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Detection of low-copy proteins in complex biological samples is one of the most important issues of modern
proteomics. The main reason for inefficient detection of low protein concentrations is the insufficient sensitivity
of mass spectrometric detectors and the high dynamic range of protein concentrations. In this study we have
investigated the possibilities and limitations of a targeted mass spectrometric analysis using the reconstructed system
of standard proteins UPS1 (Universal Proteomic Standard 1) as an example. The study has shown that the sensitivity
of the method is affected by the concentration of target proteins of the UPSI system, as well as by a high level
of biological noise modelled by proteins of whole E. coli cell lysate. The limitations of the method have been overcome
by concentrating and pre-fractionating the sample peptides in a reversed phase chromatographic system under alkaline
elution conditions. Proteomic analysis of the biological sample (proteins of the human hepatocellular carcinoma
cell line HepG2 encoded by genes of human chromosome 18) showed an increase in the sensitivity of the method
as compared to the standard targeted mass spectrometric analysis. This culminated in registration of 94 proteins

encoded by genes located on human chromosomelS8.
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INTRODUCTION

The Human Proteome Project was initiated in 2010
at the International Congress in Sydney [1]. The main
goal of the project was the search and description
of proteins and their corresponding mRNAs, encoded
by the human genome. The Chromosome-Centric
Human Proteome Project, C-HPP, was also proposed,
in which participating countries were invited to study
the gene products of a certain human chromosome [2].
The main goal of the project is to detect all proteins
encoded by human genes. The successful realization
of the project will expand existing knowledge
of human biology at the cellular level, which in turn
will serve as the basis for future prognostic, diagnostic,
therapeutic, and preventive medical applications based
on protein data obtained during the project. A group
of researchers from Russia led by A.I. Archakov
has chosen human chromosome 18 to search for
and describe the products of protein-coding genes.
During the project, a mass spectrometric method
for recording and measuring the absolute concentration
of proteins has been developed; it is characterized
by high sensitivity and selectivity. The developed
method was tested on various types of human
biomaterial: the human hepatocellular carcinoma
cell line HepG2, human liver cells, and human
blood serum [3]. The registered proteins encoded
by the genes located on human chromosome 18
cover 12 orders of concentration from 10° M to 10** M.
Detection of ultra-low concentrations of proteins
was achieved by the method of irreversible binding
of analytes in solution [4].
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However, during the work on the project
it became clear that modern proteomic methods
for detecting proteins did not have sufficient
sensitivity required for analysis of human biological
samples [5]. For example, using methods of shotgun
mass spectrometry for analysis of a complex sample
of human hepatocellular carcinoma cells it is possible
to register about 20,000 unique peptides. However,
proteomic software also detects and counts unregistered
precursor ions in the studied sample. Typically,
the number of unregistered peptides is much higher,
amounting to approximately 120,000 precursors.
Thus, the shotgun technique provides a high number
of identifications, but the minimum protein concentration
usually does not exceed 10° M [6]. Methods of targeted
mass spectrometry are characterized by increased
sensitivity. However, to maintain a high level
of sensitivity, it is necessary to limit the number
of detected proteins to 200-300 per method. Targeted
mass spectrometry employing internal standards
in combination with prefractionation, which was used
to obtain a deep proteome of HepG2 human
hepatocellular carcinoma cells, resulted in detection
of 264 proteins encoded by genes of human
chromosome 18. In order to determine the sensitivity
of the technique at different signal-to-noise ratios,
the simplified UPS1 protein system has been used.

MATERIALS AND METHODS

Reagents

The following reagents were used in the study:
formic  acid  (Sigma-Aldrich,  Switzerland),
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trifluoroacetic acid, 2-chloroacetamide, tris-2-carboxy-
ethylphosphine, sodium deoxycholate, DMEM,
Universal Proteomic Standard 1 (UPS1), phosphate
buffer (Sigma-Aldrich, USA), urea, sodium chloride
(Acros Organics, USA), acetonitrile (Fisher Chemical,
China), triethylammonium bicarbonate (TAB) (Fluka,
Switzerland), modified pig trypsin (Promega, USA),
fetal bovine serum (FBS) (Biowest, France),
penicillin/streptomycin (Gibco, USA), trypsin/EDTA
sterile solution (Paneco, Russia).

Cultivation of HepG2 Human Hepatocellular
Carcinoma Cells

The HepG2 cell line was obtained from
the cell bank of the Institute of Biomedical Chemistry
(IBMC, Moscow, Russia). The cell culture was grown
in a medium supplemented with DMEM, 10% FBS,
and antibiotics (penicillin/streptomycin 100 units/ml).
Cells were cultivated in an incubator at 37°C
and 5% CO,. During cultivation, the medium
was renewed every 2-3 days. When the cells were
more than 80% confluent they were collected using
0.25% trypsin/EDTA to obtain a cell suspension.

Lysis and Hydrolysis of HepG2 Cell Samples

The cell sediment was washed to remove serum
in 100 mM phosphate buffered saline pH 7.4.
After centrifugation (10 min, 500 g), the supernatant
was removed and 10 pul of lysis buffer
(4 M urea, 1% sodium deoxycholate, 15% acetonitrile,
5 mM triscarboxyethylphosphine, 100 mM phosphate
buffer pH 7.4, 100 mM chloride sodium) was added
to the cell sediment. The solution was sonicated to reduce
the viscosity (5 cycles of on the Q125 Sonicator
(Qsonica Sonicators, USA): 10 s — sonication,
30 s — pause with power of 30%). The homogenate
was then heated to 60°C for 30 min. After cooling
to room temperature, 2-chloroacetamide was added
at a final concentration of 50 mM. Incubation
was carried out at room temperature in the dark. After
this, 90 ul of 100 mM TAB and 1 pg of trypsin were
added and incubated at 38°C; after 3 h, another aliquot
of trypsin (1 pg) was added. The total hydrolysis time
was 18 h. The reaction was stopped by adding formic
acid to a final concentration of 2%, and then samples
were centrifuged (10 min, 10,000 g) was performed
to obtain supernatant. The supernatant was transferred
into a glass vial (Agilent, Germany), evaporated
in a vacuum concentrator (Concentrator plus, Eppendorf,
Germany) and redissolved in 0.1% formic acid.

The preparation of UPS1 system proteins

for mass spectrometric analysis was carried out
as described previously [7].

Mass Spectrometry Analysis

The samples were analyzed using a 6495 Triple
Quad LC/MS instrument (Agilent, USA). Its settings
and the detection method were the same as described
previously [8].

Visualization and processing of the results
of the targeted analysis were carried out using
Skyline software (version 23.1) as described
previously [8].

Transcriptomic Analysis

Total RNA was isolated from HepG2 cells
using a commercial Extract RNA kit (Evrogen,
Russia). The quality of isolation was controlled
spectrophotometrically using a Bioanalyzer 2100 System
(Agilent Technologies, USA). Transcriptomic analysis
was performed on an Illumina HiSeq 2500 system
instrument (IIlumina, USA) according
to the manufacturer's protocol. For each replicate,
between 32 and 59 million reads were obtained [9].

Cultivation of E. coli K-12 Cells

Cells of the bacterial culture were grown
according to the standard protocol. Protein isolation
and preparation for mass spectrometry analysis were
performed as described previously [7].

RESULTS AND DISCUSSION

Determination of the Sensitivity and Limitations
of Targeted Mass Spectrometry (SRM) at Different
Protein Concentrations of the Simplified Protein
System UPS1

The low depth of coverage of proteins
encoded by the genes of human chromosome 18
is explained by the insufficient sensitivity
of modern mass spectrometry methods. The reason
for the low sensitivity may be due to the simultaneous
elution and ionization of a huge number of peptides,
among which only a small part can be detected [10, 11].
In order to determine the operating range of the method
and ways to overcome the lack of sufficient sensitivity,
a model system simulating a biological sample
was constructed.

The simplified protein system UPSI1 is an equimolar
mixture of 47 recombinant, highly purified human
proteins; it is used for the development and
validation of new methods for protein analysis [12, 13].
UPSI1 is used as a model to simulate the target peptide
signal in a biological sample. In order to exclude
signal interference between human proteins and UPS1,
another biological object, E. coli strain K-12,
was used as noise.

Thus, using these components, 3 different
versions of the model system with different
concentrations of target UPS1 proteins were
generated: 1) UPS1 solution without addition
of E. coli preparation; 2) UPS1 solution with addition
of E. coli preparation, in which concentrations of UPS1
and E. coli preparation decreased proportionally;
3) UPS1 solution with addition of E. coli preparation
in the same maximum permissible (high) concentration.
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A series of dilutions with a low signal-to-noise
value most closely simulated the biological effect
of the matrix, realized during analysis of complex
biological samples [14].

The results of targeted mass spectrometric
analysis demonstrate that in the high-concentration
region of 10° M, the method had 100% sensitivity
regardless of the presence of biological noise in the form
of E. coli preparation in the sample (Fig. 1). The most
pronounced decrease in the number of identifications
of target proteins of the UPS1 system was observed
when their concentration decreased to 10 M;
in the sample with the highest noise level there
were 26 identifications, in a pure UPS1 solution
and in a sample with a low noise level there
were 45 and 44 identifications, respectively. This trend
continued during the further decrease in the concentration
of target proteins. In the presence of a high level
of biological noise, even at a concentration of 102 M,
it was not possible to register a single protein
of the UPS1 system; at the same time, in the absence
or low level of noise, it was still possible
to register 10 and 8 proteins, respectively. However,
at a concentration of 10" M, even in the absence
of biological noise or at its low levels, not a single target
protein was detected. Therefore, the results obtained
using the UPS1 model object can be extrapolated
to proteins encoded by genes of chromosome 18,
and the number of proteins that can be detected
using targeted mass spectrometric  analysis
can be predicted. Thus, we can conclude that using
this method it is possible to detect 100% of proteins
at 10° M concentration or higher, 56% of proteins
at 10" M concentration, and only 19% of proteins
at a concentration of 10" M. It appears that this method

@ UuPs1 solution

signal/noise ratio

is not applicable for detecting lower concentrations
of proteins in in complex biological samples. Thus,
the influence of two factors that affect the registration
of proteins has been demonstrated: the concentration
of target proteins and the presence of a high noise level.

In order to demonstrate the effect
of the concentration of target proteins on the number
of detected proteins, an experiment with reverse
concentrating of the diluted protein mixture was also
performed. UPS1 samples with and without added
E. coli preparations at a concentration of 10" M
were concentrated 100-fold to 10" M and analyzed
by targeted mass spectrometry. This approach
restored the number of detected proteins in the case
of a pure UPSI solution and a solution with a low noise
level to 45 and 44, respectively. At the same time,
concentrating a sample with a high noise level
did not improve the result, because the matrix
proteins were concentrated along with the target
proteins. To reduce the influence of the matrix,
it is necessary to apply a sample fractionation technique.
The use of prefractionation by reverse-phase
high-performance liquid chromatography under alkaline
elution conditions restored the number of identifications
of proteins of the UPS1 system to 26 (Table 1).

Thus, the combination of sample concentration
and fractionation methods solves the problem
of low concentration of target proteins and also
reduces the noise level; this increases the number
of identifications in the reconstructed UPS1/E. coli
protein system. Therefore, the use of this method
on a biological sample, the human hepatocellular
carcinoma cell line HepG2, can also increase
the coverage of proteins encoded by the genes located
on human chromosome 18.
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Figure 1. The number of detected proteins of the UPS1 system in dependence of the target protein concentration

in the model samples.
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Table 1. Results of the experiment on concentrating UPS1 samples

The number of proteins registered

The number of proteins registered

Sample before sample concentration after 100-fold sample concentration
UPSI1 solution 10 45
UPS1 solution supplemented with E. coli
. ) . . 8 44
with fixed signal-to-noise ratio
UPSI1 solution supplemented with E. coli 0 26%

with decreasing signal-to-noise ratio

*Biochemical fractionation of a sample into 12 fractions was carried out.

Targeted Mass Spectrometry Analysis (SRM SIS)
of Proteins Encoded by Genes Located on Human
Chromosome 18: Focus on HepG2 Human
Hepatocellular Carcinoma Cells

For detection of proteins encoded by the genes
located on human chromosome 18, the method
of targeted mass spectrometric analysis was used
in combination with prefractionation under alkaline
elution conditions [7]. It was shown that the use
of an additional fractionation step resulted
in detection of 26 unique proteins, which were
not detected in the unfractionated sample (Fig. 2).
Based on the results of using both methods,
a total of 94 proteins encoded by the genes located
on human chromosome 18 were registered.
The majority of proteins (66%) were detected
in both 1D and 2D analysis, but a small proportion
of proteins (6.4%) was identified exclusively
by the SRM analysis. This phenomenon, as well
as the significant difference in the measured
concentrations of some proteins recorded in both
1D and 2D analysis is explained by the scheme
for collecting fractions during prefractionation. Fractions
are collected continuously and during switching
to the next fraction, part of the chromatographic peak
of the peptide can be collected in one fraction, and
another part in the next. Thus, 6 peptides could appear
in two different fractions, and their concentration
could be below the sensitivity limit of the device.

(6%)

Figure 2. The Euler-Venn diagram of comparison
of sets of wunique proteins found during
ID SRM of an unfractionated sample and
2D SRM of a fractionated sample.

We could not observe this effect during analysis
of proteins of the UPS1 system. This may have been
hindered by the limited sample of 47 proteins;
in this case, we observed 94 proteins.

The range of measured concentrations varies
from 10®* M to 10"* M or from 300,000 to 20 copies
of protein per cell. Among the proteins
detected only by using targeted analysis with
prefractionation, there were transcription factors
(Q92908 transcription factor GATA-6) and protein
kinases (Q13464-Rho associated protein kinase 1,
P31152 mitogen-activated protein kinase 4),
responsible for signal transduction in the cell and
regulation of gene expression [15—-17]. Consequently,
using this technique it is possible to obtain additional
biologically significant information about the studied
object, which is not available in the case of using
standard methods of analysis.

Transcriptoproteomic Analysis of HepG2 Cells

The data used in this section represent results
from high-throughput RNA sequencing performed
on the Illumina platform. For qualitative assessment
of the convergence of the proteome and transcriptome
of the HepG2 cells, different cutoffs were selected
based on the RPKM value (Reads Per Kilobase Million)
of the transcriptomic data, which were compared
with the corresponding proteins detected by targeted
mass spectrometry methods [18]. The highest
convergence of proteomic and transcriptomic data
is shown by the cutoff at the level of RPKM<1 (48%).
At this cutoff, the number of registered
transcripts was 145, while the number of corresponding
proteins was 94 (Table 2). At the same time, correlation
analysis of quantitative proteomic and transcriptomic
data at appropriate RPKM cutoff levels showed
a tendency for the resulting correlation coefficient
to decrease as the RPKM cutoff values increased
from 0.6 to 0.4. Data on protein concentration
measurements and RPKM of the corresponding
transcripts are presented in the Supplementary Materials.

In this study, high-throughput RNA sequencing
data have been used to guide the expression
of the corresponding protein in the HepG2 cells.
By analogy with the simplified UPS1 protein system,
where the manufacturer guaranteed the presence
of 47 human proteins, in this case, transcript
detection was considered as a guaranteed sign
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Table 2. Percent ratio of detected unique proteins, transcripts and jointly registered products encoded by genes of human
chromosome 18 at various RPKM cutoff levels and correlation coefficient for quantitative proteomic and transcriptomic
data at corresponding cutoff level

Simultaneously Registered Registered Spearman correlation coefficient (rs) p-value
RPKM cutoff . d : . . f L e and onifi
level (>) registere protems unique unique or quantltatl've prgteomlc an significance
- and transcripts [%)] | transcripts [%] proteins [%] transcriptomic data level
0.01 42 54 3 0.6 6.3x107
0.1 43 51 6 0.6 7.0x10°®
0.5 47 44 9 0.6 6.0x10®
1 48 42 10 0.6 2.0x107
5 40 28 31 0.5 0.1x10°
10 31 20 50 0.4 0.2x10™
50 8 2 90 0.4 0.4
(“gold standard”) of the presence of the corresponding on average, proteins perform their functions

protein. For 76 proteins, both the transcript and
the corresponding protein were reported. However,
no corresponding protein products were detected
for 67 transcripts (Fig. 3). In contrast to the UPS1 set,
we cannot know protein concentrations in the cells.
Even if they are present in the cell, their concentration
may be lower than the working range of the SRM assay.
However, 16 proteins were reported for which
no corresponding transcripts were found. The most
probable explanation for this phenomenon is the longer
half-life and stability of the protein molecule
relative to corresponding mRNA [19, 20]. During
mRNA isolation some molecules may degrade
despite all precautions, while proteins that are more
stable in their chemical structure are preserved.
It should be also noted that in a living cell, the half-life
of proteins is many times higher than the half-life
of the corresponding mRNA molecules [21, 22].
Measurements of the half-life of proteins show that,

1D SRM

I 2D SRM
B 88
(42%) (55%)

67
(42%)

RNA-seq (Illumina)

145

(90%)
Figure 3. The Euler-Venn diagram representing
comparisons of three sets, transcripts registered
in the HepG2 sample by RNA-seq, proteins encoded
by genes of chromosome 18, registered by 1D SRM,
proteins registered by 2D SRM.
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for tens of hours before their degradation, while
half-life of mRNA molecules is much shorter (seconds
or minutes) [23, 24]. Thus, detection of the protein
corresponding to the particular mRNA is determined
both by the sensitivity of the proteomic analysis and
by the half-life of the mRNA molecule in the cell.

The results of this study show that the use of targeted
analysis together with the method of prefractionation
of the sample increases the depth of coverage of proteins
encoded by genes located on chromosome 18.
Using this approach we have registered 94 proteins,
which constitute 48% of the registered transcriptome
and 34% of all protein-coding genes localized
on human chromosome 18.

CONCLUSIONS

The main problem of targeted analysis of complex
biological samples is the presence of a high dynamic
range of protein concentrations in the studied system.
Experiments with the reconstituted UPS1 system
have shown that the sensitivity of the SRM assay
depends on the concentration of target proteins,
as well as the presence of high levels of biological
noise. The use of 2D fractionation has partially
solved the sensitivity problem and reduced the dynamic
range of proteins.

During analysis of proteins encoded by genes
located on human chromosome 18 in the HepG2 human
hepatocellular carcinoma cells 264 proteins are targeted,
while the remaining proteins, the number of which
can exceed 6 million, are the matrix or, in other words,
“biological noise” [25]. Thus, the use of sample
prefractionation helps to enrich each fraction with
target proteins and increase the signal-to-noise ratio
in each fraction. Low concentration proteins
(10" M — 10" M) represent the majority (76 of 94)
of the human chromosome 18 proteome
in the HepG2 cells. Consequently, during analysis
of proteins at a concentration of 10 M and lower,
we cannot be sure that all proteins that are expressed
in the cell have been recorded, as the losses
in the reconstructed UPS1 protein system at a similar
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concentration were 50%. At the same time, there
were 67 transcripts of gene products for which
the corresponding proteins were not registered
in the studied cells. The findings suggest that
prefractionation can detect additional proteins,
but still does not reach the level of sensitivity
of transcriptomic methods.
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JETEKIHUS HU3KOKONUMHBIX BEJIKOB B IPOTEOMHBIX UCCJIEJJOBAHUSAX:
IMPOBJIEMBI 1 ITYTHU PEHLIEHUA

A.H. Apuakos, H.3. Basunoe*, B.I. 3200a

Hay4Ho-uccrnenoBarenbckuii MHCTUTYT OnoMennumHcKoi xumun nMeHn B.H. OpexoBuua,
119121, Mockga, yi. [Toromunackas, 10; *am. moura: n.vavilov95@gmail.com

OpHa u3 Hambonee aKTyalbHBIX IMPOOJIEM COBPEMEHHOH MPOTEOMHUKH — METEKIHS HU3KOKONMHHBIX OEKOB
B KOMIUIEKCHBIX OHONIOrHM4Yeckux obOpasuax. [J1aBHas npuyrHa ManodpQeKkTHBHOW NEeTEeKIMH HU3KHX KOHLIEHTpaLuii
0EJIKOB 3aKIII0YaeTcsi B HEJOCTATOYHOW YYBCTBUTEIBHOCTH MAaCC-CIEKTPOMETPHYECKOTO JIETEKTOPa M BBICOKOM
JUHAMHMYECKOM JMana3oHe KOHLEHTpauui OenkoB. B nmaHHONH pabore OBIIM HCCIETOBaHBI BO3MOXKHOCTH H
OTPaHWYEHUS] METOJa TapreTHOr0 Macc-CIIEKTPOMETPUYIECKOTO aHaJIM3a Ha IPUMEpe PEKOHCTPYHPOBAHHOW CHCTEMBI
cragmapTHeix OenkoB UPS1 (Yuusepcanbnbiii IIporeomusiit Cranmapt 1, Universal Proteomic Standard 1).
ITokazaHo, 4TO Ha YyBCTBUTEIBHOCTb METOJA BIMSCT KOHLEHTpALUs IeneBbix OenkoB cuctembl UPSI, a Taxke
BBICOKHH ypOBEHb OMOJIOTHYECKOTO HIyMa B BHE OENKOB IeNbHOTrO jm3ara E. coli. OrpaHHYeHus] MeTo/ia yAaioch
MPEOIOJIETh C TOMOUIbIO KOHIIEHTPUPOBAHUS M IpeIBAPUTEIbHOr0 (pPaKkMOHMPOBAHUS NENTHIOB 00pasia
B Xpomartorpauueckoil cucremMe Ha oOpaméHHON (asze B INENIOYHBIX YCIOBUSAX dironuu. [IporeomHbIN aHamm3
Ouosorndeckoro obpasna — OEIKOB KIETOYHOM JIMHUM TelaTOLEIUIIONIPHON KapuuHoMBl denoBeka HepG2,
KOZIMPYEMBIX TeHaMHn 18 XpOMOCOMBI 4eJIOBEKa, — ITOKa3al MOBBIIIEHUE YyBCTBUTEIBHOCTH METOAA MO CPAaBHEHHIO
CO CTaHJIAPTHBIM TApPTeTHBIM MAacC-CIIEKTPOMETPHUYECCKUM aHAJIM30M. DTO IO3BOJIMJIO 3aperucTpupoBaTh 94 Oenka,
KOAMPYEMBIX TeHaMH 18 XpOMOCOMBI YeIoBeKa.

Tonnviii mexem cmamou Ha pycckom sA3vike 00cmyneH Ha catime dcyprana (hitp://pbmc.ibme.msk.ru).
KiroueBble c1oBa: mporeoMuka; macc-ciekrpometpusi; HepG2; mpomykTsl TeHOB 18 XpoMOCOMBI YeioBeKa
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