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Abstract

Novel mass spectrometry (MS)-based proteomic tools with extremely high
sensitivity and high peak capacity are required for comprehensive
characterization of protein molecules in mass-limited samples. We reported a
nanoRPLC-CZE-MS/MS system for deep bottom-up proteomics of low
micrograms of human cell samples in previous work (Yang et al. Anal. Chem.
2018, 90, 10479-10486). In this work, we improved the sensitivity of the
nanoRPLC-CZE-MS/MS system drastically via employing bovine serum albumin
(BSA) treated sample vials, improving the nanoRPLC fraction collection
procedure, and using a short capillary for fast CZE separation. The improved
nanoRPLC-CZE produced a peak capacity of 8500 for peptide separation. The
improved system identified 6500 proteins from a MCF7 proteome digest starting
with only 500-ng peptides using a Q-Exactive HF mass spectrometer. The
system produced a comparable number of protein identifications (IDs) to our
previous system and the two-dimensional (2D) nanoRPLC-MS/MS system
developed by the Mann’s group with 10-fold and 4-fold less sample consumption,
respectively. We coupled single spot solid phase sample preparation (SP3)
method to the improved nanoRPLC-CZE-MS/MS for bottom-up proteomics of
5000 HEK293T cells, resulting in 3689 protein IDs with the consumption of a

peptide amount that corresponded to only roughly 1000 cells.
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Introduction

Multi-dimensional separation before electrospray ionization-mass spectrometry
(ESI-MS) is indispensable for bottom-up proteomics of complex proteomes. [1-3]
Reversed-phase liquid chromatography (RPLC) and capillary zone
electrophoresis (CZE) are both capable for high-resolution separation of peptides
and are orthogonal. % Coupling RPLC to CZE-MS for complex sample analysis
has been a very active research area in the literature. ¢! Both offline and online
RPLC-CZE-MS systems have been developed and applied in bottom-up
proteomics. In general, the online RPLC-CZE-MS should produce better
sensitivity and higher throughput than the offline version due to the reduced
sample loss and labor; the offline RPLC-CZE-MS should have much simpler
system setup and provide better flexibility for the two-dimensional (2D)
separations compared to the online version. 2 It was well demonstrated that
CZE-MS outperformed RPLC-MS for analysis of mass-limited proteome samples
regarding the number of protein identifications (IDs), suggesting the better
sensitivity of CZE-MS compared to RPLC-MS. ["-10 Therefore, CZE is typically
online coupled to MS and RPLC is employed as the first dimension for peptide

fractionation.

Several research groups have developed online RPLC-CZE-MS systems for
proteomics. ['"-171 The Ramsey group carried out the connection of RPLC and
CZE-MS using a microfluidic device. ['>'6] They applied the online RPLC-CZE-
MS systems in bottom-up MS characterization of standard protein digests, an
antibody, and an E. coli proteome sample. Under the optimal condition, a peak
capacity of over 1000 in one hour was produced by the online system. Recently,
the NeusUfR group built an online RPLC-CZE-MS system using a 4-port valve as
the interface for characterization of intact proteins. [T An RPLC eluate containing
proteins was selectively transferred into a sample loop integrated into the 4-port
valve, followed by CZE-MS analysis. Although some successful examples were
published, some challenges remain for the online RPLC-CZE-MS. First, the
separation power of RPLC and CZE cannot be fully used because we need to



balance the two dimensions for online operation. Second, usually only a small
fraction of the RPLC eluate can be analyzed by CZE-MS. For instance, in the
design of the Ramsey group, ['® only small fractions of RPLC eluates flowed into
the microfluidic device and most of them went to waste through splitting to
ensure the compatibility of RPLC and CZE.

Offline RPLC-CZE-MS is a good solution for fully using the separation power of
both RPLC and CZE and has been applied for large-scale bottom-up proteomics.
[5.18-251 Yan et al. coupled offline RPLC fractionation to CZE-MS/MS for bottom-up
proteomics of Xenopus embryos and identified 4100 proteins. ['® Chen et al.
developed a SCX-RPLC-CZE-MS/MS platform and achieved 8200 protein IDs in
70 h from a mouse brain proteome. 4] Both studies started with hundreds of
micrograms of proteome digests. Choi et al. coupled a microscale RPLC
fractionation using a C18 zip-tip to CZE-MS/MS for analysis of 1 to 20-ug neuron
proteome digests.[?3 Nearly 800 proteins were identified with consumption of only
1-ng proteome digest, demonstrating the power of microscale RPLC-CZE-
MS/MS for bottom-up proteomics of mass-limited samples. Although the offline
RPLC-CZE-MS/MS showed its power for large-scale bottom-up proteomics, only
a small fraction of peptides in each RPLC fraction (i.e., less than 5%) was
analyzed by CZE-MS/MS in the typical workflow because of the low sample
loading capacity of CZE. The offline RPLC-CZE-MS/MS suffered from low overall
sensitivity also because the serious sample loss on the analytical RPLC column
(2.1-4.6 mm i.d.) used for peptide fractionation and in the Eppendorf tubes used

for fraction collection.

The Mann group demonstrated that the RPLC fractionation using a capillary
column (i.e., 250-um i.d.) produced drastically better sensitivity compared to that
using an analytical column (i.e., 2.1-mm i.d.) for bottom-up proteomic analyses of
low micrograms of human cell proteins, due to the much lower sample loss from
the obviously reduced surface area. 126! Recently, we coupled offline nanoRPLC
fractionation using a 75-ume-i.d. column at 200 nL/min flow rate to high-capacity
CZE-MS/MS for highly sensitive and deep bottom-up proteomics of MCF7 cancer



cells. "1 We employed a dynamic pH junction-based sample stacking method [?¢]
to improve the sample loading capacity of CZE and enabled a 500-nL sample
injection from a 1.5-uL peptide solution, using up to 33% of the available peptide
material for a CZE-MS/MS analysis. The combination of nanoRPLC and dynamic
pH junction-based CZE-MS/MS identified 7500 proteins and nearly 60000
peptides starting from only 5-ug of a MCF7 proteome digest. The nanoRPLC-
CZE-MS/MS can fully use the separation power of RPLC and CZE and has great
overall sensitivity because the RPLC eluates can be efficiently used for CZE-
MS/MS analysis.

Built upon our preliminary work, here we present an improved nanoRPLC-CZE-
MS/MS with much better sensitivity than our previous system. The improved
system enabled deep bottom-up proteomic analysis of nanograms of MCF7
proteome digests with the production of 6500 protein IDs starting with only 500-
ng MCF7 peptides using a Q-Exactive HF mass spectrometer. Only roughly 100
ng of peptides were actually consumed. We further applied the improved
nanoRPLC-CZE-MS/MS in bottom-up proteomics of 5000 HEK293T cells. The
single spot solid phase sample preparation (SP3) method 2930 was employed for
preparing the 5000-cell sample. We identified about 3700 proteins with the
consumption of protein content of roughly 1000 cells. The optimized nanoRPLC-
CZE-MS/MS system showed high sensitivity for bottom-up proteomics because

of several novelties.

First, we applied a short capillary (i.e., 70-cm long) in CZE separation and the
sample loading volume was 500 nL, corresponding to 36% of the total capillary
volume. One CZE-MS/MS run was completed in an hour with an average peak
capacity of nearly 200. The peptides migrated drastically faster compared to our
previous work with a 1-meter-long capillary, [?7! resulting in sharper peaks and
higher peptide intensity, which are important for analysis of mass-limited

samples.



Second, we pretreated the inner wall of sample vials of CZE with bovine serum
albumin (BSA) to reduce the nonspecific peptide adsorption. The BSA treatment

improved the peptide intensity by nearly 200%.

Third, lyophilization and redissolution of nanoRPLC eluates before CZE-MS/MS
analysis were avoided to reduce sample loss, to decrease labor, and to improve
throughput. The nanoRPLC eluates were directly collected into 0.6-mL low-
retention Eppendorf tubes containing 1.4-2.4 yL of an ammonium bicarbonate
(NH4HCO3) buffer (pH 8.5). Then the samples were transferred into the BSA-
treated sample vials of CZE for the dynamic pH junction-based CZE-MS/MS

without any sample preparation steps.

Fourth, we coupled the SP3-based sample preparation method with nanoRPLC-
CZE-MS/MS for bottom-up proteomics of 5000 HEK293T cells. The SP3 method
has high sample recovery for preparation of mass-limited proteome samples
based on the literature. °3% To our best knowledge, this is the first report of

bottom-up proteomics of a small number of human cells using CZE-MS/MS.
Experimental Section

“Materials and reagents”, “MCF7 cell culture and proteome digestion”, “high-pH
nanoRPLC fractionation”, and “nanoRPLC-MS/MS” are described in Supporting

Information I.
HEK293T cell culture and SP3-based sample preparation

HEK293T cells were harvested, washed with PBS buffer and were immediately
subjected to flow cytometry for cell sorting (BD Influx, BD Bioscience). An aliquot
of 5000 cells was collected in a 1.7-mL Eppendorf tube, followed by sample
preparation with the SP3 method based on references [29] and [30]. The detailed

procedure is described in Supporting Information I.
NanoRPLC fractionation

EASY-nLC 1200 (Thermo Fisher Scientific) equipped with a capillary column (75
um i.d. x 50 cm Length, C18, 2 ym bead, 100 A pore, Thermo Fisher Scientific)



was used for fractionation. Mobile phase A contained 2% (v/v) acetonitrile (ACN),
98% (v/v) H20 and 0.1% (v/v) formic acid (FA). Mobile phase B contained 80%
(v/v) ACN, 20% (v/v) H20 and 0.1 % (v/v) FA. Flow rate was 200 nL/min. One-
column set up was selected on the nanoRPLC system. 0.6-mL low-retention

Eppendorf tube (Denville, Canada) was used for fraction collection.

50-fraction procedure. 5 ug and 500 ng of MCF7 proteome digests were
fractionated into 50 fractions with a 3-h gradient using nanoRPLC, respectively.
The gradient was set up as follows: from 8% to 30% (v/v) B in 100 min, from 30%
to 50% (v/v) B in 50 min, from 50% to 80% (v/v) B in 15 min and stay at 80%
(v/v) B for 15 min. The first fraction collection started at the sample loading and
traversed the first 20 min of gradient. Then each fraction was collected every 3
min. The last fraction was collected from the 164 min to the end of the gradient.
For 5-ug sample fractionation, 2.4 yL of 50 mM NH4HCO3 (pH 8.5) was
deposited to the bottom of the 0.6-mL Eppendorf tube. For all fractions except
the first and the last ones, when 0.6 pL of eluate (200 nL/min for 3 min) flowed
into the buffer, the final pH was around 8.0. For 500-ng sample fractionation, the
same procedure was used but only 1.4 pL of the NH4HCOs buffer (pH 8.5) was
deposited into the tube, resulting in a total sample volume of 2 yL for each
fraction. For the first and last nanoRPLC fractions, the eluates were lyophilized
and redissolved in 3 pL (for the 5-ug sample) and 2 L (for the 500-ng sample) of
a 50 mM NH4HCOs3 buffer (pH 8.0) for CZE-MS/MS.

20-fraction procedure. A 500-ng MCF7 cell proteome digest was fractionated
into 20 fractions with a 100-min gradient using the similar procedure to the 50-
fraction collection described previously. For each nanoRPLC fraction, the final
sample volume was 2.2 yL and the pH of the sample solution was about 8.0. The
detailed description is shown in Supporting Information I.

10-fraction procedure. The proteome digest from 5000 HEK293T cells was
fractionated by the nanoRPLC system into 10 fractions using a 60-min gradient
with a similar procedure to the 50- and 20-fraction collections. For each

nanoRPLC fraction, the final sample volume was 2.2 uL and the pH of the



sample solution was about 8.0. The detailed description is shown in Supporting

Information I.
Pretreatment of sample vials of CZE-MS and nanoRPLC-MS with BSA

The sample injection vials of CZE-MS and nanoRPLC-MS were treated with a
BSA solution to reduce non-specific adsorption of peptides on the inner wall of
vials. 10 pL of 2 mg/mL BSA solution was added into each sample injection vial
and was incubated at room temperature for 10 min. After the BSA solution was
removed, each vial was rinsed with 500 uL of a NH4HCO3 buffer (10 mM, pH 8)
twice, followed by air dry in the chemical hood. The treated sample vials were
ready for use. We need to note that the BSA treated sample vials were only used
for the 500-ng MCF7 proteome samples and the 5000 HEK293T cell sample.

CZE-MS/MS

A detailed description of the CZE-MS/MS is given in the supporting information
l. Briefly, a 70-cm or 100-cm linear polyacrylamide (LPA) coated capillary (50/360
pMm i.d./o.d.) with an etched end by hydrofluoric acid was used for CZE
separation. 332l The commercialized electrokinetically pumped sheath flow CE-
MS interface (CMP scientific, Brooklyn, NY) was used to couple CZE to MS. 33
341 For all CZE-MS/MS analyses, a 500-nL aliquot of each sample was loaded.

Data Analysis

The detailed information about the data analysis is described in supporting
information I. Briefly, database searching was performed on both Proteome
discoverer 2.2 (Thermo Fisher Scientific) with SEQUEST HT search engine and
MaxQuant 1.5.5.1. [35:36] All the numbers of protein IDs reported in this study
were from the Proteome Discoverer. The identified proteins were listed in the
Supporting information Il. The MaxQuant data was used for comparing the

results from different experiments with label free quantification (LFQ).
Results and discussion

Comparing 100-cm-long and 70-cm-long capillaries for CZE-MS/MS



Longitudinal diffusion is usually the only factor causes band broadening in CZE.
The longer time analytes spend in the capillary, the more band broadening would
be. In our previous work, we used a 100-cm-long LPA-coated capillary for CZE
separation. 271 The LPA coating significantly reduced the electroosmotic flow in
the capillary, which is crucial for effective dynamic pH junction-based sample
stacking and a wide separation window. In a typical run of dynamic pH junction-
based CZE-MS/MS using a 100-cm-long LPA-coated capillary, we identified
8172 peptides and 1896 proteins from a MCF7 proteome digest with a Q-
Exactive HF mass spectrometer in 95 min. 100-ng peptides in 500 nL of 50 mM
NH4HCOs (pH 8.0) were injected for analysis. The effective separation window
was about 1 h, Figure 1A. The peak capacity was roughly 300 based on the full
width at half maximum (FWHM) of peptides. We performed peak extraction at
m/z 593.33 with a mass tolerance of 10 ppm and observed three peaks
corresponding to three different peptides at varied migration time, Figure 1B.
The peptide peak became obviously wider with the increase of migration time,
most likely due to more significant diffusion in the capillary. Interestingly, the
basic peptides clearly tended to migrate faster than the acidic peptides in the

dynamic pH junction-based CZE, Figure 1C.

We believe that by reducing the migration time of peptides, sharper peptide
peaks and higher peptide intensity could be achieved, which is important for
CZE-MS/MS analysis of mass-limited samples. To reduce peptide migration time,
one option is to use a shorter capillary. However, a shorter capillary can narrow
the separation window, reduce the peak capacity, and decrease the number of
MS/MS spectra from one CZE run. To ensure the overall peak capacity and
number of MS/MS spectra of the nanoRPLC-CZE-MS/MS system, we need to

collect a higher number of fractions for CZE-MS/MS analysis.

We first tested our idea by analyzing a 5-ug MCF7 proteome digest with
nanoRPLC-CZE-MS/MS, in which a 70-cm-long LPA-coated capillary was
employed for CZE-MS/MS analyses of 50 nanoRPLC fractions (70-cm-50-
fractions). We also compared the data with our previous work that utilized a 100-



cm-long LPA-coated capillary for CZE-MS/MS analyses of 20 nanoRPLC

fractions (100-cm-20-fractions). [?7]

For the 70-cm-50-fractions study, we loaded 5 ug of a MCF7 proteome digest
onto a 50-cm-long nanoRPLC column for fractionation over a 3-h gradient as we
did in our 100-cm-20-fractions study in reference [27]. To reduce additional
sample handling steps, here we put 2.4 uL of 50 mM NHsHCO3 buffer (pH 8.5) in
each sample collection tube. When 0.6 pL of eluate (0.2 pL/min flow rate for 3
min) was combined with the NH4HCO3 buffer, the final pH was around 8 and final
volume was 3 uL. 50 fractions were collected. Each fraction was then directly
analyzed by the dynamic pH junction-based CZE-MS/MS with a 70-cm-long LPA-
coated capillary. For each fraction, 500 nL out of 3 yL sample was injected. The
MS analysis time per fraction was 55 min. In total, we identified 7546 proteins
and 66990 peptides from the 5-ug MCF7 proteome digest. The 70-cm-50-
fractions system produced similar numbers of protein IDs and peptide IDs to the
100-cm-20-fractions system in reference [27] (7546 vs. 7512 proteins, 66990 vs.
59403 peptides) but with 50% less peptide material consumption (0.8 pg vs. 1.6
Mg). The result indicates that the 70-cm-50-fractions system has better sensitivity
than the 100-cm-20-fractions platform. Less peptide material consumption also

saves more material for additional analysis.

We investigated the protein-level and peptide-level overlaps between the data in
the 70-cm-50-fractions and 100-cm-20-fractions studies, Figure 2A. The two
studies shared over 70% of protein IDs and only 26% of the peptide IDs.
Considering the low peptide-level overlap, we further investigated the
physicochemical properties of peptides identified in the two studies, Figures 2B-
2D. The 70-cm-50-fractions system clearly tended to identify basic peptides
compared to the 100-cm-20-fractions system, Figure 2B. The two systems
showed no drastic differences in peptide molecular weight (MW) and GRAVY
value, Figures 2C and 2D.

NanoRPLC-CZE-MS/MS for bottom-up proteomic analysis of 500-ng MCF7

proteome digests
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The 70-cm-50-fractions system has better sensitivity than our previous 100-cm-
20-fractions platform based on our data. Therefore, we further applied the 70-cm-

50-fractions method in the analysis of a 500-ng MCF7 proteome digest.

We made some modifications on the nanoRPLC fraction collection and CZE-MS
sample vial compared to the 5-ug-sample study to reduce the sample loss
further. First, we only put 1.4-uL NH4HCO3 buffer in the Eppendorf tube for
nanoRPLC fraction collection and we got 2-uL sample with pH about 8 in each
Eppendorf tube after collection of 0.6-pL eluate from nanoRPLC. Second, we
pretreated the sample vial used for CZE-MS/MS with a BSA solution to block

nonspecific adsorption of peptides on the inner wall of the sample vial.

25% of peptides in each nanoRPLC fraction (500 nL out of the 2 yL sample) was
loaded for CZE-MS/MS analysis, corresponding to consumption of only roughly
100-ng MCF7 proteome digest in total. We identified 6492 proteins and 47342
peptides using the 70-cm-50-fractions system. The total MS time was 45 h. The
MS raw data have been deposited to the ProteomeXchange Consortium via the
PRIDE B3] partner repository with the dataset identifier PXD014392.

Recently, the Mann group developed a highly sensitive 2D nanoRPLC-MS/MS
system that employed a microscale capillary column for high-pH RPLC
fractionation followed by low-pH nanoRPLC-MS/MS analysis. 126! The system
identified 5724 proteins and 23765 peptides by MS/MS in 16 h using a Q-
Exactive HF mass spectrometer with the consumption of 500-ng HeLa proteome
digest. 261 Our improved nanoRPLC-CZE-MS/MS system identified 13% and
nearly 100% more protein and peptide IDs than the 2D nanoRPLC-MS/MS
system with four-times lower sample consumption (125 ng vs. 500 ng). We noted
that our system consumed much longer MS time than the 2D nanoRPLC-MS/MS
system (45 h vs. 16 h). We also tried to collect 20 nanoRPLC fractions for CZE-
MS/MS to reduce the total MS analysis time. 4551 proteins and 24559 peptides
were identified by nanoRPLC-CZE-MS/MS in 18 h with the consumption of about

100-ng peptides in total. The number of protein IDs is about 20% lower than that
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in reference [26] with comparable instrument time but 4-fold lower sample

consumption.

To make a fair comparison between our nanoRPLC-CZE-MS/MS and the 2D-
nanoRPLC-MS/MS for analysis of mass-limited proteome samples, we also
analyzed a 500-ng MCF7 proteome digest using 2D-nanoRPLC-MS/MS with the
same mass spectrometer. We fractionated the 500-ng digest into 36 fractions
using high-pH nanoRPLC and combined them into 18 fractions. Each fraction
was analyzed by low-pH nanoRPLC-MS/MS in a 2-h gradient. Considering the
sample loading time of nanoRPLC-MS/MS, the total MS time for the 2D-
nanoRPLC-MS/MS was about 45 h. The 2D-nanoRPLC-MS/MS identified 4758
proteins and 23589 peptides. Using the same mass spectrometer and instrument
time, our nanoRPLC-CZE-MS/MS system identified 36% more proteins (6492 vs.
4758) and 100% more peptides (47342 vs. 23589) than the 2D-nanoRPLC-
MS/MS from 500-ng MCF7 proteome digests. We noted that our nanoRPLC-
CZE-MS/MS consumed 3-times lower (125 ng vs. 375 ng) peptides compared to
the 2D-nanoRPLC-MS/MS. About 65% and 88% of the identified peptides and
proteins from 2D-nanoRPLC-MS/MS were covered by the data from nanoRPLC-
CZE-MS/MS, Figure S1.

The nanoRPLC-CZE-MS/MS system in this work showed high sensitivity due to
several reasons. First, the system produced extremely high peak capacity for
peptide separation. On average, each CZE run had a peak capacity of 170 in 55
min. The nanoRPLC-CZE with 50 fractions produced a peak capacity of 8500 for
peptide separation. The extremely high peak capacity was most likely because
nanoRPLC and CZE were well orthogonal for peptide separation. Figure 3
shows the base peak chromatogram of nanoRPLC-MS/MS analysis of a 500-ng
MCF7 proteome digest as well as base peak electropherograms of 20 out of 50
nanoRPLC fractions of the 500-ng digest after CZE-MS/MS analyses. It is clear
that one 3-min nanoRPLC fraction can be further separated into an up to 40-min
window by CZE.

12



Second, the pretreatment of CZE-MS sample vial with BSA drastically reduced
sample loss. We compared the number of protein IDs, the number of peptide IDs,
protein intensity, and peptide intensity between nanoRPLC-CZE-MS/MS studies
with and without sample vial pretreatment. Twenty nanoRPLC fractions were
collected for CZE-MS/MS analysis in both cases. The non-BSA treated study
resulted in 39% and 58% lower number of protein (2758 vs. 4551) and peptide
(10230 vs. 24559) IDs compared to the BSA-treated study. We also compared
the LFQ intensity of identified proteins in both studies, Figure 4A. The protein
LFQ intensities had good correlation between the two conditions (R? = 0.93) with
a slope of 4.5, indicating drastically higher protein intensity with BSA-treated
sample vials compared to non-treated vials. The median of peptide intensities
from the BSA-treated sample vial was 2.6-fold higher than that from the non-

treated sample vial, Figure 4B.

Third, the 70-cm-50fractions system improved the sensitivity of nanoRPLC-CZE-
MS/MS obviously compared to the 100-cm-20fractions system for analysis of
500-ng MCF7 proteome digest. We fractionated 500 ng of a MCF7 proteome
digest into 20 fractions with nanoRPLC and analyzed each fraction with CZE-
MS/MS using a 100-cm-long capillary (100-cm-20fractions). The CZE sample
vials were treated with BSA. Each CZE-MS/MS run took 120 min, and the total
MS time was 40 h. The 100-cm-20fractions system identified 4723 proteins and
24975 peptides from the 500-ng MCF7 proteome digest. The number of protein
and peptide IDs was 27% and 47% lower compared to that from the 70-cm-
50fractions system with comparable MS time (40 vs. 45 h). The protein LFQ
intensity showed good correlation (R? = 0.93) between the two systems with a
slope of 2.3, indicating that higher protein LFQ intensities were obtained with the

70-cm-50fractions system, Figure 4C.

We need to note that the number of protein and peptide IDs using our
nanoRPLC-CZE-MS/MS system can be boosted drastically with a more
advanced mass spectrometer. In this work, a Q-Exactive HF mass spectrometer
was employed and we have shown that single-shot CZE-MS/MS analysis of a

13



MCF7 proteome digest identified nearly 2000 proteins and 8000 peptides. Over
4000 protein IDs and 27000 peptide IDs have been achieved by single-shot CZE-
MS/MS using an Orbitrap Fusion Lumos mass spectrometer with an advanced-

peak-determination algorithm. 38l

We also evaluated the reproducibility of our improved nanoRPLC-CZE-MS/MS
system. We fractionated a 500-ng MCF7 proteome digest into 20 fractions
followed by CZE-MS/MS analysis with a 70-cm-long capillary. We performed the
experiment in duplicate. The system identified 4508+60 proteins and 250341671
peptides. The duplicate analyses shared about 70% of the identified proteins.
The system was highly reproducible regarding the LFQ protein intensity, Figure
4D. The medians of peptide intensities from the duplicate analyses were highly
consistent (6.8E6 vs. 6.5E6). The data here clearly indicate that the nanoRPLC-
CZE-MS/MS is qualitatively and quantitatively reproducible.

Bottom-up proteomics of 5000 HEK293T cells

To further investigate the capability of our nanoRPLC-CZE-MS/MS system for
bottom-up proteomic analysis of mass-limited samples, we collected 5000
HEK293T cells into an Eppendorf tube using flow cytometry and prepared the
sample with the SP3 method 2! followed by nanoRPLC-CZE-MS/MS analysis.
The SP3 method has been well characterized for preparation of low-ug and even
sub-ug of complex proteome samples. 293 If we assume each HEK293T cell
contains 0.1 ng of proteins, % 5000 cells contain 500-ng proteins in total. 16% of
the peptides (500 nL out of 3 uL) corresponding to 800 HEK293T cells were first
analyzed by single-shot CZE-MS/MS (Q-Exactive HF mass spectrometer). The
single-shot analysis identified 1263 proteins and 5090 peptides in 2-h MS time.
We then fractionated the rest of the sample using nanoRPLC into 10 fractions.
Each fraction was analyzed by CZE-MS/MS using the 70-cm-long capillary in 65
min. We identified 3689 proteins in 11-h MS time using this approach with the
consumption of a peptide amount corresponding to only roughly 1000 cells. We
plotted the cumulative number of protein IDs versus the number of nanoRPLC

fractions, Figure S2. We identified 2900 proteins from the first five nanoRPLC
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fractions using about 5-h MS time with the consumption of 12% of the total

peptides corresponding to only 500 cells.

We compared our data with that in the literature about bottom-up proteomic
analyses of hundreds to thousands of human cells. Wang et al. identified 600
proteins from 5000 MCF-7 breast cancer cells using a highly efficient NP-40-
based sample preparation method and nanoRPLC-MS/MS (Q-TOF mass
spectrometer) in about 4-h MS time. #'1 Wisniewski et al. identified 1536 and
2055 proteins from 1000 and 3000 HelLa cells using the improved filter aided
sample preparation method and nanoRPLC-MS/MS (Orbitrap Velos mass
spectrometer) in 4-h MS time. [2 Li et al. developed a highly sensitive bottom-up
proteomic procedure for analysis of small numbers of human cancer cells by
employing a single-tube AFA (adaptive focused acoustics)-based sample
preparation method and PLOT (porous layer open tube)-nanoRPLC-MS/MS (Q-
Exactive mass spectrometer). 431 A sample containing 2000 MCF7 cells was
processed and a peptide aliquot corresponding to 500 cells was analyzed by
nanoRPLC-MS/MS in 4-h MS time, leading to the identification of 3370 proteins.
Chen et al. developed an integrated spintip-based sample preparation method for
processing mass-limited proteome samples with high recovery, and 1270
proteins were identified from 2000 HEK 293T cells using nanoRPLC-MS/MS
(Orbitrap Fusion mass spectrometer) in 1.4-h MS time. ¥4 Our SP3-nanoRPLC-
CZE-MS/MS system achieved comparable performance compared to that
developed by Li et al. and Chen et al. [4344] regarding the number of protein IDs,
MS time, and the number of human cells. The results clearly indicate that the
SP3-nanoRPLC-CZE-MS/MS is an alternative bottom-up proteomic system for
deep bottom-up proteomic analysis of mass-limited samples. Because CZE-
MS/MS and nanoRPLC-MS/MS are complementary for protein and peptide IDs,
[5-9.24,25.27] and because we only used 25% of the peptide sample in each
nanoRPLC fraction for CZE-MS/MS analysis, the leftover peptide material in
each nanoRPLC fraction can be further analyzed by nanoRPLC-MS/MS to boost

the total number of protein and peptide IDs.
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We further compared our 5000-cell data with a comprehensive bottom-up
proteomic study of the same cell line published by Bekker-densen et al. in 2017.
[49] |n that study, 1 mg of HEK 293T cell proteome digest was analyzed by high-
pH RPLC fractionation followed by nanoRPLC-MS/MS with the identification of
9246 unique protein-coding genes. Our 5000-cell study identified 3629 protein-
coding genes and only 77% of them were also identified in the Bekker-densen’s
work, suggesting good complementarity between these two platforms for protein
IDs. We then compared proteins identified in the 5000-cell study to a human
transcription factor list that contains over 1600 transcription factors. 481 Our result
covered 121 human transcription factors. It has been estimated that in
mammalian cells, transcription factors have copy numbers per cell in the range of
10,000-300,000. 71 In the 5000-cell study, the peptides from the 5000 cells were
eventually dissolved in 3 pL of solution before nanoRPLC-CZE-MS/MS analysis.
The transcription factor concentration in the 3-pL solution should be in the range

of 1-50 pM, indicating high sensitivity of our system.

The proteomic sample preparation of small numbers of human cells has been
drastically improved recently. Zhu et al. developed nanoPOTS (nanodroplet
processing in one pot for trace samples) sample preparation method that
enabled efficient preparation of 1-100 human cells for bottom-up proteomic
analysis. 48491 They achieved the identification of 3000 proteins from 140 HelLa
cells by coupling the nanoPOTS method with nanoRPLC-MS/MS (Orbitrap
Fusion Lumos mass spectrometer). [481 The Zhang group developed novel
integrated devices for proteomic preparation of 100 cells and even single cells
with high sample recovery. 59511 Qver 300 proteins were identified from single
HelLa cells via coupling the sample preparation method to nanoRPLC-MS/MS
(Orbitrap Fusion mass spectrometer). % We expect that coupling these
advanced sample preparation methods with CZE-MS/MS will further improve the
proteomic characterization of single human cells because it has been well
demonstrated that the advanced CZE-MS/MS outperformed nanoRPLC-MS/MS

for mass-limited proteomic sample analysis regarding the number of protein IDs.
[7-10]
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Conclusions

In this work, we presented an improved nanoRPLC-CZE-MS/MS system with
high peak capacity and sensitivity for bottom-up proteomics of nanograms of
human cell proteome samples. The system produced 6500 protein IDs from only
100-ng MCF7 proteome digest and identified 3700 proteins from 1000 HEK 293T
cells. We expect that coupling more advanced sample preparation methods with
our improved nanoRPLC-CZE-MS/MS will be a powerful tool for comprehensive

bottom-up proteomics of small numbers of human cells.

CZE-MS/MS has been recognized as an alternative approach to LC-MS/MS for
top-down proteomics, 253 metabolomics, 4 and global characterization of
glycans 5%, We believe that our improved nanoRPLC-CZE-MS/MS system will
also benefit the scientific communities for global delineation of proteoforms,

metabolites, and glycans in mass-limited biological samples.
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Figure 1. CZE-MS/MS analysis of a 100-ng MCF7 proteome digest. (A) Base
peak electropherogram of the CZE-MS/MS analysis. (B) Extracted ion
electropherogram of three peptides with similar m/z. The m/z for peak extraction
was 593.33 with a mass tolerance of 10 ppm. The m/z and full width at half
maximum (FWHM) were labelled. (C) Cumulative distribution of isoelectric point
(pl) of peptides identified by CZE-MS/MS in different periods during a run. The
identified peptides from 33 to 90 min were separated into six groups based on
their migration time.
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Figure 2. Summary of the 5-ug MCF7 proteome digest data from 70-cm-50-
fractions and 100-cm-20 fractions experiments. (A) Overlaps of identified proteins
and peptides. (B) Cumulative distribution of isoelectric point (pl) of peptides. (C)
Cumulative distribution of molecular weight (MW) of peptides. (D) Cumulative
distribution of GRAVY (grand average of hydropathy) value of peptides. Positive
GRAVY values indicate hydrophobic and negative GRAVY values suggest
hydrophilic.
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Figure 3. 3D plot of a base peak chromatogram of a 500-ng MCF7 proteome
digest and base peak electropherograms of 20 nanoRPLC fractions from the 70-

cm-50-fractions study of the 500-ng MCF7 proteome digest. A zoom-in plot is
also shown in the figure.
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Figure 4. Summary of the 500-ng MCF7 proteome digest data from different
experiments regarding peptide intensity and protein LFQ intensity. The data were
from MaxQuant database search. (A) Correlation of protein LFQ intensity (log-
log) between the studies using BSA treated and non-BSA treated sample vials.
(B) The medians of peptide intensities from the studies using BSA treated and
non-BSA treated sample vials. (C) Correlation of protein LFQ intensity (log-log)
between the 100-cm-20fractions and 70-cm-50fractions studies. (D) Correlation
of protein LFQ intensity (log-log) between two replicates of nanoRPLC-CZE-
MS/MS analysis (Rep 1 and Rep 2).
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