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THE HUMAN PROTEOME SIZE AS A TECHNOLOGICAL DEVELOPMENT FUNCTION
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Changes in information on the number of human proteoforms, post-translational modification (PTM) events,
alternative splicing (AS), single-amino acid polymorphisms (SAP) associated with protein-coding genes
in the neXtProt database have been retrospectively analyzed. In 2016, our group proposed three mathematical
models for predicting the number of different proteins (proteoforms) in the human proteome. Eight years later,
we compared the original data of the information resources and their contribution to the prediction results,
correlating the differences with new approaches to experimental and bioinformatic analysis of protein modifications.
The aim of this work is to update information on the status of records in the databases of identified proteoforms
since 2016, as well as to identify trends in changes in the quantities of these records. According to various information
models, modern experimental methods may identify from 5 to 125 million different proteoforms: the proteins
formed due to alternative splicing, the implementation of single nucleotide polymorphisms at the proteomic level,
and post-translational modifications in various combinations. This result reflects an increase in the size of the human
proteome by 20 or more times over the past 8 years.
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INTRODUCTION

The actual number of different types of proteins
significantly exceeds the number of genes encoding
them [1]. Protein diversity arises due to various reasons:
alternative splicing (AS), single nucleotide substitutions
in the genome, realized at the proteomic level
in the form of single-amino acid polymorphisms (SAP),
as well as post-translational modifications (PTM)
of proteins [1].

The diversity of proteins encoded by one gene
is called by the authors as “protein forms”, “protein
isoforms” [2], “modified variants” [3], “protein
types” [4]. In 2013, a group led by Professor Kelleher
introduced the term “proteoforms” [5] for a group
of proteins encoded by one gene. This term designates
a set of protein forms that arise due to modifications
at the genomic, transcriptomic, and proteomic levels,
and also due to endogenous proteolysis [5]. The human
proteome is a collection of all proteins in tissues and
organs, and therefore the diversity of proteoforms
can be referred to as the “width” of the proteome and
calculated using models that take into consideration
the frequencies of modifications at the genomic,
transcriptomic, and proteomic levels [6].

Analysis of the proteome of biological objects
is hampered by a wide dynamic range of analyte
concentrations [7], due to which the mass spectrometric
signal from a specific protein can be lost among
the “noise” from other molecules, as well as the limited
sensitivity of the analytical method [8]: the higher
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the sensitivity of the method, the greater the number
of proteins (both canonical and proteoforms)
that can be determined experimentally. Existing
methodological solutions do not allow for experimental
analysis of the full spectrum of proteoforms
in a high-throughput mode [9, 10]. It has been
experimentally shown that the limited analytical
sensitivity of modern mass spectrometry is a limiting
factor in the use of proteomic technologies in medicine.

In 2016, our group proposed three mathematical
models for predicting the possible number of human
proteoforms [11]. The use of these models requires
information on the number of protein-coding genes
for which the encoded proteoform has been
experimentally shown, and the total number of splice
variants, SAPs, and PTMs. In the 2016 paper,
predictions were based on data from the neXtProt
version (ver. 2015 06) and predicted the existence
of 0.62, 0.88, or 6.13 million human protein species
(excluding combinatorial variants, [11]). In the present
study, we have updated these estimates taking into
account the update of information in the neXtProt
database and the development of experimental and
bioinformatic approaches for protein detection.

A similar bioinformatics estimate was made
by Aebersold et al. [1]in 2018. The researchers estimated
the theoretically possible number of proteoforms
as the product of the probabilities of the occurrence
of all existing (supported by data with experimental
confirmation in information resources) PTMs in each
amino acid residue of the protein-coding gene.
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Taking into account only binary modifications,
the number of theoretical proteoforms was estimated
as astronomically large (1x10%"). At the same time,
the diversity of proteoforms that we actually observe
in biological systems, is significantly lower than
theoretically predicted due to the limited capabilities
of existing detection technologies. In this regard,
to assess the diversity of proteoforms, it is advisable
to use information resources that consolidate
the results of experimental studies of the proteome
by various scientific groups around the world.
The most complete resource on the human proteome
is the neXtProt system [12].

neXtProt is an information platform created in 2011
to consolidate data obtained in the study of the human
proteome [12]. The basis for neXtProt is provided
by data in the UniProtKB/Swiss-Prot (Reviewed)
records for Homo sapiens (TaxID: 9606) with
the keyword “Complete proteome” (KW-0181).
The resource is also enriched with external sources
of biological data, the number of which has been
increasingly integrated since 2016. In addition
to Uniprot, which provides the bulk of knowledge
about transcript isoforms, as well as the localization
of genes on the chromosome and protein products
in the cell, as of 2023, neXtProt also includes
databases of single nucleotide substitutions
(UniProtKB, COSMIC, dbSNP, neXtProt, gnomAD),
and PTMs (UniProtKB, neXtProt, PeptideAtlas,
GlyConnect), as well as others (Ensembl, PeptideAtlas,
PDB via UniProtKB).

Following the completion of the Human
Genome Project [13], the technological prerequisites
for high-throughput gene product research
at the transcriptomic (next-generation sequencing) and
proteomic (mass spectrometry, e.g. Orbitrap) levels
were created, thus contributing to a significant increase
in the amount of experimental data.

This work is a retrospective analysis of changes
in information on the number of proteoforms
in the neXtProt database 8 years after the work
of our group in 2016 [11]. Retrospective assessment
of the number of proteoforms helps to identify trends
in proteome research, as well as to identify areas
requiring additional research or updates. Performing
such analysis we can assess, what changes have
occurred in the database due to the development
of proteome analysis methods and technological
advances, as well as to assess the quality of the data
contained in the neXtProt database. Previously,
a similar approach resulted in identification of the most
frequently used experimental and bioinformatic
methods for analyzing protein functions [14].

MATERIALS AND METHODS

We used the neXtProt annotation section describing
the amino acid sequences encoded by the gene
for a healthy person.

For each year, an xml file containing information
about all proteins was downloaded from the neXtProt
FTP server [15]. NeXtProt provides updated versions
several times a year, so we selected one version
from each year in the interval from 2016 to 2023,
namely: [nextprot release ]2016-12-02, 2017-08-01,
2018-09-03, 2019-08-22, 2020-11-26, 2021-11-19,
2022-10-31, 2023 09.

Using our own python scripts, we extracted
information From each xml file from the following
fields: (i) <entry accession>, (ii) <annotation-category>
with the category attribute equal to “modified-residue”,
“cross-link”, “disulfide-bond”, and “glycosylation-site”,
“variant”, (iii) <property-list>, (iv) <chromosomal-
location-list>, (v) <transcript-mapping>.

Each protein entry annotation has a data reliability
level [16]: (i) “Gold” (experimentally proven data
of the highest quality, corresponding to an error
level of <1% by immunohistochemistry, tandem
mass spectrometry, etc.); (i) “Silver” (data predicted
by bioinformatics tools, but not confirmed
by experimental methods, corresponding to an error
level of <5%); (iii) “Bronze” (low-quality data).
In this work, only Gold and Silver data obtained
from the <annotation quality> tag were considered.
Thus, the number of PTM, SAP, and AS corresponding
to each protein-coding gene was determined.
After that, the obtained information was summarized
and the human genome of each of the versions selected
for analysis (from 2016 to 2023) was characterized
using the following set of descriptors:

[N] — the number of protein-coding genes;

[AS], ([SAP], [PTM]) — the number of amino acid
sequences predicted from mRNA alternative splicing
data (containing SAP or PTM);

[ASav], ([SAPav], [PTMav]) — the number of amino
acid sequence variants encoded by one gene,
formed due to alternative splicing (the presence
of SAP or PTM); the descriptor is calculated
as the ratio of [AS] ([SAP], [PTM]) to [N].

To estimate the potential number of proteoforms,
three different cases of combination of PTM, SAP, and
AS events were considered according to the following
information model equations [11] (1)—(3):

Nps = Nx(ASav+SAPav+PTMav) (1);
Nps = (N+AS)x(SAPav+PTMav) (2);
Nps = NxAsavxSAPavxPTMav 3).

Equation (1) assumes that PTMs occur exclusively
in canonical protein sequences, but not in splice
variants. Equation (2) assumes that PTMs and SAPs
occur both in proteins encoded by canonical sequences
and in splice variants. Equation (3) assumes that
all types of modifications (PTMs, SAPs and AS) occur
independently of each other.

The results were visualized using our own scripts
in python (v3.8), including the pandas (v2.2.2),
matplotlib (v3.8.4), and seaborn (v 0.13.2) libraries.
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RESULTS AND DISCUSSION

We have analyzed the dynamics of changes
in the period 2016-2023 of the key parameters
of the models previously proposed for estimating
the number of proteoforms: the number of protein-
coding genes (PCGs), PTMs, ASs, and SAPs.

The main parameter, the number of PCGs (20300),
has remained unchanged since 2018 (Fig. 1). This
indicates that the bioinformatics algorithms for genome
annotation, which help to identify new genes and
their products, as well as clarify information about
already known genes, have not changed significantly.

The main sources of information about PCGs used
by neXtProt curators are databases of genome
sequences and their annotations, such as EMBL-EBI
(EMBL's European Bioinformatics Institute),
in particular Ensembl, KeGG, and others [12].

The analysis of the dynamics of changes
in the number of PTMs (Fig. 2) has shown that
the number of experimentally confirmed PTMs
actually reached a plateau in 2017, while in silico
approaches are improving and predict more and
more possible variants (over 1000 PTMs) [17].
On the one hand, reaching a plateau may indicate
reaching the limits of currently available PTM detection

20399 20389
20377 20353 20380 20359
O
o) 20199
G
o
—
)
92 20055
€
=)
Z I
2016 2017 2018 2019 2020 2021 2022 2023
neXtProt version
Figure 1. Number of PCGs in the human genome, according to neXtProt data.
250
200 1805 183,8 184,01 1850 1857 1860 1870
2 =0 =C= —C=———C =C= =0
®
é 150 1308
S
'—
& 100
(@]
@
QO
E 50
= 9774 5723 6787 6998 6978 7049 7030 7048
0 e e —— — — —— -9
2016 2017 2018 2019 2020 2021 2022 2023
neXtProt version
Intotal ==@==Gold PTM e=@==Silver PTM

Figure 2. Number of PTMs associated with human PCGs, according to neXtProt data.

366



Sarygina et al.

technologies (mainly, mass spectrometric methods
are used for this purpose) [18]. On the other hand,
many PTMs depend on cellular regulatory
signals that influence the activity of enzymes
responsible for PTMs of amino acid residues
(kinases, phosphatases, acetyltransferases, etc.),
as well as on external or internal factors, for example,
oxidation of aromatic amino acids due to oxidative
stress [19]. The presence or absence of these factors
at a particular time point determines the possibility
of modification and should be taken into account
in the study on PTM profiling [20].

Not all human PCGs contain annotations with
information on the presence of PTM, AS or SAP:
for some genes, such events are either not characteristic
or have not yet been detected. The proportion of PCGs
for which there is information on encoded proteins
with splice variants or SAP, has not changed
since 2016 and is 48.3% and 96%, respectively.
This means that slightly more than half of the genes
in the human genome had not been characterized
for the presence of AS variants. At the same time,
almost all PCGs are provided with neXtProt
records describing variants (at least one) of SAP.
Interestingly, the proportion of PCGs, for which
the presence of PTM in encoded proteins has been
shown, is gradually increasing: in 2016, there were
74.2% of such genes, and in 2023 — 76.4%.
This is probably due to the development
of mass spectrometric analysis methods that allow
characterizing protein PTMs in a high-throughput
mode [18]. Most likely, the proportion of such PCG
will increase over time, in contrast to the proportion
of PCG with annotated AS and SAP — changes
in this case should be expected in the event
of a breakthrough change in sequencing technologies.

For the number of AS variants (Fig. 3),
stabilization of the number of records is also observed.
This parameter can change relatively slowly
for several reasons. Firstly, some AS events occur
in the regulatory regions of transcripts (5'/3'-UTR) and
do not lead to diversity of protein structures [21].
Secondly, alternative splicing profiles can change
depending on external and internal stimuli, as well
as during oncotransformation [22, 23]. Currently,
methods and algorithms for searching for new splice
forms in RNA sequencing experiments are being
improved [24, 25]. Since 2018, the MANE project
has been launched to integrate two major human genome
annotations (RefSeq and Ensembl/GENCODE) and
new splice forms, as well as their validation; however,
the project has still not been completed yet [26].

AS events are widely confirmed at the level
of mRNA (transcripts). There is significantly less
evidence for the existence of protein splice variants
due to the low peptide coverage in most panoramic
proteomic experiments [27]. This is due to the recognized
limitations of proteomics for detecting such events:
it is common practice to separate protein isoforms
into groups containing the same peptide, since AS
does not result in complete polypeptide sequence
changes, but only in certain regions [28].

In 2023, Sinitcyn et al. have shown that
more than half (about 64%) of the splicing events
of highly expressed genes detected by transcriptomics
are actually translated and present at the protein
level [29]. At the proteomic level, only 22% of splice
forms with an intermediate expression level
could be detected [29]. Apparently, this evaluation
is underestimated due to the highly dynamic nature
of protein expression and the problems of detecting
differentially expressed splice forms.
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Figure 3. Number of AS associated with human PCGs, according to neXtProt data.
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The analysis of changes in the number
of known SAPs by year is especially interesting
(Fig. 4). In 2019, an explosive growth of SAPs with
the “Gold” status was noted, since neXtProt integrated
variant frequency data from the Genome Aggregation
Database (gnomAD) [30], expanding the information
on sequence variations at the protein level.

A similar increase in the number of experimentally
detected SAPs in 2023 is likely related to the study
by Sinitcyn et al. [29]. This is the deepest
proteogenomic study to date, indicating that
approximately 73% of non-synonymous SNPs
(i.e. SAPs) are translated and present in the proteome.

The chromosome-centric analysis (information
on the chromosome number on which the PCG is located
was selected from the annotations) of the PCG SAP
based on the 2023 version of neXtProt showed
a median presence of 81 SAPs for disease-associated
variants and 300 for other SAPs (Fig. 5).

Figure 5 confirms the same SAP distribution
density for all chromosomes. The outliers reach more
than 2000 SAP variants on the PCGs (for example,
the TTN gene, SYNE1, and PCLO) for SAPs associated
with the development of pathological conditions, and
more than eight thousand (e.g., the MUC4 gene,
OBSCN, and AHNAK?) among other variants.

In 2016, the estimated number of human
protein species was 0.62, 0.88, or 6.13 million

As of 2023, the estimated number of proteins
estimated by the same equations reached 5.8, 16.3, and
124.3 million proteins, respectively (Fig. 6).

Over the past eight years, the estimated size
of the human proteome width has demonstrated
more than 20-fold growth. These indicators have been
calculated only for experimentally confirmed,
“Gold” annotations of PTM, SAP (excluding
disease-associated substitution variants) and AS
and for the genes encoding them, and also
excluding substitution variants. Taking into account
bioinformatically predicted data (having the “Silver”
status), the number of potential protein types
in the human body exceeds the values obtained in 2016
by more than 40 times.

The greatest contribution to protein diversity
is made by the presence of SNPs in the genome,
which are then implemented at the proteomic level
in the form of amino acid residue substitutions
in the protein product. The contribution to protein
diversity of AS and PTMs is much more modest
(Fig. 7). This is especially evident for the model
calculated using equation (3) (Fig. 6), which is based
on the assumption that PTMs arise in any amino acid
sequence, and the co-occurrence of PTMs and SAPs
occurs in all splice variants and canonical sequences.

During the analyzed period, significant
improvements occurred in proteome research methods
such as mass spectrometry and bioinformatics, which

(with 20,043 protein-coding genes), depending made it possible to detect and identify proteins that
on the model used [11]. were previously inaccessible to detection. In many ways,
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Figure 4. Number of SAPs associated with human PCGs, according to neXtProt data.
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Figure 7. Change in the number of human PCG annotations in neXtProt from 2016 to 2023.

this may be the result of the Human Proteome Project
in terms of searching for missing proteins [31].
Mass spectrometric approaches such as high-resolution
tandem mass spectrometry have become widespread and
this has a significant impact on the number of detected
proteins. From the bioinformatics view point,
algorithms based on machine learning have begun
to develop to solve various problems, such as protein
structure prediction [32], gene classification [33],
DNA sequence analysis etc.

New methods of genome sequencing and analysis
of genetic variation have allowed more precise
identification of protein variants that may be formed
due to genetic differences between individuals and
alternative splicing. The creation of long-read
RNA sequencing method developed by Oxford
Nanopore Technologies (ONT), spanning several exons,
opened new possibilities for studying AS by direct
identification and quantification of the isoform
transcripts [34].

Integration of data from more diverse sources
and the application of interdisciplinary approaches
such as systems biology and network analysis have also
helped to expand the estimated size of the proteome.

The increase in the estimated size of the human
proteome width by 20-fold or more over the past 8 years
is the result of a combination of technological
advances, improved data analysis methods, and
a deeper understanding of the biological complexity
of the proteome. At the same time, the fact that
the number of detected PTMs and AS variants
has actually reached a plateau indicates that genomic
and transcriptomic technologies are developing
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significantly faster than proteomic ones. This difference
is caused by the scale and complexity
of the research objects. Genomes and transcriptomes
are more static structures compared to proteins.
In addition, the cost of equipment for protein detection
still significantly exceeds the cost of sequencing
devices. Proteome research requires overcoming
many technical and methodological obstacles,
including the complexity of protein structure analysis,
identification and quantitative assessment of protein
components, as well as analysis of their functions and
interactions within the cell [35].

CONCLUSIONS

Eight years after the estimation of the proteome
size [11], we conducted a retrospective analysis
of the change in the trend of the number of human
proteoforms. We have used the experimental
results of wvarious scientific groups aggregated
in the neXtProt resource, the most complete repository
of human proteome data. According to various
information models, modern experimental methods
make it possible to identify from 5 to 125 million
different proteoforms, the proteins formed due to AS,
implementation of SNPs at the proteome level,
and PTMs in various combinations. This result
reflects an increase in the size of the human
proteome by 20 or more times over the past 8 years.
The dynamics of data accumulation indicate
the development of methodological approaches:
we do not observe an increase in the number
of protein-coding genes or genes, for which AS or
single-amino acid substitutions have been shown
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for the first time over the period from 2016 to 2023.
This indicates saturation in terms of such genomic
characteristics; unlike genes encoding proteins
with variants of the SAP, their number increases,
but they are studied not by sequencing methods,
but by proteomic methods based on mass spectrometry.
An important achievement of recent years
is the work [29], which has shown that
the theoretically predicted diversity of proteoforms
is confirmed experimentally at the proteome level.
The limitations of sensitivity methods seriously
complicate experimental registration of the proteoforms
present in relatively small concentrations (compared
to canonical, master forms). One of the possible options
for overcoming this problem is the use of different
types of biomaterial, different conditions in the hope
that somewhere the concentration of a specific
proteoform will be sufficient for the operating detector,
because of the proteome dynamics.

Our work opens prospects for studying
the proteome taking into account the diversity
of protein types (proteoforms). For the first time,
a proteome of proteoforms was obtained based
on a consolidated array of experimental data,
reaching up to 125 million by 2023. In the future,
we can expect an increase in the number of variants
found due to the identification of single nucleotide
substitutions at the proteomic level in various types
of biomaterial (in norm and pathologies) and PTM:s.
Probably, the aggregate of such minor structural
changes as a whole that is a biomarker of the body's
response to pathological processes.
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PABMEP TIPOTEOMA YEJIOBEKA KAK ®YHKIIUA PASBBUTUSA
3KCHEPUMEHTAJIBHBIX TEXHOJIOTUA U METOJOB BUOMH®OPMATHUKA

E.B. Capvicuna*, A.C. Ko3znoea, E.A. Ilonomapenko, E.B. Hnveuconuc

HayuHo-uccnenoBarenbckuii MHCTUTYT OnoMenuiuHckol xumun umern B.H. OpexoBuda,
119121, Mockaa, yi. [Toromusckas, 10; *3m. moura: lizalesa@gmail.com

[TpencraBneH peTPOCHEKTUBHBIA aHAIW3 M3MEHEHUH CBEICHMH O KOJIMYECTBE MPOTEo(dOpM 4YesoBeEKa,
coObITHI TocTTpaHcIsInnOoHHbIX Moxudukanuid (IITM), ansrepnaruBHoro craiicunra (AC), 0HOaMHUHOKHCIOTHBIX
nonumopouzmoB (OAII), accomuMpoBaHHBIX C OEIOK-KOIMPYIOIIMMH TeHamMu B 0Oa3e naHHBIX neXtProt.
B 2016 romy Hamreii rpymmoil OBUTH NPEUIOKEHBI TPH MaTeMaTHYECKHE MOJENU UISl MPEACKa3aHUs KOJIMYeCTBa
pasnuaHbIX OenkoB (mpoTeodopMm) B mporeoMe denoBeka. CIyCTS BOCEMb JIET MbI CPAaBHWJIM HWCXOJHBIE JTaHHBIC
MH(OPMALMOHHBIX PECYPCOB M MX BKJIAJl B PE3yNbTaThl MIPEACKA3aHN, CONOCTABUB Pa3INYMs C HOBBIMH TOIXOAaMH
9KCIEPUMEHTaJIbHOTO W OnoMH(OpPMAaTHUYECKOTO aHanu3a Monudukanuii OenkoB. llens maHHO# paboTBl —
aKTyaJIM3upoBaTh MH(OpPMAIMIO O cTarycax 3amucedl B 0a3ax JaHHBIX O BBISIBICHHBIX IpoTteodopmax ¢ 2016 roxa,
a TaKKe BBIIBUTH TPEHIBI M3MEHEHNH KOJIMYECTB 3THX 3amucell. CormacHo pa3IMyHbIM HH(POPMAIIMOHHBIM MOJIEISM,
COBPEMCHHBIEC IKCIIEPUMEHTAIBHBIE METOIBI MO3BOJIIIOT BBIIBUTH OT 5 m0 125 MnH pasnuuHbIX nporeodopm —
6enkoB, 0Opa3oBaHHBIX B pE3yJabTaTe albTEPHATUBHOIO CIUIAMCHHIA, peanu3allid Ha HPOTEOMHOM YPOBHE
OOHOHYKJICOTUAHBIX HOJ'II/IMOp(i)I/I?)MOB U MOCTTPAHCIAIMOHHBIX MOI[I/I(i)I/IKaHI/Iﬁ B Ppa3jIM4YHbIX KOM6I/IHaL[I/IHX.
JlaHHBII pe3ynbrar oTpaXkaeT yBeJIHUeHHE pa3Mepa yeoBedeckoro nporeoma Ha 20 u Gonee pa3 3a nociaegHue 8 Jer.

Tonuwiii mexcm cmamuvu Ha PyccKoM s3viKe docmynel Ha cavime yxcypuana (hitp://pbmce.ibmc.msk.ru).

KaioueBble cioBa: mnpoTeoMuka; NnpoTeo(OpMbI; MOCTTPAaHCISAIMOHHbIE MOAW(UKAINN; OIXHOAMHHOKUCIOTHBIE
3aMEHBI; aJbTEPHATUBHBIN cIuTaiicuHT; neXtProt
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