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Abstract

Proteomic analysis of limited samples and single cells requires specialized methods that prioritize
high sensitivity and minimize sample loss. Consequently, sample preparation is one of the most
important steps in limited sample analysis workflows to prevent sample loss. In this work, we have
eliminated sample handling and transfer steps by processing intact cells directly in the separation
capillary, online with capillary electrophoresis coupled to tandem mass spectrometry (CE-MS/MS)
for top-down proteomic (TDP) analysis of low numbers of mammalian cancer cells (<10) and
single cells. We assessed spray voltage injection of intact cells from a droplet of cell suspension
(~1000 cells) and demonstrated 0-9 intact cells injected with a dependency on the duration of
spray voltage application. Spray voltage applied for 2 min injected an average of 7 + 2 cells and
resulted in 33-57 protein and 40-88 proteoform identifications (/= 4). To analyze single cells,
manual cell loading by hydrodynamic pressure was used. Replicates of single HeLa cells (V= 4)
lysed on the capillary and analyzed by CE-MS/MS demonstrated a range of 17-40 proteins and
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23-50 proteoforms identified. An additional cell line, THP-1, was analyzed at the single-cell level,
and proteoform abundances were compared to show the capabilities of single-cell TDP (SC-TDP)
for assessing cellular heterogeneity. This study demonstrates the initial application of TDP in
single-cell proteome-level profiling. These results represent the highest reported identifications
from TDP analysis of a single HeLa cell and prove the tremendous potential for CE-MS/MS
on-capillary sample processing for high sensitivity analysis of single cells and limited samples.
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In recent years, the field of single-cell proteomics (SCP) has grown immensely,! especially
as MS technologies have improved to achieve superior levels of sensitivity. The rationale for
investigating proteomes at the single-cell level is primarily based on moving away from the
traditional bulk sample proteomic analysis to gain insights into cellular heterogeneity that
would be lost with the bulk sampling approach that results in an averaging of protein levels
from all cells. This averaging effect from bulk sampling is particularly detrimental to the
profiling of rare populations of cells that are masked by the signal from the predominant
cell types. This aim has driven many researchers to focus their efforts on improving the

SCP workflow, including sample processing steps, separations, MS, and data analysis.2
Certain types of limited samples are inherently mass-limited due to their naturally low
abundance or the application of minimally invasive sampling techniques, such as isolation of
circulating tumor cells from small volume liquid biopsies and procurement of microbiopsies
from disease-affected tissue loci. Molecular profiling of such samples can also benefit from
these SCP workflows that emphasize high sensitivity and minimal sample loss.>

The vast majority of the progress in SCP workflows to date has centered around the
bottom-up proteomic approach involving the digestion of proteins into peptides prior

to analysis. With these workflows, >1000 protein groups can be profiled from a single
mammalian cell,3-8 representing an impressive level of proteome coverage for such a low
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sample amount. However, top-down approaches for SCP analysis have not yet been as
widely studied. Top-down proteomics (TDP) is the analysis of intact proteins and can more
accurately represent protein identifications by distinguishing specific proteoforms that are
present in the sample. The term proteoform was established to describe protein variants
resulting from post-translational modifications (PTMs), alternative splicing, and genetic
mutation.® Understanding these protein variants has been demonstrated to reveal links to
certain diseases and their underlying mechanisms.1%:11 Proteoform information cannot be
determined from the bottom-up approach, where the proteins are proteolytically digested
prior to analysis, highlighting the necessity for top-down approaches. However, there are
several additional challenges for separations, MS acquisition, and data analysis in TDP12
that limit the proteome coverage that can be achieved. MS analysis of intact proteins is
complicated by the diversity of ionization products for a single proteoform, resulting in
multiple charge states and adducts that cause signal dilution and contribute to spectral
overlap. Data processing presents an additional challenge, as many top-down analysis
software packages were not designed to handle complex “omics” data, and there is currently
no universal data evaluation platform.

As evidenced by the establishment of the Consortium for Top-Down Proteomics!? in 2012,
TDP analysis is gaining a lot of traction in the field due to an interest in developing

a greater understanding of proteoform-specific information that is unobtainable from a
bottom-up analysis. Several recent studies have shown deep proteome coverage at the
top-down level, including the identification of 5700 unique proteoforms from Escherichia
col* and 2778 unique proteoforms from HeLa cell lysate.1> A larger effort to identify
proteoform-level differences across human tissues was able to map 11,466 proteoforms
across five distinct tissues, including PTMs specific to certain tissue types.1® To achieve this
level of coverage, microgram or even milligram amounts of sample and multidimensional
separation approaches were required. High sensitivity TDP analysis has been conducted

at the level of ~70 HeLa cells demonstrating ~170 proteoforms! using the nanoPOTs3
approach for limited sample processing. Others have achieved measurements of a single
intact protein (hemoglobin) from single erythrocytes with an integrated microfluidic device
platform for single-cell injection and processing online with MS detection;1® however, TDP
of limited samples and single cells remains a challenge.

In this work, we report a proof-of-concept capillary electrophoresis coupled to tandem
mass spectrometry (CEMS/MS)-based pilot approach for proteome-level TDP analysis of
<10 mammalian cancer cells, down to the single-cell level. Applying our novel method

for single-cell proteomics (SC-TDP), which can also be referred to as top-down single-cell
proteomics (TD-SCP), we were initially able to identify 40 proteins and 50 proteoforms
from a single HeLa cell, marking an improvement in previous single-cell intact protein
analyses that were able to characterize only 1-2 proteins.1®-20 Since CE is an open-tubular
separation, it is possible to inject intact cells and lyse them directly in the separation column,
thereby eliminating any sample losses that occur during sample processing and transfer
steps. In fact, a study that was conducted nearly two decades ago achieved the first MS
measurements of hemoglobin from single erythrocytes using a similar approach.29 Here,
we investigated two mechanisms of injection of intact cells directly onto CE separation
capillary; the first relies on a flow rate generated by the application of electrospray at the
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outlet of the capillary to draw cells onto the capillary from a nanoliter-sized droplet of

cell suspension at the inlet, similar to the injection mechanism described in the recently
published report;2! the second utilizes the hydrodynamic pressure differential created by
lowering the outlet end of the capillary and generating low flow to load a single cell. We
demonstrated each of these modes of injection allowed for cell lysis directly within the
separation capillary and could be successfully followed by CE-MS/MS analysis, resulting in
the confident identification of intact proteins and proteoforms.

MATERIALS AND METHODS

Sample Preparation.

Cell pellets were harvested by centrifuging at 500¢g for 5 min. The harvested cells were
resuspended in PBS to wash off the residual medium. The washing step was repeated
another two times. Before the final centrifugation, the cell density was estimated by
hemocytometer counting. The PBS wash buffer was removed, and cell pellets were then
resuspended in a corresponding volume of 200 mM ammonium acetate (pH = 6.7) to get to
a final cell density of 1.5 million HeLa cells per mL. The cell viability was typically around
80% in the experiments. The cell suspension was kept on ice and mixed thoroughly before
each cell injection.

Spray Voltage Injection of Intact Cells.

Intact HeL a cells were injected into the separation capillary from a 0.5 xL droplet on a glass
slide (Swiss Glass, Norwich, CT). The glass slide was pre-treated with Aquapel to provide

a hydrophobic coating, which produces a higher contact angle with cell droplets to improve
injection. A micropipette (Eppendorf Research, Hamburg, Germany) was used to deposit 0.5
4L of cell suspension (1.5 x 108 cells/mL, ~1000 cells) to the glass slide. The inlet end of
the separation capillary was positioned in the droplet, and the emitter tip was positioned ~2
mm from the MS inlet. A +2 kV spray voltage was applied on the MS for 1 or 2 min to
perform cell injections. Prior to injection, a plug of 75% formic acid (FA) was loaded into
the capillary by applying 5 psi for 20 s. Following the injection, the capillary was dipped
first into 75% FA and then into the water to clean the capillary and prevent contamination of
the lysis buffer and BGE. A plug of 75% FA was injected after the cells to lyse cells on the
capillary by applying 5 psi for 27 s. Following the second injection of 75% FA, a 3 min wait
period was included before beginning the analysis to enable FA diffusion through the sample
plug for cell lysis.

Hydrodynamic Loading of Single HelLa Cells.

Single cells were loaded onto the capillary manually by applying a low flow generated
by lowering the sprayer tip end of the capillary by ~45 cm relative to the capillary inlet.
The injection was monitored under the microscope at 10x magnification. To avoid the
introduction of air bubbles into the inlet of the capillary before sample loading, the outlet
of the capillary was lifted ~35 cm above the capillary inlet. The capillary was filled first
with BGE before the injection, and the inlet end was immobilized on a glass slide and
immersed in a droplet of 30 4L of 200 MM ammonium acetate. 10 1 of HelLa cell
suspension (1.5 x 10% cells/mL) in 200 mM ammonium acetate was added to the droplet
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and agitated to distribute cells evenly throughout (Figure 1C). Single cells near the inlet
could be directed into the capillary with the low flow generated by the hydrodynamic
pressure difference between the two ends of the capillary (a video clip of a single cell
loading process was included in Supporting Information). For MS analysis, the single cells
were sandwiched between two plugs of 75% FA manually loaded in the same manner by
lowering the sprayer tip end of the capillary by ~45 cm with respect to the capillary inlet
for 30 s. The outlet of the capillary was kept at the same height as the capillary inlet to
avoid the possible introduction of air bubbles into the capillary when switching between
injections of cell suspension and 75% FA. After the injections of the plugs of lysis buffer
and selected individual cells, the capillary cartridge was immediately placed into the CESI
8000 instrument (SCIEX, Brea, CA). To avoid the introduction of air bubbles, care was
taken to ensure the inlet and outlet ends of the separation capillary were at the same height
during transfer to minimize flow within the capillary. The sprayer tip of the capillary was
held at a higher elevation (~25-35 cm) above the inlet for ~10 s before immersing the
capillary inlet into the background electrolyte to expel any bubbles possibly introduced
during the brief cartridge transfer. For fluorescent imaging, cells were stained with 0.005
mg/mL acridine orange, and 75% FA was not injected onto the capillary prior to cell loading
to preserve cell integrity and morphology for visualization.

Sheathless CE-ESI-MS/MS.

Separation was performed using a CESI 8000 (SCIEX, Brea, CA) on a bare fused silica
capillary (90 cm, 30 4m 1D, 150 zm OD) with a sheathless electrospray interface (SCIEX
OptiMS cartridge). A 3 min ramp was applied to reach the separation voltage of +20 kV
in normal polarity. MS acquisition was started after the initial 3 min CE voltage ramp up
and ended at the start of a 5 min CE voltage ramp down. The BGE used was 40% acetic
acid, and the conductive line was filled with 10% acetic acid. A supplemental pressure of
1 psi was applied throughout the 75 min run time. The capillary was interfaced with a
Nanospray Flex ion source mounted at the front end of an Orbitrap Fusion Lumaos Tribrid
mass spectrometer (both Thermo Fisher Scientific).

Mass Spectrometry Settings.

The mass spectrometer was operated in positive ionization mode with a spray voltage

of +1.3 kV during data collection. The total data collection time was 70 min. The mass
spectrometer was operated in intact protein mode (low pressure). For MS1, full scan data
were collected at 120,000 resolution (at 200 /77/2) and 10 zscans were averaged. An in-
source CID of 15 V was applied. Data-dependent MS2 scans were analyzed in the Orbitrap
with 60,000 resolution (at 200 /m/2), while 4 yscans were averaged.

Data Analysis.

All raw files were analyzed using TopPIC Suite?2 and searched against the UniProtkKB/
Swiss-Prot human database (downloaded on 3/30/2022, containing 20,378 sequences). A
decoy database with a 1% false discovery rate (FDR) was used for spectrum and proteoform
level cutoff. An additional e-value cutoff of 0.01 was applied to the results. The numbers

of protein and proteoform identifications for each sample with 1% FDR alone and with
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the additional two-level filtering are reported in Table S1. Additional search parameters are
detailed in the Supporting Information (Tables S2 and S3).

The match-between-runs (MBR) approach was employed semimanually for detected and
identified CE-MS features across all single-cell files. Precursor masses reported from
TopPIC proteoform identifications were used to extract peaks from all replicate files
using Progenesis QI for Proteomics software v 3.0 (Nonlinear Dynamics). Proteoforms
were used as vectors to align the migration time of all samples. Peak picking was
performed automatically by the software, using a signal intensity threshold of 1000 and a
maximum charge state of 35. After isotopic features were selected, all features that matched
proteoform identifications were manually inspected for further validation. If no isotopic
feature envelope within the charge distribution corresponding to the TopPIC identification
was observed in a given sample, the corresponding proteoform was labeled as a missing
value. Proteoform raw abundances reported by Progenesis QI were used for the following
analyses.

The MS proteomics data have been deposited to the ProteomeXchange Consortium

via the PRIDE?3 partner repository with the data set identifier PXD035339. Additional
experimental details about materials, reagents, methods, mass spectrometry parameters, and
data analysis are provided in the Supporting Information.

RESULTS AND DISCUSSION

Assessment of Spray Injection of Intact HeLa Cells.

First, we assessed the capability of injecting intact cells from a small volume of cell
suspension using electrospray voltage to generate a low flow through the separation capillary
toward the MS inlet. Previously, an electrospray capillary device has been described for
reproducible injection of ultra-low volumes?! that has enabled single-cell level metabolite
analysis by CE-MS in plant (onion) cells.24 Here, we employ a similar approach to a
sheathless CE-MS capillary interface by applying spray voltage for different time periods

to inject cultured mammalian cancer cells onto the capillary from a 500 nanoliter droplet

of cell suspension (Figure 1A). Briefly, an electrospray voltage of +2 kV was applied for

1 or 2 min with the inlet of the separation capillary positioned at the bottom of the cell
suspension droplet and the sheathless sprayer tip positioned ~2 mm from the MS inlet.
Following the injection, the capillary was removed from the instrument and examined under
the microscope at 10x magnification to count cells (Figure 2A,B). For 1 min injection, cell
suspension plugs appeared to load ~1-2 mm of the capillary, and all injected cells could be
identified close to the capillary inlet (Figure 2A). In the process of removing the capillary
cartridge from the instrument to the microscope, efforts were made to prevent any additional
gravity-driven flow within the capillary that would move cells further into the capillary.
However, logistically, this is a phenomenon that could not be entirely avoided with the
current setup for cell visualization, leading to some variability in the lengths of injections
imaged. The observed 2 min injection cell suspension plugs were longer, and cells traveled
approximately twice further into the capillary. Images shown in Figure 2B include instances
where cells clumped together and could all be visualized in a 1 mm section of the capillary.
Cells were stained with acridine orange, which fluoresces when bound to nucleic acids, in
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order to obtain fluorescent images and match them with bright-field images. These images
were overlaid to validate that cells were injected and could be effectively and unequivocally
detected, counted, and imaged using both fluorescence and bright-field microscopy inside
the capillary (Figure 2C). Since the fluorescent dye would interfere with MS analyses, cell
counts were verified for non-labeled cells using the same injection conditions and only
bright-field microscopy for CE-MS analyses. Replicate injections (A/=5) at 1 and 2 min
injections showed 2 + 1 and 7 + 2 cells injected, respectively (Figure 2D), demonstrating the
level of injection reproducibility.

Assessment of Hydrodynamic Injection of Single HeLa Cells and On-capillary Lysis.

For the analysis of single HeL a cells, intact single cells were manually injected from a
droplet of cell suspension (Figure 1C) by lowering the spray tip end of the capillary by

~45 cm with respect to the inlet to generate a flow in the capillary (estimated to be ~140
pL/s) (Figure 1B), as described in the experimental section. The process of the single-cell
injection was monitored using the microscope to ensure only a single cell was loaded onto
the separation capillary. To further demonstrate this process and validate that a single intact
cell was loaded onto the capillary, cells were stained with a fluorescent dye prior to manual
injection (Figure 3A). On most capillaries, patches of fluorescence were observed at the inlet
of the capillary before cell injections were performed and could not be eliminated even after
extensive washing of the capillary inner wall and outer surfaces. These patches at the inlet
are likely due to imperfections in the glass surface and do not correspond to cells or cell
debris.

Following injection, 75% FA was loaded onto the capillary by the same mechanism, and
images were taken at 0, 20, 30, and 60 s to observe the cell lysing in the capillary (Figure
3B,C). A single plug of FA was used to make the visualization at a manageable time

scale possible. With a cell or cells sandwiched between two plugs of 75% FA, the cells

lost their integrity much faster, which made the visualization of the process challenging
without using a specialized high-speed camera. Similarly, on-capillary lysis efficiency was
observed for ESI-voltage driven injections of several cells, which was challenging to capture
in high-resolution images with the available equipment. To visualize cells with fluorescence,
a section of polyimide coating ~0.8 cm from the end of the capillary inlet was burned and
removed to expose just the bare fused silica. This also had the benefit of reducing cell
adsorption to the capillary inlet.

TDP CE-MS/MS Analysis with Spray Injection of Intact HeLa Cells.

Next, we attempted to lyse the injected non-labeled cultured cancer cells on the capillary to
perform TDP analysis by CE-MS/MS. To achieve efficient cell lysis, it was determined that
a plug of 75% FA before and after the injected cells was needed. Additionally, a waiting
period of 3 min preceding CE-MS/MS analysis was used to ensure that the FA could diffuse
through the sample plug to conduct cell lysis. The current instability in CE was noted when
cell lysis was insufficient. Replicate analyses of 1 or 2 min spray injections with +2 kV (N
= 4) demonstrated averages of 29 + 10 proteins and 43 + 16 proteoforms identified from

1 min injection and 51 * 13 proteins and 74 + 20 proteoforms identified from the 2 min
injection. The ammonium acetate cell suspension buffer was also collected from the same
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cell suspensions and analyzed to assess the extracellular protein content that may be present
from cells ruptured in the suspension and other contaminants. Briefly, this control was
collected by gently centrifuging the cells at 500g for 5 min to form a pellet and removing
the supernatant. The results show that a very low contribution of the protein signal could

be attributed to the supernatant, indicating that cell lysis and protein secretion are minimal
during the time required to perform the experiments, and increasing confidence that the
observed proteins were originated from the injected intact cells (Figures 4A, and S1). Blank
injections of 200 MM ammonium acetate were also analyzed to determine a minimal level of
carryover that occurred between runs, which emphasized the benefits of the open tubular CE
separation modality and the efficiency of capillary washes and regeneration between CE-MS
runs (Figure 4A).

TDP CE-MS/MS Analysis of Single HeLa Cells.

Single HelLa cells were analyzed by CE-MS/MS after manual hydrodynamic loading as
described in previous sections. Protein and proteoform identifications from single HelLa
cells (W= 4) ranged from 17 to 40 and 24 to 50 and averaged 26 + 10 and 33 + 12,
respectively (Figure 4A). The data were searched with 1% FDR; however, to increase
confidence in reported identifications, proteoforms with e-values =0.01 were also filtered
out for all downstream analyses (Table S1). The distribution of the remaining e-values had
a median value of 3.75 x 10711, Approximate cell diameter values could be determined
from the microscopy images of cells inside the capillary (Figure S2). HeLa cells have been
reported to have average diameters of ~17 zm;2> however, we observed smaller diameters
(average ~12 1m) and a more spherical shape for HeLa cells cultured in suspension in our
experiments.28 Images were taken immediately following successful cell loading to ensure
an accurate representation of cell size since the cells were observed to swell shortly after
entering the capillary due to the start of lysis in the 75% FA loaded into the capillary.
Based on our initial experiments, the number of protein and proteoform identifications
could be correlated with a cell diameter, demonstrating A-squared values of 0.80 and 0.67,
respectively (Figure 4B). This result could be expected due to a correlation between cell size
and protein content.

The HeLa proteome has been extensively studied with MS-based proteomic techniques.
Deep proteome coverage has enabled comprehensive documentation of HeLa cell protein
abundances.2’28 Nagaraj et al. reported previously that the most abundant 600 proteins
comprise ~75% of the HeLa cell proteome mass.29 Here, we mapped our protein
identifications from TDP analysis of a single HeLa cell to protein copy numbers per

cell for 8078 proteins characterized and quantified in that study (Figure 4C). Out of 56
proteins identified from single HeLa cell experiments (V= 4), 40 were matched to copy
numbers from this list; however, 16 proteins identified in this work were not found to

be quantitatively assessed in the earlier report. Of the proteins where copy numbers per
cell could be matched, ~60% were in the top 600 most abundant proteins, including 9
histone proteins and 3 ribosomal proteins. Other proteins of interest that were identified
include ubiquitin-like proteins (Ubls), NEDD8, and SUMO2, which play an important role
in the regulation of multiple biological processes, such as proteasome-mediated degradation
of proteins.30 Even a few proteins with lower copy numbers per cell could be identified
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from a single cell. Among these lower abundance proteins identified were small nuclear
ribonucleoprotein F (snRNP), a core component of spliceosomal assembly, and subunit 9 of
the cytochrome b-¢1 complex, a component of the mitochondrial respiratory chain. Several
modifications, such as oxidation, phosphorylation, dimethylation, and butyrylation, could
also be observed in the proteoforms identified from single HeLa cells. Many proteoforms
were observed with the common modification of N-terminal methionine truncation and
acetylation. Unique proteoforms of histone 4 with modification mass shifts on the fragment
containing lysine 17 consistent with butyrylation (+70 Da) or dimethylation (+28 Da) were
confidently identified (Figure 5A—C). These modifications on lysine 17 are listed on UniProt
as having been confirmed by other studies.

TDP CE-MS/MS Analysis of Single Monocytes.

To demonstrate the utility of our TDP approach for assessing heterogeneity between single
cells, we investigated an additional cell line isolated from human monocytic leukemia,
THP-1. SCP analysis was performed on THP-1 cells as described previously for HeLa cells.
An average of 16 + 9 proteins and 18 + 9 proteoforms were identified in single THP-1 cells
(V= 3, see single THP-1 cell protein and proteoform identification results in Supporting
Information), which is comparatively fewer than the identifications in HeLa cells (V= 4, see
single HeLa cell protein and proteoform identification results in Supporting Information).
Monocytes are smaller than HeLa cells and have been reported to have an average diameter
of 8.13 zm,25 which may explain the lower number of identifications from THP-1 cells.

MBRs for HeLa and THP-1 Single-cell Analyses.

Next, we investigated an MBR approach, which is commonly used in bottom-up proteomics
approaches, to improve identification rates, enhance quantification, and fill in missing
values for multiple comparative analyses. Since our current top-down method requires
relatively long ion fill times and scan averaging in the mass spectrometer, particularly

for low sample amounts, stochastic sampling presents a challenge for the reproducibility

of proteoform identifications across replicates. Our data indicate poor overlap (10%) of
proteoform identifications between single HeLa cell analyses (Figure 6B). MBR has become
a commonly used strategy31:32 for addressing the problem of missing data points in bottom-
up proteomics that first aligns chromatograms by retention time and then matches MS1
scans within a narrow mass and retention time window to assign identifications from one
run to others with missing or insufficient MS/MS information. A similar algorithm for
TDPs has not yet been made widely available, according to our knowledge. As such, we
used Progenesis QI for Proteomics software to pick peaks and semimanually perform MBR
for proteoforms with at least one confident proteoform-spectrum match from all HeLa and
THP-1 single-cell CE-MS analysis files. For the single-cell data collected in this study,
migration times between runs varied greatly (up to 8 min) due to the manual nature of

the injection and the time differences related to aspirating individual cells in different
experiments. Volumes of sample buffer injected along with the cell, as well as the distance
that the cell traveled into the capillary during the injection, were difficult to control for and
consequently led to expected differences in the observed migration times from run to run.
Progenesis QI for Proteomics software was used to align migration times across all samples
before peak picking (Figure S3). Migration time alignment largely alleviated the issues
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related to the variability in injection volume in the analysis of individual cells. The list of
precursors with confident proteoform identifications in TopPIC was matched with the peaks
picked by the software and manually validated to confirm the correct proteoform assignment
based on the examination of isotope and charge distributions. Figure S3 demonstrates the
validation of MS1 features detected in all single-cell analyses and confidently matched by
MS2 in one analysis for a variant of prothymosin alpha with N-terminal methionine excision
and acetylation containing a mass shift of =129 Da. This mass shift is consistent with a

loss of a glutamic acid residue indicated by the fragmentation data to be at position 40,
which corresponds to the previously reported isoform 2 of the protein, which arises from
alternative splicing.33 In some cases, after migration time alignment, precursor masses for
several proteoforms were indistinguishable using MS1 alone. In these cases, proteoforms
were grouped into clusters of similar features. Using the described MBR approach, the
efficiency of protein and proteoform identifications was improved for all HeLa and THP-1
single-cell analyses (Figures 6A and S4), and the overlap in proteoform identifications
between cell types was increased from 18 to 48 proteoforms (Figure 6C). The overlap for
HelLa cell analyses was also improved, demonstrating an increase from 10 to 49% after
applying MBR (Figure 6B).

Gene ontology (GO) enrichment analysis of proteins identified in HeLa and THP-1 single
cells after MBR showed a high representation of nuclear proteins identified in both cell
types, with 63 and 61% of all proteins identified in HeLa and THP-1 cells, respectively,
annotated to the nucleus cellular component. Cytoplasm- and cytosol-related proteins
comprised the following identified cell component GO term enriched in the conducted SC-
TDP analyses. At this level of proteome coverage from single cells, the similarity in protein
identifications across these two cell types necessitates the investigation of proteoform
identifications, including their corresponding quantitative values, to determine differences
in molecular phenotypes of the examined cell types.

Comparing Single-cell TDP Results from Two Different Cell Lines.

Principal component analysis (PCA) was performed on the proteoform abundances for all
79 proteoform identifications confirmed with manual MBR across the HelLa and THP-1
single-cell data sets (Figure 6D). Principal components 1, 2, and 3 explain 88% of the
variance between samples. PC2 (23.9%) and PC3 (15.1%) were plotted against PC1 (48.9%)
to demonstrate clustering between different cell types. The HelLa cells showed a larger
variation than the THP-1 cells, which clustered closely. It appears that the variation in PC1 is
primarily driven by HeLa cell number3, which was the largest of the cells measured and had
the highest number of identified proteoforms. Some clustering by cell type can be observed
when examining PC3, indicating that a certain variation in proteoform abundances specific
to cell type is present in the data. Unsupervised hierarchical clustering was also conducted
for proteoform abundances to demonstrate the clustering of THP-1 cells and HeLa cells
(Figure 6E). Tighter clustering was observed for the two smaller HeLa cells and the two
larger HeLa cells analyzed, indicating a significant contribution from total protein content.
However, overall clustering based on cell type was also observed.
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CONCLUSIONS

Here we have demonstrated two techniques for injection of individual and small groups of
<10 intact mammalian cancer cells, subsequent on-capillary cell lysis, and TDP analysis

by ultrasensitive CE-MS/MS. Spray injection of 1-9 cells from a nL-scale droplet on

a glass microslide presents a promising, relatively low labor-intensive method for the
introduction of limited cell or tissue samples for CE-MS/MS analysis. Alternatively, for
greater control of cell selection, hydrodynamic cell loading may be performed manually
under the microscope. Automation of injection will be an important future advancement

to enable higher-throughput sampling and collection of larger data sets. The developed
method allowed the highest identification rates for single-cell analysis and analysis of small
populations of injected cells that have been reported, enabling up to 40 unique proteins

and 50 unique proteoform identifications, including several PTMs, from a single HeLa

cell. The number of identifications could be improved by employing an MBR strategy to
reach 48 protein and 64 proteoform identifications from a single HelLa cell. The humber of
protein and proteoform identifications from single cells was variable and showed a positive
correlation with cell size. We suggest that the field of single-cell TDPs (SC-TDP) could
alternatively be referred to as TD-SCP, depending on the emphasis and the preference of the
study.

Simple, clean lysis with FA enables direct TDP analysis without introducing high
concentrations of salts or detergents that can interfere with CE separation and MS analysis.
However, lysis conditions with alternative buffers, including MS-friendly detergents or
lower concentrations of chaotropes not studied in this work, may enable higher efficiency
cell lysis without causing a detrimental effect on the analysis.

We have also shown that MBR can increase the proteoform identification rate in

TDP analysis. Manual confirmation of CE-MS peaks as well as charge and isotope
distribution envelopes matched between runs is time-consuming and prohibitive of large-
scale implementation. Further development of TDP data processing tools to include MBR
algorithms that incorporate verification of correct isotopic and charge distributions for the
precursor ions and an assessment of FDR would dramatically increase the throughput and
reliability of MBR in TDP of higher complexity data sets. This is especially significant for
SCP because the ability to perform meaningful analysis of heterogeneity at the single-cell
level relies on the ability to obtain many high-confidence measurements.

The generated SC-TDP CE-MS data acquired for a few selected cultured cells of two
different cancer cell lines allowed us to distinguish the cells using PCA and unsupervised
hierarchical clustering based on their quantitative proteoform profiles. These pilot results
pose a promise for the developed CE-MS-based SC-TDP approach to detect differences

in molecular phenotypes at the intact protein and proteoform levels for individual cells of
various types as well as of various activation, differentiation, cell cycle, or health/pathology
states. Although the proteome coverage presented here is rather modest, we believe that

the shown initial results of our proof-of-concept experiments demonstrate the first steps
toward enabling informative and deep proteome-scale CE-MS-based TDP characterization
of individual cells, organelles, and other m- and nm-scale biological structures. Further
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advances in sample preparation, cell procurement and injection, separation, interfacing of
the separation to MS (e.g., using FAIMS34 or other ion mobility spectrometry approaches),
MS data acquisition, and data analysis will be needed to make SC-TDP more thorough and
informative, which, we believe, will enable new breakthroughs in biological and clinical
studies.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Overview of intact cell injection workflows and cell suspension droplets. (A) Schematic

of spray voltage injection workflow. The separation capillary is prepared for cell lysis and
CE-MS/MS analysis by filling in first with BGE and then with a plug of lysis buffer. The
capillary inlet is positioned in cell suspension (500 nL) pipetted on a glass slide (the zoomed
capillary inlet in the droplet is shown in the red-frame insert), and electrospray voltage is
applied at the MS inlet, drawing cells into the capillary. (B) Schematic of manual injection
of single cells with hydrodynamic loading using height difference between the capillary inlet
and outlet to generate flow and draw in the cell. In the injection flow panel, a 75% FA plug,
() a single cell, (I1) and another 75% FA plug (111) were loaded in this order for single-cell
injection and lysis. (C) Representative image cell suspension droplet used for single-cell
loading.
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Figure 2.

Assessment of spray voltage injection of intact cells. Microscope images at 10x
magnification of cells inside the capillary from (A) 1 min (V= 3) and (B) 2 min injection (N
= 3). Red arrows indicate individual cells loaded inside the capillary. (C) Fluorescent (top)
and bright-field images (middle) of cells stained with acridine orange inside the capillary.
Overlaid images are shown at the bottom. (D) Cells counted in the capillary with 1 and 2
min spray injections. Mean counts £ STDEV are displayed.
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Figure 3.
Demonstrating single-cell injection and cell lysis inside the capillary. (A) Fluorescent (top)

and bright-field (middle) images of a representative single HeLa cell injected into the
capillary by hydrodynamic pressure. Overlaid images are shown at the bottom. (B) Time
course of lysis a single cell inside the capillary by a single plug of 75% FA. (C) Zoomed in
images of the cell lysing by 75% FA at different time points.
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Figure 4.
Protein and proteoform identifications from single-cell and spray voltage injections analyzed

by CE-MS/MS. (A) Boxplots show the range and median of protein and proteoform
identifications for each injection mode tested, as well as blank sample buffer and suspension
buffer alone (A= 4). Dots indicate values from individual samples. (B) Single HeLa

cell protein and proteoform identifications plotted against measured cell diameters. Linear
trendlines demonstrate the correlation between protein and proteoform identifications with
cell size. (C) S-curve of protein copy numbers per cell from a previously reported deep
proteomic study of HeLa,2% with proteins identified from a single HeLa cell TDP in this
study mapped in red. Selected proteins of interest are labeled.
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Figure5.

Representative MS1 and MS2 spectra from confidently identified histone proteoforms with
different PTMs. (A) MS1 spectrum for co-migrating histone 4 proteoforms with dimethyl
(yellow) and butyryl (green) PTM assignments. The top insert shows the extracted peaks

for each proteoform. (B) MS2 spectrum with mapped fragments and fragmentation coverage
indicating dimethylated (+28 Da) histone 4, identified in TDP analysis of a single HeLa cell.
Putative modified lysine residue indicated with a red box. (C) MS2 spectrum with mapped
fragments and fragmentation coverage indicating butyrylated (+70 Da) histone 4 identified
in TDP analysis of a single HelLa cell. Putative modified lysine residue indicated with a red
box.

Anal Chem. Author manuscript; available in PMC 2023 April 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Johnson et al.

60

IDs
o

4

20

Page 19

Cell 3 B Cell 2 Cell 3 Cell 2 Cell 3
A y \ = 5

> 18

Cell 2 Cell 4 1 =
Cell 1/ (1%)~ (25%)_\Cell 4 Cel|1 - (1%) (6%)

> Average

° with Without

* without With

MBR Total: 77

MBR Total: 72—~ 170 (0%)

Proteins Proteoforms
i ® Hela
Without MBR 5 STeE
N °
b ° (X}
& o0 .
N
(8]
o .5
10— °
With MBR I T I

PC1 (48.9%)
K 54 o
- ° °
g 0 L4 ®
©
(&)
o 5 | o

°
1Io A 1|o < S \?’ \?’ Vs \??
: «\"Qg‘z&&&&

PC1 (48.9%)

Figure®6.
Assessment of MBR and comparison of HeLa and THP-1 single cell proteoform

identifications. (A) Protein and proteoform identifications with and without MBR are
shown for each single HelL a cell analyzed. The average number of identification with and
without MBR is also shown. (B) Proteoform overlap between HelLa single cells shown for
identifications without and with MBR. (C) Proteoform overlap between HelLa (V= 4) and
THP-1 (V= 3) cells without and with MBR. (D) Principal components PC1 vs PC2 and
PC1 vs PC3 are shown for PCA analysis of 79 proteoform abundances determined by MBR
between HeLa and THP-1 cells. (V=7 data points). (E) Heat map of proteoforms identified
in single THP-1 (N = 3) and HeLa (/N = 4) cells. Unsupervised hierarchical clustering was
performed based on Euclidean distance using average linkage. Proteoform peak abundances
are log2 transformed. Missing values for PCA and heat map clustering were imputed as 10%
of the minimum observed value.

Anal Chem. Author manuscript; available in PMC 2023 April 20.

7 8%
Cell 3 \(11 ?/ ;(\ ) (10%) &(0% / (3%) (5%
Cell 4 Cell 1 7/ \ / \/
C 4
eIIZ[ S (10%)\,1 (6%) Y (24% 0%) (5%) \ (18%) \
Cell 1 | ; ‘b )
" ;
2 I 0 \ (49%)
(3%) \\ (1%) N (1%)/
N 0 g 0 2
MBR L (0%)— | (3%) N‘m <
1

Cell 4

4
(5%)



	Abstract
	Graphical Abstract
	MATERIALS AND METHODS
	Sample Preparation.
	Spray Voltage Injection of Intact Cells.
	Hydrodynamic Loading of Single HeLa Cells.
	Sheathless CE-ESI-MS/MS.
	Mass Spectrometry Settings.
	Data Analysis.

	RESULTS AND DISCUSSION
	Assessment of Spray Injection of Intact HeLa Cells.
	Assessment of Hydrodynamic Injection of Single HeLa Cells and On-capillary Lysis.
	TDP CE-MS/MS Analysis with Spray Injection of Intact HeLa Cells.
	TDP CE-MS/MS Analysis of Single HeLa Cells.
	TDP CE-MS/MS Analysis of Single Monocytes.
	MBRs for HeLa and THP-1 Single-cell Analyses.
	Comparing Single-cell TDP Results from Two Different Cell Lines.

	CONCLUSIONS
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.

