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Abstract: Quantitative and qualitative analyses of cell protein composition using liquid chromatog-
raphy/tandem mass spectrometry are now standard techniques in biological and clinical research.
However, the quantitative analysis of protein—protein interactions (PPIs) in cells is also important
since these interactions are the bases of many processes, such as the cell cycle and signaling pathways.
This paper describes the application of Skyline software for the identification and quantification of
the biotinylated form of the biotin acceptor peptide (BAP) tag, which is a marker of in vivo PPIs.
The tag was used in the Proximity Utilizing Biotinylation (PUB) method, which is based on the
co-expression of BAP-X and BirA-Y in mammalian cells, where X or Y are interacting proteins of
interest. A high level of biotinylation was detected in the model experiments where X and Y were
pluripotency transcription factors Sox2 and Oct4, or heterochromatin protein HP1y. MRM data
processed by Skyline were normalized and recalculated. Ratios of biotinylation levels in experiment
versus controls were 86 &+ 6 (3 h biotinylation time) and 71 &+ 5 (9 h biotinylation time) for BAP-Sox2
+ BirA-Oct4 and 32 + 3 (4 h biotinylation time) for BAP-HP1y + BirA-HP1y experiments. Skyline can
also be applied for the analysis and identification of PPIs from shotgun proteomics data downloaded
from publicly available datasets and repositories.

Keywords: biotin acceptor peptide (BAP); biotin ligase BirA; liquid chromatography tandem mass
spectrometry (LC-MS/MS); multiple reaction monitoring (MRM); protein—protein interactions (PPIs);
proximity utilizing biotinylation (PUB); proteomics

1. Introduction

Wide practical application of liquid chromatography in combination with mass spec-
trometry has been observed recently in proteomics [1,2] and metabolomics [3,4] as a routine
method for the qualitative and quantitative analysis of biological samples. For example,
when optimizing expression, performing quality control, or studying pharmacokinetics
of recombinant proteins, it is crucial that the best conditions for production or analysis of
the drug products are found [5,6]. Another important task is to obtain information about
changes in the expression of marker proteins under different physiological conditions of
the cell [7]. Examples of this include: differences in protein composition in a healthy/cancer
cell or differences under the influence of external factors such as temperature, chemical
agents, or radiation provide valuable information about metabolic and signaling pathways,
mechanisms of stress response. In all these cases, the results are obtained as chromatograms
in the multiple reaction monitoring (MRM) method, where many peptides derived from
target proteins can be identified by retention time and mass spectra of fragment ions
(or MS/MS spectra), and the relative amount of each peptide between samples can be
determined by comparison of the peak areas [8-10].

However, information on protein composition is not sufficient to fully understand
the mechanism of cell function. The quantification of protein—protein interactions (PPIs)
in vivo can be a useful extension in research since more than 80% of proteins do not
function separately, but rather interact and participate in the formation of stable or transient
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complexes [11]. These protein—protein interactions play an important role in almost all
vital processes in cells, such as DNA replication, gene transcription and translation, signal
transduction, cell-cycle control and proliferation, and cell-cell communication [12].

Methods based on a combination of affinity purification (AP) or tandem affinity
purification (TAP) and mass spectrometry (MS/MS) have now become standard for the
identification of protein partners [13-16]. However, these methods have the serious draw-
back of a large number of false-positive identifications [17]. In addition, the cell lysis
procedure can lead to the destruction of weak protein—protein interactions, which can also
lead to false-negative results. For example, the list of Oct4-interacting proteins identified
by co-immunoprecipitation (Co-IP) did not include one of the most studied Oct4 partners,
namely Sox2 [18].

Enzymatically catalyzed proximity labeling is an alternative to immunoprecipitation
and biochemical fractionation for the proteomic analysis of macromolecular complexes and
protein interaction networks [19]. In this method, ligation enzymes are expressed in cells
as conjugates with proteins of interest. For example, proximity-dependent biotinylation
methods are based on the use of mutant biotin ligases, BiolD [20] or TurbolD [21]. These
BirA mutants prematurely release the highly reactive yet labile biotinoyl-AMP inside of a
living cell, which readily reacts with lysine’s primary amino groups of proximal proteins.

On the other hand, the proximity utilizing biotinylation (PUB) method is based on
the use of humanized wild-type biotin ligase BirA fusions. The wild-type BirA uses biotin
and ATP to generate biotinoyl-AMP [22,23]. Wild-type BirA holds on to the reactive biotin
molecule until it is covalently attached to a very specific substrate called biotin acceptor
peptide (BAP) [24]. Thus, biotinylation is a result of the direct contact of BirA and BAP parts
of recombinant proteins which occurs in cases of protein—protein interaction or random
collision in vivo.

Both methods are based on similar principles; this is the in vivo creation of a perma-
nent covalent mark on one of the proteins of interest or partners interacting with them,
which allows us to bypass the limitations imposed by the extraction and purification stages.
Ultimately, results will be obtained with much fewer false-positive and false-negative
protein identifications compared to traditional methods such as IP-MS/MS or TAP. The
result is the facilitation of the bioinformatic part of data analysis.

The aim of this work was to use the Skyline program to process the results of ex-
periments on the quantitative analysis of PPI using the proximity utilizing biotinylation
(PUB) method.

2. Results and Discussion
2.1. Overview of the Method and Experimental Workflow of the PUB Protocol

The principle of the PUB method is based on using enzyme/substrate pair reac-
tions [25-28], where two proteins to be tested for their interaction in vivo are co-expressed
in mammalian cells, one as fused to the BAP, and the other fused to an enzyme BirA, which
is an Escherichia coli protein biotin ligase [29]. When the two proteins are in proximity to
each other, for example, when an interaction of X and Y occurs in vivo, a more efficient
biotinylation of the BAP is to be expected (Figure 1A). The biotinylation status of the BAP
fusion protein can be further monitored by Western blot, mass spectrometry, or confocal
microscopy (Figure 1B,C). HEK293T, HeLa, or MRC-5 fetal lung fibroblast cell lines can
be used for the transient or stable expression of recombinant proteins in the PUB method.
Usually, one control experiment is performed in a parallel dish or a 6-well plate, using
cells in which non-interacting proteins or other pair proteins are expressed for comparison
(BirA-X and BAP-Z). Depending on the proteins of interest chosen for the experiment,
biotin is added to the medium from 5 min to 9 h before harvesting the cells. The sequence
of the BAP peptide was modified and compared to commonly used peptides, such as
Avitag [30,31], in order to reduce the level of background biotinylation [28]. Additionally,
7His-tag was added upstream of the sequence to provide the option to purify both labeled
and nonlabeled BAP fusion proteins from cell lysates.
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Figure 1. Principle of PUB method in living cell and workflow for quantification of PPI. In vivo interaction (A) of proteins X
and Y results in site-specific biotinylation of the biotin acceptor peptide (BAP) by wild-type humanized biotin ligase (BirA).
Biotinylated protein can be detected by WB, for example, Streptavidin-HRP, IF confocal microscopy (B) or LC-MS/MS (C).
Xor Y-HP1(e,B,v), Tap54(ct,3), Sox2, Oct4, or other proteins. Biotinylation levels of BAP peptides obtained after processing
the results of sample analyses using Skyline (C) are recalculated in Microsoft Excel (D). P—propionylated form of BAP1070:
GHHHHHHHGLTRILEA QK (Prop)IVRGG, B—biotinylated form of BAP1070: GHHHHHHHGLTRILEAQK (Biot)IVRGG,
the sequence corresponding to the peptide on the chromatogram after trypsin digest is marked in bold. The relative
ionization coefficient of tryptic peptides derived from propionylated and biotinylated BAP (E).

The experimental workflow for the LC-MS/MS analysis of samples includes addi-
tional steps, such as the purification of Ni agarose beads, propionylation, and on-gel (or
on-bead) tryptic digest (Figure 1C). Propionylation was used to protect the nonbiotinylated
BAP peptide from tryptic cleavage on the target lysine. This modification resulted in the
production of modified and nonmodified peptides of comparable sizes, facilitating the
interpretation of results. After analysis on Skyline (Figure 1D), data were exported as
CSV files and processed using Microsoft Excel for the calculation of biotinylation levels
(Supplementary datas S1 and S2). First, the total amount of BAP was calculated by the
addition of the total area of propionylated BAP to the total area of recalculated biotiny-
lated BAP. For the recalculation of the biotinylated BAP, the relative ionization coefficient
k =11.9 was used (Figure 1E), which was estimated earlier in SILAC experiments [28]. The
ionization efficiency depends on the chemical structure of a molecule and would thus be
different for propionyl and biotin residues. Therefore, a direct comparison between total
ion chromatograms (TIC) of the biotinylated and propionylated BAP in LC-MS/MS data is
not possible. After this step, the areas were normalized, and normalization coefficients of
the total amounts of BAP were calculated for each sample. These normalization coefficients
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were then used to recalculate the biotinylation levels and for the estimation of means and
standard deviations.

The total amount of BAP was calculated using the formula Agap = k X Apgap + Appar,
where Appap corresponds to the peak area of total ion chromatograms (TIC) of biotinylated,
and Appap to propionylated BAP, and k is the relative ionization coefficient between the
biotinylated and propionylated BAP peptides (Figure 1D). The chromatographic elution
peaks of the fragments for the four most intensive ions, y7, v, ¥5, and vy, in extracted
ion chromatograms (EIC) were integrated and summed to give the peak area of TIC. In
the control (BAP-Y + BirA-Z) and in the experiment (BAP-Y + BirA-X), as well as in the
replicates, the expression levels of recombinant BAP-Y proteins may differ. Variations in
the total amount of BAP-Y can also appear during a sample preparation. Thus, direct
comparison of the biotinylation levels Apgap between samples is not correct. Therefore, the
total amount of BAP-Y, including its biotinylated and propionylated forms in all samples,
was normalized and the normalization coefficients were determined (Supplementary
data S2, Table S1).

The Skyline is an application for targeted proteomics and quantitative data analysis in
the frame of the Windows operation system [32]. Its interface facilitates the improvement
of mass spectrometer methods and the analysis of data from targeted MRM experiments.
Skyline imports the native output files from instruments manufactured from different
vendors smoothly, connecting mass spectrometer output back to the experimental design
document. A rich choice of graphics displays provide powerful tools for inspecting and
monitoring data integrity as data are acquired, helping instrument operators to identify
problems early. It is open-source and freely available for commercial and academic use [9,33].
In addition, its output data format (csv.files) allows the performance of post-processing
analysis in Microsoft Excel to recalculate biotinylation levels.

This software was successfully used to identify and quantify the target BAP peptides
from all MRM data (Supplementary data S1, Figures S1 and S2). Since the amino acid
sequence of the BAP1070 peptide is artificially generated and is absent in the NCBI and
Swissprot databases, the sequence of this peptide was added to a client-made database,
BAP1070, using the Database manager (Figure 2A). This allowed the DAT file to be gener-
ated and the spectral libraries to be created in Skyline.

Mascot Score Histogram
/ \ Tons score 1s -10*Log(P), where P is the probability that the observed match is a random event. B
Individual ions scores > 13 indicate identity or extensive homology (p<0.05).
Protein scores are derived from ions scores as a non-probabilistic basis for ranking protein hits.
2 m Access Mascot Server VR EEEREEI I Ted W
£
Database Manager = & % Mascot database search > Access Mascot Server > Export search results
Ter—— Databases and spectral libraries i
Parse rules (13) ¢ =
s Name Mode ?/ Type!? Status E Help
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%‘\"ed“'e" updates | gap1070 custom  AA In use Deactivate P
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databases_20200329T133051.xml) and Mon Nov 7 21:24:22 2016 (spectral librar Show pop-ups © Suppress pop-ups ort unassigned | Decreasing Score v | Require bold red
libraries_20161107T152422.xml). DR eI woies o
gn;ble_ predefined Full base status is available on the database status page.
efinition Select All | [ SelectNone | [ Search Selected Error tolerant | Archive Report
Synchronise custom Refresh
definitions 1. BAP1O70  Mass: 2626 Score: 99 Matches: 4(4) Sequences: 1(1)
Create new 81970
Spectral library Check to include this hit in error tolerant search or archive report
filters
Query Observed Mr(expt) Mr(calc)  Delta Miss Score Expect Rank Unique Peptide
§ 563.2000 1124.3855 1124.6917 -0.3062 1 (14) ©0.038 1 U  R.ILEAQKIVR.G + Propionyl (K)
9 563.2000 1124.3855 1124.6917 -0.3062 1 (49) 1.3e-005 1 1] R.ILEAQKIVR.G + Propionyl (K)
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Figure 2. Creation of BAP1070 file. (A) Screenshots of the database manager page with BAP1070 file, (B) Mascot search

results and exporting the DAT file.
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Prior to importing raw data into Skyline, a spectral library containing the product ion
spectra of the BAP target peptides was constructed using the DAT file. The spectral library
consisted of MS/MS spectra of biotinylated and propionylated forms of BAP1070 peptide.
A spectral library allowed for the direct comparison of BAP target peptide product ion
spectra from the MRM analyses to the corresponding product ion “library match”. Product
ion transitions used to confirm the identity of each target peptide in the MRM analyses
were automatically picked based on the four most abundant y-type product ion intensities
observed in the “library match” spectrum.

2.1.1. Creation of MRM Method and LC-MS/MS Analysis of the Samples

The vendors’ default method (Bruker Company) was used for the creation of the
MRM method, as described earlier [34]. Precursor ions: m/z 563.2 (ILEAQK(Prop)IVR)
propionylated form of BAP, and m/z 648.8 ILEAQK(Biot)IVR) biotinylated form of BAP.

2.1.2. Creation of BAP1070 Database on Mascot Search Server Using Database Manager

Before analysis on Skyline, the raw LC-MS/MS data were processed to a special
format—DAT file. First, the raw data were analyzed on Bruker DataAnalysis software
to generate an MGF file. Then, the BAP1070 database was created containing a sequence
of this peptide in the Database manager (Figure 2A), which is a browser-based utility for
updating and configuring local copies of sequence databases. Analysis of an MGF file
against the BAP1070 database in the Mascot search engine, including propionylation and
biotinylation modifications, yielded a report where results could also be exported as a DAT
file (Figure 2B).

2.1.3. MRM Analysis and Post-Processing of Data

All MRM data were analyzed in Skyline 19.1.0.193. A spectral library was constructed
from the peptide identifications from a DAT file exported from the Mascot result page.
The four product ions extracted by Skyline were determined based on the ranking of the
top four most intense y-ions from the corresponding library spectrum for each peptide.
Dot-product (dotp) scores were calculated based on the correlation of the measured product
ion peak intensities with the peak intensities observed in the library spectrum for that same
peptide [33]. Raw LC-MS/MS data and processed files were uploaded to the Panorama
repository [35].

2.2. DNA Dependent Interaction of Sox2 and Oct4

After processing and recalculating Skyline results, quantitative data on biotinylation
levels were obtained (Figure 3A,B). The samples from experiments with the co-expression
of BAP-S0x2 and BirA-Oct4 in HEK293T cells showed a high level of biotinylation (86 + 6
and 71 + 5 for different biotinylation times). This is due to the presence of DNA binding
domains, HMG present in Sox2 and POU in Oct4, which recognize Utfl or other motifs [36]
and result in close contact between target BAP and biotin ligase BirA. Contrary to Sox2,
GFP lacks DNA binding domains, and in a control experiment with the coexpression of
BAP-GFP and BirA-Oct4, very low biotinylation levels were observed (sample 0-9 on
Figure 3A). Recombinant proteins BAP-GFP and BAP-Sox2 from HEK293T cell nuclear
lysates were purified on Ni sepharose beads and propionylated before trypsin digest, as
described earlier [34].
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Figure 3. Skyline graphical representation of chromatograms from PUB experiments. Total ion chromatograms of propiony-
lated (P in green circle) and biotinylated (B in red circle) BAP peptides for two examples of experimental PPIs (B,D) obtained
using different instrument platforms (A-B, C-D). Four most intense fragment ions, vy, ys, ¥5 and y4, were chosen for area
calculation of biotinylated BAP peptide in extracted ion chromatograms. Left side are controls BAP-GFP + BirA-Oct4 (A)
and BAP-HP1y + BirA-Tap54« (C) and right side of the figure represents experiments with interacting proteins—BAP-Sox2
+ BirA-Oct4 (B) and BAP-HP1y + BirA-HP1y (D). The average ratios of biotinylation levels were obtained from three

experiments after recalculation and normalization.
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2.3. Protein Oligomerization HP1y-HP1vy

Heterochromatin protein HP1y was chosen as another example of protein—protein
interactions. The proteins of this family contain a chromo shadow domain (CSD), which
allows them to form dimers and oligomers [37,38]. The formation of these oligomeric
structures is critical for the organization of heterochromatin in the cell nucleus [39]. In the
experiment, BAP-HP1y and BirA-HP1y protein pairs were expressed. Another protein,
TAP54«, participates in the formation of hexamers with ATPase activity and is a component
of histone acetyltransferase complexes [40,41]. Since Tap54c is not a protein that interacts
with HP1y, we chose a model where other protein pairs, BAP-HP1y and BirA-Tap54«,
were expressed in a separate dish as a control. The difference in the biotinylation level of
the experiment (BAP-HP1y + BirA-HP1vy) versus control (BAP-HP1y + BirA-Tap54«) after
processing the raw mass spectrometer data with Skyline was also significant and was 32 £ 3
(Figure 3C,D). The raw data were obtained on an Agilent nanoHPLC-Chip-3D6340 Iontrap
instrument and converted to mzML format [42] using ProteoWizard software [43,44].

2.4. Analysis of Shotgun Proteomics Data (Mutant Biotin Ligase BiolD Application)

The Skyline program was mainly developed for the analysis of MRM results in
targeted proteomics [32]. However, this application can also be used to analyze the results
of Shotgun proteomics where an instrument is operated in data-dependent acquisition
(DDA) mode. For validation, the raw data from the results of the BioID mutant biotin ligase
experiments, published recently by Go et al. [45] and publicly available in the Massive
repository, were downloaded. Go et al. identified 35,902 interactions with 4424 unique
high-confidence proximity interactors for 192 BiolD fused bait proteins from different
cellular compartments. The MGF file was used to obtain the DAT file, as described earlier
in Section 2.1.2, which was used in Skyline to build the spectral library. Since these results
were obtained on a different instrument platform (Eksigent NanoLC-Ultra 2D plus HPLC
system-Orbitrap Elite) and under different modes of operation, the parameters in the
Peptide setting and Transition settings tabs were changed, as described in the experimental
part from paper [45]. An example of interacting (or proximal) proteins of mitochondrial
Pyruvate Dehydrogenase E1 Subunit Alpha 1 (PDHA1) fused with BiolD is shown in
Figure 4.

2.5. Perspectives of Enzymatically Catalyzed Labeling for Biological Research

Methods based on the use of wild-type biotin ligase BirA and their mutant versions,
BioID or TurbolD, have a similar principle: the creation of a permanent covalent label on
the partner protein in vivo. This facilitates subsequent steps in protocols and especially
easy and efficient purification of biotinylated proteins from cell lysates using commercially
available reagents and Kkits.

In addition, these methods can be complementary to each other. For example, while
the use of BiolD or TurbolD allows the identification of proximal or partner proteins in
cells, the PUB method can be used to quantitatively compare the identified protein—protein
proximity.

The MRM method, where the output results are presented as coupled data of chro-
matographic parameters and mass spectra for each peptide, is now widely used to study
the mechanisms of external influences (temperature, radiation, or chemical reagents) on
the expression of various proteins in a cell. By analogy, the PUB method can be used to
study the influence of various external factors on protein—protein interactions in a living
cell, which can extend a given research area and provide additional information about cell
organization and function.

Thus, the use of modern bioinformatics programs such as Skyline in combination with
PUB, BiolD, and TurboID methods will facilitate the analyses of large amounts of data to
solve various problems of cell and molecular biology.
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Figure 4. Results of analysis of data from paper Go et al. [45] using Skyline program. All peptides are grouped into lists
from interacting or proximal proteins on the left side, the total ion chromatogram (TIC) in the center and MS/MS spectra
are shown in the right part of this figure. Example of ATP synthase (inset on left side) as a protein, proximal to PDHAL.

3. Materials and Methods

Cell culture, transient transfection, and sample preparation steps were described

earlier [28,34].

The peptide mixtures were analyzed using two LC-MS/MS systems:

Nanoflow HPLC system (Thermo Dionex Ultimate 3000, ThermoScientific) with Ac-
claim PepMap100 C18 pre-column, 5 mm x 300 pm; 5 um particles (Thermo Scientific,
#160454) and Acclaim Pep-Map RSLC column 15 cm x 75um, 2 um particles (Thermo
Scientific, #164534) coupled via CaptiveSpray to the QTOF Impact Il mass spectrom-
eter (Bruker). Raw LC-MS/MS data were interpreted with the Bruker Compass
DataAnalysis (version 4.3) software. The separation gradient was 48 min from 2% to
50% acetonitrile. Flow rates—300 nL/min.

Nano-HPLC (Agilent Technologies 1200) was coupled to an ion-trap mass spectrome-
ter (Bruker 6300 series) equipped with a nanoelectrospray source via protein HPLC
Chip (Agilent Technologies, G4240-62001) with 40 nL trap 75 um x 43 mm 5 um
300SB-C18-ZX and analytical column packed with ZORBAX 300SB-C18, 5 um par-
ticle size. The separation gradient was 7 min from 5% to 90% acetonitrile. Flow
rates—300 nL /min.

The LC-MS/MS instruments were set to monitor transitions of biotinylated (m/z 648.8,

collision energy 33.0 eV) and propionylated (1/z 563.2, collision energy 27.0 eV) forms of
BAP peptide in samples.

3.1.

Data Preparation and Creation of MGF File Using DataAnalysis
For preliminary analysis of data and generation of peak lists, DataAnalysis (DA 4.1)

software was used. Retention-time information was changed to seconds.

The MGEF file was generated from raw data by clicking the following tabs on the

menu: Find/Compounds MS(n)—Deconvolute/Mass spectra — File/Export/Compounds.
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Subsequent database searches were performed using Mascot search engine. Then, the
results were imported as the DAT file which were used to build a spectral library in Skyline.

3.2. Creation of BAP1070 Fasta Database on Mascot Search Server

In MS Notepad text editor, the aminoacid sequence of BAP1070 was pasted with the
description line as follows:

>BAP1070

GHHHHHHHGLTRILEAQKIVRGG

This file was saved as BAP1070_fasta.txt

On mascot server http://mascot-server/mascot/index.html (Configuration last up-
dated Thu Apr 15 10:36:27 2021), the BAP1070 database was created using the following
steps: Home subpage — MascotUtilities — ConfigurationEditor — Database Manager
— Fasta — Create new. Configuration details for BAP1070: Database name—BAP1070,
Database type—aminoacid, Accession parse rule— > ["] *\(.*\), Description parse rule >
['T*\(*\), Taxonomy source—none, Sequence report source—FASTA file, Full-text report
source—None, Number of threads—automatic, Use memory mapping?—Yes, Lock to
memory?—No.

Analysis of data, including Building a Spectral Library in Skyline, Configuring Tran-
sition Settings, Populating the Skyline Peptide Tree, Importing Raw Data into Skyline
and Subsequent Filtering, and data processing and calculation of biotinylation levels are
described in Supplementary data S1, Figures S1 and S2.

4. Conclusions

In this study, the Skyline program was used for the first time to analyze results
obtained by using a proximity utilizing biotinylation method based on expression in
mammalian target cells BAP-X and wild-type BirA-Y protein conjugates (first example:
X-S0x2, Y-Oct4, versus control X-GFP, Y-Oct4 and second: example X, Y-HP1y versus
control X-HP1y, Y- Tap54«). Peak areas of biotinylated BAP were used for the estimation
of PPI, while peak areas of propionylated BAP on MRM chromatograms were used for the
recalculation and normalization of data between different samples. This program allowed
for fast processing of raw data, the calculation of peak areas, and provided the output file
in CSV format, which is convenient for subsequent analysis on Microsoft Excel.

Skyline was also used to analyze data on protein—protein interactions and proximities
obtained by using mutant biotin ligase BiolD [45]. These raw data were downloaded from
the MassIVE Repository database and were sourced from another LC-MS/MS instrument
platform, demonstrating that the Skyline program is not “instrument or vendor-oriented”.

Overall, the Skyline program offers an advantage in that it provides a good graphic rep-
resentation of data and reduces analysis time. This protocol could be applicable, not only to
BAP, but also to other synthetic peptides which are absent in NCBI or SwissProt databases.

Supplementary Materials: The following are available online, Figure S1: Extracted ion chromatograms
(EICs) of the top four ranked y-ions, Figure S2: Relative quantification diagrams for biotinylated
and propionylated forms of BAP after processing on Skyline Table S1: Calculation of corrected
biotinylation levels.

Funding: This research was funded by a grant from the Ministry of Education and Science of the
Republic of Kazakhstan AP09259838 “Application of new proteomics methods in studying the
mechanism of action of pluripotency transcription factors expressed in mammalian cell lines” for
2021-2023 (State registration number 0121PK00163).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The MS proteomics data have been deposited into the ProteomeX-
change Consortium via the PRIDE partner repository, with the data set identifier PXD015756.


http://mascot-server/mascot/index.html

Molecules 2021, 26, 7170 10 of 11

Acknowledgments: A K. is greatly thankful to Yerlan Ramankulov (National Center for Biotechnol-
ogy, Kazakhstan) for funding acquisition, Ruslan Kalendar (Department of Agricultural Sciences, Uni-
versity of Helsinki, FI-00014 Helsinki, Finland,) for help in reading and editing this manuscript, and
Madina Zhunusova (National Center for Biotechnology, Kazakhstan) for assistance with HEK293T
cell culture.

Conflicts of Interest: The author declares no conflict of interest.

Sample Availability: The vector plasmids, pcDNA3-BAP-Sox2 and pOz-humBirA-GFP, for transient
transfection in cells are available from Addgene (Addgene ID 133281 and 133283, respectively).

References

1.  Aebersold, R.; Mann, M. Mass-spectrometric exploration of proteome structure and function. Nature 2016, 537, 347-355. [CrossRef]

2. Sobsey, C.A.; Ibrahim, S.; Richard, V.R.; Gaspar, V.; Mitsa, G.; Lacasse, V.; Zahedi, R.P; Batist, G.; Borchers, C.H. Targeted and
Untargeted Proteomics Approaches in Biomarker Development. Proteomics 2020, 20, €1900029. [CrossRef]

3. Domenick, TM.; Gill, E.L.; Vedam-Mai, V.; Yost, R.A. Mass Spectrometry-Based Cellular Metabolomics: Current Approaches,
Applications, and Future Directions. Anal. Chem. 2021, 93, 546-566. [CrossRef] [PubMed]

4. Gonzalez-Riano, C.; Dudzik, D.; Garcia, A.; Gil-de-la-Fuente, A.; Gradillas, A.; Godzien, J.; Lopez-Gonzalvez, A.; Rey-Stolle, E;
Rojo, D.; Ruperez, EJ.; et al. Recent Developments along the Analytical Process for Metabolomics Workflows. Anal. Chem. 2020,
92,203-226. [CrossRef]

5. Ezan, E.; Dubois, M.; Becher, F. Bioanalysis of recombinant proteins and antibodies by mass spectrometry. Analyst 2009, 134,
825-834. [CrossRef] [PubMed]

6.  Hickey, ].M.,; Sahni, N.; Toth, R.T., IV; Kumru, O.S.; Joshi, S.B.; Middaugh, C.R.; Volkin, D.B. Challenges and opportunities of
using liquid chromatography and mass spectrometry methods to develop complex vaccine antigens as pharmaceutical dosage
forms. J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 2016, 1032, 23-38. [CrossRef]

7. Ebhardt, H.A.; Root, A.; Sander, C.; Aebersold, R. Applications of targeted proteomics in systems biology and translational
medicine. Proteomics 2015, 15, 3193-3208. [CrossRef] [PubMed]

8. Schubert, O.T.; Rost, H.L.; Collins, B.C.; Rosenberger, G.; Aebersold, R. Quantitative proteomics: Challenges and opportunities in
basic and applied research. Nat. Protoc. 2017, 12, 1289-1294. [CrossRef]

9.  Carr, S.A.; Abbatiello, S.E.; Ackermann, B.L.; Borchers, C.; Domon, B.; Deutsch, EW.; Grant, R.P; Hoofnagle, A.N.; Huttenhain,
R.; Koomen, ].M.; et al. Targeted peptide measurements in biology and medicine: Best practices for mass spectrometry-based
assay development using a fit-for-purpose approach. Mol. Cell Proteom. 2014, 13, 907-917. [CrossRef]

10. Kulyyassov, A.; Fresnais, M.; Longuespee, R. Targeted liquid chromatography-tandem mass spectrometry analysis of proteins:
Basic principles, applications, and perspectives. Proteomics 2021, €2100153. [CrossRef]

11. Berggard, T.; Linse, S.; James, P. Methods for the detection and analysis of protein-protein interactions. Proteomics 2007, 7,
2833-2842. [CrossRef]

12.  Braun, P; Gingras, A.C. History of protein-protein interactions: From egg-white to complex networks. Proteomics 2012, 12,
1478-1498. [CrossRef]

13. Fang, X,; Yoon, J.G; Li, L,; Tsai, Y.S.; Zheng, S.; Hood, L.; Goodlett, D.R.; Foltz, G.; Lin, B. Landscape of the SOX2 protein-protein
interactome. Proteomics 2011, 11, 921-934. [CrossRef]

14. Huang, X.; Wang, ]. The extended pluripotency protein interactome and its links to reprogramming. Curr. Opin. Genet. Dev. 2014,
28, 16-24. [CrossRef]

15. Gao, Z.; Cox, ]J.L.; Gilmore, ].M.; Ormsbee, B.D.; Mallanna, S.K.; Washburn, M.P,; Rizzino, A. Determination of Protein Interactome
of Transcription Factor Sox2 in Embryonic Stem Cells Engineered for Inducible Expression of Four Reprogramming Factors. J.
Biol. Chem. 2012, 287, 11384-11397. [CrossRef]

16. Ng, PM.; Lufkin, T. Embryonic stem cells: Protein interaction networks. Biomol. Concepts 2011, 2, 13-25. [PubMed]

17. Titeca, K.; Lemmens, I.; Tavernier, J.; Eyckerman, S. Discovering cellular protein-protein interactions: Technological strategies and
opportunities. Mass Spectrom. Rev. 2019, 38, 79-111. [CrossRef] [PubMed]

18. Wang, J.; Rao, S.; Chu, J.; Shen, X.; Levasseur, D.N.; Theunissen, T.W.; Orkin, S.H. A protein interaction network for pluripotency
of embryonic stem cells. Nature 2006, 444, 364-368. [CrossRef] [PubMed]

19. Xu, Y.; Fan, X,; Hu, Y. In vivo interactome profiling by enzyme-catalyzed proximity labeling. Cell Biosci. 2021, 11, 27. [CrossRef]

20. Roux, KJ.; Kim, D.I; Raida, M.; Burke, B. A promiscuous biotin ligase fusion protein identifies proximal and interacting proteins
in mammalian cells. J. Cell Biol. 2012, 196, 801-810. [CrossRef]

21. Branon, T.C.; Bosch, J.A.; Sanchez, A.D.; Udeshi, N.D.; Svinkina, T.; Carr, S.A.; Feldman, J.L.; Perrimon, N.; Ting, A.Y. Efficient
proximity labeling in living cells and organisms with TurbolD. Nat. Biotechnol. 2018, 36, 880-887. [CrossRef]

22. Kwon, K; Streaker, E.D.; Beckett, D. Binding specificity and the ligand dissociation process in the E. coli biotin holoenzyme
synthetase. Protein Sci. 2002, 11, 558-570. [CrossRef]

23. Kwon, K.; Beckett, D. Function of a conserved sequence motif in biotin holoenzyme synthetases. Protein Sci. 2000, 9, 1530-1539.

[CrossRef] [PubMed]


http://doi.org/10.1038/nature19949
http://doi.org/10.1002/pmic.201900029
http://doi.org/10.1021/acs.analchem.0c04363
http://www.ncbi.nlm.nih.gov/pubmed/33146525
http://doi.org/10.1021/acs.analchem.9b04553
http://doi.org/10.1039/b819706g
http://www.ncbi.nlm.nih.gov/pubmed/19381370
http://doi.org/10.1016/j.jchromb.2016.04.001
http://doi.org/10.1002/pmic.201500004
http://www.ncbi.nlm.nih.gov/pubmed/26097198
http://doi.org/10.1038/nprot.2017.040
http://doi.org/10.1074/mcp.M113.036095
http://doi.org/10.1002/pmic.202100153
http://doi.org/10.1002/pmic.200700131
http://doi.org/10.1002/pmic.201100563
http://doi.org/10.1002/pmic.201000419
http://doi.org/10.1016/j.gde.2014.08.003
http://doi.org/10.1074/jbc.M111.320143
http://www.ncbi.nlm.nih.gov/pubmed/22639699
http://doi.org/10.1002/mas.21574
http://www.ncbi.nlm.nih.gov/pubmed/29957823
http://doi.org/10.1038/nature05284
http://www.ncbi.nlm.nih.gov/pubmed/17093407
http://doi.org/10.1186/s13578-021-00542-3
http://doi.org/10.1083/jcb.201112098
http://doi.org/10.1038/nbt.4201
http://doi.org/10.1110/ps.33502
http://doi.org/10.1110/ps.9.8.1530
http://www.ncbi.nlm.nih.gov/pubmed/10975574

Molecules 2021, 26, 7170 11 of 11

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.
45.

Beckett, D.; Kovaleva, E.; Schatz, P.J. A minimal peptide substrate in biotin holoenzyme synthetase-catalyzed biotinylation.
Protein Sci. 1999, 8, 921-929. [CrossRef] [PubMed]

Chen, I.; Howarth, M.; Lin, W.; Ting, A.Y. Site-specific labeling of cell surface proteins with biophysical probes using biotin ligase.
Nat. Methods 2005, 2, 99-104. [CrossRef]

Fernandez-Suarez, M.; Chen, T.S.; Ting, A.Y. Protein-protein interaction detection in vitro and in cells by proximity biotinylation.
J. Am. Chem. Soc. 2008, 130, 9251-9253. [CrossRef] [PubMed]

Slavoff, S.A.; Liu, D.S.; Cohen, ].D.; Ting, A.Y. Imaging protein-protein interactions inside living cells via interaction-dependent
fluorophore ligation. J. Am. Chem. Soc. 2011, 133, 19769-19776. [CrossRef] [PubMed]

Kulyyassov, A.; Shoaib, M.; Pichugin, A.; Kannouche, P.; Ramanculov, E.; Lipinski, M.; Ogryzko, V. PUB-MS: A Mass Spectrometry-
based Method to Monitor Protein-Protein Proximity in vivo. J. Proteome Res. 2011, 10, 4416-4427. [CrossRef]

Chapman-Smith, A.; Cronan, J.E. The enzymatic biotinylation of proteins: A post-translational modification of exceptional
specificity. Trends Biochem. Sci. 1999, 24, 359-363. [CrossRef]

Tenzer, S.; Moro, A.; Kuharev, J.; Francis, A.C.; Vidalino, L.; Provenzani, A.; Macchi, P. Proteome-wide characterization of the
RNA-binding protein RALY-interactome using the in vivo-biotinylation-pulldown-quant (iBioPQ) approach. J. Proteome Res.
2013, 12, 2869-2884. [CrossRef]

Lectez, B.; Migotti, R.; Lee, S.Y.; Ramirez, J.; Beraza, N.; Mansfield, B.; Sutherland, J.D.; Martinez-Chantar, M.L.; Dittmar, G.;
Mayor, U. Ubiquitin profiling in liver using a transgenic mouse with biotinylated ubiquitin. J. Proteome Res. 2014, 13, 3016-3026.
[CrossRef]

MacLean, B.; Tomazela, D.M.; Shulman, N.; Chambers, M.; Finney, G.L.; Frewen, B.; Kern, R.; Tabb, D.L.; Liebler, D.C.; MacCoss,
M.]. Skyline: An open source document editor for creating and analyzing targeted proteomics experiments. Bioinformatics 2010,
26, 966-968. [CrossRef]

Pino, L.K.; Searle, B.C.; Bollinger, J.G.; Nunn, B.; MacLean, B.; MacCoss, M.]. The Skyline ecosystem: Informatics for quantitative
mass spectrometry proteomics. Mass Spectrom. Rev. 2020, 39, 229-244. [CrossRef] [PubMed]

Kulyyassov, A.; Ogryzko, V. In Vivo Quantitative Estimation of DNA-Dependent Interaction of Sox2 and Oct4 Using BirA-
Catalyzed Site-Specific Biotinylation. Biomolecules 2020, 10, 142. [CrossRef]

Sharma, V.; Eckels, J.; Schilling, B.; Ludwig, C.; Jaffe, ].D.; MacCoss, M.].; MacLean, B. Panorama Public: A Public Repository for
Quantitative Data Sets Processed in Skyline. Mol. Cell Proteom. 2018, 17, 1239-1244. [CrossRef] [PubMed]

Kulyyassov, A.; Kalendar, R. In Silico Estimation of the Abundance and Phylogenetic Significance of the Composite Oct4-Sox2
Binding Motifs within a Wide Range of Species. Data 2020, 5, 111. [CrossRef]

Eissenberg, ].C.; Elgin, S.C. The HP1 protein family: Getting a grip on chromatin. Curr. Opin. Genet. Dev. 2000, 10, 204-210.
[CrossRef]

Lomberk, G.; Wallrath, L.; Urrutia, R. The Heterochromatin Protein 1 family. Genome Biol. 2006, 7, 228. [CrossRef]

Sanulli, S.; Trnka, M.].; Dharmarajan, V.; Tibble, R.W,; Pascal, B.D.; Burlingame, A.L.; Griffin, PR.; Gross, ].D.; Narlikar, G.J. HP1
reshapes nucleosome core to promote phase separation of heterochromatin. Nature 2019, 575, 390-394. [CrossRef]

Puri, T.; Wendler, P; Sigala, B.; Saibil, H.; Tsaneva, I.R. Dodecameric structure and ATPase activity of the human TIP48/TIP49
complex. J. Mol. Biol. 2007, 366, 179-192. [CrossRef]

Ikura, T.; Ogryzko, V.V,; Grigoriev, M.; Groisman, R.; Wang, J.; Horikoshi, M.; Scully, R.; Qin, J.; Nakatani, Y. Involvement of the
TIP60 histone acetylase complex in DNA repair and apoptosis. Cell 2000, 102, 463—473. [CrossRef]

Martens, L.; Chambers, M.; Sturm, M.; Kessner, D.; Levander, E; Shofstahl, J.; Tang, WH.; Rompp, A.; Neumann, S.; Pizarro, A.D.;
et al. mzML—A community standard for mass spectrometry data. Mol. Cell Proteom. 2011, 10. [CrossRef] [PubMed]

Kessner, D.; Chambers, M.; Burke, R.; Agus, D.; Mallick, P. ProteoWizard: Open source software for rapid proteomics tools
development. Bioinformatics 2008, 24, 2534-2536. [CrossRef] [PubMed]

Adusumilli, R.; Mallick, P. Data Conversion with ProteoWizard msConvert. Methods Mol. Biol. 2017, 1550, 339-368. [PubMed]
Go, C.D,; Knight, ].D.R.; Rajasekharan, A.; Rathod, B.; Hesketh, G.G.; Abe, K.T,; Youn, ].Y.; Samavarchi-Tehrani, P.; Zhang, H.;
Zhu, L.Y;; et al. A proximity-dependent biotinylation map of a human cell. Nature 2021, 595, 120-124. [CrossRef] [PubMed]


http://doi.org/10.1110/ps.8.4.921
http://www.ncbi.nlm.nih.gov/pubmed/10211839
http://doi.org/10.1038/nmeth735
http://doi.org/10.1021/ja801445p
http://www.ncbi.nlm.nih.gov/pubmed/18582056
http://doi.org/10.1021/ja206435e
http://www.ncbi.nlm.nih.gov/pubmed/22098454
http://doi.org/10.1021/pr200189p
http://doi.org/10.1016/S0968-0004(99)01438-3
http://doi.org/10.1021/pr400193j
http://doi.org/10.1021/pr5001913
http://doi.org/10.1093/bioinformatics/btq054
http://doi.org/10.1002/mas.21540
http://www.ncbi.nlm.nih.gov/pubmed/28691345
http://doi.org/10.3390/biom10010142
http://doi.org/10.1074/mcp.RA117.000543
http://www.ncbi.nlm.nih.gov/pubmed/29487113
http://doi.org/10.3390/data5040111
http://doi.org/10.1016/S0959-437X(00)00058-7
http://doi.org/10.1186/gb-2006-7-7-228
http://doi.org/10.1038/s41586-019-1669-2
http://doi.org/10.1016/j.jmb.2006.11.030
http://doi.org/10.1016/S0092-8674(00)00051-9
http://doi.org/10.1074/mcp.R110.000133
http://www.ncbi.nlm.nih.gov/pubmed/20716697
http://doi.org/10.1093/bioinformatics/btn323
http://www.ncbi.nlm.nih.gov/pubmed/18606607
http://www.ncbi.nlm.nih.gov/pubmed/28188540
http://doi.org/10.1038/s41586-021-03592-2
http://www.ncbi.nlm.nih.gov/pubmed/34079125

	Introduction 
	Results and Discussion 
	Overview of the Method and Experimental Workflow of the PUB Protocol 
	Creation of MRM Method and LC-MS/MS Analysis of the Samples 
	Creation of BAP1070 Database on Mascot Search Server Using Database Manager 
	MRM Analysis and Post-Processing of Data 

	DNA Dependent Interaction of Sox2 and Oct4 
	Protein Oligomerization HP1-HP1 
	Analysis of Shotgun Proteomics Data (Mutant Biotin Ligase BioID Application) 
	Perspectives of Enzymatically Catalyzed Labeling for Biological Research 

	Materials and Methods 
	Data Preparation and Creation of MGF File Using DataAnalysis 
	Creation of BAP1070 Fasta Database on Mascot Search Server 

	Conclusions 
	References

