kDa) can be studied. Along with limited sensitiv-
ity and sophisticated equipment, this limits applica-
tions of the top-down approach to studies of modifica-
tions, but not as strongly as with the bottom-up strat-
egy. The identification of phosphorylation sites in
glutathione-S-transferase P1 that are involved in metab-
olism of cancerogenic compounds and anticancer agents
can be used in an example of a PTM study [125].

Despite significant progress in analyzing whole
protein molecules, the sensitivity of the top-down
approach is inferior to that of the peptide-based bot-
tom-up method; however, all limitations being con-
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sidered, the top-down approach remains indispensible
in studies of short aberrant proteoforms.

Directed mass spectrometry is aimed at the quanti-
tative determination of certain proteoforms with a
known amino acid sequence. The main tool in the
approach is the selected reaction monitoring (SRM)
method. SRM relies on the mass-spectrometric regis-
tration of unique peptides that unambiguously charac-
terize a protein. These peptides occur in the only pro-
tein among all proteins encoded by the genome and
can be used as reproducibly detected protein equiva-
lents in enzymatic hydrolysis (Fig. 5).

A double m/z (mass-to-charge ratio) filter of the
proteotypic precursor peptide and ion fragments
ensures the high selectivity of the method. Monitoring
pre-selected transitions leads to an increase in sensi-
tivity by two orders of magnitude compared to the
shotgun approach of panoramic sequencing [127].
Directed chromatography—mass spectrometry gradu-
ally takes on the features of a universal tool of reliable
and precise protein analysis for a wide range of medi-
cal and biological tasks starting from candidate bio-
markers of pathological processes [128] to large-scale
projects on the inventory of all proteins in a proteome
and an investigation of their heterogeneity [9, 10, 129].

Several works have recognized the applicability of
the SRM method in clinics for a reliable quantitative
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analysis of medium and high-copied blood plasma
proteins [130, 131].

Directed mass spectrometry can be efficiently used
to detect SAPs associated with various diseases,
including diabetes, obesity, and cancer [132, 133]. The
study of a representative cohort of type 11 [133] diabe-
tes patients revealed an imbalance between the num-
ber of aberrant and canonical proteoforms of the C7
and CFH genes detected in homozygous and heterozy-
gous samples. Diagnostically important relations
found between levels of allelic gene expression enable
reliable differentiation groups of obesity and diabetes
patients. In another work, SRM was used to reveal the
oncology-associated mutation of the RAS protein
involved in various tumor processes [132]. According
to the results of the experiments with tumor cell lines,
spleen, and tumor tissues, the G12V substitution was
detected in a proteotypic peptide and found to be
responsible for the malignant transformation.

The efficiency of directed mass spectrometry was
demonstrated in the course of identifying of various
types of hemoglobin. Uncleaved proteins were sub-
jected to a combination of SRM and electron transfer
dissociation (ETD); the specificity of the approach
was demonstrated by the example of hemoglobin A
blood, into which a sample of hemoglobin C blood
was introduced [123].

Wau et al. [134] used SRM to study modifications of
osteopontin. They used immunoaffinity enrichment
coupled with directed mass spectrometry to analyze
splice-mediated variants of the protein. A quantitative
analysis of levels of three forms of osteopontin, OPNa,
OPND, and OPNc, was performed; a total of 20 sam-
ples was used to demonstrate that isoform A is specific
to lung cancer, which contains approximately five
times more isoform A as normal cells. Isoform A is
detected by SRM in both oncology patients and
healthy volunteers; therefore, the results of quantita-
tive analysis of this proteoform are of no interest for
clinical studies, but are successfully used to demon-
strate the potential of SRM in recognition of spliceo-
forms.

In a number of works [135—137], SRM was used to
reveal and determine PTMs. For example, PNGase F
glycosylation status was determined in human blood

plasma. The sensitivity of the analysis was 10710 M,
which competes with that of ELISA methods [137].

Directed mass spectrometry was applied to the
detection of five proteotypic peptides of a chimeric
NPM-ALK protein in nine cell lines of lymphoprolif-
erative disorders. The elaborated SRM method
employing double isotope labeling was validated on 11
Ilymphopositive and 12 lymphonegative bioptates; sen-
sitivity was 0.4 fmol/uL. The status of the chimeric
protein-specific peptides was determined correctly in
all studied clinical samples [138].

Despite the high sensitivity, selectivity, and flexi-
bility of directed mass spectrometry, there are factors
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limiting its application in aberrant form investigation.
Similar to the process of selection and synthesis of
antibodies for ELISA, SRM development is limited by
the stage of protein-specific peptide synthesis; the lat-
ter is used as internal reference. Similar to antibody in
ELISA, peptide can fail, i.e., be poorly ionized and
detected irreproducibly.

One of the key problems of both SRM and pro-
teomic mass spectrometry as a whole is the selection of
optimal size of the reference database. Proteotypic
peptide for given proteoform is identified by matching
experimental and theoretical spectra contained in dif-
ferent databases. These bases are incomplete in terms
of information on possible modifications. The appli-
cation of these unrepresentative reference libraries
naturally does not allow registration of mutations in
the directed mass spectrometry mode that were not
annotated earlier, since they are absent from data-
bases. As noted previously [139], expansion of library
with not validated modifications cannot be considered
a silver bullet solution because it increases the fraction
of false-positive identifications and will devalue the
analysis quality [140].

Interference rising from overlapping of spectral
peaks of peptides from a complex biological matrix leads
to errors in SRM spectra identification. It was demon-
strated that the expansion of the reference library with the
inclusion of possible PTMs exponentially increases the
number of interfering peptides [141].

Difficulties in detection of aberrant proteoforms
are also associated with their low occurrence com-
pared to canonical forms. Moreover, the choice of
proteotypic peptides is a complicated task due to high
level of homology of amino acid sequences and limited
number of proteotypic peptides that can differentiate
alternative splice variants. Computer modeling of pro-
teotypic peptides for alternative splicing and their
comparison with UniProt data showed that only some
6% possible proteotypic peptides can be used as char-
acteristic peptides of splice variants [87].

CONCLUSION

Modified proteoforms that have altered properties
compared to a canonical variant can be used as bio-
markers. However, major efforts that have been
applied in the search for protein biomarkers by pro-
teomic approaches in the past decade concentrated
not on the investigation of aberrant variants, but on
the detection of characteristic canonical proteoforms
of clinical importance. Unfortunately, so far there
have been found no canonical proteoforms with diag-
nostic characteristics allowing to use them in clinical
practice [142].

Taking into account recent technical progress, the
inefficiency of proteomics as a provider of new clini-
cally important biomarkers continues to be justified by
the imperfection of the equipment and its sensitivity,
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reproducibility, and dynamic concentration range
limitations. Nevertheless, the mechanical buildup of
the number of detected proteins will hardly ever turn to
surpassing the barrier on the way to new clinically
important molecules. Despite the active development
of technology, equipment, and bioinformatics basics
[143], each of the existing approaches used to study
aberrations at the proteomic level is not free from faults.

High throughput technologies of nucleotide or
amino acid sequencing flood repositories with data on
impaired constitutive splicing, SAPs, or PTMs, which
are potentially associated with various diseases; the
importance of each of the mutations detected in the
development of the disease is doubtful. The absence of
criteria for distinguishing harmful mutations is further
aggravated by intricate molecular pathways and the
complex multifactorial nature of many diseases, in
particular oncological diseases. Terabytes of data on
aberrant sequences are explained by the nature of
oncological disease. In the course of spontaneous
mutagenesis, the uniqueness of each tumor is created
under the effect of individual combination of factors;
therefore, the extrapolation of singular artifacts on a
population is not free from adventurism.

Modern methods allow generation of enormous
data sets on mutations in a phenomenological man-
ner, that is, the research is aimed at data accumulation
without their subjective interpretation. A huge number
of “bad” poorly annotated mutations detected using
“good” technologies represents jungles on the way to
truly important markers that can be used in clinical
practice. To identify a pathology-associated mutation,
a representative set of clinical samples and bioinfor-
matic evaluation of its contribution to origin and pro-
gression of the disease are needed.

‘We suppose that synergy of a large amount of tran-
scriptome and proteome data, as well as the monitor-
ing of not a single proteoform, but rather a panel of
protein modifications, will allow the discovery of effi-
cient disease biomarkers and elaborate relevant thera-
peutic strategies; this is supported by bioinformatics
approaches. A shift in the emphasis towards mass
spectrometry-based research methods will consider-
ably simplify the process of a biomarker search and
validation and lower the ultimate assay cost. In the
future, the development of mass spectrometry-based
assays will allow to personify the evaluation of poten-
tial risks of disease development, diagnose diseases,
and monitor the efficiency of treatment based on
rational assignment of agents and the selection of indi-
vidual treatment schemes.

This work was financially supported by Russian
Science Foundation (grant no. 15-15-30041).
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