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Abstract

The complexity of the proteome often limits the number of identified proteins in the nanoflow LC-MS (nanoLC-MS)
analysis of samples. Therefore, peptide fractionation is essential for reducing the sample complexity and improving the
proteome coverage. In this study, to achieve high-pH reversed-phase (RP)-well plate fractionation for high-throughput
proteomics analysis, C18 particles were coated on a 96-well plate, and the sample-loading processes were optimized for
high-pH fractionation. The sample capacity of the high-pH RP-well plate was estimated to be ~6 pg of protein. There were
1.85- and 1.71-fold increases in the number of protein groups and peptides identified, respectively, with high-pH RP-well
plate fractionation, compared to those without fractionation. In addition, with alkaline C18 well plate fractionation, exosome
markers could be detected using ~1 pg of a protein digest of exosomes by microflow LC-MS (microLC-MS). These results
illustrate that high-pH RP-well plate fractionation has superior sensitivity and effectiveness in preparing trace amounts of
proteins for deep proteome analysis.
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analysis of trace and valuable samples. However, the use of
one-dimensional nano/microflow LC-MS is usually insuf-

FBS Fetal bovine serum ficient to resolve complex biological mixtures, limiting the
FDR False discovery rate number of identified proteins. Therefore, prior to MS analy-
SEC  Size-exclusion chromatography sis, fractionation methods are usually applied to reduce the

complexity of the digested peptides for improving the sen-
sitivity and specificity of protein identification.

Low-pH reversed-phase (RP) nano/microflow LC-MS
with acid mobile-phase elution for peptide separation is the

Introduction

Bottom-up proteomic approaches using proteolytic diges-
tion result in biological samples that contain hundreds of
thousands of peptides that span a wide range of concen-
trations [1]. Nano/microflow liquid chromatography—mass
spectrometry (LC-MS) has become a powerful tool for iden-
tification and quantification in deep proteomics analysis. The
increased sensitivity of MS techniques has allowed for the

P< Chao-Jung Chen
cjchen@mail.cmu.edu.tw

Graduate Institute of Integrated Medicine, China Medical
University, Taichung, Taiwan

Proteomics Core Laboratory, Department of Medical
Research, China Medical University Hospital, Taichung,
Taiwan

Exonox Biosciences, Inc., Taipei, Taiwan

most commonly used dimension for direct coupling to nano-
electrospray ionization—mass spectrometry (ESI-MS). To
further reduce the sample complexity, various strategies for
peptide separation prior to low-pH RP LC-MS analysis have
been developed, including strong cation exchange (SCX)
[2—-4], OFFGEL electrophoresis [5, 6], hydrophilic interac-
tion chromatography (HILIC) [7], size-exclusion chroma-
tography (SEC) [8], and high-pH RP-LC [9, 10]. Because
the pH change between high-pH RP and low-pH RP has a
dramatic effect on peptide charge distribution, resulting in
a different hydrophobicity in each dimension [11], high-pH
RP has been shown to be semi-orthogonal to low-pH RP.
Using a volatile-salt buffer in high-pH RP-LC to elute pep-
tides can reduce the sample preparation time and decrease
sample losses, rendering the method more suitable for han-
dling trace samples prior to nano-LC-MS/MS. [10, 12]
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LC column [10], HLB cartridge [13], and tip-based
methods [14] have been reported for high-pH RP fractiona-
tion. However, LC column and HLB cartridge fractionation
strategies often use large sample amounts and may result in
significant sample loss for trace sample amounts. Tip-based
methods are usually adopted for low protein amounts (<
10 pg) [15]; however, their loading volume is limited by
the tip size, necessitating repetitive pipetting steps for larger
sample volumes [16]. Furthermore, tips may sometimes be
blocked by contaminating particles or proteins aggregated
in high concentrations of organic solvents, resulting in
increased back pressure, and making manual operation dif-
ficult or even unfeasible. Previously, we developed a rapid
and simple approach for coating C18-functionalized plates
by bonding silica-based functionalized particles on a polydi-
methylsiloxane (PDMS) membrane, called a CP plate. [17]
A CP plate is a C18-functionalized plate suitable for peptide
and protein purification. However, a flat C18 plate system
cannot be directly applied to solvents with high hydrophilic
properties (> 60% H,0), because the strong repulsion force
between the hydrophilic sample solution and the hydropho-
bic C18 surface results in a greater contact angle between
sample solution droplet and a C18 spot. Hence the sample
droplet is not easily located on a C18 surface. Therefore,
on a flat C18 plate system, it is hard to observe the sam-
ple deposition area for the subsequent washing and frac-
tionation steps, making the system unsuitable for peptide
fractionation.

In this study, we present a newly designed C18-coated
well plate that overcomes the aforementioned limitation by
applying a larger sample volume to a sample well coated

% cotton swab

PDMS <> .

C18 particles

with C18 at the bottom of the well. Using this plate, a hydro-
philic solvent can be used for peptide fractionation. The
RP-well plate operation processes were optimized and used
for high-pH peptide fractionation. The performance of the
RP-well plate was demonstrated using a hepatoma cell line
(HepG2) and exosome proteins from ovarian cancer cells
(SKOV3) for deep proteome profiling.

Materials and methods
Chemicals and reagents

The polydimethylsiloxane (PDMS) prepolymer was pur-
chased from Dow Corning (Sylgard® 184, Midland, MI,
USA). Acetonitrile (ACN), formic acid (FA), and NH,OH
were purchased from J.T.Baker (Phillipsburg, NJ, USA).
Ammonium formate, dithiothreitol (DTT), and iodoaceta-
mide (IAA) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Trypsin (modified, sequencing grade) was
obtained from Promega (Madison, WI, USA). The HepG2
liver hepatocellular cell line and SKOV3 ovarian cancer cell
line (Bioresource Collection and Research Center, Hsin-
chu, Taiwan) were kindly provided by Dr. Ping-Hsiao Shih
(Department of Medical Research, China Medical Univer-
sity Hospital, Taiwan).

Fabrication of C18-coated RP-well plate

A flowchart of the C18-particle-coated RP-well plate fab-
rication and peptide fractionation is shown in Fig. 1. The

suspension solution
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Fig. 1 Schematic representation of the functionalized RP-well plate fabrication and peptide fractionation procedures
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PDMS prepolymer (reagent A) was mixed in a 1.5 mL tube
with its curing agent (reagent B) in a 10:1 volume ratio and
spun down. A cotton swab was dipped into the PDMS solu-
tion and then smeared on the bottom of sample wells of a
96-well plate to form a thin layer on the bottom of the well
plate, which was then incubated in an oven for polymeriza-
tion at 80 °C for 1 h. After the PDMS film formed, 60 pL
of the C18 particle solution (1.7 pm, 130 A BEH, Waters;
3 mgin 1 mL, 80% ACN) was loaded on the PDMS-coated
well plate; the plate was then incubated in an oven at 50 °C
for 4 h. The excess C18 particles were flushed out with etha-
nol. The C18-coated RP-well plate was air-dried at room
temperature and was then ready for use.

MALDI-TOF-MS analysis

Peptides were analyzed by MALDI-TOF/TOF-MS (Ultraflex
III TOF/TOF; Bruker Daltonics) equipped with a Smart-
beam laser. Peptide mass calibration for MALDI-TOF was
performed with a peptide calibration standard kit (Bruker
Daltonics) for a mass range of 800-4000 Da. The spectra
were acquired in the reflectron mode using an accelerating
voltage of 25 kV and a reflectron voltage of 26.3 kV. The
mass spectra were processed using FlexAnalysis software
(Bruker Daltonics).

Cell culture and lysis of HepG2 cell line

The human hepatocellular carcinoma cell line, HepG2, was
grown in a DMEM medium supplemented with 10% fetal
bovine serum (FBS, Thermo Fisher Scientific, USA) and 1%
penicillin/streptomycin (P/S), and was maintained at 37 °C
in a 5% CO, atmosphere. Cell pellets were harvested by
washing cultures with cold PBS and lysing in RIPA lysis
buffer (50 mM Tris-HCI, pH 7.5, 50 mM NaCl, 1% Nonidet
P-40, 1% sodium deoxycholate, 0.1% SDS, 2 mM EDTA,
and protease inhibitor). The cell lysate was centrifuged at
12,000 rpm for 20 min at 4 °C, and the supernatant was
discarded.

SKOV3 exosome isolation and protein extraction

The highly invasive ovarian cell line, SKOV3, was grown in
McCoy’s SA medium supplemented with 10% FBS and 1%
P/S, and maintained at 37 °C in a 5% CO, atmosphere. Once
the SKOV3 cells grew to greater than 70% confluence, they
were washed with PBS and cultured in serum-free McCoy’s
5A medium. After 48 h, the culture medium was collected.
The exosomes were isolated using a gel-filtration chroma-
tography column (qEVSingle, Izon Science, New Zealand).
They were then concentrated in an Amicon Ultra-5 (10 kDa
nominal molecular weight, Merck Millipore) centrifugal
filter to a final volume of 100 pL. The exosome particle

size distribution was analyzed using the Izon gNano system
(Izon Science, New Zealand). The exosome sample solution
was then dried in a centrifugal concentrator (miVac Duo
Concentrator; Genevac, Stone Ridge, NY, USA), followed
by lysis and exosome protein extraction using RIPA buffer.
The lysed sample solution was centrifuged at 12,000 rpm
for 20 min at 4 °C, and the supernatant was collected. Five
volumes of ice-cold acetone were added to one volume of
the supernatant and incubated at —20 °C for 4 h. Next, the
precipitated proteins were centrifuged at 12,000 rpm for
15 min at 4 °C. The supernatant was discarded, and the pro-
tein pellet was collected for a protein concentration assay
and solution digestion.

In-solution digestion

The protein pellet was dissolved in 50 mM ammonium bicar-
bonate containing 8 M urea and 2 M thiourea. The protein
concentration was determined by the Bradford assay (Bio-
Rad) and measured using a microplate spectrophotom-
eter reader (Multiskan GO Microplate spectrophotometer,
Thermo Scientific, Vantaa, Finland). The proteins were
reduced with 10 mM DTT and then alkylated with 55 mM
TAA, followed by the addition of 50 mM DTT to quench the
remaining TAA. The above-mentioned reduction, alkylation,
and quenching steps were incubated at room temperature for
1 hin the dark. Trypsin was used to digest the proteins at an
enzyme-to-substrate ratio of 1:40 (w/w) for 16 h at 37 °C.
The peptide sample solution was dried in a centrifugal con-
centrator (miVac Duo Concentrator; Genevac, Stone Ridge,
NY, USA).

Peptide fractionation by high-pH RP-well plate

Before sample loading, the RP-well plate was washed with
70% ACN. Protein-digested peptides (2 pg) dissolved in
60 pL of deionized H,O were loaded into the RP-well plate
and dried by incubating in an oven at 50 °C. The RP-well
plate was then washed with 100 pL of 10 mM NH,HCO,
(pH 10, as the flow-through fraction) and sequentially
fractionated with 100 pL of seven different elution buffers
(5%, 10%, 15%, 20%, 30%, 40%, and 80% ACN in 10 mM
NH,HCO,, pH 10). All the fractions were subsequently
evaporated by centrifugation under vacuum. For nano-LC-
MS/MS analysis, the eight fractions were resuspended in
6 pL of 0.1% FA for nano-LC-MS/MS analysis.

High-pH fractionation of a reversed-phase cartridge
The high-pH fractionation by a reverse cartridge was carried
out on an Oasis HLB 1 mL Vac Cartridge (30 mg sorbent,

30 pm particle size, Waters Corporation, Milford, MA). All
buffers used in HLB separation contained 10 mM NH,HCO,
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and were adjusted to pH 10 with NH,OH. After washing
with 1 mL of ACN and equilibrating with 1 mL NH,HCO,,
SKOV3 protein-digested peptides (1 pg) were added with
0.5 mL of NH,HCO, and loaded onto the equilibrated HLB
column. Serial elution was carried out stepwise with 0.5 mL
of each elution buffer in the order of 10%, 20%, 30%, and
80% ACN/NH,HCO,. The fractionated peptide fractions
were dried under speed vacuum. The fractions were resus-
pended in 6 pL of 0.1% FA and subjected to nano-LC-MS/
MS analysis.

Nano-LC-MS/MS analysis and database search
of HepG2 proteome

HepG2 proteome identification was performed using a cap-
tive spray ion source and a hybrid Q-TOF mass spectrometer
(maXis Impact, Bruker) coupled with a nanoflow ultra-per-
formance liquid chromatography (UPLC) system (UltiMate
3000 RSLCnano system, Dionex, Amsterdam, Netherlands).
Each sample was injected into a commercial trap column
(Acclaim PepMap C18, 5 pm 100 A, 100 pm X 20 mm,
Thermo Scientific, USA) at a flow rate of 10 uL min~" for
4 min. The trapped analytes were separated using a commer-
cial analytical column (Acclaim PepMap C18, 2 um 100 A,
75 pm X 250 mm, Thermo Scientific, USA) at a flow rate
of 300 nL min~!. An ACN/H,O gradient of 10-40% was
used for peptide separation over 60 min. For MS and MS/
MS detection, peptides with a charge of 2+, 3+, or 4+ and
intensity above 500 counts were chosen for data-dependent
acquisition, set to one full MS scan at 1 Hz, and switched
to 12 product ion scans with 10 Hz within a mass range of
m/z 50-2000.

The nano-LC-MS/MS spectra were deisotoped, cen-
troided, and converted to .mgf files using DataAnalysis soft-
ware (version 4.4, Bruker Daltonics), then searched against
the UniProt database (downloaded on 5 January 2021)
using PEAKS Studio proteomics software version X with
the peptide and MS/MS mass tolerance search parameters
set at 50 ppm and 0.05 Da, respectively. The search param-
eters included taxonomy (human), enzyme (trypsin), fixed
modification (carbamidomethylation of cysteines), variable
modification oxidation (Met), and deamidation (Asn, Gln).
The false discovery rate (FDR) was set to 1% for peptide and
protein identification.

MicroLC-MS/MS analysis and database search
of SKOV3 exosome

The exosome proteome of SKOV3 was identified by
microLC-MS/MS using a Dionex UltiMate 3000 RSLC-
nano system coupled with an Orbitrap Exploris 480 mass
spectrometer (Thermo Fisher Scientific). Each sample was
analyzed using a 15 cm RP column (Thermo Scientific
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EASY-Spray columns, PepMap® RSLC, C18, 150 pm
id) with a particle size of 3 pm, 100 A at a flow rate of
1.2 pL min~! without using a trap column. An ACN/H,0
gradient of 10-45% was used for peptide separation over
90 min. The mass spectra were acquired in a data-depend-
ent manner, with automatic switching between the MS and
MS/MS scans using the top-20 method and one micro scan.
The MS and MS/MS spectra were acquired at resolutions
of 120,000 and 30,000, respectively. The scan range was
limited to m/z 300—1800. The precursor isolation window
was m/z 1.2.

The MS/MS data were processed using Proteome Discov-
erer software (version 2.4, Thermo Fisher Scientific, USA)
for a database search against the human Uniprot FASTA
database (42,252 entries, downloaded on 5 May 2019) with
the precursor and fragment ion mass tolerance search param-
eters set at 10 ppm and 0.02 Da, respectively. The search
parameters were set to enzyme-trypsin, maximum missed
cleavages for trypsin digestion as 2, fixed modification (car-
bamidomethylation of cysteines), variable modification oxi-
dation (Met), and deamidation (Asn, GIn). The FDR was set
to 1% for peptide and protein identification.

Results and discussion

Optimization of sample-loading methods
of the RP-well plate

To fabricate the C18-coated RP-well plate, a transparent
PDMS film was first coated on the bottom of the ~6.4 mm-
diameter sample well of a 96-well plate (Fig. 2a). After load-
ing the C18 particles, followed by incubation and washing, a
semi-transparent C18 film was formed at the bottom of the
sample well (Fig. 2b).

Owing to the hydrophobic characteristics of the C18
RP-well plate, the loading of hydrophilic sample droplets
on the C18-coated surface is a critical step for high-pH RP
fractionation. To evaluate the sample-loading efficiency of
the RP-well plate, two different sample-loading methods,
loading with and without drying, were tested with 2 pg of
digested bovine serum albumin (BSA) peptides. The RP-
well plate was first washed with 70% ACN to condition the
C18 surface. The sample solution (60 pL of deionized water)
was loaded immediately and sonicated for 10 s to remove
any air bubbles trapped inside the pores of the C18 particles.

In the loading-without-drying method, after sample
loading, the RP-well plate was vibrated on a vortex mixer
for 15 min at room temperature, and the supernatant was
discarded. In the loading-dry method, after sample load-
ing, the RP-well plate was dried in a 50 °C oven for 2 h,
and 100 pL of 10 mM NH,HCO, (pH 10) was added to
wash the RP-well plate. In both sample-loading methods,
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Fig.2 (a) One PDMS-coated A
sample well (~6.4 mm i.d.) and
(b) one C18-PDMS-coated
sample well of a 96-sample well
plate. The image was obtained
using an optical camera (NEX-
5, Sony, Japan)

the peptides were eluted with 100 pLL of 80% ACN contain-
ing 10 mM NH,HCO, (pH 10), followed by drying using a
speed vacuum and MALDI-TOF analysis. The BSA peptides
eluted from the different loading methods were mixed with
an internal standard consisting of an ACTH peptide (ACTH
fragment, RPVKVYPNGAEDESAEAFPLEF, theoretical
mi/z=2465.1983) for MALDI-TOF analysis. Two peaks of
the trypsin-digested BSA peptides, m/z 1479.8 (LGEYG-
FQNAILVR, theoretical m/z=1479.7954) and m/z 1567.7
(DAFLGSFLYEYSR, theoretical m/z=1567.7427), were
used to compare sample-loading efficiency. Figure 3a shows
two representative MALDI spectra acquired using the two
different loading methods. In the loading-without-drying
method, the peak intensity ratios of m/z 1479.8/2465.2 and
mlz 1567.7/2465.2 were ~0.12 (standard deviation [SD],
0.013) and 0.06 (SD, 0.004), respectively (Fig. 3b). In the
loading-dry method, the peak intensity ratios separately

>

increased to ~0.66 (SD, 0.14) and 0.17 (SD, 0.015), indi-
cating a significant 5.5- and 2.8-fold enhancement in the
sample-loading efficiency compared to that with the loading-
without-drying method. These results indicate that the pep-
tide binds to the RP-well plate more efficiently during the
sample drying process. Therefore, the loading-dry method
was used as the sample-loading procedure for subsequent
experiments.

Sample capacity

The sample capacity of the RP-well plates was evaluated
using BSA digests. Increasing amounts of BSA digests,
ranging from 1 to 12 pg, were loaded onto the RP-well plate,
and the eluted peptides from each sample were mixed with
the same amount of ACTH peptide (m/z 2465.2) that acted as
the internal standard. One major peak of the BSA-digested

B
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EACYE 1479.8 Loading-dry 2465.2 0.9 -
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E 51 i |1567‘7 Internal | o 4 %87 ® Loading-dry
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Fig.3 A comparison of sample loading methods, loading-dry and
loading-without-drying, using BSA digests and an ACTH peptide
(theoretical m/z: 2465.1983, as an internal standard). (a) The repre-
sentative MALDI-TOF spectrum of loading-dry (upper panel) and

loading-without-drying (lower panel) methods. (b) The peak ratios
of m/z 1479.8/2465.2 and m/z 1567.7/2465.2 in loading-dry and
loading-without-drying methods were obtained from three replicated
analyses
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peptides, m/z 1479.8, was used to represent the BSA pep-
tide abundance. In the sample capacity design, 5 pmol of
ACTH peptide was mixed with the eluted peptides from 1 pg
of loaded BSA digests. Therefore, 10, 20, 30, 40, 50, and
60 pmol of ACTH peptide were mixed with the eluted pep-
tides from loading amounts of 2, 4, 6, 8, 10, and 12 pg of the
BSA digest prior to MALDI-TOF analysis. The peak ratio
(m/z 1479.8/2465.2) of each sample amount was determined
with three triplicate sample well measurements of the three
samples. Figure 4 shows a similar peak signal ratio (m/z
1479.8/2465.2) of ~0.37 from sample loadings between 1 pg
and 6 pg, indicating that the protein amount was below the
bead capacity. A slightly decreased ratio (~0.19) is observed
at 8 and 10 pg, and the ratio drops significantly at 12 pg sam-
ple application. Therefore, the maximum sample capacity
of the RP-well plate (~6.4 mm) was approximately 6 pg of
BSA peptides, and this capacity was sufficient for most of
our proteomics studies.

Complex protein digest fractionation by high-pH
RP-well plate

To evaluate the fractionation performance of the high-pH
RP-well plate, 2 pg of the complex protein digest from the
HepG2 cell line was loaded and fractionated with 0% (wash
step, flow-through), 5%, 10%, 15%, 20%, 30%, 40%, and

0.5 -

0.4 1

0.3 1

0.2 |

0.1 A

Peak intensity (m/z 1479.8/2465.2)

0.0
1 2 4 6 8§ 10 12

BSA digest (ng)

Fig.4 Sample capacity evaluation of the RP-well plate by MALDI-
TOF. The 1, 2, 4, 6, 8, 10, and 12 pg of BSA digests were separately
loaded onto the C18 well plate, and eluent was separately mixed with
5, 10, 20, 30, 40, 50, and 60 pmol of ACTH peptide (as an internal
standard, m/z 2465.2) and then subjected to MALDI-TOF analysis.
Y-axis: the peak ratio of the BSA peak (m/z 1479.8) to its correspond-
ing ACTH peak signal (m/z 2465.2). X-axis: the loading amount of
BSA digests. Each concentration was performed with three spectra
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80% ACN in 10 mM NH,HCO, (pH 10), followed by nano-
LC-MS/MS analysis. An analytical flowchart of the RP-well
plate for high-pH fractionation is shown in Fig. 1.

The results showed that the numbers of protein groups/
peptides identified in the 0%, 5%, 10%, 15%, 20%, 30%,
40%, and 80% ACN fractions were 690/1576, 795/2039,
819/1967, 835/1877, 803/1931, 709/2292, 557/1550, and
432/993, respectively. (Table 1) Combining the above-
identified results, a total of 1324 protein groups and 6186
unique peptides were identified in the eight fractions. How-
ever, without fractionation (merging 4 replicate results of a
single run), only 715 protein groups and 3625 unique pep-
tides were identified (Fig. 5a). The high-pH RP-well plate
fractionation platform was found to provide 1.85- and 1.71-
fold increases in the number of identified protein groups
and unique peptides, respectively, when compared to the
results obtained without fractionation. The results of Venn
diagram analysis showed that the overlapped protein groups
(percentage distribution) and peptides (percentage distribu-
tion) between the one with high-pH RP-well plate fractiona-
tion and the one without fractionation were 639 (45.6%) and
2045 (26.3%), respectively (Fig. 5b), indicating that high-pH
RP-well plate fractionation provides some complementarity
compared to four replicated analyses without fractionation.
A grand average of the hydropathy value (GRAVY) calcula-
tor (http://www.gravy-calculator.de/) was used to determine
the peptide hydrophobicity. A more negative GRAVY score
indicates a peptide with more hydrophilic properties, while
a more positive GRAVY score indicates a peptide with more
hydrophobic properties. A high percentage of hydrophilic
peptides were eluted using an elution solvent with a high

Table 1 Numbers of identified protein groups, peptides, and PSMs by
nano-LC-MS/MS with and without high-pH RP-well plate fractiona-
tion

Samples Protein groups Peptides PSMs*
0% ACN 690 1576 3295
5% ACN 795 2039 4312
10% ACN 819 1967 4351
15% ACN 835 1877 3970
20% ACN 803 1931 3974
30% ACN 709 2292 4767
40% ACN 557 1550 2925
80% ACN 432 993 1794
8 fractions merged 1324 6186 29,394
Single run-1 653 2798 4865
Single run-2 654 2789 4884
Single run-3 633 2772 4878
Single run-3 641 2722 4771
4 of single run merged 716 3626 19,385

*PSMs peptide spectrum matches


http://www.gravy-calculator.de/
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Fig.5 Evaluation of separation efficiency with high-pH RP-well plate
fractionation. (a) Identification number of protein groups and unique
peptides. (b) Venn diagram analysis of overlap number (percentage
distribution) of identified protein groups and unique peptides with
high-pH RP-well plate fractionation (8 fractions) and without frac-
tionation (merged 4 replicate results of single injection). (¢) Distri-

percentage of H,O. An increased percentage of hydrophobic
peptides were eluted using elution solvents with an increased
percentage of ACN (Fig. 5¢) Therefore, the high-pH RP-
well plate can effectively fractionate peptides according
to their hydrophobicity and reduce the sample complexity
to improve the sensitivity and specificity of protein iden-
tification. The orthogonality of the high-pH RP-well plate
fractionation was evaluated with the overlaps of identified
unique peptides by each fraction. Figure 5d shows that more
than 50% of unique peptides were identified in only one frac-
tion. The overlapping peptide rate between any two adjacent
fractions was lower than 50% in all cases (Fig. 5e). The dis-
tinct physicochemical characteristics of peptides from the
fractionation of the high-pH RP-well plate can significantly
improve peptide and protein identification.

The performance of the high-pH RP-well plate was also
compared with the performance of an HLB cartridge by
using 1 pg of complex protein digests from the SKOV3 cell

(number of fractions)

Fractions

bution of GRAVY scores among each fraction. (d) The separation
efficiency of high-pH RP-well plate fractionation shown as the per-
centage of peptides found in one or more fractions. (e) The overlap
between each adjacent fraction is expressed as a percentage of the
total peptides identified between the pair of fractions

line with different elution buffers (10%, 20%, 30%, and 80%
ACN in 10 mM NH,HCO,, pH 10). The identified protein
groups/peptides using the RP-well plate and an HLB car-
tridge were 612/4025 and 598/3064, respectively (Fig. S1),
indicating that the RP-well plate provides higher perfor-
mance in high-pH fractionation than an HLB cartridge does.

Exosome proteome profiling by high-pH RP-well
plate and microLC-MS/MS

Exosomes are small (30-150 nm) extracellular vesicles
(EVs) secreted from most cell types. They carry specific
protein signatures and transmit important signal molecules
in cancer progression, angiogenesis, metastatic niche forma-
tion, organ-specific metastasis, and tumor microenvironment
remodeling [18, 19]. Therefore, exosomes have become a
potential resource for elucidating disease mechanisms, drug
delivery, and disease biomarker discovery. Various exosome
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isolation methods have been developed, including ultracen-
trifugation, magnetic beads, and SEC, as well as density-
based and filtration-based isolation methods. To examine
the quality of the isolated exosomes, their size distribution,
morphology, quantity, and biochemical composition were
measured [20]. Some protein markers, such as TSG101,
HSP90AB1 (HSP84), ALIX, CD59, CD81, and calnexin, are
usually used for exosome characterization [21, 22], and west-
ern blotting has traditionally been the analytical method of
choice. However, the western blotting assay usually requires
several micrograms of protein for one protein identification
[23, 24]. Exosomes are valuable samples typically available
only in trace amounts [25, 26]; nano/microLC-MS/MS has
gradually become a more attractive approach for exosome
characterization and disease biomarker discovery. Several
studies have reported the proteomic signatures of exosomes
derived from biological fluids such as plasma, urine, cer-
ebrospinal fluid (CSF), and cell culture medium [27-29].
Zhang et al. identified 262 proteins from the LC-MS/MS
analysis of exosomes extracted from the plasma of ovarian
cancer patients [28]. Diederick et al. identified 732 proteins
derived from SKOV3 ovarian cancer cells through proteomic
analysis [29]. In our exosome proteome study, exosomes
were obtained from SKOV3 cells (three 10-cm dishes) by
incubation with serum-free medium for 48 h, followed by
the collection of the medium (24 mL) for exosome isola-
tion and protein purification. Izon qNano system analysis
revealed that the diameter of most particles was in the range
of 90-150 nm (Fig. 6a). After protein purification, only a
small amount of protein (9.2 pg) was harvested from 24 mL
of the medium. Herein, the proteomic profiling of ~2 pg of
protein digest of SKOV3 cell-released exosomes was per-
formed with high-pH well plate fractionation, and ~ 1 pg of
the fractionated sample amount was analyzed. To increase
the sensitivity, a microLC system coupled to an Orbitrap
Exploris 480 mass spectrometer was used to detect exosome

, | — 2000-.
1‘ IH i o e e 0 -

proteins. A total of 2294 protein groups and 14,023 unique
peptides were identified (Fig. 6b and Table S1).

According to a published study [21], a total of 104
reported exosome markers were identified in this study
(Table S2). These include transmembrane anchored pro-
teins (CD9, CD59, and integrin family), membrane-binding
proteins for transport (Alix, TSG101, and Flot 1), and heat-
shock proteins (Hsp60, Hsp70, and Hsp90). However, with-
out high-pH well plate fractionation, the merged triplicate
results of a single run showed that the number of protein
groups and identified peptides decreased to 540 and 3939,
respectively (Fig. 6b). Furthermore, only 42 exosome mark-
ers were detected, representing a significantly lower pro-
tein coverage and fewer identified peptides compared to the
results from high-pH fractionation (Table S2). Compared
with the western blotting assay, which usually uses several to
dozens of micrograms for one protein identification [23, 24],
the use of ~1 pg of the fractionated sample for microLC-MS/
MS analysis renders this a sensitive platform for deep exo-
some proteome and exosome characterization.

Conclusion

In this study, we fabricated a C18-functionalized RP-well
plate and evaluated its performance in the proteomic analysis
of HepG2 cells and SKOV3 exosomes. The RP-well plate
can efficiently increase the number of identified peptides and
proteins for deeper proteome analysis. This approach has
the advantages of being a simple fabrication procedure with
high throughput, microscale fractionation, and easy manual
operation. Therefore, this platform could be promising for
the deep proteome analyses of exosomes, needle biopsies,
isolated cell organelles, and other samples with limited and
valuable protein amounts.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00216-022-03892-0.
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