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1. Introduction

With the recent developments in separation and mass spectrometry methods, liquid
chromatography coupled with mass spectrometry (LC-MS) has become a fundamental
analytical tool in biological and medical research. LC-MS enables qualitative and
quantitative analysis of a wide range of biomolecules in a high-throughput manner, which
has led to significant advances in many research areas, such as biomarker discovery and
systems biology [1-3]. The mass spectrometer produces ions from the sample substances,
separates them according to their mass-to-charge-ratio (m/z) and records the relative
abundance of each type of ions. The results are presented as a mass spectrum, a plot of
intensity versus the mass-to-charge ratio. The selected ions (precursors) can be broken down
into smaller pieces, called fragment ions, using various tandem mass spectrometry (MS/MS)
methods. Fragments of a molecule have a unique pattern in the mass spectrum; therefore,
these data facilitate the identification of a wide variety of biomolecules (proteins,
carbohydrates, lipids etc.) in MS/MS experiments [4].

The proteome can be defined as the collection of proteins present in cells, tissues,
biofluids and reflects the functional state of the biological system [5]. The proteome is not
constant, it changes over time, from cell to cell, or even in response to an external stimulus.
In eukaryotic cells, proteomics is complex because of the post-translational modifications
that occur in different ways at different sites [6]. Proteomics refers to the characterization of
the proteome, including the expression, function, structure, modifications, and interactions
of proteins. Proteomics is key to early diagnosis, prognosis and monitoring disease

progression and also play an important role in drug development [7].

1.1. Common proteomics workflows

The most frequently used proteomic strategies for protein identification are based on
various combinations of separation techniques, mass spectrometry (MS) and bioinformatics
tools. Recently, three MS-based proteomics approaches are widely used for protein
identifications. During the top-down strategy [8], intact proteins are measured in their
original state, without digestion, with high-resolution MS. Applying the middle-down
approach [9], the proteins are digested to a limited extent, the resulting peptides can be
analyzed relatively easily by MS, however, their sequence is still quite long and may contain
several post-translational modifications that allow the identification of protein variants. The
focus of this thesis is limited to the most widely used, “peptide-centric” bottom-up strategy

[10], when complex mixtures of proteins are first digested to peptides via chemical or



enzymatic cleavage, then the resulting peptide products are separated by LC and analyzed
using MS/MS.

The main steps of a standard bottom-up proteomics experiment are the following: 1)
1solation of proteins from a sample; i1) fractionation to remove contaminants and proteins
that are not of interest (not always needed); ii1) digestion of proteins into peptides; 1v) post-
digestion separations to reduce the number of peptides to be detected at the same time (e.g.
with LC); v) analysis by MS and vi) data processing and evaluation with bioinformatics tools
[11]. Each step of the whole process is important to achieve a successful result, but sample
preparation is a key step as the quality of the sample has a significant impact on the final
results.

Detergents, such as SDS, are routinely used to denature and solubilize proteins,
especially membrane proteins. However, even at very low concentrations, these chemicals
can interfere with subsequent protease digestion and MS analysis and are difficult to remove
from solution [12]. For controlled digestion of proteins into peptides, extracted and
solubilized proteins are digested with a sequence-specific protease. Trypsin is gold standard
because it specifically cleaves after lysines or arginines, leaving a positively charged amino
acid at the newly formed C-terminal, which is an advantage for ionization and fragmentation
[5]. Different digestion protocols have a significant influence on the peptide composition of
the formed digests, therefore each step of the sample preparation should be examined and
optimized.

The detection of MS signals that are interference-free, selective and have a good
signal-to-noise ratio — which is essential for quantitative measurements — is facilitated by
liquid chromatography, which is able to resolve complex samples, thus reducing the number
of components to be analyzed simultaneously in the MS. In the field of bottom-up
proteomics, peptide separations are generally carried out using a solvent gradient flowing
through a packed non-polar stationary phase, most often hydrophobic carbon chain bonded
silica (C8—C30) with particle sizes varying between 1.7 to 3.5 um. The analytes eluting from
the column are transferred to an appropriate ESI ion source, which ensures the soft ionization
of liquid phase analytes to gaseous phase ions, which are able to enter the mass spectrometer
[13]. Mass spectrometers can be equipped with several types of mass analyzers, of which
the orbitrap mass analyzer is a reasonable choice for proteomic studies: it is suitable for
MS/MS fragmentation, has high resolution and mass accuracy, and can be combined with
other analyzers (quadrupoles and iontraps) to perform different data acquisition modes and

increase selectivity and sensitivity [14].



The peptides are measured with peptide-specific precursor and/or fragment ions, and
bioinformatics tools help to compile those detections into proteins. The intensity of the
detected m/z signal at any given retention time depends on the amount of peptides in the
sample, which can be integrated over time to quantify the peptides [15]. In LC-MS analysis,
matrix components may co-clute with the analyte and interfere with the ionization of the
analyte in the mass spectrometer. This matrix effect can cause ionization enhancement or
suppression, which can negatively affect the results of LC-MS analysis [16]. Therefore,
quantitative signal selection has two levels in bottom-up proteomics: it is necessary to select
peptides that can specifically reflect the quantity of a protein in the sample, and their most

sensitive and robust precursor and fragment ions should be used for quantitation.

1.2. Peptide identification based on tandem mass spectra

The peptide 1dentifications could be based on matching the MS/MS spectra against in
silico fragmentation of possible combinations of amino acids (de novo sequencing) or
against in silico digested peptides from the protein sequence database (database search).
Sequence database search engines generate theoretical spectra of all possibly existing
peptides based on a given sequence database even if they were never detected with MS.
Usually only m/z value of canonical fragment ions are predicted and used for identification
by these search engines [17]. A recently evolving approach to identify peptide MS/MS
spectra is spectral library searching. For identifying the observed MS/MS spectra, spectral
library search engines use spectral libraries of identified, generally experimental MS/MS
spectra. Since the experimental spectral libraries contain peaks and measured intensity
values even of non-canonical fragment ions, a higher identification rate can be achieved,
especially for low-resolution data sets and mixture (chimera) MS/MS spectra. In addition,
these spectrum libraries only contain information about peptides that can be detected by MS
[17]. For this reason, spectrum library search engines are able to identify more peptides in
significantly less time than database search engines [18], but it is limited to the spectra in
the library. Optimally it contains the spectra of all peptides that can occur in the sample (no
false negatives) and only a few that have a low chance of occurring (reduces false positives).

Each of the aforementioned approaches require sophisticated bioinformatics tools, the
choice of which depends on MS instrumentation (eg. resolution) and MS/MS acquisition
method. More and more new algorithms are appearing, or existing ones are constantly being
improved in order to be more efficient and reliable, as well as to be able to take advantage

of the newer, more advanced and faster instruments and data collection techniques [19].



1.3. Data acquisition strategies using LC-MS

To choose the right MS/MS data acquisition technique, compromises are needed
between time, reproducibility, and the depth of the examined protein composition of the
sample [15].

The most commonly used data collection strategy for proteomic profiling is data-
dependent acquisition (DDA) when the mass spectrometer produces MS/MS spectra from
the top N most intense ions in a given cycle (Figure 1-A), which meet the preset criteria [20].
In order to generate MS/MS spectra from fragment ions that originate from a single peptide,
only a narrow m/z range, 1-4 Th around the mass of the peptide is monitored with this
approach at a time. As it is possible to limit the measurements to only the m/z range where
the signals are derived from peptides, deep proteome coverage can be achieved using DDA
[21,22] in a single LC-MS run [23]. One of the major disadvantages of this acquisition
method is the stochastic nature of precursor selection for fragmentation, since it is based on
actual measured intensities, minor differences between the samples and the time of data
acquisition may result in different peptides being selected for MS/MS, thereby negatively
affecting the reproducibility of the measurements. With the DDA acquisition method the
peptides are dynamically excluded from being fragmented multiple times during its elution.
This dynamic exclusion increases the number of unique peptide detections, but prevents the
identification of closely eluting peptidoforms. In the absence of repeated MS/MS data,
quantification based on the integration of the area under the curve can only be implemented
at the MS1 level [15].

While DDA aims to examine the most complete proteome as possible, targeted
methods deal with measuring a limited number of peptides. In selected ion monitoring [24]
(SIM) acquisition mode, the mass analyzer is set to measure one peptide ion, which can be
constantly monitored over the time. With this method, data is only collected at the precursor
level (MS1), not at the fragment (MS2) level. Applying selected reaction monitoring [25]
(SRM or MRM) or parallel reaction monitoring [26] (PRM) MS/MS data from pre-defined
m/z ranges are consistently generated (Figure 1-B), regardless of whether the given precursor
is present or not. The fast cycle time of modern MS instruments allows collecting several
MS/MS spectra during the elution of a peptide, which can be used for quantitative
determination of peptides/proteins not from MS1 but MS2 signals.
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Figure 1. Summary of MS/MS-based proteomic data acquisition methods. Source:

Brian C. Searle, 2018 [15]

(A) DDA method: first, an MS1 scan (red line) is collected from the whole preset m/z
range (e.g. 400 to 1600 Th), and then MS/MS spectra are generated with narrow
precursor isolation of the N (e.g. 12) most intense ions (blue squares).

(B) Targeted method: produces repeated MS/MS spectra with a narrow isolation
window, regardless of the presence of the precursor.

(C) Normal DIA: collects MS/MS spectra from the whole mass range in fix-width wide-
windows at consistent intervals.

(D) Variable Width DIA: the width of the MS/MS precursor isolation window depends

on the number of ions in the investigated m/z range and is adjusted accordingly.



(E) Overlapped DIA: collects the data in the same way as Normal DIA, the only
difference is that it slides half the window size in each cycle, thus reducing the
number of isolated precursors with deconvolution between cycles.

(F) Gas phase fractionated DIA (GPF): it requires several (e.g. 6) runs from one sample,
each has a different mass range of interest, but the precursor isolation window can

be as narrow as in DDA and PRM.
In general, the MS1 signal of a peptide is much more intense than the MS2 signal, but
its usability is more limited. Since different peptides are built from the same building blocks,
different precursors can have the same m/z value. For this reason, the MS1 signal is often

not specific enough and may contain interferences (undistinguishable MS signals from other

molecules) (Figure 2-B1).
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Figure 2. The fragment ions of a peptide are often free from interference even when

the precursor ion interferes with signals from other ions. MS1 (Al, B1) and MS2 (A2,
B2) data from the same peptide in two different measurements.
Interferences are less probable in MS2, resulting in a significantly better signal-to-
noise ratio. This enables acquisition of much more selective and specific data. For both SRM
and PRM, it is also necessary to pre-select the MS signals to be measured. In addition, the

number of peptides that can be measured simultaneously is limited, so they are usually



scheduled to different retention time windows, or several runs can be multiplexed, as a result
of which even hundreds or thousands of peptides can be measured in one experiment [27].

Data independent acquisition [28] (DIA) is a kind of compromise between DDA and
PRM (Figure 1-C). Like DDA, the goal with this method is to analyze the sample at the
deepest available level, identify and quantify as many peptides as possible. However, like
PRM, serial MS/MS spectra are collected from all precursor ions in a given m/z range, so
MS2-based quantitation becomes feasible.

In the original DIA method, Venable ef al. used 10 Th wide precursor isolation window
with a cycle time of 35 sec. Due to the long cycle time, only a few MS/MS spectrum was
acquired from each detectable peptide, therefore quantitation could only be solved at the
MSI level. The much shorter cycle time of modern devices makes it possible to produce
sufficient MS/MS spectra from a precursor ion to enable quantification at MS2 level. Despite
the availability of such tools, DIA has some limiting factors. First, by keeping the optimal
precursor isolation window width and optimal cycle time, a limited m/z range can be
covered, thus some peptides cannot be detected in their optimal charge state. In addition,
while with the DDA and PRM methods it is possible to optimize the collision energy (CE)
for each given precursor to achieve the appropriate fragmentation, in the DIA method only
one collision energy value can be set for co-eluting peptides in a precursor isolation window.
It is common that the simultaneously eluting peptide precursor ions have different masses
and charges, consequently not all precursors can be fragmented with optimal collision
energy. Third, since the goal is to collect data on as many peptides as possible in one
measurement, a wide mass range must be measured with wide precursor isolation windows,
so the collected MS/MS spectra are highly chimeric, derived from multiple co-eluting
peptides. For the accurate and reliable peptide identification and quantification, these signals
must be deconvoluted. Despite these difficulties, DIA also has significant advantages: it has
better reproducibility than DDA, which is a distinct advantage in experiments with a large
number of samples, and, unlike PRM, it is possible to re-evaluate the MS/MS data if later

examination of previously not investigated precursors become important.

1.4. Development of DIA data acquisition technique for proteomics
One of the most challenging limitation factors of DIA, is the wide precursor isolation
window. Several strategies have emerged to overcome this difficulty. One such approach
was developed by Zhang et al. [29], in which instead of constant-width isolation windows,

variable-width windows were used (Figure 1-D). Taking advantage of the fact that the



distribution of the number of peptides in the investigated mass range is not uniform, the
width of the isolation windows was optimized for the expected number of peptide precursors.
It would be the best to measure all possible peptides, but from a practical point of view it is
worth to optimize the cycle time and the mass range of the measurement. Thus, it is possible
to collect the most MS/MS spectra from a precursor and create the most reliable quantitative
measurements. Although the signal of some peptides are more intense below 400 Th or
above 900 Th, Pino et al. [30] found that 93% of all peptides in the Pan-Human library [31]

can produce a measurable signal in the mentioned range (Figure 3.).
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Figure 3. The distribution of peptide precursor m/z in the Pan-Human library

(purple) and in the HeLa phosphopeptide library (green). Source: Pino ef al., 2020 [30]

Thus, if measurements are focused only on this range, the width of the isolation
window can be narrower, which can reduce the number of precursor interferences. In this
way, simpler deconvolution and more reliable results can be achieved. However, only 77%
of the peptides in a human phosphopeptide library [32] can be measured in the same range,
so it can be concluded that it is always worth optimizing the measurement range for peptides
that are important in the given experiment. For general proteomic studies, this m/z range is
from 400 to 1000 Th. A multiplexing approach was devised by Egertson et al. [33], where
narrow precursor isolation windows were randomly mixed, then the data were demultiplexed
after measurement. This approach is only feasible with certain mass spectrometers, but a
variation of it can be performed with any DIA-capable instrument. In this, overlapping
precursor isolation windows are used (Figure 1-E), which are repeated in every second cycle,
then the data can be deconvoluted to virtually decrease the width of the isolation window.
Finally, the PACIFIC [34] approach, which uses gas phase fractionation (Figure 1-F),

whereby the isolation windows are narrow, but multiple injections can cover the entire mass
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range of interest. Of course, this method is not optimal for experiments with a large number
of samples, but it is suitable for creating a spectral library, which enhance the evaluation of

the wide-window DIA [35].

1.5. DIA data evaluation

Two approaches are used to interpret DIA data, identify, and quantify peptides. One
of these is spectrum-centric analysis, the essence of which is to try to demultiplex several
spectra derived from different precursors in each MS/MS spectrum [36,37] and assign those
fragment ions to a “pseudo” spectrum whose signal intensity co-vary by the retention time,
since these fragments probably arise from the same precursor. The great advantage of the
method i1s that, like DDA, these pseudo spectra can be used by a wide variety of MS/MS
software for further data evaluation. The drawback is that the assignment of fragments to
peptides 1s not always straightforward, often MS1 signals are not even collected, and the
peaking of MS2 signals is cumbersome. In addition, the identification of less abundant
analytes from mixed spectra is difficult because their signal is suppressed by the more
abundant analytes. In contrast the peptide-centric [38] approach searches for specific
fragment ions of peptides in each spectrum of the precursor isolation window.

Peptide-centric software tools for interpreting DIA data can be divided into two
classes: library-based or library-free approaches (Table 1) [39]. A spectral library is usually
composed of a set of different coordinates including the precursor and fragment ion m/z
values, relative intensity of fragment ions and standardized retention time (RT) for each
peptide precursor and its fragments [40] and used to extract the ion chromatograms of the
targeted peptides from the DIA spectra.

Libraries can be built from acquired data with several tools, such as MaxQuant [53],
SpectraST [54], Skyline [44], Pulsar [55], but ready-to-use libraries are also available online,
e.g. SWATHatlas [56], SRMAtlas [57], PeptideAtlas [58], and NIST [59]. With the recent
advances in deep learning, predicted fragment 1on spectra has reached a comparable level of
accuracy as spectra generated by empirical approaches. Suitable tools for prediction, for
example DeepMass [60], Prosit [61], and pDeep [62]. Library-based approaches are
sensitive but limited the data interrogation to only analytes present in the library. However,
using too large library significantly reduces the speed of the database search and increases
the probability of false results. Using the right size spectrum library is critical to successfully
evaluate DIA data. Spectral library is usually generated by multiple fractionated analysis of

the same or same type of sample of interest [39]. An opportunity is mixing the experimental



samples into a pooled sample, which may have the advantage of obtaining a larger library
from fewer measurements as a result of samples with slightly different compositions.
However, a disadvantage could be if the concentration of a peptide which occurs only in a
few samples may be diluted below its detection limit with sample mixing. If a peptide is
missing from the library, it can only be identified with an untargeted, library-free approach,

however these methods are less sensitive [39].

Table 1. Summary of the often-used library-based and library-free peptide-centric software tools.

Library-based DIA analysis tools Applicable instruments

OpenSWATH [41]

Spectronaut [42]

EncyclopeDIA [43]
Skyline [44]
PeakView [45]
Specter [46]
SWATHProphet [47]
PIQED [48]
DIA-NN [49]

Library-free DIA analysis tools

SCIEX Triple TOF 5600/6600, Thermo Orbitrap, Bruker timsTOF
Pro

SCIEX Triple TOF 5600/6600, Thermo Orbitrap, Bruker timsTOF
Pro

SCIEX Triple TOF 5600/6600, Thermo Orbitrap
SCIEX Triple TOF 5600/6600, Thermo Orbitrap
SCIEX Triple TOF 5600/6600/6600+
SCIEX Triple TOF 5600/6600, Thermo Orbitrap
SCIEX Triple TOF 5600/6600/6600+
Thermo Orbitrap
SCIEX Triple TOF 5600/6600/6600+, Thermo Orbitrap

Applicable instruments

DirectDIA (Spectronaut)

Peaks [50]
DIA-Umpire [37]
Group-DIA [51]

PECAN [52]

SCIEX Triple TOF 5600/6600, Thermo Orbitrap, Bruker timsTOF
Pro

Thermo Orbitrap
SCIEX Triple TOF 5600/6600, Thermo Orbitrap
SCIEX Triple TOF 5600/6600, Thermo Orbitrap
Thermo Orbitrap

A recent study showed that DIA-NN [49] is one of the best performing software
packages even if a predicted or an experimental library from GPF-DIA measurements was
used [63]. DIA-NN is a software suite, which easy to use and apply a novel signal correction
and quantification strategy and deep neural network to evaluate DIA data. Protein inference
and peptide uniqueness can be performed within the software, therefore the results can be

obtained at the level of genes, protein groups and precursors.

1.6. Applications of DIA in proteomics
It is widely known that compared to mRNA expression, protein expression correlates
much better with the activity of proteins [64], therefore quantitative determination of
proteins could be applied for functional study of proteins. LC-MS techniques are perfectly
suited for this assignment, due to their high throughput and the ability to analyze complex

protein mixtures. Deep protein profiling can provide a huge amount of information relevant
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to many research areas where accurate, consistent, and large-scale protein quantitation data
1s needed. The list is not complete, but perhaps the most important, for example drug
screening, biomarker discovery, and personalized medicine. For proteome quantification,
DIA is a powerful tool, because of the high throughput and good reproducibility [65].
However, the gold standard for the quantitative measurement of proteins is the SRM and
PRM methods [66,67]. For these strategies, the targets must be defined in advance.

Information from DIA preliminary experiments can play a significant role in their selection.
2. Aims

In my thesis I present two different projects, both based on the DIA data acquisition.
In the first project our main goal was to verify the applicability of a new tear sampling
protocol using phenol red treated cotton thread (PRT). Therefore, we aimed to:
1) examine the effect of the used spectral library on the results of the DIA
measurements,
2) evaluate different protein extraction protocols to achieve efficient sample
preparation,
3) compare the new procedure with the two most frequently used methods based on
proteome content and reproducibility of collected samples.
In the second project our main goal was to develop a targeted LC—MS (PRM) method for
targeted measurements of different membrane transporter proteins. Based mostly on
experimental processes using DIA acquisition, we aimed to:
4) compare two membrane enrichment and digestion protocols, which are frequently
used in LC-MS proteomics studies,
5) develop a method to select peptides of a given protein that can be used to create
the most sensitive quantitative method,
6) determine the absolute amounts of overexpressed transporter proteins in vesicles

and cell lines used in different membrane transport assays.
3. Materials and Methods

3.1. Materials/reagents
Reagents, such as ammonium bicarbonate (AmBic), dithiothreitol (DTT),
1odoacetamide (IAA), sodium dodecyl sulfate (SDS), sodium deoxycholate (SDC), and
tris(hydroxymethyl)aminomethane (Tris) were purchased from Sigma-Aldrich (Darmstadt,

Germany), acetone from Merck (Darmstadt, Germany), trypsin, and formic acid (FA) from
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Thermo Scientific (Rockford, IL, US), octylphenoxypolyethoxyethanol (IGEPAL CA-630)
from Alfa Aesar (Ward Hill, MA, US). Water, acetonitrile, ethyl acetate, acetic acid, and
sodium chloride (NaCl) were delivered by VWR (Debrecen, Hungary).

Calibrated glass microcapillary tubes (20 pL) were manufactured by Drummond
Scientific Company (Broomall, PA, United States), Schirmer’s strips (I-Dew Tearstrips) by
Entod Research Cell UK Ltd. (London, UK) and PRT (Zone-Quick test) by Showa Yakuhin
Kako Co. Ltd. (Tokyo, Japan).

Stable isotope (13C and 15N on N-terminal K or R) labeled proteospecific peptide
fragments of OATP1B3 (NQTANLTNQGK (305-315) and BCRP (SSLLDVLAAR (87—
96) and LLSDLLPMR (474-482)) were ordered from JPT Peptide Technologies (Berlin,
Germany). These SpikeTides™ TQL peptides contains QTag, which is a small chemical tag
attached to the peptides, allowing robust and reproducible quantitation. The labelled peptides
must be added to the samples before digestion, because the QTag is released by cleaving

with trypsin and does not interfere with further analyses.

3.2. Samples
3.2.1. Tear samples

Five healthy female and five healthy male volunteers participated in the experiment
with age between 20 and 33 years. All subjects included in this experiment were enrolled at
the Department of Ophthalmology, University of Szeged. Approval for the human
experiment was granted by the local Ethical Committee of the University of Szeged
(108/2019-SZTE), and the experiment protocol adhered to the tenets of the most recent
revision of the Declaration of Helsinki for experiments involving human subjects. All
subjects enrolled in this experiment provided voluntary written informed consent.

For each subject, tear fluid samples were collected from both right and left eyes using
three different sampling techniques during the same morning visit. More specifically, tear
samples were collected (in the order of sampling) using glass capillaries (CAP), phenol red
thread (PRT), and Schirmer’s strips. For CAP sampling glass microcapillary tubes were
introduced into the ventral cul-de-sac of the conjunctiva of the opened eyes for an average
of 2 minutes without contact to the cornea, conjunctiva, and lower eyelid. PRTs and
Schirmer’s strips were placed over the lid margin at the junction of the lateral and middle
thirds of the lower eyelids. The sampling lasted 15 seconds for PRTs and 5 minutes for
Schirmer’s strips while subjects closed their eyes without an anesthetic. In order to get tear

samples from the resting eyes, there was a 30-min break between the different sample
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collection methods. Samples were immediately placed into sterile plastic microtubes and
frozen at —80 °C until the analytical procedure. During sample preparation, the Schirmer’s
strips were divided into lower (SL) and upper (SU) parts by cutting strips at the zero line and
at the sign of 10 mm, respectively. The SL represent the rounded portions of the paper that
were in direct contact with the eye surface, while the SU samples are the subsequent 10 mm

sections. The rest of the strips were not processed.

3.2.2. Cell and membrane samples

Whole cell lysates were produced by an ultrasonic homogenization of 5 million
HEK293 cells in 500 uL buffer containing 2% SDS, 1% SDC, and 2% IGEPAL CA-630.

Three biological replicates (A, B, C) of HEK293-OATP1B3-LV cell type were
cultured on separated tissue culture flasks and passaged (recultured on a new flask) two times
a week using a 0.25% trypsin—EDTA solution and incubated at 37°C in a humidified
atmosphere containing 5% COz. For the expression stability experiment, all 3 biological
replicates were sampled (3.75 million cells each) at the initial time, after 8 and 16 passages.
The membrane protein fractions of these OATP1B3-overexpressing (gene: SLCO1B3)
HEK293 cells were enriched using ProteoExtract® Native Membrane Protein Extraction kit
(Merck) according to the manufacturer’s protocol. The membrane-enriched buffer II
fractions were used for the further analyzes. For digestion protocol comparison, samples
were produced from BCRP overexpressing HEK293 cells with the same kit.

All BCRP-overexpressing human membrane vesicle preparations (BCRP-HEK293,
BCRP-M) and human BCRP-overexpressing insect vesicles (BCRP-Sf9, BCRP-S{9-HAM)
contained the human wild-type (482R) version of the ABCG2 transporter (Accession
number NM_004827). Membrane vesicles were prepared from cells according to the method
described by Sarkadi et al., [68]. Briefly, the cells were lysed using a glass-Teflon tissue
homogenizer in a mannitol containing buffer and after debris removing the membrane
fraction was obtained via ultracentrifugation (60 min at 100,000 x g). HAM (high activity
membrane) vesicles were cholesterol-loaded during the process of preparing membranes
from Sf9 cells [69].

All cell and vesicle samples were obtained from SOLVO Biotechnology (Szeged,

Hungary, http://www.solvo.com). The samples were stored at —80°C until the day of use.

The protein contents of the samples were determined using the BCA Protein Assay (Thermo
Scientific) following the manufacturer’s protocol. Aliquots of 10 pug or 25 pg protein were

used for each sample preparation.
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Vesicle (n=5), ProteoExtract (PE, n=4) and TC (n=4) samples of HEK293 cells were
used to test the membrane preparation methods.

3.3. Extraction of tear proteins and the evaluation of protein extraction methods
from PRT

All the SL, SU, and PRT samples were extracted individually by adding 100 puL 5%
SDS in AmBic (pH 8.0, 100 mM) containing 0.25% protease inhibitor cocktail (Sigma-
Aldrich, Rockford, IL, United States). The samples were vortexed and incubated in a thermal
shaker at room temperature for 1 hour at 350 RPM. After a centrifugation at 12 000 x g, 10
min, 4 °C, the supernatants of the samples were transferred into new tubes. The capillary
tear samples were diluted using AmBic (pH 8.0, 100 mM) containing 5% SDS and 0.25%
protease inhibitor cocktail before determining the protein concentration.

To examine the protein extraction efficiency from PRTs, different extraction solutions
were tested. A pooled tear sample was collected in a low protein binding tube from three
healthy persons using glass capillaries. Nine pieces of 5 cm long PRT threads were inserted
into the pooled tear sample for 15 sec. After that the treads were divided into three groups.
The protein contents of the threads were extracted using 100 pL of 1) 5% SDS in AmBic
(pH 8.0, 100 mM), 2) AmBic (pH 8.0, 100 mM), 3) 1% acetic acid in water. All extraction
liquids contained 0.25% protease inhibitor cocktail and were tested on 3 replicates. The
samples were incubated in a thermal shaker at room temperature for 1 hour at 350 RPM.
After a centrifugation at 12 000 x g, 10 min, 4 °C, the supernatants of the samples were

transferred into new tubes.

3.4. Digestion protocols
Prior to digestion, the protein contents of all samples were determined using BCA
Protein Assay (Thermo Scientific, Rockford, IL, United States) according to the
manufacturer’s protocol. All digestion methods were tested in 3 technical replicates.
3.4.1. Surfactant Cocktail-Aided Extraction/Precipitation/On-Pellet Digestion
(SEPOD) method
For all tear samples and corresponding cell and membrane samples 10 pg protein were
processed based on a modified on pellet digestion (SEPOD) [70]. Briefly, the samples were
reduced with 10 mM DTT at 60 °C for 30 min and alkylated with 20 mM IAA in dark at
room temperature for 30 min. The protein content was precipitated by adding a 7-fold
volume of ice-cold acetone and incubated at —20 °C overnight. After centrifugation with 15

000 x g, 10 min, 4 °C the supernatant was discarded. The protein pellet was washed twice
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with 500 pL acetone/water (85:15, v/v) mixture. After centrifugation with 14,000 x g, 10
min, 4 °C, the protein pellet was dissolved in 15 pL RapiGest SF Surfactant (Waters,
Milford, MA, United States) and was incubated at 100 °C for 5 min. After being cooled to
room temperature, 65 uL AmBic (pH 8.0, 100 mM) and 0.25 pg trypsin in 5 pL. AmBic (pH
8.0, 100 mM) were added to the mixtures. The samples were incubated at 37 °C for 30 min
and another 0.25 pg trypsin in 5 uL AmBic (pH 8.0, 100 mM) was added, and the mixture
was digested at 37 °C for 5.5 hours. Digestion was stopped by the addition of 1 pL
concentrated formic acid. After centrifugation with 12,000 x g, 10 min, 4 °C the supernatant
was injected to the LC-MS system.

Samples prepared for targeted measurements were spiked with stable isotope labeled

(SIL) peptides (1 pmol/peptide) prior to digestion.

3.4.2. Filter Aided Sample Preparation (FASP) method

For the corresponding cell and membrane samples 10 pg (25 pg for targeted BCRP
measurements) protein were processed based on a modified Filter Aided Sample Preparation
(FASP) method [71]. Briefly, the samples were extracted five times with 1 mL of ethyl
acetate to remove the detergents. Proteins were reduced by the addition of DTT in 4% m/V
of SDS to a final concentration of 50 mM followed by incubation at 95 °C for 5 min and
cooling at room temperature for 10 min. The Microcon Ultracel 30 kDa (Millipore,
Burlington, MA, USA) units were prepared by spinning two times 100 uL water through the
filter at 12,000 x g 10 min. The samples were transferred to the filters and spun at 12,000 x
g for 10 min. Buffer exchange was performed in two successive washes with 8 M urea in
100 mM Tris—HCI pH 8.5 with a 10 min centrifuge at 12,000 x g. Proteins were then
alkylated in 50 uL 50 mM of IAA for 20 min in darkness at room temperature. Samples were
spun at 12,000 X g for 10 min and washed two times 100 uL urea. Urea was removed by two
washes with 100 pL Tris—HCI with centrifugation at 12,000 % g for 10 min. Protein digestion
was performed by adding 100 ng of trypsin (250 ng for targeted BCRP measurements), in
40 pL 50 mM AmBic and incubating overnight at 37 °C. Peptides were recovered using an
initial spin of 12,000 x g for 10 min followed by two centrifugations with 50 uL of 0.5 M
NaCl and 100 pL AmBic. Digestion was stopped by the addition of 3 pL concentrated FA.
Recovered peptides were evaporated to dryness with gentle stream of nitrogen. Samples

were resuspended in 91 pL (60 pL for targeted BCRP measurements) of the starting eluent.
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3.5. NanoLC-MS measurements

NanoLC-MS/MS analysis was carried out on a Waters ACQUITY UPLC M-Class LC
system (Waters, Milford, MA, United States) coupled with a Q Exactive™ Plus Hybrid
Quadrupole-Orbitrap™ mass spectrometer (Thermo Fisher Scientific, Waltham, MA,
United States). Symmetry® C18 (100 A, 5 um, 180 pm x 20 mm) trap column was used for
trapping and desalting the samples. Chromatographic separation of peptides was
accomplished on an ACQUITY UPLC® M-Class Peptide BEH C18 analytical column (130
A, 1.7 um, 75 um x 250 mm) at 45 °C by gradient elution (linear gradient from 3% solvent
B to 40% solvent B in 70 min, followed by a 30 min washing and equilibrating gradient for
DIA measurements, while linear gradient from 3% solvent B to 40% solvent B in 18 min,
followed by a 14 min washing and equilibrating gradient for PRM measurements). Water
(solvent A) and acetonitrile (solvent B), both containing 0.1% formic acid were used as
mobile phases at a flow rate of 350 nL/min. The sample temperature was maintained at 5 °C.
The injected volumes were 5 pL for cell and membrane samples, while 2 pL for tear samples.
The mass spectrometer was operated using the equipped Nanospray Flex Ion Source.

Data acquisition was performed using Xcalibur™ 4.1 (Thermo Fisher Scientific,

Waltham, MA, United States).

3.6. DIA acquisition and processing

Sample-specific pool samples were produced by mixing experimental samples
prepared in the same way for both tear samples and cell/membrane samples. The data
required to generate sample-specific spectral libraries were collected from LC-MS analysis
of the aforementioned pool samples. The mass spectrometer was configured to acquire six
gas-phase fractionated (GPF-DIA) acquisitions with 4 Th precursor isolation windows at
17,500 resolution to hit an AGC target 1x10° with a maximum inject time of 120 ms. In the
GPF-DIA measurements, an overlapping window pattern was adjusted from the previously
optimized mass ranges (395-505, 495-605, 595-705, 695-805, 795-905, and 895-1005
Th).

For the quantitative analysis of individual samples, a single LC-MS run with DIA
acquisitions (DIA-Q) from 395 to 1020 Th were used with 27x22 Th overlapping precursor
isolation windows at 17,500 resolution to hit an AGC target 2x10° and the maximum inject
time was set to auto.

DIA-NN 1.8 software [49] was applied for database search. First, a predicted spectral
library was generated from the Uniprot Human Reference FASTA proteome (20,575 genes,
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one protein per gene) with the following settings: cysteine carbamidomethylation was set as
a constant and methionine oxidation as a variable modification, the N-terminal methionines
were excised, the maximum number of missed cleavages were set to two with a maximum
of two variable modifications per peptide, the precursor m/z range was 380 to 1020 Th. The
experimental sample-specific libraries were created by searching the GPF measurements of
each sample groups separately against the predicted spectral library. The experimental
combined spectral library was built by searching all the project specific groups of GPF
measurements in one against the same predicted spectral library. All the individual samples
were searched against the combined spectral libraries to detect all peptides and proteins that
can be quantified. DIA-NN was configured with the default settings with the following
modifications: the maximum number of missed cleavages and variable modifications were
set to 2, methionine oxidation was added, and precursor m/z range was adjusted to 380-1020
Th. Search results were filtered for 1% FDR rate at the level of unique genes. Further data
processing, statistical analysis and creation of figures were carried out in Perseus (version
1.6.15.0) [72], Instantclue (version 0.1.1) [73], InteractiVenn [74] and Microsoft® Excel®
2016 software.

For tear samples, only proteins identified with at least 2 unique peptides were included
in all quantitative statistical analysis. Because of the large biological variance among
samples, for better comparability, not the raw intensities of individual proteins but their
relative proportion in the samples were used. Therefore, intensities of the proteins were
divided by the sum of intensities of all proteins as normalization and log2 transformation
was performed on all datasets.

The analyzed proteins were annotated from Gene Ontology [75] and UniProt

(https://www.uniprot.org). Proteins that had the “membrane” Uniprot Subcellular Location

term were defined as membrane proteins.

Relative methionine oxidation (%) was calculated for LLSDLLPMR peptide using the
following equation: relative oxidation (%) = intensity of the methionine-oxidized peptide /
(intensity of the monoisotopic mass of methionine-oxidized peptide + intensity of the

methionine-non oxidized peptide) x 100 [76].

3.7. PRM acquisition and processing
The mass spectrometer was configured to acquire fragment ion spectra from the +2
charged peptide precursors of interest with 2 Th isolation windows at 17,500 resolution to

hit an AGC target 2x10° with a maximum inject time of 60 ms. To reach the maximum
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sensitivity, precursor ions were fragmented using optimized collision energies. Skyline 20.1
[44] was used for targeted data evaluation.

To generate calibration samples, overexpressing HEK293 digests were diluted with
control HEK293 digest at 5 different ratios (5-fold to 100-fold dilution). The peak areas of
the peptides and dilution factors (1 / n dilution fold) were used to construct the 7-point
calibration curves for OATP1B3 peptides. The limit of detection (LOD) and limit of
quantitation (LOQ) of each peptide were calculated based on the standard error of the
intercept. LOD and LOQ were calculated using the formulas 3.3 xa /S and 10 xa / S,
respectively, where a is the standard error of the y-intercept and S is the slope of the
calibration curve.

The absolute amount of BCRP and OATP1B3 proteins was calculated as follows:
amount of target protein (pmol / mg protein) = endogenous / heavy peptide peak area ratio
x heavy peptide amount (pmol) x (1 / digested amount of proteins (mg)).

Comparisons between the biological replicates and between the different time points
were conducted using Welch T-test and one-way analysis of variance (one-way ANOVA).

A p-value of <0.05 was considered statistically significant.

4. Project I.: Deep proteome profiling of tears using DIA acquiring

4.1. Theoretical background

The paradigm change from reactive to predictive, preventive, and personalized
medicine requires novel and reliable methods that can provide a more precise diagnosis and
patient stratification, detect early disease, elucidate the risk of disease, and predict disease
outcome, response to therapy, and permit monitoring of therapeutic management. To this
end, the discovery and validation of specific biomarkers/biomarker panels would be a
promising approach. The source of biomarkers is crucial for the specificity, sensitivity,
accuracy, and reliability of diagnostic tests and treatment targets [77]. Human tear fluid has
attracted increasing interest in the last decades as a potential source of biomarkers of
pathophysiological states, due to its accessibility, non-invasive nature of its sampling,
moderate complexity, and responsiveness to ocular and systemic diseases [78]. Tear fluid
contains proteins, such as enzymes, mucins, hormones, immunoglobulins, growth factors,
neuropeptides, and cytokines along with lipids, salts, and carbohydrates [79]. This
comprehensive biomolecule repertoire in human tears serves as a good source for biomarker
discovery for diseases. The biggest advantage is that tears are proximal to the disease

location (such as ocular surface disease, lacrimal gland disease, etc.) contrary to, e.g., cancer
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biomarkers in blood, where the related biomarker molecules could be distant from the
source, and are highly diluted [80,81]. The tear fluid proteomic profile has been found to
provide basic biological information for many ocular diseases, such as dry eye syndrome,
blepharitis, keratoconus, thyroid eye disease, vernal keratoconjunctivitis, diabetic
retinopathy, and primary open angle glaucoma [77,82]. Even though tear components are
mainly derived from secretory glands, such as the lacrimal glands, the change of tear film
composition is not only regulated by its secretion units. Protein molecules can enter the tear
fluid through conjunctival blood vessels and, due to the overlap between the tear and plasma
proteome, there may be opportunities to observe systemic responses in the tears. Several
such examples thus far include breast cancer, type 2 diabetes, Alzheimer’s disease, multiple
sclerosis, and rheumatoid arthritis [77,82]. Some systemic diseases may affect the eye so we
can use ‘tears’ as a ‘window’ to assess systemic as well as ocular diseases.

The most frequently used tear sampling methods for proteomics analysis in both
clinical and research settings involve the direct collection of tear fluid into a glass
microcapillary tube or via an absorbent material such as Schirmer’s paper strips, threads,
ophthalmic sponges, and polyester rods [83]. During capillary sampling, one end of the glass
capillary 1s placed in the meniscus of the tear fluid and due to the capillary action, the tear
flows from the conjunctival sac into the interior of the glass capillary. The Schirmer’s strip
was originally a standard clinical tool used in many places to measure tear fluid volume, but
it was found to be suitable for collecting tear samples too. Both sampling methods have
advantages and disadvantages, they are often time demanding, uncomfortable for the patient,
require medical professional assistance, and sometimes do not provide a sufficient amount
of samples for analysis. We need a simple, fast, non-invasive, and reliable tear collection
procedure that provides unbiased tear samples even from low-volume sampling (e.g.,
aqueous tear-deficient patients or experimental animals). Kurihashi et al. established a
method of tear secretion measurement using fine cotton threads [84] which might meet the
above requirements, and already proved to be an applicable sample collection method for
analysis of small molecules [85].

The advancement in nano-scale liquid chromatography coupled MS (nanoLC-MS)
that provides improved chromatographic separation of peptides, higher sensitivity, and
extended dynamic ranges to identify > 1500 proteins, has opened up the possibility of tear
biomarker research [82]. There are numerous studies and reviews in the literature on the
investigation of protein profiles from differently collected tear samples using liquid

chromatography coupled to mass spectrometry (LC-MS) [77,78,80,81,83]. It was shown

19



that samples collected by Schirmer’s strip and capillary method have large quantitative and
qualitative differences in their protein composition [82], therefore any new sample collection

method should be evaluated in that respect too.

4.2. Results
4.2.1. Comparison of the effectiveness of sampling methods

Our goal was to introduce a reliable new sampling procedure, which provides us with
a convenient way of collecting enough tear samples for quantitative proteomic studies. In
this comparative experiment tears of the same 10 healthy donors were collected by three
sampling methods and analyzed by the same proteomics procedure. General protocols for
the use of glass capillary tubes (CAP) and Schirmer’s strips [86] were followed, and PRT as
a new tear sampling device was included in this experiment. After sample collection,
Schirmer’s strips were divided into a lower section (SL) which was in direct contact with
the surface of the eyeball and eyelid, and the following 10 mm long upper section (SU) and
processed separately.

A qualitative and quantitative proteomics study was performed on samples collected
from the left and right eyes of all donors: altogether 20 PRT, 20 SU, 19 SL, and 18 CAP tear
samples were analyzed. The total volume or protein content of all PRT, SU, and SL samples
was satisfactory for our protocols; however, one SL sample was damaged during processing.
In the case of two donors, the volume of tears collected with glass capillary tubes was
insufficient (less than 1 pL) to determine the total protein content and perform proteomic
sample preparation.

Both the volume and the total protein content of tears collected with the CAP sampling
procedure showed large variance (7.9 + 7.0 uL and 64.1 + 44.9 pg, respectively). Tears are
collected slowly and erratically, with interruptions due to blinking and eye movement,
what—apart of individual variance—may explain the large fluctuation [80]. The total protein
content after the extraction of SL strips, 10 mm long SU strips, and whole PRT samples
proved to be 42.0 £ 11.4 pg, 57.8 £ 15.5 pug, and 28.9 £ 11.2 pg, respectively.

4.2.2. Evaluation of the proteomics protocol
The nanoLC—MS reproducibility was determined by triplicate injection of a randomly
selected PRT sample. The number of identifications and the reproducibility of the relative
intensities were compared at both protein and precursor levels; 3003 + 21 precursors were

quantified with the median CV of 0.17 in these measurements, corresponding to 548 + 4
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proteins with the median CV of 0.15. Based on these results, our procedure was suitable for
the study of sample preparations and sampling procedures.

In order to evaluate the efficiency and reproducibility of protein extraction from PRT
samples, three different extraction solutions (5% SDS, 100 mM AmBic, and 1% acetic acid
in water) were tested. Nine PRTs were soaked in a pooled capillary tear sample to ensure
the same initial protein concentration and composition. Note that this experiment was limited
by the number of proteins detectable from capillary samples, but comparison to the original
pooled capillary sample provides satisfactory data on recovery and reproducibility for major
tear proteins. There were no significant differences observed in the total amount of extracted
proteins as determined by BCA assay (Table 2); however, the lowest reproducibility was
found using acetic acid. The number of detected and quantified proteins, reproducibility
(CV) of protein intensities and correlation to the original capillary sample were similar using
the SDS and AmBic protocols, but the acetic acid protocol performed worst regarding all

these measures.

Table 2. Comparison of tear protein extraction methods from PRT.

Percentage of

Total am9unt Numbfer of the total Median CV of Pears'on
of proteins quantified f . . correlation to
(ng) proteins number o intensity capillary
proteins
Capillary - 236 100.0 0.17 —

SDS 41.5+33 198 83.9 0.19 0.941
AmBic 36.4+1.16 203 86.0 0.15 0.946
Acetic acid 40.9 +£6.78 152 64.4 0.23 0.851

Using either the SDS or AmBic protocol, 84-86% of proteins can be recovered, and
Pearson correlation with the original sample demonstrated, that the protein composition was
not biased, the extract correctly demonstrates the original composition. Although AmBic
extraction seems to be suitable for protein extraction from PRT samples, the presence of a
tenside (e.g., SDS) may help the extraction of the intracellular fraction that was excluded by
our evaluation approach. Because of that, and for comparability with the protocol applied

for Schirmer’s strips, we used the SDS approach in our analysis.

4.2.3. Impact of MS data acquisition and evaluation method
Mass-spectrometry-based proteomics enables us to identify and quantify hundreds of
thousands of proteins from different samples. However, the quality of the results is highly
dependent on the experimental and computational workflows. A large number of proteomics

software tools and algorithms have been published for data-independent acquisition (DIA)
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proteomics data processing (detailed in the Introduction section). We applied DIA-NN
software for spectral library creation, protein identification, and quantification [87]. Our
DIA-NN workflow first was set up to use sample-specific spectral libraries generated by
refining predicted libraries using six gas-phase-fractionated acquisitions (GPF-DIA) with 4
Th precursor isolation windows from all four types of pooled samples. These sample-specific
spectral libraries demonstrate the deepest proteome coverage of a given sample type. A
combined spectral library was built by searching all four groups of GPF measurements in
one against the same predicted spectral library. This combined library contains a total of
2583 proteins (1742 with at least two unique peptides), any of which were present in a
quantifiable amount in at least one pooled tear sample.

Data of DIA acquisitions collected from the analysis of individual samples (DIA-Q)
were searched against both the sample-specific and combined libraries. The number of
peptides that could be quantified in SU samples increased to the greatest extent (by 117.5%),
as the 3312 peptides detected with sample specific library increased to 7205 using the
combined library. A smaller but significant increase was observed for CAP (84.7%) and
PRT (62.0%), where the measured number of peptides increased from 8§34 to 1540 and from
3322 to 5380. In the case of SL samples, only a 0.2% increase was observed from 8337 to
8354 quantified peptides. Figure 4 shows the distribution of the detected peptide among the
different sample types. The use of a combined library facilitated better comparability by
reducing the number of proteins and peptides that could only be quantified in one sample
type.

It was also investigated that in how many percent of the samples were the peptides
measurable that could only be quantified using the combined library but not with the sample-
specific ones to evaluate their quantitative value. These peptides could be measured on
average in 53.6 + 31.4% of CAP samples, 20.2 + 17.9% of SU samples, while 24.5 + 20.8%
of PRT samples. As for the SL samples, the peptides which were identified with the
combined library only were measured in 40.2 £+ 28.1 % of the samples, but the number of
these peptides was negligible compared to the number of peptides detected with both types
of libraries. Regarding the SL samples, the peptide increase was measurable in 40.2 + 28.1
% of the samples, however, the number of these peptides was negligible compared to the
number of peptides detectable with both types of libraries. A very similar result was obtained
when the examination was carried out at the level of proteins, in which only proteins

quantified with at least 2 proteotypic peptides were included.
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Figure 4. The number of quantified peptides in different types of tear samples by

searching against the sample-specific library (A) or the combined library (B).

Although the combined library originating from the GPF-DIA measurements from
four pooled samples contain 2583 proteins (1742 with at least two proteotypic peptides), in
the individual samples 1144 could be quantified with at least two peptides in the DIA-Q

measurements.

4.2.4. Comparison of the tear proteomes of different sample types

For the comparison of the proteomes detectable in our CAP, SL, SU, and PRT samples,
the combined spectral library created from a GPF-DIA analysis of sample-specific pooled
samples was chosen, as this demonstrates the deepest available protein coverage. All
quantifiable proteins were included in this comparison, regardless of the number of peptides
detected. The dynamic range and contribution of proteins in different types of samples to the
combined library are shown in Figure 5. The library covers proteins with a range of more
than six orders of magnitude in summed signal intensity. Number of proteins shown on the
Venn diagram refers to number of protein groups, which may consist of more than one
protein, and cannot be differentiated based on identified peptides. The lowest number of
proteins could be identified in the pooled CAP sample (422 protein), while in the two indirect
pooled tear samples (PRT and SU), a similar number of proteins could be detected (1439
and 1225) with a much higher overlap (1092 shared protein identifications). The SL samples
were only included in the investigation to detect possible contaminants originating from the
strong direct contact of the Schirmer’s strip with the ocular surface. This assumption is

supported by the presence of nearly 1000 proteins, which were identified only in this type of
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pooled sample. These proteins are present in low abundance, according to their summed
intensity (green dots in Figure 5). It must be noted that the parts of the PRTs in contact with
the eye were not removed, which may explain the approximately 300 proteins shared by only
PRT and SL samples (red dots in Figure 5). The majority of the most intense (106—-1010)
proteins could be identified in all sample types, but there are many common proteins with
lower intensity. Altogether, 341 protein groups could be detected in all the four sample types
(ochre dots in Figure 5).
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Figure 5. Summed intensity of proteins in combined spectral library as a function
of protein intensity rank, demonstrating the dynamic range of identified proteins. Data
points are colored according to highlighted subsets of the library as shown in the Venn
diagram insert, to demonstrate contribution of different sample types to the library. Gene
names of the top proteins are shown in the order of intensity rank.

To study the quantitative similarity of different sample types, Pearson correlation
coefficient values were calculated for the proteins quantified in sample type-specific pooled
samples (Figure 6). This assay shows a strong correlation between PRT and SU samples (r
= 0.90), but the pooled CAP sample also correlates satisfactorily with these samples (r =

0.76-0.78).
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Figure 6. Correlation of intensities of proteins in different pooled samples. The
depth of the background colors of scatter points on top-right is proportional to the value
of actual Pearson correlation coefficients, which are shown on the 2D histograms at
bottom-left. The number of the common sets of proteins (n) are given.
4.2.5. Clustering of proteins in different types of samples
The analysis of the spectral library created from the analysis of four different types of
pooled samples in the previous section already highlighted the diversity of proteomes
determined in samples collected by different methods, but the statistical classification of
proteins based on sample-specific detectability is only possible on analysis of individual
samples. It must be noted that the applied DIA approach, with match-between-run
identifications enabled, can minimize the technical reasons for missing values, therefore this
analysis reflects heterogeneity in sample composition.
A k-means cluster analysis — based on sample-type specific detection frequency (in
%) — was performed to classify the 1144 quantifiable proteins into four clusters (the number
of clusters was predicted using the elbow method [88]) (Figure 7).
In Cluster A (pink), there were 195 proteins that could be measured with high
frequency in all sample types (86-92% of the samples within any sample type). Cluster B
(dark green) includes 242 proteins that were repeatedly measurable (84-98%) in samples
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from indirect procedures (SL, SU, and PRT), but they were quantifiable in only a few CAP
samples (8%). The other two clusters consist of proteins that could be measured with high
frequency in the SL samples, but in the SU and PRT samples only with medium (Cluster C),
312 proteins) or low (Cluster D), 395 proteins) frequency. Using this approach, proteins
within the latest cluster may be marked as possible contaminants of tear samples. They have
been found mainly in the SL samples, but rarely in any other sample group. On the other
hand, proteins of Cluster A and B may be considered as common tear proteins, with the
remark that CAP sampling provides reproducible detection for members of only Cluster A.
It must be noted that PRT sampling produces the highest detection rate for proteins of those
two clusters (see distributions on boxplots in Figure 7).
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Figure 7. k-means (k = 4) cluster analysis of the quantified proteins based on the
percentage of observations in samples of the different sampling procedures. Detection
frequency of each protein is given as a heatmap on top. The boxplots on the bottom show
the distributions of detectability of proteins in different sample types within each cluster.

We have compared the summed relative intensities of the identified protein clusters in
each type of sample (Figure 8). As expected, the highest level of the possible contaminating
eye-surface proteins (395 and 317 proteins in Clusters D and C, respectively) were found in
the SL samples, where on average 6.0% of the total intensity of all proteins is given by the
proteins of Cluster D. CAP, SU, and PRT samples contain an average of 1.2, 1.5, and 0.7%
proteins of that cluster. Proteins of Cluster C can be found at higher abundance in each
sample type. Their values are still less than 5%, except for the SL samples (13% of total
intensity). Proteins of Cluster B were detected only in a few CAP samples, and their intensity
was low (on average 2%), while their relative abundance was highest in SL samples again
(32% average). Members of Cluster A contribute the most to CAP sample protein intensity
(95%), and slightly less than 50% in SL samples. The average abundance of these proteins
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is higher in PRT (83%) than in SU (76%) samples. For all clusters, the variance of PRT
samples is lower than those in SU, but slightly higher than in CAP samples, which, however,

have a less complex protein composition.
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Figure 8. Boxplot of summed relative intensity of the four protein clusters in each

sample type (nCAP = 18, nSL = 19, nSU = 20, nPRT = 20).

4.2.6. Classification of tear proteins

Based on the detection frequency of proteins in samples collected using different
sampling methods, we identified four clusters of proteins in the previous section. In order to
give biological classification of the proteins in tear samples, each protein was annotated with
available GO and UniProt terms. Fisher’s enrichment analysis was performed on these terms
to identify common properties of proteins within each cluster. Here we discuss a few
examples of the significantly enriched categories (Benjamini—Hochberg corrected FDR <
2%), which are different in different clusters and relevant to tear and tear sampling.

Proteins associated with specific intracellular localization GO terms, are enriched in
Cluster D, which are specific to SL samples, e.g., 21% of Cluster D proteins are from
mitochondrion, contrary to cluster A, which includes only 1% of such proteins. The general
Cytoplasm GO subcellular localization is enriched in all the Clusters B, C, and D (40-71%),
while in the Cluster A, which was the only cluster effectively sampled using capillaries, there

were only 19% of such proteins.
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Sixty-three percent of proteins in Cluster A are secreted, while only 9% of Cluster D
proteins are annotated with this Uniprot Keyword. Eighty-five percent of the different Ig
chains (36 of 40) detected in our samples are in Cluster A, which makes 17% of the proteins
in this cluster. Most of the identified keratins (10 out of 12) frequently occur in all sample
types, thus they are found in Cluster A.

In addition to those general ontological annotations, some more eye-specific
information was also added to clarify the origin of proteins in different clusters. The
EyeOME [89] database collects a list of proteins identified in different parts of the human
eye. For the classification of proteins in tear samples based on their possible origin, two
groups were created: proteins which can be found in the ‘Tears’ section (including 1506
proteins) and an eye surface group from the ‘Cornea’ or ‘Sclera’ sections of the EyeOME
database (1469 and 1895 proteins respectively). There 1s a large overlap in these
assignments, 1213 proteins are common to tears and the eye surface in that database.
Immunoglobulins are excluded from EyeOME, that is the main reason that not all, but 1093
proteins of the database were among the 1144 quantified proteins from our experiments, 846
of which are common to tears and the eye surface. Based on the overlap of clusters identified
in Section 4.2.5 and the EyeOME assignments (shown in Figure 9), we can make further

refinements of protein classification.
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Figure 9. Count plot representation of the intersections of protein clusters and

sections of the EyeOME [89] database. Clusters are those identified in Section 4.2.5.

Proteins in the ‘Cornea’ or ’Sclera’ section of EyeOME were classified as Surface.
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The majority of the members of Cluster A are common (124), or specific to tears (31),
thus we suggest classifying these as common tear fluid proteins. It must be noted that all Igs
can be considered as such also, as those are found in Cluster A but excluded from the
EyeOME. Most of the proteins of Cluster B (228 0f 239) are common to tears and eye surface
in EyeOME, rarely detected in CAP samples, therefore we can consider them as proteins of
the lower layer of tear fluid and proteins easily and reproducibly collected from the eye
surface using the indirect sampling methods. Altogether, these 437 proteins in Cluster A and
B (392 in EyeOME) proteins we would classify as regular tear sample proteins, independent

of origin (green in Figure 9).

4.2.7. Intra- and interpersonal variances of different tear samples

The differences in the composition of the tear samples collected from different
persons, or from the two eyes of the same subject, may be a combination of several
simultaneous reasons, including the effect of the sampling procedure on eye surface and tear
secretion. In order to identify sampling induced effects, the protein composition of tear
samples of the same person was compared using different methods, excluding the highly
contaminated SL samples. Similar distributions of absolute protein abundance differences
were observed in all sampling methods, however the Pearson correlation of intensities
showed marked differences in the three tear fluid samples. The strongest intrapersonal
correlation was found in the CAP samples (average of coefficients was 0.91, median 0.92),
while PRT samples (average of 0.77, median 0.81), and SU samples (average of 0.73,
median 0.76) presented weaker correlations. (Figure 10-A). The ratio of the protein MS
intensities measured in the two eyes relative to the average of the eyes was also calculated
to represent the differences between the eyes. The log2 transformed distribution is the
narrowest around 0 in the case of CAP samples, and widest is in Schirmer’s samples (Figure
10-B). Eleven percent of data points has an absolute value higher than 1 (at least twofold
difference relative to eye average) in the case of CAP samples, in Schirmer’s samples 21%
and in PRT samples 14% has that high difference.

We calculated the overall variance (CV) of protein intensities in the whole sets of
sample types. The CV distribution of the common 195 proteins of all sample types (Cluster
A) are shown in Figure 10-C. According to this, these proteins have a lower median CV in

PRT samples (64%) than in either SU (77%) or CAP samples (70%).
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Figure 10. (A). Intrapersonal (left-to-right eye) Pearson correlation coefficients of

samples of different sampling methods. (B). Distribution of protein log2 transformed
intensity ratios measured in the two eyes relative to the average of the two eyes. (C).
Distribution of coefficients of variation (CV %) for intensities of proteins in Cluster A in

all samples of different sampling methods.

4.3. Discussion

Protein concentrations in normal tear fluid range from 6 to 11 mg/mL [81], but the
protein concentration and composition of tear fluid samples are greatly influenced by the
following factors [83,90]: (1) tear collection device (glass capillary tubes, Schirmer’s strips,
threads, ophthalmic sponges, and polyester rods; (i1) types of collected tears (reflex, or non-
stimulated tears), which might be affected by the tear sampling procedure, irritating stimuli
like environmental fluctuations, physiological status or rubbing the skin with alcohol,
anesthesia; (i11) location of tear sampling (the inferior temporal tear meniscus near the
external canthus of the eyes, or the inferior conjunctival sac); (iv) whether sampling occurred
from open or closed eye; (v) last, but not least, the sample processing (recovery from the
sampling device) and the further analytical procedure and data analysis. As can be seen from
the above, tear sampling method is definitely a major challenge and has the greatest
significant influence on the precision and reproducibility of the analytical results.

Several tear sampling methods are available, and every sample collection method used
must be assessed since it has a significant influence on the precision and reproducibility of
the analytical results. Each sampling method has advantages and disadvantages; therefore,
it is not easy to choose the appropriate one. The most often used tear sampling methods for
proteomics analysis in both clinical and research settings involve direct collection of tear
fluid into a glass microcapillary tube or via an absorbent material such as Schirmer’s paper
strips, threads, ophthalmic sponges, and polyester rods. For determination of the protein
profile of the tear sample the capillary tube and the Schirmer’s strip are used most frequently

[83,90].
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As both methods are routinely used for measuring tear volume in ophthalmology, and
in many tears proteomics studies, much information has been gathered on their application.
Phenol red thread, like the previous two tests, is a widespread clinical test for measuring tear
volume [91,92]. A comparison of the capillary, Schirmer’s strip and the new PRT tear
collection methods is provided in Supplementary Table 1.

Capillary samples contain a higher percentage of proteins originating from
extracellular region, protein containing complexes, and membrane [80,86,93]. In biological
processes, immune response, complement pathway, and tissue development proteins
dominate more frequently in capillary samples. In contrast, an increased number of cell- and
organelle-specific (intracellular) proteins contaminating tear samples have been reported in
samples collected with Shirmer’s strips [86], due to the contact of the paper with the highly
vascularized conjunctiva and the possibility of injure its surface and microvasculature.

Collection of tears with Schirmer’s strip is an indirect method carried out using
absorbing supports. Proteomics analysis of these kinds of samples requires either
centrifugation of tear fluid or extraction of proteins (before digestion) or peptides (after in-
strip digestion) from the paper strips. A disadvantage of this absorbent-based sampling
method is that different extraction procedures may result in varying protein profiles. It was
recently reported [94] that the elution of proteins from Schirmer’s strips varies significantly
between different brands of the filter paper because of their distinct absorptive properties.
Apart from the variety of clinical procedures used to perform Schirmer’s test, it seems likely
that one of the causes of the variability of Schirmer’s test between studies is related to the
use of different Schirmer’s test strips. Unfortunately, there is no standardization of
commercial strips, even though the need for standardization was recognized over fifty years
ago. The maximum volume of absorption on 10 mm long piece of Schirmer’s strip was found
to be around 9 pL [95], but it may also depend on strip material. Phenol red thread is
produced only by one company (Showa Yakuhin Kako Co., Ltd., Tokyo, Japan), so using
the same tear collection device in different clinical and laboratory studies would reduce
potential variables in tear analysis. Phenol red thread collects around 3 pL of tear fluid [96],
and this volume is low compared to an average basal tear volume. The inability of PRT to
absorb the entire volume of basal tears means that the collected initial sample is almost pure
basal tears; however, it can be used for the collection of reflex tears if applied after stimulus
[96], which can be a big advantage over other tear collection methods.

In our experiments, both absorbent-based approaches (SU and PRT samples) allowed

the collection of low-volume samples, and the amounts of proteins were sufficient to perform
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several proteomic analyses even from those two donors whose CAP tear samples were not
sufficient. The safe application of capillary approach without touching the eye surface,
requires larger tear volume with a thick tear film. This makes it less suitable for the collection
of tear samples from aqueous tear-deficient patients [93,97], but there is no such limitation
with the indirect methods, where the soft sampling material is immersed in the tear film.

Sample processing is one of the most crucial processes in proteomics research; this
pre-analytical step can bias both protein composition and quantification. Absorbent-based
tear collection requires a pre-analytical step to elute/extract proteins from a paper strip,
sponge, thread, etc. Several extraction conditions were proposed, by varying extraction
solvent, volume, agitation time, and temperature to recover proteins from Schirmer’s strips
[80,98] and small bioactive molecules from PRT [96].

Tear proteins absorb on PRT by varying strengths of intermolecular interactions with
thread cellulose. The small surface and volume of PRT compared to a Schirmer’s strip results
in less interactions between proteins and thread. This can make it easier to elute/extract
proteins from PRT. Our results supporting this theory because using either the SDS or
AmBic protocol, 84-86% of proteins can be recovered, and protein composition was not
biased, the extract correctly demonstrated the original composition with excellent
reproducibility.

The observable proteome with the two most frequently used tear fluid sampling
methods have been compared several times; most of these studies conclude that although
both methods can be used, the capillary and Schirmer’s strip tear collection methods still
result in different protein compositions [83,86,93,99]. It was assumed that this is because
Schirmer’s strip results in an increased tear production due to possible irritation and contains
proteins not only from tear fluid but also from tissues via direct eye contact [100].

Our findings are consistent with these results, as more proteins were identified in the
samples collected with the Schirmer’s strips compared to the capillary samples. The SL
samples contain an even larger number of proteins than SU samples being in direct contact
with the ocular surface. The number of identified proteins in the novel PRT samples was
similarly high (1439), as in the SU samples, and protein intensities showed a strong
correlation with other sample types. This proves the applicability of the PRT method to
efficiently collect samples for proteomics LC-MS analysis with a composition comparable
to samples from other methods.

Ma et al. recently summarized [82] proteomics datasets from tear films using either

capillary or Schirmer’s strips by different research groups. They collected 1892 proteins
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from 11 publications and found 435 proteins common to capillary and Schirmer’s strip
samples. Based on gene names, we matched those proteins to our dataset, to evaluate the
overlap of our data with those recent results. Of all those proteins, 1656 were identified in
our experiments, most of them in SL samples (1623), while 1238, 1089, and 382 proteins
were found in the PRT, SU, and CAP samples, respectively. Regarding the 435 proteins
designated as common by Ma and coworkers [82], we could identify 432 in total, 426, 406,
392, and 192 in SL, PRT, SU, and CAP samples, respectively. These results highlight the
comparable proteomics usability of PRT not just with SU samples processed and analyzed
in our laboratory, but with numerous other methods.

Akkurt Arslan et al. [101] processed their Schirmer’s samples in a similar manner and
found that 1153 proteins were identifiable in their SL samples, while 1107 proteins were
identified in their SU samples. The significantly larger number of proteins identified in our
SL samples may be explained by the MS method (DIA in our case vs. DDA) [82] and by the
larger number of samples (20 SL samples from 10 individuals in our experiment vs. four SL
samples from two individuals). Contamination occurs randomly, thus increasing the number
of samples increases the chance of identification. It must be noted that only pooled samples
were analyzed in that study and no quantitative comparisons were made, so no information
is available on identification repeatability and quantitative variability.

In our experiments, the identification of such a large number of proteins was made
possible by using the GPF-DIA LC-MS method. By the application of a combined spectral
library, it was possible to quantify a higher number of useful proteins present in the tear fluid
under normal conditions in a single nanoLC-MS run. Using a combined library, proteins
and peptides that did not met the identification criteria with sample-specific libraries could
be quantified in a significant proportion of samples. Searching against the combined library
had a lower effect for SL samples than the PRT, SU, and CAP, as these samples contained
the highest number of quantifiable peptides and proteins, therefore contributed to the greatest
extent to the size of the library. This confirms the importance of using an optimally sized
library. It may therefore be effective to use multiple samples, including Schirmer’s strips, to
generate the library, regardless of the applied sample collection protocol for the experimental
samples. A similar result was observed by Nittinen et al. [86], that almost twice as much
protein could be quantified in tear samples collected by capillary using a combined spectral
library instead of capillary type-specific one. They also did not find increased number of
proteins in Schirmer’s type samples searched in a combined library. Green-Church et al.

[93] have previously demonstrated that although the proteins detected in capillary samples
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were mainly extracellular, tear samples collected by Schirmer’s strip contained a large
number of additional cellular proteins. Using a combined spectrum library, those proteins
that could not be detected with the sample-specific libraries became easier to identify. Thus,
it can be used as a quality control to identify tear samples that contain higher levels of
contaminating proteins.

Based on detection frequency in all sample types, we could identify four clusters of
proteins, and by comparing of these clusters to the EyeOME dataset we identified 437
proteins (Cluster A + B) which can be considered as common tear fluid proteins, but only
155 of those (in addition to immunoglobulins) can be effectively sampled by our capillary
protocol. PRT has however has little higher efficiency in sampling of all those proteins than
the Schirmer’s strip.

The summed relative intensity of the possible contaminant proteins originating from
the eye surface (Cluster D) is the lowest in the PRT samples (less than 1%). This is very
interesting because the entire thread was processed; the part in direct contact with the surface
of the eyeball and the eyelids was not removed, unlike in the case of SU samples. This may
be a consequence of the smaller diameter and the smaller and smoother surface of PRT fibers
compared with Schirmer’s paper strips.

According to the Gene Ontology analysis of protein clusters, we can conclude that
intracellular proteins originating from the eye surface and lower layers of the tear film are
increasing the size of the proteome sampled by the indirect methods compared to capillary.
These proteins are most effectively collected on the surface of the lower part of the
Schirmer’s strip which is in direct contact with the surface of the eyeball and eyelids.
Therefore, we conclude that those proteins may be designated as contaminants, if study of
tear fluid is the goal, but may provide diagnostic information on eye surface, if specific
sample collection methods can be applied for their reproducible analysis.

We can compare our clustering with the dataset of Ma ef al. [82] described above, in
which they found 435 proteins common in the literature data to Schirmer’s strip and capillary
samples. We could quantify 387 proteins of those, 68% of which can be found in Cluster A
and B, while only 11% are in Cluster D. This shows high similarity between the
classifications, despite the different approaches. They concluded that those common proteins
are present at high abundance regardless of sample collection, which we also demonstrated
(Figure 4). Our observation, that the rarely identified, low intensity proteins can be found
with high frequency and at higher intensity in the SL samples, confirms the ocular surface

origin of those proteins.
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In order to validate the application of PRT in tear biomarker analysis, we collected tear
biomarkers from recent reviews of literature data [82,102—106]. We identified 87 proteins
in our dataset that were previously assigned as putative biomarkers, 90% of which (78
proteins) are among the proteins which were commonly detected by the indirect sampling
methods. Considering these results, PRT is a suitable sampling method for the studying
biomarkers of both eye-specific and systemic diseases.

We have also evaluated the effect of sampling on variance of results. We have found
a stronger correlation and smaller differences between samples from the two eyes of the
same person using the PRT method compared to the Schirmer’s test (SU samples). The
interpersonal protein intensity variances within all the healthy subjects were the lowest in
the PRT samples (median of 64% for the common the proteins), considerably lower than in
the SU samples (median of 77%).

These lower intra- and interpersonal variances may be attributed to the lower induction
of reflex tear formation during sampling compared to Schirmer’s strip [91,107]. At the same
time, the lower volume quickly collected by PRT ensures the collection of reproducible pure

basal tear [96], thus making it more suitable for comparative analysis.

5. Project I1.: DIA acquisition as a preliminary experiment for targeted
measurements and the application of the established targeted
methods

5.1. Theoretical background

Transmembrane drug transporters, such as the drug metabolizing enzymes (DME)
have a significant effect on the pharmacokinetics and pharmacodynamics of several drugs.
Two families of transporters are the most responsible for the influx and efflux delivery of
drugs across the cell membrane. Transporters from the ATP-binding cassette (ABC)
superfamily mediate efflux of drugs and metabolites from the cells, while solute carrier
(SLC) transporters are rather uptake or bidirectional transporters [108]. One important
member of the ABC protein family is the Breast Cancer Resistance Protein (BCRP), which
was first isolated from multidrug-resistant human breast cancer cells [109]. It is a common
ABC transporter with broad substrate specificity, expressed in various tissues and plays an
important role in the export of various endogenous and exogenous substrates including drugs
[110]. An important representative of SLC transporters is the Organic Anion Transporting

Polypeptide 1B3 (OATP1B3), which is expressed at a high level in liver and play important
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role in the uptake of numerous therapeutic reagents, although it is also expressed in tumor
tissues [111].

Some of the most effective and widely used tools for studying individual transporters
often rely on the overexpression of specific transporters in host cell lines, as these methods
provide plenty of information on drug interactions, including substrate determination,
kinetics, and inhibitory effects. Inside-out membrane vesicles produced from cells
expressing a transporter of interest are a powerful tool for studying drug transporters, their
substrates and inhibitors and suited for high-throughput applications. These vesicles are
generally utilized to study ABC transporters. The examinations are based on the ATP-
dependent translocation of low permeability substances into these vesicles. Uptake
transporters are usually examined using cell lines that have been transfected with cDNA
encoding a particular transporter. The uptake of compounds into transfected cell lines 1s
compared with that of control cells, allowing the contribution of the transfected transporter
to be measured [112].

A prior study has shown that quantification of these DMEs and transporters by targeted
absolute LC-MS/MS proteomics expand and significantly increase the utility of in vitro drug
metabolism assays [113], as the measured transporter activities are influenced by the their
abundance. In general, only mRNA assays are performed in these studies, while it is known,
that the mRNA levels of DME and transporter proteins do not directly correlate with the
concentration and functional activity of the proteins [114] expressions need to be determined
at the protein level to observe real relations. Since both vesicles and cells have batch-to-
batch variation, monitoring of transporter expression stability is also a quality control tool
for such experiments.

In a quantitative measurement the change in the measured signal is proportional to the
change in the amount of the analyte [115]. To confirm the correlation, a calibration curve is
used, which is generated by a systematic dilution of the analyte. This curve can be used to
determine the linearity of the method, as well as the LOD and LOQ values. According to the
U.S. Food and Drug Administration (FDA) the LOD is the smallest measured concentration
of the analyte from which the presence of the analyte in the tested sample can be deduced
with acceptable certainty, while the LOQ is the smallest measured concentration of the
analyte above which the analyte content can be determined with specified accuracy and
precision [116]. Several methods are accepted and used to determine these values, as well as
variously defined criteria. Generally, acceptable precision is when the relative standard

deviation (RSD) is below 20% and the accuracy is good when the back-calculated error of
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the concentration is smaller than 20%. The peptide signal must be accurately measurable
and above the LOQ. Because of the significant role of matrix effects in LC-MS
measurements, the calibration curves must be established in suitable sample matrix [117].
Signals below the LOQ may still be informative for the determination of relative differences,
although the differences in the signals are not proportional to the quantitative differences of
the analytes [118].

The proteolytic digestion of proteins allows an indirect measurement of their quantity
via peptides. The usability of a peptide for targeted LC-MS measurements has three basic
requirements: its response factor is suitable for sensitive detection, is formed in sufficiently
large quantities by enzymatic digestion for reproducible detection and its sequence should
be specific to the target. In addition, some in silico selection criteria can be used to select out
peptides with inappropriate properties, supporting the selection of the most suitable peptide
for LC-MS measurements. The length of the peptide should be between 6—16 amino acids,
in order to have the suitable m/z value for MS detection. In addition, shorter peptides are
often non-specific and longer ones may not fragment properly. For a unique MS signal, the
candidates should not contain posttranslational modifications and single nucleotide
polymorphism because of the multiple possible biological variants. Peptides should not
derive from transmembrane region due to the difficult reproducibility of its release from the
membrane and the aggregation tendency of extremely hydrophobic peptides. Arginine and
lysine should not be included in the peptide sequence (missed cleavage sites), or in the close
vicinity of the peptide’s N- or C-terminal (possible miss cleaved forms). Presence of
methionine (possible oxidation) and cysteine (possibly not completely alkylated) [119] may
also lead to presence of different peptide forms. It is also preferable if the peptide is
detectable only in one charge states. The mentioned properties are crucial to present a single
form of a peptide in the samples instead of the quantitative distribution between several
forms. A combined method based on in silico and experimental techniques can also be used
to select the most reliable peptides. While the sequences of the proteins of interest are
digested in silico and then filtered based on the discussed criteria, in parallel, samples
containing the protein sequence are experimentally digested, and the usability of the peptides
are confirmed by LC-MS [120].

Since the studied transporters are found and function in the plasma membrane, and are
often expressed at a very low level [119], for their proper detection, in addition to using the
most sensitively measurable peptide, some membrane enrichment method may be also

required. However, it has been shown that it is difficult to separate the plasma membrane
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from other membranes with currently available membrane purification techniques
[121,122]. An additional difficulty in the detection of membrane proteins is their frequently
large size and most notably their hydrophobic characteristics [123]. For their proper handling
and keeping them in solution, the use of a relatively large amount of detergent is

unavoidable, which may complicate further sample processing and analysis.

5.2. Results
5.2.1. Comparison of different membrane enrichment protocols

The aim was to compare the protein composition of the membrane that can be isolated
from cells using PE kit with the membrane preparation used for vesicular transport studies.
Both were compared with the whole cell lysate samples, in terms of number and quantity of
the proteins and peptides after SEPOD digestion.

In order to compare the membrane isolation efficiency of the protocols, the measured
number and quantity (summed relative intensity) of membrane proteins and peptides, as well
as ABC and SLC transporters and peptides were investigated. In the enriched samples (PE—
vesicle) 5.5-7.1 % more membrane proteins and 8.3—10.9 % more membrane peptides were
measured than in the TC lysates. The average number of membrane proteins were 2120 in
PE and 2402 in vesicle samples compared to 1980, in TC samples, respectively. These
numbers for peptides were 17689 in PE, 22620 in vesicle and 1490 in TC samples. The
summed intensity of membrane proteins was increased by 15.3—-18.0 % and 13.7-18.5 % at
the peptide level. The relative intensity of membrane proteins and membrane peptides did
not differ between the two membrane samples (Figure 11).

In both membrane isolation techniques, a greater enrichment of ABC and SLC
transporters was observed than for all membrane proteins. The ratio of the number of ABC
and SLC proteins was approximately 1.5—1.6-fold higher in the enriched samples (PE—
vesicle samples) than in the TC samples, while this number for the ABC and SLC peptides
was 1.8-2-fold. The ratio of the total intensity of these proteins increased approximately
2.6-3.8-fold and their peptides increased 2.9—4.8-fold compared to that measured in TC
samples (Table 3). The average number of ABC and SLC transporters were 122 in PE and
145 in vesicle samples compared to 85, in TC samples, respectively. These numbers for

peptides were 771 in PE, 1011 in vesicle and 456 in TC samples.
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Figure 11. Comparison of the intensities of the measured membrane proteins (A) and

peptides (B) in the two membrane samples after SEPOD protocol. The mean intensities
measured in samples on a logl0 scale are plotted. Pearson correlation coefficients are

shown at the top of the figure.

Table 3. The fraction (% of the total) of the summed intensity and number of membrane and ABC +

SLC transporter proteins in the different sample types.

Membrane proteins Membrane peptides
Intensity (%) Number (%) Intensity (%) Number (%)
TC 24.67 £ 1.21 32.56 £ 0.76 21.83+0.83 28.16 +0.95
PE 40.01 £6.29 38.00 + 1.72 35.50 + 6.80 36.46+2.99
Vesicle 42.62+1.53 39.64+0.18 40.32+1.76 39.09 +£0.45
ABC + SLC proteins ABC + SLC peptides
Intensity (%) Number (%) Intensity (%) Number (%)
TC 0.83+0.14 1.46 +0.07 0.75+£0.12 0.86 +0.04
PE 2.16 +0.41 2.19+0.21 2.17+0.48 1.59+0.19
Vesicle 3.15+£0.23 2.39+0.03 3.63+0.27 1.75+0.05

The mean intensities, their relative standard deviation and the number of the measured
proteins and peptides (all, membrane, and ABC + SLC) can be found in Supplementary
Table 2.

Since our target proteins are located in the plasma membrane, in our case the aim of
the enrichment procedures is to increase the proportion of plasma membrane proteins and
remove other components from the samples. Although both membrane isolation techniques
have been shown to be effective, it is difficult to separate the different membranes present

in cells. As well as plasma membrane, other membranes may also be enriched by the
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1solation techniques. Therefore, our aim was to investigate whether there is a difference in
the membrane composition of the samples produced by the two techniques. For this
investigation, cytosol (GAPDH), cell membrane (ATP1Al), endoplasmic reticulum
(CALR), Golgi (GOSR1), nucleus (H4C2), and mitochondria (TIMM23) specific marker
proteins were selectively evaluated from the DIA measurements. The protein intensities
measured from the samples of each enrichment procedure were compared to the TC samples.
With the calculated enrichment factors, it was possible to characterize the obtained sample

composition (Figure 12).
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Figure 12. The enrichment factors of the markers of different cell compartments

calculated for different membrane enrichment protocols (Vesicle displayed with blue, PE
with orange) compared to the TC lysate (with grey). Brackets represent significant
differences with Welch's T-test p<0.05. Red bracket means a significant difference
between TC and vesicles, green between TC and PE, while blue between PE and vesicle
samples.

The cytosolic protein content of both the PE and vesicle samples were significantly
less than in the TC samples, along with this, cell membrane protein content increased
significantly during both enrichment protocols. As a result of both enrichments, nucleus
proteins were present in a lower amount and the mitochondrial membrane proteins in a
higher amount than in TC lysates. The portion of Golgi membrane proteins was significantly

higher in the vesicle samples, while the ER membrane proteins did not differ from TC with
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any of the protocols. However, the amount of ER proteins was greater in PE samples than in

vesicle samples. The exact values are summarized in Supplementary Table 3.

5.2.2. Comparison of different digestion protocols

Due to the often-large size and extreme hydrophobic nature of membrane proteins, it
1s necessary to use a large amount of detergents and other components to promote cell
disruption and keep proteins in solution during sample preparation. However, it complicates
LC-MS detection as well as contaminates the instrument and reduces the lifetime of the LC
column if it is not removed from the samples. Therefore, it is not possible to prepare these
samples by a simple, direct in-solution digestion method, without any molecular contaminant
removal. A sample preparation/digestion is required that can be effective for producing a
tenside-free sample with or without a separate tenside removal step, such as FASP or SEPOD
(Supplementary Figure 1). However, the peptide composition of the sample is highly
dependent on the digestion method used, so it is important to investigate its effects.

Slightly more proteins and peptides could be quantified using the SEPOD protocol
than with FASP in vesicle samples, but the difference between the two methods was greater
in PE samples. The average fraction of the number of membrane proteins and peptides
compared to all was approximately 40% by all methods, while this number was 2% for ABC
+ SLC transporters (exact numbers in Table 4). The results also show that the differences
are more prominent between the protocols at the level of peptides than proteins. The number
of quantified proteins and peptides applied the examined digestion protocols.

Table 4. The number of quantified proteins and peptides applied the examined digestion protocols in

PE and vesicle samples.

All Membrane ABC + SLC
Proteins Peptides Proteins Peptides Proteins Peptides
FASP 4930 +£203 37489+2690 1982+84 14754+1037 113+9 672 £43
SEPOD 5307 +£486 54582+670  2339+6 21181 £283 144 +£0 945 £ 17

PE

Vesicl FASP 5206+ 105 42564 +1744 2161 +41 17651 £702 136 +1 900 £ 29
esicle
SEPOD 5488 +395 56293 +1090 2402+13 22709 + 334 149 +3 1095 +22

Taking advantage of the DIA data acquisition method, not only the number of
detectable proteins and peptides was compared, but also the relative intensities of their MS2
signals. Not large differences were detectable between the methods at the protein level, but
more apparent were seen at the level of peptides (Supplementary Figure 2). In general,

smaller differences were detectable for more abundant proteins and peptides, so both
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digestion protocols can be used for reproducible quantification of overexpressed proteins.
The reproducibility of the measured intensities was also investigated (Supplementary Table

4).

5.2.3. Selection of suitable peptides for targeted measurements

Using DIA measurement, MS2 quantitative information was collected on all detectable
peptides of OATPIB3 protein from samples digested by SEPOD method. Only those
peptides whose relative intensity reached 10% of the most intense peptide were included in
the further examinations. Predicted and empirical data were collected about the detected
peptides o target proteins from PeptideAtlas [58]. The location of the peptides within the
proteins and the known post-translational modifications were examined with Protter [124]
(Supplementary Figure 3). Peptides that appeared to be problematic due to their sequence or
location were flagged before further examination.

The LC-MS signal of a peptide largely depends on the sample matrix. The co-eluting
components, which are thus also analyzed in the MS at the same time, have a significant
effect on each other. Various interferences can be observed, so the LC-MS signal of a
peptide always depends on the given matrix and the applied method. It is not possible to give
exact LOD and LOQ values from an experiment performed in a matrix different from the
sample. Therefore, we developed a method in which a dilution series was prepared by mixing
the digestion of an overexpressing sample with the digestion of a non-overexpressing control
sample of the same cell line in several replicates. Thus, the matrix effect was similar for a
peptide at the different dilutions throughout the study. Data on these peptides were collected
using the PRM measurement method, and the relative LOD and LOQ values were calculated
from the linear regression data of the obtained calibration curves (Figure 13). These values
showed that what dilution of the overexpressed protein amount can be detected and
quantified with the given peptide (Table 5). In addition, the linearity and MS2 relative
intensities were examined, as well as the greatest dilutions where the CVs were less than 0.2.
Considering all aspects, the NQTANLTNQGK peptide proved to be the most applicable for
the absolute quantification of OATP1B3.
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Figure 13. Calibration curves of the top 8 most intense peptides of OATP1B3 in the
overexpressed sample diluted with control HEK293 digest (all r>>0.995). The relative
intensities are plotted against the dilution factor (the overexpressed ratio of the whole

sample).

Table 5. Summary of the data of the most intensively detectable OATP1B3 peptides. Amino acids
generally considered problematic in the literature are highlighted in bold. The peptide selected for
absolute quantification is highlighted in green. The MS2 intensity rank is based on the undiluted sample.

Intensity Maximum

Peptid >  LOD* LOQ* Rank dilutability PSS** ESS** 011: o
(MS2)  (CV<0.2)
WSTNSCGAQGACR  0.9997 121.5  40.1 1 50x - 051 193
NQTANLTNQGK 09994 774 256 4 50x 009 061 427
ALAMGFQSMVIR 09991  59.5  19.6 3 50x 051 05 184
TYNSVFFGR 0.9987 495 163 6 20x 027 041 70
VMDEANLEFLNNG-
EHFVPSAGIDSK | 09983 425 14 5 100x 09 077 1058
ISLSLHVLK 09979 388 128 8 5x - - -
ISITQIER 0.9964 292 9.6 2 10x 0.07 - -
ALGGIIMK 0.9959  27.5 9.1 7 10x 0.11 - -

* In the absence of stable isotope-labeled peptides, absolute amounts cannot be determined, however,
it is possible to calculate how many times the overexpressed amount can be diluted.

** Predicted (PSS) and empirical suitability scores (ESS) and the number of total observations (N Obs)
derived from PeptideAtlas [58].
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The length of the peptide is sufficient for the selective MS detection, does not contain
any known post-translational modifications, and is not derived from the transmembrane
region but from the intracellular region. The missed cleavage sites were investigated in the
peptide and in the immediate surrounding sequence. It does not contain methionine or
cysteine. It was also investigated whether multiple charge states can be detected, since the
result could be that several types of precursor ions are formed from one sequence. However,
multiple charge states and missed cleavage site containing versions for this peptide could
not be detected. It showed good linearity, the relative intensity of this peptide changed
proportionally with the dilution, and its reproducibility was sufficient even in the 50-fold
dilution. Based on the MS2 intensity, this peptide is ranked only 4th, but based on the relative
LOQ value, it is the 2nd, which proves that it is not enough to rely only on the MS2 intensity.

Peptides were also selected for BCRP protein quantification using the method
presented above (data not shown). An additional consideration for these samples was that —
as the overexpressed protein derived from different species than the background proteome
in some of the samples — a peptide from a less conserved protein region should be used as
a quality control. Although there is no described BCRP protein in the Uniprot database for
Spodoptera frugiperda, the commonly used SSLLDVLAAR peptide for human BCRP
quantitation is shared with many other species. In a different project for simultaneous
determination of mouse and rat BRCP with human (data not shown), we had to use a
different BCRP peptide. The other peptide was also used in these measurements, which was
the LLSDLLPMR. The methionine sulfoxide of the LLSDLLPMR peptide was monitored
from DIA measurements. The relative methionine oxidation was 5.65 =+ 0.49 % during the

whole experiment assuming the same response factor for oxidized and non-oxidized forms.

5.2.4. Absolute quantification of OATP1B3 and BCRP in different membrane fractions
The expression stability of OATP1B3 overexpression in HEK293-OATP1B3-LV cells

was investigated during tissue flask culture and multiple passaging using the selected
NQTANLTNQGK peptide. For this purpose, membrane fractions were prepared from the
cells using PE kit to be examined from three biological replicates (A, B, and C) at the time
of culturing (0 passage), and after 8 and 16 passage (approximately 1 and 2 months). Since
the specific absolute quantities are not published, the initial quantity of sample A was taken

as 100%. The quantity measured in the other samples was related to that amount (Figure 14).
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Figure 14. Relative amounts of OATP1B3 at the initial time point and after 8 and 16
passages (approximately 1 and 2 months) related to the initial amount of sample A.

There was no significant difference in the membrane protein concentrations (0.35 +
0.05 mg/mL), neither in the expression of investigated transporter between the replicates and
time points. The results show that the RSD of OATP1B3 expression between the samples
were relatively low 7.7% and 11.7% at the initial point of the experiment and after 8
passages, but a higher value (21.9%) was observed after 16 passes. The LOQ of the
established targeted method was 0.014 pmol / mg membrane protein and the relative
standard deviation (RSD) of the isotopically labelled NQTANLTNQGK standard during the
measurements was 8.5%.

The absolute amount of BCRP transporter protein was determined in four different
vesicle types (HEK293, MCF-7/MX, Sf9 and SF9-HAM), all overexpressing the same
human BCRP protein. The average of two proteospecific peptides (SSLLDVLAAR and
LLSDLLPMR) was used for quantitation as the amounts of the two peptides were similar in
these samples. The measured amounts were 165.76 + 41.98 pmol / mg membrane protein in
HEK293, 157.75 £ 26.62 pmol / mg membrane protein in MCF-7/MX samples, 128.77 +
41.59 pmol / mg membrane protein in Sf9 and 122.51 £+ 9.66 pmol / mg membrane protein
in Sf9-HAM samples (values in Supplementary Table 5). No significant difference was
detected in the BCRP expression of the different types of vesicle samples (Figure 15). The
LOQ of the established targeted method was 0.030 pmol / mg membrane protein (using
SSLLDVLAARK) and the RSD of the heavy isotope labelled SSLLDVLAARK and
LLSDLLPMR peptides were 8.0 % and 10.8 %, respectively.
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Figure 15. Absolute BCRP protein content of the four types of investigated vesicle
samples obtained from BCRP-overexpressing HEK293 (n = 6), MCF-7/MX (n = 4), S9
cell lines (n = 3 with cholesterol load (HAM) and n = 3 without cholesterol loading). Data
shown as mean + standard deviation from.
5.3. Discussion
Since drug transporter proteins are in the plasma membrane, one of the key parts in
the sample preparation for transporter quantification is the isolation of pure cell membrane
fraction. Therefore, PE membrane isolates were compared with vesicular preparations to
investigate to what extent the PE sample is representative of the same plasma membrane
proteome as the vesicle sample, especially in terms of the amount of ABC and SLC
transporters. The membrane protein content of the samples was effectively increased using
both membrane enrichment protocols, along with this, the measured number, and the relative
intensities of the ABC and SLC transporter also increased significantly. Kumar et al. [121]
found that using membrane extraction Kkits, not only plasma membrane proteins were
enriched, but these samples were often contaminated with proteins from other membranes
and cytoplasm. Similar results were experienced by Jankovskaja er al. [122] using the
ProteoExtract® Native Membrane Protein Extraction kit. The amount of a plasma membrane
marker protein (Na'/K"-ATPase) was two times higher in samples prepared by an
ultracentrifugation method, than in the samples prepared with this kit. In addition, the
reproducibility measured in technical replicates was also weaker using the kit. Our results
were similar, as the mean CV of measurable membrane proteins was higher, also that of

ABC and SLC transporters in PE samples, compared to the vesicle samples. In addition,
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different marker (based on [121]) proteins were used to determine the composition of the
enriched membrane samples. Although there were differences in the composition of the
samples based on specific markers, membrane proteins and their peptides showed a strong
correlation in the two membrane preparations. Both methods were able to significantly
increase the proportion of plasma membrane proteins and decrease the proportion of
cytosolic proteins in the samples compared to the whole cell samples. In accordance with
the results found in the literature, the samples revealed with the kit also contained other
proteins. However, it was also true for the other examined membrane enrichment protocol.
Proteins from other membranes (ER, Golgi, mitochondrion) were also enriched using both
methods.

In bottom-up proteomics, another important factor what influences the results is the
applied digestion protocol. Due to the poor solubility of membrane proteins it is often
necessary to use solvents containing large amounts of detergents to dissolve membranes,
disrupt protein—lipid interactions, and achieve protein solubilization [125]. However, these
can negatively affect the sensitivity and reproducibility of LC-MS measurements [126], so
it may be necessary to remove them during sample preparation. Shen et al. [70] found that,
using SEPOD, significantly more proteins could be identified in human and mouse tissue
samples, with much higher peptide yield, than with the FASP protocol. Klont e al. [127]
also compared these sample preparations, but concluded that no sample preparation is clearly
superior to the other. In these experiments DDA acquisition was applied, so the quantitative
comparison was completed at the MSI level. Our results are derived from DIA
measurements, therefore, MS2 relative intensity data was available, which enabled a more
selective and reliable quantitative comparison. The difference in the number of detected
proteins and peptides between FASP and SEPOD was smaller for the vesicle samples than
for the PE samples, probably because the vesicle samples did not contain detergents.
Therefore, the vesicle samples were prepared using the FASP protocol. Although an extra
detergent removal step was used in the FASP protocol, for PE samples containing large
amounts of detergent, the use of SEPOD was preferable as a higher amount of protein and
peptides could be quantified than with the FASP protocol. There was no difference in the
repeatability of the relative intensities between PE and vesicle samples using the same
digestion protocol, while CVs using SEPOD were lower for both sample types.

In bottom-up proteomics, choosing peptides for quantifying proteins have a significant
effect on the final result. In the response factor of peptides within proteins could differ on

average by over three orders of magnitude between the lowest and highest responding

47



peptides [15]. To create the most robust, reliable, and sensitive targeted methods, the most
suitable peptide should be used. As the peptide composition of a sample is dependent on the
applied digestion protocol, peptide need to be selected using the same sample preparation,
which is used for the experimental samples. Peptides for the absolute quantification of
proteins must meet several criteria [119]. Recently, software packages have appeared (e.g.
PREGO [128]) that are able to predict the applicability of peptides for targeted
measurements, however, peptide selection based on experimental studies still plays an
important role. Groer et al. [120] applied a combination of in silico predictions and
experimental data for determining the appropriate peptides for MRM measurements of
transporter proteins. Briefly, after in silico digestion, peptides were selected based on their
sequences, which were then verified by LC-MS measurements. Similarly to this approach
the peptides were examined with a combined strategy in our experiment. The suitable
peptides for the absolute quantification of OATP1B3 and BCRP proteins were selected by
the combined criteria system. In addition to the criteria previously defined in the literature,
the occurrence of missed cleavage sites not only in the peptide sequence but also in its
immediate vicinity was investigated, as this would increase the number of possible
precursors. The possible occurrence of multiple charge states was also monitored, which
could introduce additional variance. It was taken into account that the background proteome
and the overexpressed protein are from different species, so it is advisable to choose a peptide
that can distinguish between them. Therefore, two peptides were chosen for absolute
quantification of BCRP protein. A common problem is that it is not possible to choose a
perfect peptide in all aspects and a compromise has to be made. Also in this method, one of
the peptides contained methionine, but the oxidized product was monitored during the
analysis. It was not found to be problematic in the short-term analysis, as the amount of the
methionine sulfoxide version was constant and low, but its long-term applicability requires
further investigation.

However, our experimental examination was carried out with DIA measurement, for
which it was not necessary to pre-filter the target peptides, e.g. based on their sequence. The
selection of the peptides was applied only based on MS2 quantitative information. The
relative LOQs of the most intense peptides were determined using calibration curves. This
1s a challenge for endogenous peptides because a target peptide-free matrix is not available.
Several approaches are used, of which one of the most common is using reverse calibration
curves. In this method stable i1sotope-labeled synthetic equivalent of the analyte can be used

to predict the responses of a peptide in targeted proteomic experiments [129]. However, the
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1sotope-labeled peptide has a different m/z than the endogenous, so different ions can cause
interference and affect their detection, but it can also be tested whether the possible labeled
analogue will have interference in the given matrix. In our experiments, the goal was to
determine the amount of overexpressed proteins for which a control cell line was available.
If the digests of the overexpressed samples were diluted with control digests of the same cell
type, the matrix effect was constant during the relative LOQ determination. A matrix in
which the endogenous amount of the peptide of interest is below the LOD is suitable for
dilution. With this method precise information could obtained about what dilution of the
overexpressed amount can be detected in the given matrix with the tested peptides.
Considering the in silico, MS2 intensity, sequence and, relative LOQ data, the most suitable
peptides were selected for PRM measurements.

Due to the appropriate reproducibility, the developed target method is also suitable for
the detection of small quantitative differences. Applying this method, the expression stability
of overexpressed OATP1B3 in HEK293-OATP1B3-LV cells was confirmed, as they are
stable cell lines. There was no significant difference detected over 16 passages, for
approximately 2 months. This suggests that they can be used to study uptake transporters
two months after culturing. There was no significant difference in the amount of expressed
BCRP in the different BCRP overexpressing membranes, so that all these membranes can

be used to perform comparable activity assays.
6. Summary

In our experiments, DIA data acquisition technique was used to analyze the proteomes
of different samples. As a result, we have successfully demonstrated the proteomic
applicability of a new tear sampling protocol compared to two commonly used methods. In
addition, by using DIA, it was possible to optimize the sample preparation protocol and

select the most suitable peptides for targeted quantitative proteomic measurements.
7. Summary of the new findings

1) We created a combined library of tear samples collected from multiple sampling
procedure, which was used instead of sample-specific libraries, significantly improving
the results.

2) We have confirmed that the novel PRT method is highly efficient for sample collection
of tear fluid proteins. Proteins collected by this method can be efficiently and
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reproducibly extracted from the threads. Unlike microcapillaries, it can also be used for
proteomic analyses with small amounts of tears.

3) The protein composition of samples collected using this method strongly correlate with
samples collected using other common methods. The intra- and inter-personal variance
with the PRT method was lower than with the other sampling procedures, since the PRT
method is fast, non-irritating and can be used to collect small sample volumes with low
level of eye surface contamination.

4) Cluster analysis was used to classify proteins according to the frequency of occurrence in
the different tear sample types. On this basis, we identified common tear fluid proteins as
well as eye surface proteins.

5) The proteomes of membrane isolates prepared from cells with PE kit were compared with
membrane preparations used for vesicular transport assays. There were differences
between the membranes based on marker proteins, however, for membrane proteins and
peptides showed a strong correlation.

6) The SEPOD digestion protocol was found to be more effective in digestion of samples
with tenside content even without separate steps towards their removal. We were able to
quantify more membrane proteins and ABC and SLC transporters with better
reproducibility using this method from membrane enriched samples, than with FASP.

7) We have established a method for relative LOQ determination, which can help in the
selection of the suitable peptide for absolute quantification. For this purpose, digests from
protein-overexpressing cells were diluted with control digests of the same cell type.

8) Our targeted methods were suitable for the determination of absolute amounts of target
proteins with satisfactory reproducibility for measurement of biological variability both
in membrane vesicles and cell lines used in membrane transport assays. The stability of
overexpressed OATPIB3 in OATPIB3-HEK293-LV cells over 16 passages was
confirmed, and the targeted BCRP quantification contributed to the interpretation of

activity assays of different BCRP overexpressing vesicle samples.
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10. Supplementary material

Supplementary Table 1.

Characteristics of tear collection methods for proteomics analysis.

Glass capillary Schirmer’s strip
P PRT
arameter (CAP) (SU)

Average protein amount
recovered* 60 ug o8 g 29 g
Number of proteins
identidfied* 422 1225 1439
Average intracellular
,contaminant” protein MS 1.2% 1.5% 0.7%
intensity*
Median RSD of major proteins* 70% 77% 64%
Tear volume collected 3-10 puL [130] ~9 uL/cm [95] ~3—4 uL [96]
Tear collection time Up to 5 min [90] 5 min [91] 15-20 sec [91]

Contact with eye

No/minimal [93,97]

Strong contact with
cornea, conjunctiva
and lower eye-lid
[83,97,131]

Mild contact with
cornea, conjunctiva
and lower eye-lid

Site of tear sampling Variable [83,90] Variable [83,90] Standard|[85,90,91]
Diagnostic repeatibility Poor* [91,132] Good [92]
(volume)
Open/closed eye Open Open/Closed Open/Closed [133]
Invasiveness Low [100] High [100] Low/Medium
Discomfort (subjective) No [99] Yes [91] No [91,92]
S?HSItIVIty in detecting dry eye Low Low [91] High [92]
disease
Induces reflex tearing with .
higher flow rate No [83] Yes [91,100] Minimally [91]
Cutting and protein
. extraction or . .
Sample processing - . . Protein extraction®
centrifugation
[78,98]
Sampling device Variable Variable [94] Uniform [90]
material/source
Risk of injury Yes No [99] No
Cellular/plasma contamination Low [86,93] High Low*
P ' [80,86,93,97,131]

Tear.co.llectlon requires Yes [99] No No
specialist
Continuous intervention

Yes [99] No [99] No

during sample collection

* Data from current work, ** Can be improved with anesthesia (Type I test) [130]
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Supplementary Table 2.

Summary of the number and summed intensities of quantified proteins and

peptides in the different cell disruption protocols. nTC=4; n PE =4; nVesicle=5.

All proteins All peptides
Number Sum intensity Number Sum intensity
Mean = SD Mean RSD Mean = SD Mean RSD
TC 5803 + 140 4.87E+09 1.89 52912 £2334 3.07E+10 1.49
PE 5567 + 339 5.00E+09 1.01 48205 + 5188 2.84E+10 3.32
Vesicle 6061 + 41 4.58E+09 1.54 57870 £ 1171 2.44E+10 3.17
Membrane proteins Membrane peptides
Number Sum intensity Number Sum intensity
Mean = SD Mean RSD Mean = SD Mean RSD
TC 1890 + 88 1.20E+09 3.03 14920 £1157 6.69E+09 4.22
PE 2120 +£210 2.00E+09 16.64 17689 + 3011 1.00E+10 16.01
Vesicle 2402+ 16 1.95E+09 2.27 22620 + 509 9.83E+09 2.03
ABC + SLC proteins ABC + SLC peptides
Number Sum intensity Number Sum intensity
Mean = SD Mean RSD Mean + SD Mean RSD
TC 85+6 4.04E+07 14.91 456 £ 41 2.29E+08 16.63
PE 122 +18 1.08E+08 19.76 771 + 148 6.12E+08 19.64
Vesicle 145+£2 1.44E+08 6.27 1011 +38 8.83E+08 5.06
Supplementary Table 3. Calculated enrichment factors of the marker proteins in the different type
of samples.
Vesicle ProteoExtract Total Cell
Mean = SD Mean = SD Mean = SD
Cytosol (GAPDH) 0.3+0.1 0.5+0.1 1.0+ 0.1
Cell membrane (ATP1A1) 2.8+0.5 4.0+£0.9 1.0+0.1
ER (CALR) 0.8+0.1 1.3+£0.2 1.0+£03
Golgi (GOSR1) 6.1+£0.3 33+£1.8 1.0+0.3
Nucleus (H4C2) 0.1 £0.05 03+03 1.0+£0.2
Mitoch. (TIMM23) 20+0.2 27+1.0 1.0+£0.3

Supplementary Table 4. The reproducibility of the measured intensities (CV) of the peptides and

proteins applying different protocols.

All Membrane ABC + SLC
Proteins Peptides Proteins Peptides Proteins Peptides
PE FASP 0.16 0.27 0.16 0.27 0.19 0.25
SEPOD 0.11 0.20 0.11 0.20 0.14 0.19
. FASP 0.17 0.30 0.17 0.30 0.20 0.28
Vesicle
SEPOD 0.10 0.19 0.09 0.18 0.11 0.18
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Supplementary Table 5. BCRP content of the BCRP-containing vesicle samples (pmol / mg

membrane protein).

SEPOD

1e5

1e7

le6

led

BCRP-HEK?293 BCRP-M BCRP-SfO BCRP-SfO-HAM
95.47 127.884 80.36 109.592
214.976 149.148 181.914 132.832
170.616 153.232 124.038 125.114
179.61 200.738
205.636
128.262
A B C
7 g ?
) l‘e £ £
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Supplementary Figure 1. Chromatograms of molecular contaminants [128] after direct in-

solution (A) and FASP (B) and SEPOD (C) digestion of the same PE membrane sample.
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Supplementary Figure 2. Comparison of the intensities of the measured proteins (A) and
peptides (B) with the tested digestion protocols. The mean intensities measured in
SEPOD samples on a log10 scale are plotted on the y-axis, against the mean intensities
measured in FASP on the x-axis. Pearson correlation coefficients are shown at the top

of the figure.
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Cytoplasmic

Supplementary Figure 3. Location of OATP1B3 protein in the membrane. The sequences

marked in blue could be identified with the DIA measurement, the most intensively

detectable sections marked in dark blue were included in the further examinations. The

peptide selected for the absolute quantitative measurements marked with green.
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Abstract: Tear samples are considered in recent publications as easily, noninvasively collectible
information sources for precision medicine. Their complex composition may aid the identification of
biomarkers and the monitoring of the effectiveness of treatments for the eye and systemic diseases.
Sample collection and processing are key steps in any analytical method, especially if subtle personal
differences need to be detected. In this work, we evaluate the usability of a novel sample collection
technique for human tear samples using phenol red threads (cotton thread treated with the pH
indicator phenol red), which are efficiently used to measure tear volume in clinical diagnosis. The
low invasiveness and low discomfort to the patients have already been demonstrated, but their
applicability for proteomic sample collection has not yet been compared to other methods. We
have shown, using various statistical approaches, the qualitative and quantitative differences in
proteomic samples collected with this novel and two traditional methods using either glass capillaries
or Schirmer’s paper strips. In all parameters studied, the phenol red threads proved to be equally
or even more suitable than traditional methods. Based on detectability using different sampling
methods, we have classified proteins in tear samples.

Keywords: LC-MS; tear; proteomics; data independent analysis; mass spectrometry

1. Introduction

The paradigm change from reactive to predictive, preventive, and personalized
medicine requires novel and reliable methods that can provide a more precise diagno-
sis and patient stratification, detect early disease, elucidate the risk of disease, and predict
disease outcome, response to therapy, and permit monitoring of therapeutic management.
To this end, the discovery and validation of specific biomarkers/biomarker panels would
be a promising approach. The source of biomarkers is crucial for the specificity, sensitivity,
accuracy, and reliability of diagnostic tests and treatment targets [1]. Human tear fluid has
attracted increasing interest in the last decades as a potential source of biomarkers of patho-
physiological states, due to its accessibility, non-invasive nature of its sampling, moderate
complexity, and responsiveness to ocular and systemic diseases [2]. Tear fluid contains
proteins, such as enzymes, mucins, hormones, immunoglobulins, growth factors, neuropep-
tides, and cytokines along with lipids, salts, and carbohydrates [3]. This comprehensive
biomolecule repertoire in human tears serves as a good source for biomarker discovery
for diseases. The biggest advantage is that tears are proximal to the disease location (such
as ocular surface disease, lacrimal gland disease, etc.) contrary to, e.g., cancer biomarkers
in blood, where the related biomarker molecules could be distant from the source, and
are highly diluted [4,5]. The tear fluid proteomic profile has been found to provide basic
biological information for many ocular diseases, such as dry eye syndrome, blepharitis,
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keratoconus, thyroid eye disease, vernal keratoconjunctivitis, diabetic retinopathy, and
primary open angle glaucoma [1,6]. Even though tear components are mainly derived
from secretory glands, such as the lacrimal glands, the change of tear film composition
is not only regulated by its secretion units. Protein molecules can enter the tear fluid
through conjunctival blood vessels and, due to the overlap between the tear and plasma
proteome, there may be opportunities to observe systemic responses in the tears. Several
such examples thus far include breast cancer, type 2 diabetes, Alzheimer’s disease, multiple
sclerosis, and rheumatoid arthritis [1,6]. Some systemic diseases may affect the eye so we
can use ‘tears’ as a ‘window’ to assess systemic as well as ocular diseases.

The most frequently used tear sampling methods for proteomics analysis in both clini-
cal and research settings involve the direct collection of tear fluid into a glass microcapillary
tube or via an absorbent material such as Schirmer’s paper strips, threads, ophthalmic
sponges, and polyester rods [7]. During capillary sampling, one end of the glass capillary
is placed in the meniscus of the tear fluid and due to the capillary action, the tear flows
from the conjunctival sac into the interior of the glass capillary. The Schirmer’s strip was
originally a standard clinical tool used in many places to measure tear fluid volume, but
it was found to be suitable for collecting tear samples too. Both sampling methods have
advantages and disadvantages, they are often time demanding, uncomfortable for the
patient, require medical professional assistance, and sometimes do not provide a sufficient
amount of samples for analysis. We need a simple, fast, non-invasive, and reliable tear
collection procedure that provides unbiased tear samples even from low-volume sampling
(e.g., aqueous tear-deficient patients or experimental animals). Kurihashi et al. established
a method of tear secretion measurement using fine cotton threads [8] which might meet the
above requirements, and already proved to be an applicable sample collection method for
analysis of small molecules [9].

The advancement in nano-scale liquid chromatography coupled MS (nanoLC-MS)
that provides improved chromatographic separation of peptides, higher sensitivity, and
extended dynamic ranges to identify > 1500 proteins, has opened up the possibility of
tear biomarker research [6]. There are numerous studies and reviews in the literature on
the investigation of protein profiles from differently collected tear samples using liquid
chromatography coupled to mass spectrometry (LC-MS) [1,2,4,5,7]. It was shown that
samples collected by Schirmer’s strip and capillary method have large quantitative and
qualitative differences in their protein composition [6], therefore any new sample collection
method should be evaluated in that respect too.

The goal of this study was to compare a new tear sampling procedure using phenol
red thread (cotton thread treated with the pH indicator phenol red) (PRT) with the two most
frequently used methods for sample collection in order to determine the protein profile of
tears by liquid chromatography-mass spectrometry.

To the best of our knowledge, this is the first comprehensive study on the comparison
of the commonly used Schirmer’s strip, microcapillary, and the novel PRT method in
human tear proteomics analysis.

2. Results
2.1. The Choice of Sampling Method

Our goal was to introduce a reliable new sampling procedure, which provides us with
a convenient way of collecting enough tear samples for quantitative proteomic studies.
In this comparative study tears of the same 10 healthy donors were collected by three
sampling methods and analyzed by the same proteomics procedure. General protocols
for the use of glass capillary tubes (CAP) and Schirmer’s strips [10] were followed, and
PRT as a new tear sampling device was included in this study. After sample collection,
Schirmer’s strips were divided into a lower section (SL) which was in direct contact with
the surface of the eyeball and eyelid, and the following 10 mm long upper section (SU) and
processed separately.
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A qualitative and quantitative proteomics study was performed on samples collected
from the left and right eyes of all donors: altogether 20 PRT, 20 SU, 19 SL, and 18 CAP
tear samples were analyzed. The total volume or protein content of all PRT, SU, and SL
samples was satisfactory for our protocols; however, one SL sample was damaged during
processing. In the case of two donors, the volume of tears collected with glass capillary
tubes was insufficient (less than 1 pL) to determine the total protein content and perform
proteomic sample preparation.

Both the volume and the total protein content of tears collected with the CAP sampling
procedure showed large variance (7.9 = 7.0 uL and 64.1 £ 44.9 nug, respectively). Tears
are collected slowly and erratically, with interruptions due to blinking and eye movement,
what—apart of individual variance—may explain the large fluctuation [4]. In contrast, the
total protein content after the extraction of SL strips, 10 mm long SU strips, and whole PRT
samples proved to be 42.0 & 11.4 pg, 57.8 £ 15.5 pg, and 28.9 & 11.2 ug, respectively.

2.2. Impact of MS Data Acquisition and Evaluation Method

Mass-spectrometry-based proteomics enables us to identify and quantify hundreds
of thousands of proteins from different samples. However, the quality of the results is
highly dependent on the experimental and computational workflows. A large number of
proteomics software tools and algorithms have been published for data-independent acqui-
sition (DIA) proteomics data processing. We applied DIA-NN software for spectral library
creation, protein identification, and quantification, which is an integrated software suite,
that exploits deep neural networks and new quantification and signal correction strate-
gies [11]. Our DIA-NN workflow first was set up to use sample-specific spectral libraries
generated by refining predicted libraries using six gas-phase-fractionated acquisitions
(GPF-DIA) with 4 m/z precursor isolation windows from all four types of pooled samples.
These sample-specific spectral libraries demonstrate the deepest proteome coverage of a
given sample type. A combined spectral library was built by searching all four groups
of GPF measurements in one against the same predicted spectral library. This combined
library contains a total of 2583 proteins, any of which were present in a quantifiable amount
in at least one pooled tear sample.

Data of DIA acquisitions collected from the analysis of individual samples (DIA-Q)
were searched against both the sample-specific and combined libraries. The number of
quantified peptides was 66.1 £ 42.9% higher when the search was carried out on the
combined library. Searching against the combined library had a lower effect for SL samples
than the PRT, SU, and CAP, as these samples contained the highest number of quantifiable
peptides and contributed to the greatest extent to the size of the library.

Although the combined library originating from the GPF-DIA measurements from four
pooled samples contain 2583 proteins, in the individual samples 1144 could be quantified
with at least two peptides in the DIA-Q measurements.

2.3. Comparison of the Tear Proteomes of Different Sample Types

For the comparison of the proteomes detectable in our CAP, SL, SU, and PRT sam-
ples, the combined spectral library created from a GPF-DIA analysis of sample-specific
pooled samples was chosen, as this demonstrates the deepest available protein coverage.
All quantifiable proteins were included in this comparison, regardless of the number of
peptides detected.

The dynamic range and contribution of proteins in different types of samples to the
combined library are shown in Figure 1. The library covers proteins with a range of more
than six orders of magnitude in summed signal intensity. Number of proteins shown
on the Venn diagram refers to number of protein groups, which may consist of more
than one protein, and cannot be differentiated based on identified peptides. The lowest
number of proteins could be identified in the pooled CAP sample (422 protein), while in
the two indirect pooled tear samples (PRT and SU), a similar number of proteins could be
detected (1439 and 1225) with a much higher overlap (1092 shared protein identifications).
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The SL samples were only included in the investigation to detect possible contaminants
originating from the strong direct contact of the Schirmer’s strip with the ocular surface.
This assumption is supported by the presence of nearly 1000 proteins, which were identified
only in this type of pooled sample. These proteins are present in low abundance, according
to their summed intensity (green dots in Figure 1). It must be noted that the parts of the
PRTs in contact with the eye were not removed, which may explain the approximately
300 proteins shared by only PRT and SL samples (red dots in Figure 1). The majority of the
most intense (10°-10'°) proteins could be identified in all sample types, but there are many
common proteins with lower intensity. Altogether, 341 protein groups could be detected in
all the four sample types (ochre dots in Figure 1). The list and annotations of all proteins in
the combined spectral library can be found in Table S1 in the Supplementary Materials.
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Figure 1. Summed intensity of proteins in combined spectral library as a function of protein intensity
rank, demonstrating the dynamic range of identified proteins. Data points are colored according to
highlighted subsets of the library as shown in the Venn diagram insert, to demonstrate contribution
of different sample types to the library. Gene names of the top proteins are shown in the order of
intensity rank.

To study the quantitative similarity of different sample types, Pearson correlation
coefficient values were calculated for the proteins quantified in sample type-specific pooled
samples (Figure 2). This assay shows a strong correlation between PRT and SU samples
(r =0.90), but the pooled CAP sample also correlates satisfactorily with these samples
(r=0.76-0.78).
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Figure 2. Correlation of intensities of proteins in different pooled samples. The depth of the back-
ground colors of scatter points on top-right is proportional to the value of actual Pearson correlation
coefficients, which are shown on the 2D histograms at bottom-left. The number of the common sets
of proteins (1) are given.

2.4. Clustering of Proteins in Different Types of Samples

The analysis of the spectral library created from the analysis of four different types
of pooled samples in the previous section already highlighted the diversity of proteomes
determined in samples collected by different methods, but the statistical classification of
proteins based on sample-specific detectability is only possible on analysis of individual
samples. It must be noted that the applied DIA approach, with match-between-run iden-
tifications enabled, can minimize the technical reasons for missing values, therefore this
analysis reflects heterogeneity in sample composition.

A k-means cluster analysis based on sample-type specific detection frequency (in %)—
was performed to classify the 1144 quantifiable proteins into four clusters (the number of
clusters was predicted using the elbow method [12]) (Figure 3).

In Cluster A (pink), there were 195 proteins that could be measured with high fre-
quency in all sample types (86-92% of the samples within any sample type). Cluster B
(dark green) includes 242 proteins that were repeatedly measurable (84-98%) in samples
from indirect procedures (SL, SU, and PRT), but they were quantifiable in only a few CAP
samples (8%). The other two clusters consist of proteins that could be measured with high
frequency in the SL samples, but in the SU and PRT samples only with medium (Cluster
C), 312 proteins) or low (Cluster D), 395 proteins) frequency. Using this approach, proteins
within the latest cluster may be marked as possible contaminants of tear samples. They
have been found mainly in the SL samples, but rarely in any other sample group. On the
other hand, proteins of Cluster A and B may be considered as common tear proteins, with
the remark that CAP sampling provides reproducible detection for members of only Cluster
A. It must be noted that PRT sampling produces the highest detection rate for proteins of
those two clusters (see distributions on boxplots in Figure 3).
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Figure 3. k-means (k = 4) cluster analysis of the quantified proteins based on the percentage of

observations in samples of the different sampling procedures. Detection frequency of each protein
is given as a heatmap on top. The boxplots on the bottom show the distributions of detectability of
proteins in different sample types within each cluster.

We have compared the summed relative intensities of the identified protein clusters in
each type of sample (Figure 4). As expected, the highest level of the possible contaminating
eye-surface proteins (395 and 317 proteins in Clusters D and C, respectively) were found
in the SL samples, where on average 6.0% of the total intensity of all proteins is given
by the proteins of Cluster D. CAP, SU, and PRT samples contain an average of 1.2, 1.5,
and 0.7% proteins of that cluster. Proteins of Cluster C can be found at higher abundance
in each sample type. Their values are still less than 5%, except for the SL samples (13%
of total intensity). Proteins of Cluster B were detected only in a few CAP samples, and
their intensity was low (on average 2%), while their relative abundance was highest in SL
samples again (32% average). Members of Cluster A contribute the most to CAP sample
protein intensity (95%), and slightly less than 50% in SL samples. The average abundance
of these proteins is higher in PRT (83%) than in SU (76%) samples. For all clusters, the
variance of PRT samples is lower than those in SU, but slightly higher than in CAP samples,
which, however, have a less complex protein composition.
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Figure 4. Boxplot of summed relative intensity of the four protein clusters in each sample type
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The list, quantitative data, annotations, and cluster assignments of all proteins quanti-
fied in the individual samples can be found in Table S2 in the Supplementary Materials.

2.5. Classification of Tear Proteins

Based on the detection frequency of proteins in samples collected using different
sampling methods, we identified four clusters of proteins in the previous section. In order
to give biological classification of the proteins in tear samples, each protein was annotated
with available GO and UniProt terms. Fisher’s enrichment analysis was performed on
these terms to identify common properties of proteins within each cluster. Here we discuss
a few examples of the significantly enriched categories (Benjamini—-Hochberg corrected
FDR < 2%), which are different in different clusters and relevant to tear and tear sampling.

Proteins associated with specific intracellular localization GO terms, are enriched
in Cluster D, which are specific to SL samples, e.g., 21% of Cluster D proteins are from
mitochondrion, contrary to cluster A, which includes only 1% of such proteins. The general
Cytoplasm GO subcellular localization is enriched in all the Clusters B, C, and D (40-71%),
while in the Cluster A, which was the only cluster effectively sampled using capillaries,
there were only 19% of such proteins.

Sixty-three percent of proteins in Cluster A are secreted, while only 9% of Cluster D
proteins are annotated with this Uniprot Keyword. Eighty-five percent of the different Ig
chains (36 of 40) detected in our samples are in Cluster A, which makes 17% of the proteins
in this cluster. Most of the identified keratins (10 out of 12) frequently occur in all sample
types, thus they are found in Cluster A.

In addition to those general ontological annotations, some more eye-specific informa-
tion was also added to clarify the origin of proteins in different clusters. The EyeOME [13]
database collects a list of proteins identified in different parts of the human eye. For the
classification of proteins in tear samples based on their possible origin, two groups were
created: proteins which can be found in the “Tears’ section (including 1506 proteins) and an
eye surface group from the ‘Cornea’ or ‘Sclera’ sections of the EyeOME database (1469 and
1895 proteins respectively). There is a large overlap in these assignments, 1213 proteins
are common to tears and the eye surface in that database. Immunoglobulins are excluded
from EyeOME, that is the main reason that not all, but 1093 proteins of the database were
among the 1144 quantified proteins from our experiments, 846 of which are common to
tears and the eye surface. Based on the overlap of clusters identified in Section 2.4 and the
EyeOME assignments (shown in Figure 5), we can make further refinements of protein
classification. The majority of the members of Cluster A are common (124), or specific to
tears (31), thus we suggest classifying these as common tear fluid proteins. It must be noted
that all Igs can be considered as such also, as those are found in Cluster A but excluded
from the EyeOME. Most of the proteins of Cluster B (228 of 239) are common to tears and
eye surface in EyeOME, rarely detected in CAP samples, therefore we can consider them
as proteins of the lower layer of tear fluid and proteins easily and reproducibly collected
from the eye surface using the indirect sampling methods. Altogether, these 437 proteins
in Cluster A and B (392 in EyeOME) proteins we would classify as regular tear sample
proteins, independent of origin (green in Figure 5).



Int. ]. Mol. Sci. 2022, 23, 8647 8 of 20

268
= B 228 226
137 124

Tears| O o] O O

Surface O O
Common—0 O O ?
C(A) 5 o
C(D) o0 o)

846

Cluster Eyeome

Figure 5. Count plot representation of the intersections of protein clusters and sections of the
EyeOME [13] database. Clusters are those identified in Section 2.4. Proteins in the ‘Cornea’ or ‘Sclera’
section of EyeOME were classified as Surface.

2.6. Intra- and Interpersonal Variances of Different Tear Samples

The differences in the composition of the tear samples collected from different persons,
or from the two eyes of the same subject, may be a combination of several simultaneous
reasons, including the effect of the sampling procedure on eye surface and tear secretion. In
order to identify sampling induced effects, the protein composition of tear samples of the
same person was compared using different methods, excluding the highly contaminated
SL samples. Similar distributions of absolute protein abundance differences were observed
in all sampling methods, however the Pearson correlation of intensities showed marked
differences in the three tear fluid samples. The strongest intrapersonal correlation was
found in the CAP samples (average of coefficients was 0.91, median 0.92), while PRT
samples (average of 0.77, median 0.81), and SU samples (average of 0.73, median 0.76)
presented weaker correlations. (Figure 6A). The ratio of the protein MS intensities measured
in the two eyes relative to the average of the eyes was also calculated to represent the
differences between the eyes. The log2 transformed distribution is the narrowest around 0
in the case of CAP samples, and widest is in Schirmer’s samples (Figure 6B). Eleven percent
of data points has an absolute value higher than 1 (at least twofold difference relative to
eye average) in the case of CAP samples, in Schirmer’s samples 21% and in PRT samples
14% has that high difference.
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Figure 6. (A). Intrapersonal (left-to-right eye) Pearson correlation coefficients of samples of different
sampling methods. (B). Distribution of protein log2 transformed intensity ratios measured in the two
eyes relative to the average of the two eyes. (C). Distribution of coefficients of variation (CV%) for
intensities of proteins in Cluster A in all samples of different sampling methods.
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We calculated the overall variance (CV) of protein intensities in the whole sets of
sample types. The CV distribution of the common 195 proteins of all sample types (Cluster
A) are shown in Figure 6C. According to this, these proteins have a lower median CV in
PRT samples (64%) than in either SU (77%) or CAP samples (70%).

2.7. Evaluation of the Proteomics Rotocol

The nanoLC-MS reproducibility was determined by triplicate injection of a randomly
selected PRT sample. The number of identifications and the reproducibility of the relative
intensities were compared at both protein and precursor levels; 3003 £ 21 precursors
were quantified with the median CV of 0.17 in these measurements, corresponding to
548 £ 4 proteins with the median CV of 0.15. Based on these results, our procedure was
suitable for the study of sample preparations and sampling procedures.

In order to evaluate the efficiency and reproducibility of protein extraction from PRT
samples, three different extraction solutions (5% SDS, 100 mM ABC, and 1% acetic acid in
water) were tested. Nine PRTs were soaked in a pooled capillary tear sample to ensure the
same initial protein concentration and composition. Note that this experiment was limited
by the number of proteins detectable from capillary samples, but comparison to the original
pooled capillary sample provides satisfactory data on recovery and reproducibility for major
tear proteins. There were no significant differences observed in the total amount of extracted
proteins as determined by BCA assay (Table 1); however, the lowest reproducibility was
found using acetic acid. The number of detected and quantified proteins, reproducibility
(CV) of protein intensities and correlation to the original capillary sample were similar
using the SDS and ABC protocols, but the acetic acid protocol performed worst regarding
all these measures.

Table 1. Comparison of tear protein extraction methods from PRT.

Total Amount of Number of Percentage of the Total Median CVof  Pearson Correlation
Proteins (ug) Quantified Proteins Number of Proteins Intensity to Capillary (r)
Capillary - 236 100.0 0.17 -
SDS 41.5+£33 198 83.9 0.19 0.941
ABC 364 £ 1.16 203 86.0 0.15 0.946
Acetic acid 409 +6.78 152 64.4 0.23 0.851

Using either the SDS or ABC protocol, 84-86% of proteins can be recovered, and
Pearson correlation with the original sample demonstrated, that the protein composition
was not biased, the extract correctly demonstrates the original composition. Although ABC
extraction seems to be suitable for protein extraction from PRT samples, the presence of a
tenside (e.g., SDS) may help the extraction of the intracellular fraction that was excluded by
our evaluation approach. Because of that, and for comparability with the protocol applied
for Schirmer’s strips, we used the SDS approach in our analysis.

3. Discussion

The lacrimal apparatus supplies tear fluid to the surface of the eyeball and the eyelid,
minimizing friction and cleaning the eye. Tear fluid and its components are actively
secreted by various secretory units, including lacrimal glands, meibomian glands, accessory
lacrimal glands, sebaceous glands of Zeis and Moll, and corneal and conjunctival cells.
Additionally, the highly vascularized conjunctival tissue contributes with a large number
of blood-derived compounds to the composition of tear fluid [14].

The main and accessory lacrimal glands secrete tear fluid into the lateral aspect of the
superior conjunctival fornix, and the upper fornix. Then the fluid spread across the entire
surface of the eye covering the anterior eyeball with a thin film, called preocular/precorneal
tear film. The tear fluid flows from lateral to medial toward the tear drainage system at
the inner canthus [15]. Tear production normally is about 0.5-2.2 pL/min, considering the
total volume of 67 pL it causes 16% turnover per minute [4,16]. In addition to production,
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evaporation, absorption, and drainage are responsible for dynamic balance of the preocular
tear film.

The preocular tear film is a thin fluid layer (2-6 um) covering the ocular surface; it is
the interface of the ocular surface with the environment. The precorneal tear film is now
regarded as a complex blended two-layer structure comprising of a mucoaqueous gel layer
lying beneath, but at least partly integrated with an overlying lipid layer [17].

Tears have been classified into three main types: basal, reflex, and psycho-emotional [18].
Basal tears, also known as non-stimulated tears, continuously coat the eye to keep it moist
and protected. Reflex tear (or stimulated) is a higher lacrimal flow produced in response to
external physical or chemical stimuli. Psycho-emotional tears are produced in response
to joy, sadness, fear, and other emotional states. Each type of tears has many variants,
and their differences are not always clear, as they sometimes overlap or are imprecise or
controversial. It is more accurate to think of tear output as a continuum, whereby the
rate of production is proportional to the degree of sensory or emotive stimulation [14].
The aqueous part of all types of tears are produced by the lacrimal glands and accessory
lacrimal glands, but differ in their volume and composition [19].

As can be seen from the above, tear fluid is a dynamic mixture of substances with
different origins and may have different composition depending on external physical or
emotional factors. In addition, to the biological variance in tear composition, samples
collected from the tear film may vary depending on the sampling position on the eye
surface, depth of sampling of different fluid layers, changes induced by the sampling
process (physical or emotional stimuli) and recovery from the sampling device.

Protein concentrations in normal tear fluid range from 6 to 11 mg/mL [5], but the
protein concentration and composition of tear fluid samples are greatly influenced by the
following factors [7,20]: (i) tear collection device (glass capillary tubes, Schirmer’s strips,
threads, ophthalmic sponges, and polyester rods; (ii) types of collected tears (reflex, or
non-stimulated tears), which might be affected by the tear sampling procedure, irritating
stimuli like environmental fluctuations, physiological status or rubbing the skin with
alcohol, anesthesia; (iii) location of tear sampling (the inferior temporal tear meniscus near
the external canthus of the eyes, or the inferior conjunctival sac); (iv) whether sampling
occurred from open or closed eye; (v) last, but not least, the sample processing (recovery
from the sampling device) and the further analytical procedure and data analysis. As can
be seen from the above, tear sampling method is definitely a major challenge and has the
greatest significant influence on the precision and reproducibility of the analytical results.

Several tear sampling methods are available, and every sample collection method used
must be assessed since it has a significant influence on the precision and reproducibility of
the analytical results. Each sampling method has advantages and disadvantages; therefore,
it is not easy to choose the appropriate one. The most often used tear sampling methods
for proteomics analysis in both clinical and research settings involve direct collection of
tear fluid into a glass microcapillary tube or via an absorbent material such as Schirmer’s
paper strips, threads, ophthalmic sponges, and polyester rods. For determination of the
protein profile of the tear sample the capillary tube and the Schirmer’s strip are used most
frequently [7,20].

As both methods are routinely used for measuring tear volume in ophthalmology, and
in many tears proteomics studies, much information has been gathered on their application.
A comparison of the capillary, Schirmer’s strip and the new PRT tear collection methods is
provided in Table 2.

Collecting tear fluid by capillary tubes is generally found to be more convenient
for patients, but because of fear of injury, some find it less desirable than the Schirmer’s
strip. It can be time consuming, sometimes it can take up to 10 min to collect enough
tears, because tears flow slowly and erratically, with interruptions due to blinking and eye
movement [21]. Therefore, it less suitable for collecting samples from aqueous tear-deficient
patients or animal models. To collect tears, capillary tube is usually placed close to the
inferior temporal tear meniscus near the external canthus without touching the cornea,
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conjunctiva, and lower eyelid. If the sampling is performed by a specialist who has practice
and experience in this collection method, then it does not induce reflex tearing, nor does it
involve a potential risk of injury. However, the investigator has to hold the capillary tube
for the duration of the sampling procedure, which entails constant and prolonged work
on the open eye. Tear collection with capillary frequently requires previous stimulation or
instillation of different volumes of saline into the cul-de-sac and collecting after sufficient
mixing [7]. Capillary samples contains a higher percentage of proteins originating from
extracellular region, protein containing complexes, and membrane [4,10,22]. In biological
processes, immune response, complement pathway, and tissue development proteins
dominate more frequently in capillary samples.

Schirmer’s test is well-established in clinical ophthalmic practice to measure tear
secretion [23,24]. Tear collection is performed using a special filter paper strip (5 mm wide
and 35 mm long) with the bent end placed between the palpebral conjunctiva of the lower
eyelid and the bulbar conjunctiva of the eye. The eye is then closed for 5 min while the
tear fluid absorbs into the filter paper. The test can be performed with or without the
use of anesthetics. Although Schirmer’s strips have been considered a convenient and
easy to perform method of tear collection, their use can cause strong irritation, leading
to reflex tearing that results in larger but more diluted samples. The strip is in contact
with the highly vascularized conjunctiva and can injure its surface and microvasculature.
This damage and induction of the secretion of reflex tears by mechanical irritation likely
distort the protein-profile of tear samples. Due to the trauma, these kinds of samples
contain proteins not only from tears but also from surrounding tissues and blood [4,25]. An
increased number of cell and organelle-specific (intracellular) proteins has been reported
that contaminate tear samples [10].

Table 2. Characteristics of tear collection methods for proteomics analysis.

Parameter Glass Capillary (CAP) Schirmer’s Strip (SU) PRT
Average protein amount recovered * 60 ug 58 ug 29 ug
Number of proteins identified * 422 1225 1439
A"emg;;(‘:;f;iﬂgliftefl;’i‘:;a?mant 1.2% 1.5% 0.7%
Median CV of major proteins * 70% 77% 64%
Tear volume collected 3-10 uL [26] ~9 ul./cm [27] ~3—4 uL [21]
Tear collection time Up to 5 min [20] 5 min [28] 15-20 s [28]

Contact with eye

No/minimal [22,29]

Strong contact with cornea,
conjunctiva and lower
eye-lid [7,29,30]

Mild contact with cornea,
conjunctiva and lower eye-lid

Site of tear sampling

Variable [7,20]

Variable [7,20]

Standard [9,20,28]

Diagnostic repeatability (volume) Poor **[28,31] Good [32]
Open/closed eye Open Open/Closed Open/Closed [33]
Invasiveness Low [34] High [34] Low/Medium
Discomfort (subjective) No [23] Yes [28] No [28,32]
Sensitivity in detecting dry eye disease Low Low [28] High [32]
Induces reﬂef>1< tearing with higher No [7] Yes [28,34] Minimally [28]
ow rate
. Cutting and protein extraction or . -
Sample processing - centrifugation [2,35] Protein extraction
Sampling device material/source Variable Variable [36] Uniform [20]
Risk of injury Yes No [23] No
Cellular/plasma contamination Low [10,22] High [4,10,22,29,30] Low *
Tear collection requires specialist Yes [23] No No
Continuous intervention during Yes [23] No [23] No

sample collection

* Data from current work, ** Can be improved with anesthesia (Type II test) [26].
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Collection of tears with Schirmer’s strip is an indirect method carried out using absorb-
ing supports. Proteomics analysis of these kinds of samples requires either centrifugation
of tear fluid or extraction of proteins (before digestion) or peptides (after in-strip digestion)
from the paper strips. A disadvantage of this absorbent-based sampling method is that
different extraction procedures may result in varying protein profiles. It was recently
reported [36] that the elution of proteins from Schirmer’s strips varies significantly between
different brands of the filter paper because of their distinct absorptive properties. Apart
from the variety of clinical procedures used to perform Schirmer’s test, it seems likely that
one of the causes of the variability of Schirmer’s test between studies is related to the use
of different Schirmer’s test strips. Unfortunately, there is no standardization of commercial
strips, even though the need for standardization was recognized over fifty years ago. The
maximum volume of absorption on 10 mm long piece of Schirmer’s strip was found to be
around 9 pL [27], but it may also depend on strip material.

Phenol red thread, like the Schirmer’s test, is a widespread clinical test for measuring
tear volume [28,32]. In the detection of dry eye, PRT is equally sensitive, but it has many
advantages over Schirmer’s test. Sampling can be performed in a significantly shorter time
(15 s vs. 5 min), which is much more convenient for patients. It can also be performed on
children [11] and it has a significantly smaller contact area causing minimal irritation and
minimal induction of reflex tearing [37]. It has the advantage that it is not only suitable
for human tear sampling but has been shown to better evaluate tear secretion in small
animals with lower tear volume such as birds [38] and rodents [39]. Phenol red thread
collects around 3 pL of tear fluid [21], and this volume is low compared to an average basal
tear volume. The inability of PRT to absorb the entire volume of basal tears means that the
collected initial sample is almost pure basal tears; however, it can be used for the collection
of reflex tears if applied after stimulus [21], which can be a big advantage over other tear
collection methods.

In our experiments, both absorbent-based approaches (SU and PRT samples) allowed
the collection of low-volume samples, and the amounts of proteins were sufficient to
perform several proteomic analyses even from those two donors whose CAP tear samples
were not sufficient. The safe application of capillary approach without touching the eye
surface, requires larger tear volume with a thick tear film. This makes it less suitable for
the collection of tear samples from aqueous tear-deficient patients [22,29], but there is no
such limitation with the indirect methods, where the soft sampling material is immersed in
the tear film.

The observable proteome with the two most frequently used tear fluid sampling
methods have been compared several times; most of these studies conclude that although
both methods can be used, the capillary and Schirmer’s strip tear collection methods still
result in different protein compositions [7,10,22,23]. It was assumed that this is because
Schirmer’s strip results in an increased tear production due to possible irritation and
contains proteins not only from tear fluid but also from tissues via direct eye contact [34].

Our findings are consistent with these results, as more proteins were identified in
the samples collected with the Schirmer’s strips compared to the capillary samples. The
SL samples contain an even larger number of proteins than SU samples being in direct
contact with the ocular surface. The number of identified proteins in the novel PRT samples
was similarly high (1439), as in the SU samples, and protein intensities showed a strong
correlation with other sample types. This proves the applicability of the PRT method to
efficiently collect samples for proteomics LC-MS analysis with a composition comparable
to samples from other methods.

Ma et al. recently summarized [6] proteomics datasets from tear films using either
capillary or Schirmer’s strips by different research groups. They collected 1892 proteins
from 11 publications and found 435 proteins common to capillary and Schirmer’s strip
samples. Based on gene names, we matched those proteins to our dataset, to evaluate the
overlap of our data with those recent results. Of all those proteins, 1656 were identified in
our experiments, most of them in SL samples (1623), while 1238, 1089, and 382 proteins
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were found in the PRT, SU, and CAP samples, respectively. Regarding the 435 proteins
designated as common by Ma and coworkers [6], we could identify 432 in total, 426, 406,
392, and 192 in SL, PRT, SU, and CAP samples, respectively. These results highlight the
comparable proteomics usability of PRT not just with SU samples processed and analyzed
in our laboratory, but with numerous other methods.

Akkurt Arslan et al. [40] processed their Schirmer’s samples in a similar manner and
found that 1153 proteins were identifiable in their SL samples, while 1107 proteins were
identified in their SU samples. The significantly larger number of proteins identified in
our SL samples may be explained by the MS method (DIA in our case vs. DDA) [6] and
by the larger number of samples (20 SL samples from 10 individuals in our study vs. four
SL samples from two individuals). Contamination occurs randomly, thus increasing the
number of samples increases the chance of identification. It must be noted that only pooled
samples were analyzed in that study and no quantitative comparisons were made, so no
information is available on identification repeatability and quantitative variability.

The identification of such a large number of proteins in our experiments was made
possible by the application of the GPF-DIA LC-MS method. By the application of a com-
bined spectral library, it was possible to quantify a higher number of useful proteins present
in the tear fluid under normal conditions in a single nanoLC-MS run. A similar result was
observed by Nattinen et al. [10], that almost twice as much protein could be quantified in
tear samples collected by capillary using a combined spectral library instead of capillary
type-specific one. They also did not find increased number of proteins in Schirmer’s type
samples searched in a combined library. Green-Church et al. [22] have previously demon-
strated that although the proteins detected in capillary samples were mainly extracellular,
tear samples collected by Schirmer’s strip contained a large number of additional cellular
proteins. Using a combined spectrum library, those proteins that could not be detected
with the sample-specific libraries became easier to identify. Thus, it can be used as a quality
control to identify tear samples that contain higher levels of contaminating proteins.

Based on detection frequency in all sample types, we could identify four clusters
of proteins, and by comparing of these clusters to the EyeOME dataset we identified
437 proteins (Cluster A + B) which can be considered as common tear fluid proteins, but
only 155 of those (in addition to immunoglobulins) can be effectively sampled by our
capillary protocol. PRT has however has little higher efficiency in sampling of all those
proteins than the Schirmer’s strip.

The summed relative intensity of the possible contaminant proteins originating from
the eye surface (Cluster D) is the lowest in the PRT samples (less than 1%). This is very
interesting because the entire thread was processed; the part in direct contact with the
surface of the eyeball and the eyelids was not removed, unlike in the case of SU samples.
This may be a consequence of the smaller diameter and the smaller and smoother surface
of PRT fibers compared with Schirmer’s paper strips.

According to the Gene Ontology analysis of protein clusters, we can conclude that
intracellular proteins originating from the eye surface and lower layers of the tear film
are increasing the size of the proteome sampled by the indirect methods compared to
capillary. These proteins are most effectively collected on the surface of the lower part of
the Schirmer’s strip which is in direct contact with the surface of the eyeball and eyelids.
Therefore, we conclude that those proteins may be designated as contaminants, if study
of tear fluid is the goal, but may provide diagnostic information on eye surface, if specific
sample collection methods can be applied for their reproducible analysis.

We can compare our clustering with the dataset of Ma et al. [6] described above,
in which they found 435 proteins common in the literature data to Schirmer’s strip and
capillary samples. We could quantify 387 proteins of those, 68% of which can be found
in Cluster A and B, while only 11% are in Cluster D. This shows high similarity between
the classifications, despite the different approaches. They concluded that those common
proteins are present at high abundance regardless of sample collection, which we also
demonstrated (Figure 4). Our observation, that the rarely identified, low intensity proteins
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can be found with high frequency and at higher intensity in the SL samples, confirms the
ocular surface origin of those proteins.

In order to validate the application of PRT in tear biomarker analysis, we collected tear
biomarkers from recent reviews of literature data [6,41-45]. We identified 87 proteins in our
dataset that were previously assigned as putative biomarkers, 90% of which (78 proteins)
are among the proteins which were commonly detected by the indirect sampling methods.
Considering these results, PRT is a suitable sampling method for the studying biomarkers
of both eye-specific and systemic diseases.

Sample processing is one of the most crucial processes in proteomics research; this
pre-analytical step can bias both protein composition and quantification. Absorbent-based
tear collection requires a pre-analytical step to elute/extract proteins from a paper strip,
sponge, thread, etc. Several extraction conditions were proposed, by varying extraction
solvent, volume, agitation time, and temperature to recover proteins from Schirmer’s
strips [4,35] and small bioactive molecules from PRT [21].

Tear proteins absorb on PRT by varying strengths of intermolecular interactions
with thread cellulose. The small surface and volume of PRT compared to a Schirmer’s
strip results in less interactions between proteins and thread. This can make it easier to
elute/extract proteins from PRT. Our results supporting this theory because using either
the SDS or ABC protocol, 84-86% of proteins can be recovered, and protein composition
was not biased, the extract correctly demonstrated the original composition with excellent
reproducibility. Finally, phenol red thread is produced only by one company (Showa
Yakuhin Kako Co., Ltd., Tokyo, Japan), so using the same tear collection device in different
clinical and laboratory studies would reduce potential variables in tear analysis.

We have also evaluated the effect of sampling on variance of results. We have found
a stronger correlation and smaller differences between samples from the two eyes of the
same person using the PRT method compared to the Schirmer’s test (SU samples). The
interpersonal protein intensity variances within all the healthy subjects were the lowest in
the PRT samples (median of 64% for the common the proteins), considerably lower than in
the SU samples (median of 77%).

These lower intra- and interpersonal variances may be attributed to the lower in-
duction of reflex tear formation during sampling compared to Schirmer’s strip [28,37].
At the same time, the lower volume quickly collected by PRT ensures the collection of
reproducible pure basal tear [21], thus making it more suitable for comparative analysis.

4. Materials and Methods
4.1. Materials/Reagents

Calibrated glass microcapillary tubes (20 mL) were manufactured by Drummond
Scientific Company (Broomall, PA, USA), Schirmer’s strips (I-Dew Tearstrips) by Entod
Research Cell UK Ltd. (London, UK) and PRT (Zone-Quick test) by Showa Yakuhin Kako
Co., Ltd. (Tokyo, Japan).

Reagents, such as ammonium bicarbonate (ABC), dithiothreitol (DTT), iodoacetamide
(IAA), and sodium dodecyl sulfate (SDS) were purchased from Sigma-Aldrich (Darmstadt,
Germany), acetone from Merck (Darmstadt, Germany), trypsin, and formic acid (FA) from
Thermo Scientific (Rockford, IL, USA). Water, acetonitrile, and acetic acid were delivered
by VWR (Debrecen, Hungary).

4.2. Samples

Five healthy female and five healthy male volunteers participated in the experiment,
aged between 20 and 33 years. All subjects included in this study were enrolled at the
Department of Ophthalmology, University of Szeged. Approval for the human study was
granted by the local Ethical Committee of the University of Szeged (108/2019-SZTE), and
the study protocol adhered to the tenets of the most recent revision of the Declaration of
Helsinki for experiments involving human subjects. All subjects enrolled in this study
provided voluntary written informed consent.
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For each subject, tear fluid samples were collected from both right and left eyes using
three different sampling techniques during the same morning visit. More specifically, tear
samples were collected (in the order of sampling) using glass capillaries (CAP), PRT, and
Schirmer’s strips. For CAP sampling glass microcapillary tubes were introduced into the
ventral cul-de-sac of the conjunctiva of the opened eyes for an average of 2 min without
contact to the cornea, conjunctiva, and lower eyelid. PRTs and Schirmer’s strips were
placed over the lid margin at the junction of the lateral and middle thirds of the lower
eyelids. The sampling lasted 15 s for PRTs and 5 min for Schirmer’s strips while subjects
closed their eyes without an anesthetic. In order to obtain tear samples from the resting
eyes, there was a 30-min break between the different sample collection methods. Samples
were immediately placed into sterile plastic microtubes and frozen at —80 °C until the
analytical procedure. During sample preparation, the Schirmer’s strips were divided into
lower (SL) and upper (SU) parts by cutting strips at the zero line and at the sign of 10 mm,
respectively. The SL represent the rounded portions of the paper that were in direct contact
with the eye surface, while the SU samples are the subsequent 10 mm sections. The rest of
the strips were not processed.

4.3. Protein Extraction

All the SL, SU, and PRT samples were extracted individually by adding 100 puL 5%
SDS in ABC (pH 8.0, 100 mM) containing 0.25% protease inhibitor cocktail (Sigma-Aldrich,
Rockford, IL, USA). The samples were vortexed and incubated in a thermal shaker at room
temperature for 1 h at 350 RPM. After a centrifugation at 12,000x g, 10 min, 4 °C, the
supernatants of the samples were transferred into new tubes.

The capillary tear samples were diluted using ABC (pH 8.0, 100 mM) containing 5%
SDS and 0.25% protease inhibitor cocktail before determining the protein concentration.

4.4. Evaluation of Protein Extraction Methods from PRT

To examine the protein extraction efficiency from PRTs, different extraction solvents
were tested. A pooled tear sample was collected in a low protein binding tube from three
healthy persons using glass capillaries. Nine pieces of 5 cm long PRT threads were inserted
into the pooled tear sample for 15 sec. After that the treads were divided into three groups.
The protein contents of the threads were extracted using 100 uL of (1) 5% SDS in ABC
(pH 8.0, 100 mM), (2) ABC (pH 8.0, 100 mM), (3) 1% acetic acid in water. All extraction
liquids contained 0.25% protease inhibitor cocktail and were tested on 3 replicates. The
samples were incubated in a thermal shaker at room temperature for 1 h at 350 RPM. After
a centrifugation at 12,000 x g, 10 min, 4 °C, the supernatants of the samples were transferred
into new tubes.

4.5. Sample Preparation

The protein contents of all samples were determined using BCA Protein Assay (Thermo
Scientific, Rockford, IL, USA) according to the manufacturer’s protocol. Samples contain-
ing 10 ug protein were processed using an on-pellet digestion protocol [46] with slight
modifications. Briefly, the samples were reduced with 10 mM DTT at 60 °C for 30 min and
alkylated with 20 mM IAA in dark at room temperature for 30 min. The protein content
was precipitated by adding a 7-fold volume of ice-cold acetone and incubated at —20 °C
overnight. After centrifugation with 15,000 x g, 10 min, 4 °C the supernatant was discarded.
The protein pellet was washed twice with 500 uL acetone/water (85:15, v/v) mixture. After
centrifugation with 14,000x g, 10 min, 4 °C, the protein pellet was dissolved in 15 pL
RapiGest SF Surfactant (Waters, Milford, MA, USA) and was incubated at 100 °C for 5 min.
After being cooled to room temperature, 65 pL. ABC (pH 8.0, 100 mM) and 0.25 pg trypsin
in 5 uL ABC (pH 8.0, 100 mM) were added to the mixtures. The samples were incubated at
37 °C for 30 min and another 0.25 pg trypsin in 5 uL. ABC (pH 8.0, 100 mM) was added and
the mixture was digested at 37 °C for 5.5 h. Digestion was stopped by the addition of 1 uL
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concentrated formic acid. The samples were centrifuged with 12,000 g, 10 min, 4 °C, and
2 uL of the supernatant was injected to the nanoLC-MS system.

4.6. NanoLC-MS Measurements

NanoLC-MS/MS analysis was carried out on a Waters ACQUITY UPLC M-Class LC
system (Waters, Milford, MA, USA) coupled with a Q Exactive™ Plus Hybrid Quadrupole-
Orbitrap™ mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). Symmetry®
C18 (100 A, 5 um, 180 um x 20 mm) trap column was used for trapping and desalting
the samples. Chromatographic separation of peptides was accomplished on an ACQUITY
UPLC® M-Class Peptide BEH C18 analytical column (130 A, 1.7 pum, 75 pm x 250 mm) at
45 °C by gradient elution (linear gradient from 3% solvent B to 40% solvent B in 70 min, fol-
lowed by a 30 min washing and equilibrating gradient). Water (solvent A) and acetonitrile
(solvent B), both containing 0.1% formic acid were used as mobile phases at a flow rate of
350 nL/min. The sample temperature was maintained at 5 °C. The mass spectrometer was
operated using the equipped Nanospray Flex Ion Source.

Data acquisition was performed using XcaliburTM 4.1 (Thermo Fisher Scientific,
Waltham, MA, USA).

4.7. DIA Acquisition and Data Processing

Data for creating sample-specific (CAP, SL, SU, PRT) spectrum libraries were collected
from LC-MS analysis of four sample-group-specific pooled samples. The mass spectrometer
was configured to acquire six gas-phase fractionated (DIA-GPF) acquisitions with 4 m/z pre-
cursor isolation windows at 17,500 resolution to hit an AGC target 1 x 10° with a maximum
inject time of 120 ms. In the GPF-DIA measurements, an overlapping window pattern was
adjusted from the previously optimized mass ranges (395-505, 495-605, 595-705, 695-805,
795-905, and 895-1005 m/z).

For the quantitative analysis of individual samples, a single LC-MS run with DIA
acquisitions (DIA-Q) from 395 to 1020 m/z was used with 27 x 22 m/z overlapping
precursor isolation windows at 17,500 resolution to hit an AGC target 2 x 10° and the
maximum inject time was set to auto.

DIA-NN 1.8 software [47] was applied for database search. First, a predicted spectral
library was generated from the Uniprot Human Reference FASTA proteome (20,575 genes,
one protein per gene). The experimental sample-specific libraries were created by searching
the GPF measurements of each sample groups separately against the predicted spectral
library. The experimental combined spectral library was built by searching all the four
groups of GPF measurements in one against the same predicted spectral library. All
the individual samples were searched against both the experimental sample-specific and
combined spectral libraries to detect all peptides and proteins that can be quantified.
DIA-NN was configured with the default settings with the following modifications: the
maximum number of missed cleavages and variable modifications were set to 2, methionine
oxidation was added, and precursor m/z range was adjusted to 380-1020. Search results
were filtered for 1% FDR at the level of unique genes. Further data processing, statistical
analysis and creation of figures were carried out in Perseus (version 1.6.15.0) [48] and
Instantclue (version 0.1.1) [49] software. In all quantitative statistical analysis, only proteins
identified with at least two unique peptides were included. Because of the large biological
variance among samples, for better comparability, not the raw intensities of individual
proteins but their relative proportion in the samples were used. Therefore, intensities of the
proteins were divided by the sum of intensities of all proteins as normalization and log?2
transformation was performed on all datasets.

The analyzed proteins were annotated from Gene Ontology [50] and UniProt (https:
//www.uniprot.org) (accessed on 12 April 2022)
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5. Conclusions

A crucial starting point for biomarker discovery in the tear proteome is the in-depth
investigation of tear proteins in healthy subjects. Thanks to recent methodological advances,
MS-based tear proteomics can guarantee the high accuracy and sensitivity necessary for
biomarker discovery and single-tear analysis. To determine how the tear fluid sampling
method affects the protein profiles obtained, tear samples from healthy persons, collected
by using glass capillary, Schirmer’s strip and phenol red threads, were analyzed and
statistically evaluated. Compared to the two widely used tear collection methods, the
PRT was proven to be a fast, reproducible, and reliable sampling procedure, providing
tears from patients whose capillary samples were not enough for proteomics analysis. The
tear sampling method substantially impacted the proteomic profiles of individual samples
determined by nanoLC-MS/MS. The number of proteins considered to be “tear proteins”
was higher in the Schirmer’s strip and PRT; however, samples collected by PRT contain
even lower amounts of “contaminant” proteins than the eye surface. According to our
experience, PRT can be used successfully for proteomic analysis not only of human but also
of mouse tears (data not shown).

Unique properties of PRT allow fast, non-invasive collection of small amounts of
tears and gives almost pure basal tear samples with unbiased protein composition. These
characteristics make PRT sampling methods ideal for proteomics analysis of tear fluid
and the discovery of protein biomarkers of ocular and systemic diseases, therefore in such
studies it could replace current methods of sample collection.

The mass spectrometric data acquisition and evaluation method also influence the
proteomics results. Creating and using a combined instead of sample-specific spectrum
libraries resulted in a higher number of quantified proteins in each sample. Application of
this method not only increased the number of useful proteins but also helped to identify
and quantify different clusters of proteins, based on detectability using different sampling
techniques. This may help future studies to focus on the most informative sub-proteomes
of the human tears and eye surface.
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Abbreviations

ABC ammonium bicarbonate

AGC Automatic gain control

CAP capillary

(&Y% coefficient of variation

DDA data dependent acquisition

DIA data independent acquisition
DTT dithiothreitol

EyeOME The Human Eye Proteome Project
FA formic acid

FDR false discovery rate

HCD Higher-energy collisional dissociation
IAA iodoacetamide

LC/MS  Liquid chromatography-mass spectrometry
m/z mass/charge

M mol/L

MS/MS  tandem mass spectrometry

PRT phenol red thread

SDS sodium dodecyl sulfate

SL Schirmer’s strip lower part

SU Schirmer’s strip upper part
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ARTICLE INFO ABSTRACT

Keywords: BCRP / ABCG2 is a key determinant of pharmacokinetics of substrate drugs. Several BCRP substrates and in-
BCRP hibitors are of low passive permeability, and the vesicular transport assay works well in this permeability space.
ABCG2

Membranes were prepared from BCRP-HEK293, MCF-7/MX, and baculovirus-infected Sf9 cells with (BCRP-
Sf9-HAM), and without (BCRP-Sf9) cholesterol loading. K, values for three substrates - estrone-3-sulfate, sul-
fasalazine, topotecan - correlated well between the four expression systems. In contrast, a 10-20-fold range in
Vmax Values was observed, with BCRP-HEK293 membranes possessing the largest dynamic range. ICs, values of
the different test systems were similar to each other, with 94.4% of pairwise comparisons being within 3-fold.
Substrate dependent inhibition showed somewhat greater variation, as 81.4% of ICs, values in the BCRP-

HEK293-BCRP
vesicular transport
substrate-dependent inhibition

HEK293 membranes were within 3-fold in pairwise comparisons.
Overall, BCRP-HEK293 membranes demonstrated the highest activity. The ICso values showed good con-
cordance but substrate dependent inhibition was observed for some drugs.

1. Introduction

BCRP is one of the most important efflux transporters expressed in
all major barriers (International Transporter Consortium et al., 2010).
Testing of small molecule drug candidates for interaction with BCRP is
required by all major regulatory agencies prior to new drug approval
and marketing, with BCRP inhibition data a requirement (EMA, 2012;
FDA, 2020; PMDA, 2018), and BCRP substrate assessment also either
required (FDA, 2020; PMDA, 2018) or suggested (EMA, 2012). BCRP is
a broad transporter with many low passive permeable substrates
(Poirier et al., 2014; Safar et al., 2019). The membrane-based vesicular
transport (VT) assay is generally considered the best test system for low
passive permeable substrates in both substrate and inhibition assays
(Poirier et al., 2014). However, transport activity of BCRP is sig-
nificantly potentiated by increased membrane cholesterol content,
hence BCRP activity is greater in human cells that contain higher levels
of membrane cholesterol levels than in insect cells, which have low

* Corresponding author.

levels of membrane cholesterol (Pal et al., 2007). Accordingly, deple-
tion of endogenous cholesterol from human cell membranes has been
shown to decrease BCRP activity, and conversely enrichment of insect
cell membrane with exogenous cholesterol can increase the activity of
BCRP (Pal et al., 2007). Furthermore, BCRP localization is enriched
within the plasma membrane in lipid rafts (Szilagyi et al., 2017), and
the transporter also interacts with caveolin-1 (Storch et al., 2007).
BCRP activity is therefore expected to vary depending on the expression
system used to manufacture membranes that are utilized in VT assays.
BCRP was also one of the first transporter proteins that was shown to
display substrate-specific inhibition (Giri et al., 2009; Pedersen et al.,
2017).

Drug-drug interaction testing using membrane vesicle-based assays
are one of the options specified for in vitro BCRP test systems in reg-
ulatory guidances for new drug approvals (FDA, 2017; PMDA, 2018).
However, despite evidence in the literature showing the impact of ex-
pression system on BCRP function, commercially available vesicles
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Table 1
Enzyme kinetic parameter estimates (mean * standard deviation for at least three independent experiments) determined for estrone-3-sulfate, sulfasalazine, and
topotecan substrates by four membranes.

Vimax Km Cline
Substrates Membranes (pmol/mg protein/min) (uM) (uL/mg protein/min)
estrone-3-sulfate BCRP-HEK293 6957.00 + 900.49 9.61 + 0.94 723.93 + 117.49
BCRP-M 2960.67 + 693.22 12.59 + 2.48 235.16 + 72.01
BCRP-Sf9-HAM 2890.00 + 694.04 12.64 + 3.65 228.58 + 85.88
BCRP-Sf9 291.00 + 120.42 23.10 + 6.64 12.60 + 6.35
sulfasalazine BCRP-HEK293 2291.33 + 268.37 0.36 + 0.02 6364.81 + 825.08
BCRP-M 644.30 + 120.29 0.26 + 0.05 2510.26 + 676.55
BCRP-Sf9-HAM 276.30 + 53.37 0.25 + 0.04 1105.20 + 287.59
BCRP-Sf9 191.87 + 45.03 0.29 + 0.07 654.09 + 212.66
topotecan BCRP-HEK293 833.53 + 249.51 39.49 + 4.26 21.11 + 6.72
BCRP-M 157.67 + 30.41 22.62 + 2.33 6.97 + 1.52
BCRP-Sf9-HAM 123.66 + 29.48 19.02 + 8.80 6.50 + 3.38
BCRP-Sf9 37.48 + 5.27 64.64 + 11.75 0.58 + 0.13
Table 2

ICs values of estrone-3-sulfate substrate determined in all membrane preparations using fifteen BCRP inhibitors. The ICs, values differed by more than 3-fold are
highlighted by bold font style. Data were presented as mean * standard deviation for three independent experiments.

Inhibitor ICso, BCRP-HEK293 ICso, BcrRP-M ICs0, BcRP-Sf9-HAM ICso, BCRP-SfO
(uM) (uM) (uM) (uM)
KO143 0.0209 + 0.0022 0.0322 * 0.0059 0.0214 * 0.0026 0.0197 * 0.0027
elacridar 0.0214 * 0.0011 0.0328 * 0.0026 0.0243 * 0.0061 0.0192 + 0.0060
eltrombopag 0.0397 + 0.0078 0.0272 * 0.0085 0.0314 * 0.0143 0.0289 * 0.0117
KO134 0.0943 * 0.0142 0.0844 * 0.0047 0.0659 * 0.0204 0.0907 * 0.0347
imatinib 0.2388 + 0.1158 0.4169 * 0.1977 0.3291 * 0.0672 0.3478 * 0.2143
MK571 1.25 * 0.31 1.55 * 0.31 1.38 * 0.41 0.9804 * 0.1170
leflunomide 0.5410 * 0.0932 0.6685 * 0.0959 1.09 * 0.46 0.9513 * 0.2780
ivermectin 0.3109 * 0.0353 0.2113 * 0.0541 0.3308 * 0.0258 0.3570 * 0.1505
prazosin 1.94 + 0.29 2.89 * 0.62 3.50 + 0.97 2.76 * 0.45
rapamycin 1.38 * 0.27 2.84 * 0.51 3.24 * 0.96 1.79 + 0.56
pantoprazole 4.78 + 0.32 13.16 * 4.78 9.31 * 1.43 8.66 * 2.82
sulfasalazine 0.5608 * 0.1757 0.6327 * 0.0810 0.4620 * 0.1384 1.05 * 0.40
ritonavir 7.19 * 1.15 10.10 * 0.87 9.05 * 2.07 6.76 * 1.90
omeprazole 28.30 * 2.55 83.80 * 32.22 34.85 * 3.33 40.82 * 7.46
furosemide 12.11 + 271 22.33 + 4.32 42.29 * 13.90 26.99 =+ 1.25
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Fig. 1. BCRP protein expression analysis of the membrane preparations purified from the BCRP-overexpressing HEK293, MCF-7/MX and Sf9 cell lines. (A) Expression
of BCRP (72 kDa) was assessed using the primary antibody BXP-21 in Western blot technique. The transporter protein was not evincible from the BCRP not-
overexpressing negative control membrane samples (HEK293-Mock-CTRL, M-CTRL, Beta-gal-Sf9-CTRL, Beta-gal-Sf9-HAM-CTRL). (B) Absolute BCRP protein content
of four membrane preparations were determined by PRM-based quantitative proteomics. Data shown as mean + standard deviation from at least three independent
experiments.

generated using different cellular expression systems are widely used in BCRP-containing membranes generated from four different expression
drug research. Furthermore, no consensus substrate has been defined systems. In addition, we tested and correlated ICs, data for fifteen well-
for in vitro testing (Safar et al., 2019). In the current study we therefore known inhibitors of BCRP. Our data show that while expression levels
characterized transport kinetics of three different low passive perme- of BCRP were similar by both Western blot- and LC-MS/MS-based
able substrates, estrone-3-sulfate, sulfasalazine and topotecan using proteomics across the four expression systems, the activity of BCRP in
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Fig. 2. The enzyme kinetic plots of estrone-3-sulfate (A), sulfasalazine (B), and topotecan (C) substrate concentration versus ATP dependent substrate transport (A, B,
C) or BCRP expression correlated ATP dependent topotecan transport (D) measured on BCRP-HEK293 (filled circles and solid line), BCRP-M (filled triangles and
dashed line), BCRP-Sf9-HAM (empty squares and dotted line) and BCRP-Sf9 (empty circles and dash-dotted line) membranes. Each data point represents the
mean * standard deviation of three independent experiments (n=3). The fitted curves derived by non-linear regression using the Michaelis-Menten model.

HEK293-based membranes was superior to BCRP activities measured in
the other expression systems. Although ICs, values for a few inhibitors
showed slight substrate dependence, overall a good concordance was
observed among all test systems.

2. Materials and Methods
2.1. Materials

Stable isotope (*3C and '°N) labeled proteospecific peptide frag-
ments of BCRP (SSLLDVLAAR (86-95), and LLSDLLPMR (473-481))
were ordered from JPT Peptide Technologies (Berlin, Germany). [®H]-
Estrone-3-sulfate (specific activity (S.A.), 51.3 Ci/mmol) and [®H]-
Sulfasalazine (S.A., 10 Ci/mmol) were synthesized at laboratory of Dr.
Csaba Tomboly (Biological Research Center, Szeged, Hungary).
Unlabeled topotecan hydrochloride hydrate (topotecan), estrone-3-
sulfate and sulfasalazine were purchased from Sigma-Aldrich (St. Louis,
MO, USA). In the inhibition experiments the following compounds were
investigated: furosemide, ivermectin, KO143, leflunomide, MK571,
omeprazole, pantoprazole sodium hydrate (pantoprazole), prazosin
hydrochloride (prazosin) and ritonavir were purchased from Sigma-
Aldrich; elacridar, eltrombopag, imatinib mesylate (imatinib) and ra-
pamycin were from Carbosynth Ltd. (Compton, UK). KO134 was a kind
gift of Prof. Gabor Té6th (Department of Medical Chemistry, Faculty of
Medicine, University of Szeged, Szeged, Hungary). Recombinant ba-
culoviruses encoding wild-type human ABCG2 were also a kind gifts
from Prof. Baldzs Sarkadi (National Medical Center, Institute of
Haematology and Immunology, Budapest, Hungary). Randomly me-
thylated-S-cyclodextrin (RAMEB) and cholesterol complex of RAMEB
(cholesterol @RAMEB; cholesterol content, 4.74%) were purchased
from Cyclolab (Cyclodextrin Research and Development Laboratory,
Budapest, Hungary). Cholesterol contents of membrane preparations

were determined using Amplex™ Red Cholesterol Assay KIT provided
by ThermoFisher Scientific (Waltham, MA, USA). The selection agent
puromycin was purchased from InvivoGen (Toulouse, France), the mi-
toxantrone from Sigma-Aldrich. Cell culture reagents were provided by
ThermoFisher Scientific and Lonza (Basel, Switzerland). All other che-
micals were purchased from Sigma-Aldrich unless stated otherwise in
the text.

2.2. Cell culture

Sf9 insect cells were cultured and infected with ABCG2 or -ga-
lactosidase encoding recombinant baculoviruses as described earlier
(Ozvegy et al., 2002; Sarkadi et al., 1992). The human breast cancer
MCF-7/WT and the mitoxantrone-resistant variant MCF-7/MX cells
were cultured in mixture medium composed of equal parts of Dulbec-
co's Modified Eagle's Medium (DMEM) with 1 g/L glucose and DMEM
F12 containing 10% v/v fetal bovine serum albumin, 2 mM L-glutamine
and 100 pg/mL penicillin-streptomycin (100 unit/mL penicillin, 100
ug/mL streptomycin, Lonza). The MCF-7/MX cells were selected for
mitoxantrone as described previously (Nakagawa et al, 1992).
HEK293-BCRP and HEK293-Mock cell lines were generated from
HEK293 cells (ThermoFisher Scientific) by lentiviral technology
(Toth et al., 2018) using ABCG2 and resistance gene, respectively.
HEK293 cells were cultured in DMEM (high glucose (25 mM)) with
GlutaMAX™? containing 3 pg/mL puromycin, 10% v/v fetal bovine
serum albumin, and 100 pg/mL penicillin-streptomycin. Human cells
were grown on tissue culture flasks (VWR International Ltd., Radnor,
PA, USA), passaged two times a week using a 0.25% trypsin-EDTA so-
lution and incubated at 37°C in a humidified atmosphere containing 5%
CO,. The HEK293 cells were long-time cultured and propagated in Ex
Cell™ 293 serum free medium (Sigma-Aldrich) in spinner flasks for
later membrane preparations according to the suppliers’ instructions.
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2.3. Membrane preparation

All BCRP preparations contained the human wild-type (482R) ver-
sion of the ABCG2 transporter (Accession number NM_004827). All
BCRP-overexpressing human membrane vesicle preparations (BCRP-
HEK293, BCRP-M), control human membrane preparations (HEK293-
Mock-CTRL, M-CTRL), human BCRP transporter containing insect
membranes (BCRP-Sf9, BCRP-Sf9-HAM), and control insect membrane
vesicles (Beta-gal-Sf9-CTRL, Beta-gal-Sf9-HAM-CTRL) were obtained
from SOLVO Biotechnology (Szeged, Hungary, http://www.solvo.com).
Purified membrane vesicles from cells were prepared according to the

method described previously (Sarkadi et al., 1992). HAM (high activity
membrane) vesicles were cholesterol-loaded during the process of
preparing membranes from baculovirus-infected Sf9 cells (Pal et al.,
2007). The vesicles were stored at -80°C with 5 mg/mL total protein
concentration, as determined by the bicinchoninic acid (BCA) method
(Smith et al., 1985) (Sigma-Aldrich).

2.4. Western blot analysis of BCRP in the vesicles

Protein expression of BCRP was confirmed by Western blotting as
described in detail elsewhere (Pal et al., 2007). Briefly, 5 pg total
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ICsp values of sulfasalazine substrate determined in all membrane preparations using fifteen BCRP inhibitors. The ICso values differed by more than 3-fold are
highlighted by bold font style. Data were presented as mean * standard deviation for three independent experiments.

Inhibitor ICs0, BcrP-HEK293 ICs0, BcrP-M ICs0, BcrP-sfo-HAM ICso, BcrP-sfo

(uM) (M) (uM) (uM)
KO143 0.0080 + 0.0013 0.0113 + 0.0005 0.0109 + 0.0003 0.0104 + 0.0010
elacridar 0.0116 + 0.0026 0.0099 + 0.0014 0.0082 * 0.0013 0.0101 * 0.0012
eltrombopag 0.0275 + 0.0075 0.0111 + 0.0029 0.0367 + 0.0078 0.0328 + 0.0100
KO134 0.0377 + 0.0040 0.0450 * 0.0072 0.0521 * 0.0246 0.0343 * 0.0122
imatinib 0.2895 + 0.0704 0.2584 + 0.0377 0.2449 + 0.0380 0.2538 + 0.0712
MK571 0.5058 + 0.0807 0.4651 * 0.0564 0.7577 * 0.0776 0.5587 * 0.0400
leflunomide 1.01 + 0.45 0.5382 + 0.1374 0.6649 + 0.1065 2.02 + 0.18
ivermectin 2.33 + 1.35 1.10 + 0.13 1.81 * 0.38 1.33 * 0.08
prazosin 3.29 + 0.67 4.11 + 0.81 4.69 + 0.96 3.21 + 0.51
rapamycin 9.13 + 3.01 8.10 + 2.75 9.06 + 1.72 1.69 + 0.21
pantoprazole 10.40 + 1.11 12.19 + 2.28 10.99 + 1.43 10.21 + 2.02
estron-3-sulfate 12.11 + 0.77 17.85 * 6.63 12.48 * 3.11 23.78 * 4.71
ritonavir 18.77 + 3.40 16.17 + 2.86 12.93 + 3.07 12.81 + 1.33
omeprazole 24.46 + 6.30 44.90 * 9.15 33.93 * 8.22 46.90 * 5.24
furosemide 31.97 + 2.48 34.59 + 10.29 98.99 + 25.54 65.31 + 15.87

protein was separated in SDS-PAGE technique and blotted to a poly-
vinylidene fluoride (PVDF) membrane. BXP-21 antibody (Abcam,
Cambridge, UK) against a conserved epitope on BCRP was used as the
primary antibody in a 1:2000 dilution, followed by a horseradish per-
oxidase-conjugated anti-mouse IgG-HRP secondary antibody (Sigma-
Aldrich), used at the same dilution. Immunoreactive bands were vi-
sualized by enhanced chemiluminescence (ECL) using a Chemidoc™
(BioRad, Hercules, CA, USA) imaging system.

2.5. Quantification of BCRP by targeted proteomics

25 pg protein were processed using a modified Filter Aided Sample
Preparation (FASP) method (Potriquet et al., 2017). Briefly, proteins
were reduced by the addition of DTT in 4 % m/V of SDS to a final
concentration of 50 mM followed by incubation at 95°C for 5 min. The
samples were transferred to Microcon Ultracel 30 kDa (Millipore,
Burlington, MA, USA) centrifugal filter units and buffer exchange was
performed in two successive wash with 8 M urea in 100 mM Tris-HCl
(pH 8.5) with 10 min spin at 12,000 x g. Proteins were then alkylated in
50 uL 50 mM of IAA for 20 min in darkness at room temperature.
Samples were washed two times with 100 pL urea and twice with 100
uL Tris-HCI. Protein digestion was then performed by adding 250 ng of
trypsin in 40 pL. 50 mM ammonium bicarbonate buffer (ABC) and in-
cubating overnight at 37°C. Stable isotope-labeled (SIL) peptides (1
pmol in 10 puL ABC) were added to the sample prior to digestion. Di-
gestion was stopped by the addition of 3 pL of formic acid (FA) and
peptides were collected using an initial spin of 12,000 x g for 10 min
followed by two centrifugations with 50 pL of 500 mM NaCl and 100 pL
ABC. After evaporation, samples were resuspended in 60 pL of 3%
ACN/97 % aqueous FA (0.1 % v/v).

LC-MS/MS analysis was carried out on a nanoACQUITY UPLC
system (Waters, Milford, MA, USA) coupled with a Q Exactive™ Plus
Hybrid Quadrupole-Orbitrap™ mass spectrometer (ThermoFisher
Scientific). Chromatographic separation of 2 pg peptides was accom-
plished on an ACQUITY UPLC® M-Class Peptide BEH C18 column (130
A, 1.7 ym, 75 pm x 250 mm) at 45°C by gradient elution. Water
(solvent A) and acetonitrile (solvent B), both containing FA (0.1 % v/v)
were used as mobile phases at a flow rate of 350 nL/min. The gradient
was as follows: 3 % solvent B for 2 min, followed by a linear gradient to
40 % solvent B over 16 min, held at 40 % solvent B for 1 min, then held
2 min at 90 % solvent B, then returned to 3 % solvent B. In each
measurement 5 uL sample was injected and trapped with Symmetry®
C18 (100 A, 5 ym, 180 pm X 20 mm) trap column.

After proteomics samples were prepared from each of the mem-
branes, BCRP was quantified by determination of the amount of its two
proteotypic peptides (SSLLDVLAAR (86-95) and LLSDLLPMR (473-

481)) using LC-MS/MS. The mass spectrometer was operated in posi-
tive-ion mode using the equipped Nanospray Flex Ion Source. Parallel
reaction monitoring (PRM) method was used to monitor the m/z
transitions (y3, y4, y5, y6, y7, y8) for the + 2 charged peptides pre-
cursors of interest (522.8 m/z and 529.3 m/z for native peptides and
527.8 m/z and 534.3 m/z for stable isotope labeled ones). To reach the
maximum sensitivity, precursor ions were fragmented using manually
optimized collision energies. The automatic gain control (AGC) setting
was defined as 2 X 10> charges, the maximum injection time was set to
60 ms and resolution at 17,500.

Data acquisition was performed using Xcalibur™ 4.1
(ThermoFisher Scientific), and Skyline 20.1 (MacLean et al., 2010) was
used for data evaluation. The average of the two peptides to stable
isotope labeled internal standard ratio was used for protein quantifi-
cation.

2.6. Vesicular transport assay

The VT assay was conducted as described earlier (Jani et al., 2009;
Pal et al., 2007) and optimized for each of the membrane vesicles using
3 probe substrates.

Concentration dependent vesicular transport assay for determination of
kinetic constants: ATP-dependent estrone-3-sulfate and sulfasalazine
transport into BCRP-containing and control vesicles was determined in
the presence of 4 mM Mg-ATP or AMP in the incubation buffer (10 mM
Tris—-HCl, 250 mM sucrose, 10 mM MgCl,, pH 7.4) on 96-well plates at
32°C for a 1 minute incubation time. The reaction mixtures containing
0.05 uyM [®H]-Estrone-3-sulfate or 0.1 uM [®H]-Sulfasalazine were ad-
justed with an 8-step, 3-fold (or irregular) serial dilution with non-
radiolabeled compounds to reach the desired final substrate con-
centrations in each well. The total membrane protein contents were
between 6.25 and 25 pg/well, optimized for each assay. The final re-
action volume was 75 pL in each well. Transport was stopped by the
addition of cold wash buffer (10 mM Tris—HCI, 250 mM sucrose, 100
mM NaCl, pH 7.4) then rapidly filtered through PVDF/glass fiber filters
mounted to a 96-well plate (MSFBN6B, Millipore Corporation, Billerica,
MA, USA). Filters were washed with 200 pL ice-cold wash buffer five
times, dried, and the retained radioactivity was measured by liquid
scintillation counting (Wallac MicroBeta TriLux, Perkin-Elmer,
Waltham, MA, USA). ATP-dependent topotecan transport measure-
ments were carried out in incubation buffer containing 40 mM MOPS-
Tris (pH 7.4), 70 mM KCl and 7.5 mM MgCl, at 37°C with a 10 minute
(or 1 minute for BCRP-HEK293) incubation time. The final concentra-
tions of topotecan were reached by adding non-radiolabeled topotecan
solutions from an 8-step, 3-fold (or irregular) serial dilution to the re-
action mixtures in the wells. The total membrane protein content was
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between 25 and 50 pg/well, optimized to each assay. As described
above the incubation reactions were quenched and washed through a
96-well filter plate with ice cold wash buffer (40 mM MOPS-Tris, 70
mM KCl, pH 7.4). Topotecan was eluted from filters into a 96-well
Costar plate (Corning), with 100 pL HCI (10 mM) solution, and fluor-
escence of the eluate was measured using excitation/emission wave-
lengths 355/590 nm with a FLUOstar Omega microplate reader (BMG
Labtech, Ortenberg, Germany). ATP-dependent transport was calcu-
lated by subtracting the values obtained in the presence of AMP from
those in the presence of ATP.

Inhibition experiments for determination of ICs, values: Inhibition

experiments were conducted in a similar manner to the concentration
dependent VT assays are described above, with some modifications.
Vesicles were incubated in the presence of various inhibitors, with 1 pM
estrone-3-sulfate, 0.1 uM sulfasalazine or 10 uM topotecan used as
probe substrates. Inhibitor stock solutions were prepared, and 8-step, 3-
fold serial dilutions were made for each inhibitor in dimethyl sulfoxide
(DMSO), which were then diluted 100-fold upon addition to each of the
wells in the assay.
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ICs values of topotecan substrate determined in all membrane preparations using fifteen BCRP inhibitors. The ICs, values differed by more than 3-fold are high-
lighted by bold font style. Data were presented as mean * standard deviation for three independent experiments.

Inhibitor ICso, BCRP-HEK293 ICs0, BcrP-M ICso, BCRP-sfo-HAM ICso, BCRP-sf0

(uM) (uM) (uM) (uM)
KO143 0.0155 + 0.0066 0.0146 + 0.0045 0.0053 + 0.0041 0.0186 + 0.0029
elacridar 0.0258 * 0.0071 0.0151 + 0.0066 0.0046 + 0.0013 0.0057 + 0.0012
eltrombopag 0.0578 + 0.0078 0.1954 + 0.0429 0.0735 + 0.0126 0.1342 + 0.1068
KO134 0.0394 * 0.0065 0.0336 * 0.0079 0.0403 + 0.0135 0.0857 + 0.0227
imatinib 0.0786 + 0.0252 0.1369 + 0.0043 0.1011 + 0.0189 0.1796 + 0.0906
MK571 0.4288 * 0.0580 0.4903 * 0.1097 0.3525 + 0.1084 0.8604 + 0.1982
leflunomide 0.9453 + 0.3056 3.11 + 0.75 0.7453 + 0.0244 1.07 + 0.23
ivermectin 0.1525 * 0.0356 0.1953 * 0.0734 0.1073 + 0.0580 0.2039 + 0.1277
prazosin 0.9304 + 0.3063 0.7684 + 0.1843 1.16 + 0.23 1.80 + 1.08
rapamycin 0.9745 * 0.4039 0.7788 + 0.2482 0.3460 + 0.1858 1.25 + 0.44
pantoprazole 3.81 + 0.54 3.25 + 0.22 4.74 + 1.49 6.03 + 1.34
estrone-3-sulfate 10.49 + 2.67 13.55 + 4.44 21.40 * 12.99 25.58 * 5.20
ritonavir 2.46 + 1.30 1.45 + 0.18 3.71 + 1.61 3.79 + 1.59
omeprazole 15.18 + 3.01 45.40 * 5.85 19.07 + 8.60 35.08 + 6.33
furosemide 47.72 + 18.19 65.64 + 35.67 62.14 + 10.51 183.07 + 69.06

2.7. Data analysis

A data points for concentration-dependent VT assays were derived
from a minimum of three independent experiments. Michaelis—-Menten
constant (K,,) and maximal velocity (V,.x) values were calculated from
triplicate determinations by non-linear regression analysis. The
Michaelis-Menten equation was fitted onto the baseline-corrected ac-
cumulation data using GraphPad Prism v7 (GraphPad Inc., San Diego,
CA, USA) to obtain best-fit parameters. Intrinsic clearance (Cl;,,) values
were calculated by dividing the V., by the K, values for each ex-
periment. Inhibition VT assays were conducted with triplicate data
points in three independent experiments. ICso values were calculated
with nonlinear regression for a sigmoidal dose-response using the four-
parameter logistic equation, and best fit was approached with the least
square method using GraphPad Prism. Data are expressed as arithmetic
means and standard deviations.

3. Results

To study kinetic parameters of transport and ICso values for in-
hibition by fifteen known inhibitors, membranes overexpressing BCRP
were generated from HEK293 cells stably transduced with lentivirus
carrying ABCG2 (BCRP-HEK293), mitoxantrone-selected MCF-7/MX
cells (Nakagawa et al., 1992) (BCRP-M), Sf9 cells infected with a ba-
culovirus harboring ABCG2 (BCRP-Sf9), and Sf9 cells infected with a
baculovirus harboring ABCG2 and loaded with exogenous cholesterol
(BCRP-Sf9-HAM). BCRP protein expression in each of the membranes
was quantified by Western blotting (Fig 1A) and quantitative pro-
teomics (Fig 1B). BCRP in all four membranes showed a similar level of
protein expression by Western blot (Fig 1), with LC-MS/MS proteomics
data on BCRP protein content ranging from 107.68 + 27.01 pmol/mg
membrane protein in the BCRP-Sf9-HAM membranes to
173.26 + 42.16 pmol/mg membrane protein in BCRP-HEK293 mem-
branes (Fig 1B).

Kinetic parameters were determined for estrone-3-sulfate, sulfasa-
lazine and topotecan as substrates (Fig 2A-C). K, values were de-
termined to be within a 3-fold range for all three substrates across the
four membranes (Table 1), but for topotecan in BCRP-Sf9-HAM and
BCRP-Sf9 membranes the values were 19.02 uM and 64.64 pM, re-
spectively. Sulfasalazine showed K, values in the submicromolar range
(0.25 - 0.36 uM). K, values for estrone-3-sulfate ranged from 9.61 to
23.10 pM and for topotecan, the lowest affinity substrate, from 19.02
uM to 64.64 puM. Calculated V., values were, in contrast, much more
variable with a greater than 20-fold difference between different
membrane preparations using estrone-3-sulfate and topotecan, and
more than 10-fold difference between different membrane preparations

using sulfasalazine, with the BCRP-HEK293 membrane being the most
efficient, and the BCRP-Sf9 being the least efficient membrane for
BCRP-mediated transport (Table 1). BCRP-M and BCRP-Sf9-HAM dis-
played intermediate values that were within 3-fold of each other for all
substrates (Table 1). Intrinsic clearance values showed the greatest
difference for estrone-3-sulfate (cca 60-fold) and the lowest difference
for sulfasalazine (cca 10-fold), with BCRP-HEK293 membranes being
the most efficient and BCRP-Sf9 being the least efficient membranes for
all substrates (Table 1). When V., values for topotecan were corre-
lated for BCRP expression, the calculated values were 162227 pmol/mg
BCRP/min, 25379 pmol/mg BCRP/min, 31621 pmol/mg BCRP/min
and 6099 pmol/mg BCRP/min for BCRP-HEK293, BCRP-M, BCRP-Sf9-
HAM and BCRP-Sf9 membranes, respectively (Fig 2D). To test if
membrane cholesterol content was responsible for the differences ob-
served in V., values cholesterol measurements were carried out
(Supplementary Fig 1). As expected, the lowest amount of membrane
cholesterol was observed in Sf9 membranes. Both HAM membranes as
well as membranes prepared from human cells (HEK293 and MCF-7/
MX) contained higher amount of cholesterol than Sf9 membranes.
ICso values were generated for all three substrates in all expression
systems using fifteen known BCRP inhibitors (Tables 2-4; Fig 3-5). The
vast majority of ICso values were within 3-fold in pairwise comparison
between different expression systems for the same probe substrate. ICsq
values with estrone-3-sulfate as a probe are shown in Table 2 and
pairwise comparison of data is shown in Fig 3. A greater than 3-fold
difference in these data were observed only for furosemide with ICs,
Borp-sfo-HaM / ICso, Berp-HEK203 = 3.49 (Table 2; Fig 3C). ICsq values
with sulfasalazine as a probe are shown in Table 3 and pairwise com-
parison of data is shown in Fig 4. For sulfasalazine, four compounds
showed ICsy values that were outside the 3-fold range in pairwise
comparisons (Table 3). ICsq values for leflunomide differed more than
3-fold in two pairwise comparisons (ICso, pcrp-sto / ICso, Bcre-m = 3.75
(Table 3; Fig 4D) and ICso, gcrp-sfo / ICso, Bcrp-sfo-nam = 3.04 (Table 3;
Fig 4F)). One pairwise comparison showed a difference of greater than
3-fold for eltrombopag (ICso, scrp-sro-aam / ICso, scrp-m = 3.31 (Table 4;
Fig 4B)), rapamycin (ICso, pcrp-tex293 / ICso, Bcrp-sfo = 5.4 (Table 3;
Fig 4E)) and furosemide (ICso, crp-sfo-uam / ICso, Bcrp-HEK203 = 3.10
(Table 3; Fig 4C)). ICso data for topotecan showed differences greater
than 3-fold in pairwise comparisons for 6 compounds (Table 4). Ela-
cridar and leflunomide displayed differences greater than 3-fold in two
pairwise comparisons. For elacridar ICso, pcrp-nek203 / ICso, BCRP-sfo-
am = 5.61 (Table 4; Fig 5C), ICso, scrp-m / ICso, Bcrp-sro-Ham = 3.28
(Table 4, Flg SB) and ICSO, BCRP-HEK293 / IC50’ BCRP-Sf9 — 4.53 (Table 4,
Fig 5E) were measured and for leflunomide the two pairwise compar-
isons with ICs, values differing by more than 3-fold were ICsq, gcrp-m /
ICs0, Bcrp-HEK203 = 3.29 (Table 4; Fig 5A) and ICso, pcrp-m / ICso, Berp-
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sfo-nam = 4.17 (Table 4; Fig 5B). KO143, eltrombopag, rapamycin and
furosemide showed ICs, values that differed by more than 3-fold in one
pairwise comparison each. KO143 showed an ICsg pcrp-sro / ICso, Bcrp-
sfo-uam = 3.51 (Table 4; Fig 5F), eltrombopag showed an ICso, gcrp-m /
ICs0, Berp-HEK203 = 3.38 (Table 4; Fig 5A), rapamycin an ICso, pcrp-sfo /
ICso, Bcrp-sfo-nam = 3.61 (Table 4; Fig 5F) and furosemide ICsg, pcrp-sfo
/ 1Cs0, Bcrp-HEK203 = 3.84 (Table 4; Fig SE).

In sum, of the 270 pairwise comparisons only 15 (5.6 %) fell outside
the 3-fold limit and out of these pairwise comparisons only 4 (1.5 %)
differed by more than 4-fold (Table 2-4).

When ICso data determined in the most efficient BCRP-HEK293
membranes was correlated between the three substrates, the best

correlation was found between ICs, data measured with estrone-3-sul-
fate and topotecan (Table 5; Fig 6B), as only furosemide ICsy values
differed by more than 3-fold (12.1 uM and 47.7 uM respectively). ICsq
values measured using estrone-3-sulfate and sulfasalazine as probe
substrates correlated also well (Table 5; Fig 6A) as they differed more
than 3-fold only for ivermectin (0.311 uM and 2.33 uM respectively)
and for rapamycin (1.38 pM and 9.13 pM respectively). The greatest
difference was observed in the sulfasalazine and topotecan as probe
substrates comparison (Table 5; Fig 6C) as ICsq data for five inhibitors
such as imatinib (0.290 uM and 0.079 pM respectively), ivermectin
(2.33 uM and 0.153 puM respectively), prazosin (3.29 pM and 0.930 uM
respectively), ritonavir (18.8 uM and 2.46 pM respectively) and
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ICsg values of estrone-3-sulfate, sulfasalazine and topotecan substrate determined in BCRP-HEK293 membrane preparation using sixteen BCRP inhibitors all together.
The ICso values differed by more than 3-fold are highlighted by bold font style. Data were presented as mean *+ standard deviation for three independent experi-

ments.

N/D* - ICsq values were not determined in case of identity of substrate and inhibitor.

N/D** - ICsq value was not determined due to the possible interference of sulfasalazine in detection of fluorescence of topotecan.

ICso, BCRP-HEK293 (uM)

Inhibitor estrone-3-sulfate sulfasalazine topotecan

K0143 0.0209 * 0.0022 0.0080 + 0.0013 0.0155 * 0.0066
elacridar 0.0214 * 0.0011 0.0116 + 0.0026 0.0258 * 0.0071
eltrombopag 0.0397 * 0.0078 0.0275 * 0.0075 0.0578 * 0.0078
KO134 0.0943 * 0.0142 0.0377 + 0.0040 0.0394 * 0.0065
imatinib 0.2388 * 0.1158 0.2895 * 0.0704 0.0786 * 0.0252
MK571 1.25 * 0.31 0.5058 + 0.0807 0.4288 * 0.0580
leflunomide 0.5410 * 0.0932 1.01 * 0.45 0.9453 * 0.3056
ivermectin 0.3109 * 0.0353 2.33 + 1.35 0.1525 * 0.0356
prazosin 1.94 + 0.29 3.29 + 0.67 0.9304 + 0.3063
rapamycin 1.38 + 0.27 9.13 + 3.01 0.9745 * 0.4039
pantoprazole 4.78 * 0.32 10.40 * 1.11 3.81 * 0.54
estrone-3-sulfate N/D* 12.11 + 0.77 10.49 * 2.67
ritonavir 7.19 * 1.15 18.77 * 3.40 2.46 * 1.30
omeprazole 28.30 * 2.55 24.46 + 6.30 15.18 * 3.01
furosemide 12.11 * 2.71 31.97 * 2.48 47.72 * 18.19
sulfasalazine 0.5608 * 0.1757 N/D* N/D**

rapamycin (9.13 pM and 0.975 uM respectively) differed more than 3-
fold. A greater than 10-fold difference (2.33/0.153 = 15.2) was only
observed for ivermectin inhibition when comparing sulfasalazine and
topotecan as probe substrates.

In sum, in 43 pairwise comparisons ICs, data for 14 pairs differed by
more than 3-fold (Table 5; Fig 6).

4. Discussion

The use of VT assay for substrate and inhibitor testing of transport
proteins has been highlighted by multiple studies (Bentz et al., 2013;
Glavinas et al., 2008; Heredi-Szabo et al., 2013; Lumen et al., 2010;
Poirier et al., 2014; Safar et al., 2019), and this method of testing po-
tential drug interactions with BCRP has also been encouraged by reg-
ulatory agencies (EMA, 2012; FDA, 2020; PMDA, 2018). Testing for
substrates and inhibitors of BCRP using VT assays is of particular im-
portance as BCRP is known to have many low passive permeable sub-
strates and inhibitors (Poirier et al., 2014), which can present technical
challenges for other in vitro transport assay types. A 15 nm/s transcel-
lular permeability measured in MDCKII-BCRP cells in the presence of
inhibitor has been suggested as the permeability threshold
(Poirier et al., 2014) for determining BCRP substrates in a bidirectional
transcellular assay format, and furthermore a dependence of ICs, values
on the test system used (cellular vs vesicular) has also been shown
(Poirier et al., 2014; Szeremy et al., 2011). In general, higher ICs, va-
lues were observed in cellular assays than in VT assays for many low
permeable inhibitors (Poirier et al., 2014; Szeremy et al, 2011).
Therefore, utilization of VT assays for low permeable substrates and
inhibitors is justified.

Membrane preparations generated from a variety of different cel-
lular backgrounds are commercially available for use in transporter
studies. Membranes generated from Sf9 cells infected with baculovirus
harboring ABCG2 cDNA were extensively used for early studies
(Glavinas et al., 2007). However it was soon discovered that for effi-
cient BCRP transport, Sf9 cells are not the optimal host cells as the
composition of insect membranes is quite different from that of mam-
mals, and in particular that insect cell membranes have low levels of
membrane cholesterol that is deleterious for the transport activity of
BCRP (Pal et al., 2007). Therefore, Sf9 membranes enriched with cho-
lesterol (high activity membranes (HAM); BCRP-Sf9-HAM) or mem-
branes prepared from selected mammalian MCF-7/MX cells (BCRP-M)
have been used instead (Pal et al., 2007). In a study on another

cholesterol-sensitive ABC transporter, P-glycoprotein (P-gp), it was
found that membrane cholesterol is likely not the only determinant for
efficient transporter activity, as membrane vesicles generated from P-
gp-overexpressing K562-MDR cells displayed a greater transport of N-
methyl-quinidine (NMQ) than insect cell-derived P-gp-Sf9-HAM ve-
sicles despite much lower expression of the transporter in the mam-
malian vesicles (Heredi-Szabo et al., 2013). We therefore included
membranes generated from an additional cell line, HEK293 cells stably
expressing BCRP (BCRP-HEK293) in our study. HEK293 cells are
commonly used in transporter studies and grow in suspension culture.
Our data show that BCRP-HEK293 membranes contain similar amounts
of cholesterol as BCRP-M membranes do (Supplementary Fig 1). How-
ever, V. values of BCRP-HEK293 membranes for all substrates were
2-5-fold higher than V.4 values of BCRP-M membranes. V., value for
topotecan corrected for BCRP expression was about 6-fold higher in
BCRP-HEK293 membrane than the corresponding value in BCRP-M
membrane (162227 pmol/mg BCRP/min and 25379 pmol/mg BCRP/
min respectively). Therefore, other factors contribute to activity of
BCRP. Membrane lipid content is different for many membrane com-
ponents between HEK293 and Sf9 membranes (Dawaliby et al., 2016).
However, it is not known how the membrane lipid classes other than
cholesterol affect activity of BCRP.

It has also been shown that the potency of BCRP inhibition may
depend on the probe substrate used (Poirier et al., 2014). Therefore, for
the purpose of the study we selected three different substrates: estrone-
3-sulfate as a physiological substrate, and two drugs sulfasalazine and
topotecan that represent different indications (inflammatory and
cancer, respectively) and different chemical spaces. Estrone-3-sulfate
and sulfasalazine are currently used as in vitro BCRP probe substrates
(Safar et al., 2019) and sulfasalazine is also a clinical probe substrate.
Topotecan is a chemotherapeutic drug and as such its use in clinical
drug-drug interaction (DDI) studies is limited. Nevertheless, topotecan
was the victim and elacridar was the perpetrator in the first docu-
mented BCRP-mediated DDI study (Kruijtzer et al., 2002). It is also
fluorescent and thus commonly used in in vitro studies (Safar et al.,
2019). As it is a chemotherapeutic agent it represents a therapeutic
class where multidrug transporters are thought to play an important
role in drug resistance (Klukovits and Krajcsi, 2015). In addition, it is
structurally very different from estrone-3-sulfate and sulfasalazine. Our
data show that K, values were within 3-fold for all substrates in all
membrane systems with the notable exception of topotecan, for which
the K;,, determined using BCRP-Sf9 membranes was 3.4-fold higher than
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when measured using BCRP-Sf9-HAM membranes.

The K,, data for estrone-3-sulfate generated in this study, which
ranged between 9.61 uM and 23.1 pM, were in good agreement with
the K, of 16.4 uM reported by in the literature by other researchers
using a similar VT assay format (Xia et al., 2005). For sulfasalazine, the
K, data from this study ranged between 0.25 pM and 0.36 uM, which is
slightly below the K., of 0.7 uM described in an earlier VT study
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Fig. 6. Pairwise comparisons of ICs, (M) values for the inhibitions of BCRP-
mediated transport of estrone-3-sulfate and sulfasalazine (A), estrone-3-sulfate
and topotecan (B), sulfasalazine and topotecan (C) substrates respectively
measured in BCRP-HEK293 membrane preparation. Each ICs, value is the
mean * standard deviation of values determined in three independent experi-
ments (n=23). The line of unity (the equal ICs, values for the inhibition of both
membranes compared) is illustrated by the solid line, and the ratios of ICsq
values that differ from one another by three-fold represented by dashed lines.
The mean ICs, values of inhibitor compounds are depicted as follows: ] fur -
furosemide, O ome - omeprazole, V/ rit - ritonavir, A est - estrone-3-sulfate, @
pan - pantoprazole, [X] rap - rapamycin, <> pra - prazosin, ¢ ive - ivermectin, %
lef - leflunomide, + MK1 - MK571, X ima - imatinib,  KO4 - KO134, [ elt -
eltrombopag, A ela - elacridar, ¥ KO3 - KO143.

(Jani et al., 2009). Furthermore, the K, values for topotecan, which we
found to range between 19.0 uM and 64.6 uM, were significantly below
the K, of 213.3 uM (Li et al., 2008) previously determined using
MDCKII-BCRP cells in a bidirectional monolayer assay setup. The lack
of correlation between K,, values generated for some low passive
permeable substrates in VT and monolayer systems may indicate the
limitation of cellular systems in studying kinetics of transport of low
passive permeable substrates (Poirier et al., 2014). Accurate determi-
nation of K, values in monolayer experiments for low passive perme-
able substrates in particular may require a model that is based on un-
bound intracellular concentration (Tachibana et al., 2010).

In contrast to the K, values, when V., was calculated for each of
the different membrane preparations, there was a marked difference for
all 3 substrates with values for the highest activity membranes (BCRP-
HEK293) over 20-fold higher than those determined for the lowest
activity membranes (BCRP-Sf9). Therefore, while affinities of substrates
for BCRP did not differ significantly between expression systems, the
increased dynamic range of the assay revealed that BCRP-HEK293 was
clearly superior to the other expression systems studied.

ICs values showed good concordance too with 94.4 % (255 out of
270) of values within the 3-fold range in pairwise comparisons and only
4 of 270 (1.5 %) showing more than 4-fold difference. Especially good
correlation was observed between ICs, values determined in the two
expression systems with human cellular origin (BCRP-HEK293 and
BCRP-M), as eltrombopag was the only inhibitor showing greater than
3-fold difference (3.38-fold) when tested using topotecan as probe
substrate. All inhibitors tested showed a measurable ICso that corre-
lated well between test systems for the same probe substrate, indicating
that the VT assay is applicable across a broad chemistry and perme-
ability space to determine ICs, values.

When ICso values determined in BCRP-HEK293 using different
probe substrates were correlated, a somewhat lower concordance was
observed as only 81.4 % of pairwise comparisons showed less than 3-
fold difference, and ivermectin and rapamycin showed around 9- to 15-
fold differences (Table 5; Fig 6). BCRP has a large substrate binding
region with multiple binding sites predicted from docking studies on
homology models (Ferreira et al., 2017). Mutagenesis studies have also
identified key amino acids such as R482 (Honjo et al., 2001) and F439
(Gose et al., 2020) that affect BCRP-mediated transport of many drugs.
From the data available, binding sites for the substrates used in this
study cannot be clearly delineated. However, the compounds showing
the greatest differences such as ivermectin (Mw: 875), rapamycin (Mw:
914) and ritonavir (Mw: 720) are all large compounds, and therefore
steric constrains may be behind their substrate-dependent inhibitory
effect.

In summary, the kinetics data generated for 3 substrates and 15
inhibitors showed good correlation for K, and ICs, values confirming
applicability of the VT method for substrate assays using low passive
permeable substrates, and inhibition assays in a broad permeability
space. V. data suggest that the dynamic range of the HEK293 based
expression system (BCRP-HEK293) is superior to other expression sys-
tems.
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