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Abstract

Single-cell proteomics (SCP) has great potential to advance biomedical research and personalized
medicine. The sensitivity of such measurements increases with low-flow separations (<100 nL/
min) due to improved ionization efficiency, but the time required for sample loading, column
washing, and regeneration in these systems can lead to low measurement throughput and
inefficient utilization of the mass spectrometer. Herein, we developed a two-column liquid
chromatography (LC) system that dramatically increases the throughput of label-free SCP using
two parallel subsystems to multiplex sample loading, online desalting, analysis, and column
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regeneration. The integration of MS1-based feature matching increased proteome coverage when
short LC gradients were used. The high-throughput LC system was reproducible between the
columns, with a 4% difference in median peptide abundance and a median CV of 18% across 100
replicate analyses of a single-cell-sized peptide standard. An average of 621, 774, 952, and 1622
protein groups were identified with total analysis times of 7, 10, 15, and 30 min, corresponding

to a measurement throughput of 206, 144, 96, and 48 samples per day, respectively. When applied
to single HeLa cells, we identified nearly 1000 protein groups per cell using 30 min cycles and
660 protein groups per cell for 15 min cycles. We explored the possibility of measuring cancer
therapeutic targets with a pilot study comparing the K562 and Jurkat leukemia cell lines. This
work demonstrates the feasibility of high-throughput label-free single-cell proteomics.
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INTRODUCTION

Profiling the expression of biomolecules in single cells is increasingly important for
biomedical research as it addresses questions involving cellular heterogeneity that are
intractable when analyzing populations of cells. This heterogeneity may arise from a
variety of sources including cell cycle, stochastic gene expression, and perturbations

from the microenvironment.1=3 Single-cell RNA sequencing (scRNA-seq) can, through
multiplexing, profile the transcriptome of tens of thousands of single cells per day,* and
these measurements of gene expression are often used to infer protein expression. However,
the transcriptome generally deviates significantly from the proteome, and as such, direct
profiling of protein expression in single cells is essential. Single-cell proteomics (SCP)

is technically challenging because it lacks an analog to polymerase chain reaction (PCR)
amplification to increase sensitivity and also lacks high-order multiplexing to achieve
measurement throughput on par with sSCcRNA-seq. Antibody-based techniques including
immunohistochemistry, flow cytometry, and mass cytometry achieve high throughput but
require the preselection of available antibodies for protein detection. While single-molecule
protein sequencing approaches are on the horizon,® currently only mass spectrometry
(MS)-based proteomics is capable of quantifying more than a thousand proteins from a
single cell.6.7 At present, SCP frontiers include increasing proteome coverage and overall
sensitivity to enable the study of low-abundance proteins that currently go undetected, as

Anal Chem. Author manuscript; available in PMC 2023 April 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wehbber et al.

Page 4

well as increasing throughput to measure large numbers of single cells for greater statistical
power and to potentially discover rare cell populations.

To maximize proteome coverage for SCP, each step of the workflow should be optimized to
increase sample recovery and transmit as many ions as possible to the mass analyzer.8 To
this end, it is beneficial to reduce sample preparation volumes to enhance reaction kinetics
and minimize adsorptive losses.19-13 In addition, narrow-bore liquid chromatography

(LC) or capillary electrophoresis (CE)12:14:15 columns operate at reduced flow rates,

which increases ionization efficiency at the electrospray source,6 and ion mobility
separations and ultrasensitive mass spectrometers with high-transmission ion optics may

be used.5:7:16-18 The specific mode employed for MS data acquisition also has a significant
impact on proteome coverage. For example, for data-dependent acquisition (DDA), the

long ion accumulation times required to generate high-quality MS2 spectra from trace
peptides limit the overall number of MS2 spectra acquired. To increase measurement
throughput, multiplexed analyses using tandem mass tag (TMT) reagents in the presence

of a larger carrier sample have been demonstrated in the TMT calibrator® and SCoPE-

MS approaches.?? To mitigate the slow MS2 sampling rate for label-free analyses, data-
independent acquisition may be employed!2:21.22 or peptides can be identified based on
their accurate precursor ion masses combined with their normalized elution times. The latter
strategy forms the basis of the accurate mass and time (AMT) tag23 and match between runs
(MBR) algorithms,242% which are commonly employed to identify peptides that were not
selected or identified in MS2 spectra in a given analysis. At present, between 1000 and 2000
protein groups are optimally identified from single cells, regardless of whether a label-free
or multiplexed approach is employed.6:7:11-13

While attainable proteome coverage has thus far been similar for multiplexed and label-free
SCP, the ability to analyze over a dozen single cells simultaneously gives TMT multiplexing
a clear throughput advantage, with >1000 single cells analyzed in ~10 days.11:26 Still,
given the simplified sample preparation and experimental design and large dynamic
range?’ associated with label-free SCP, as well as quantification challenges resulting from,
e.g., precursor coisolation, isotopic impurities, and the carrier proteome effect?8 when
utilizing TMT reagents, label-free approaches are likely to coexist with TMT multiplexing
approaches for the foreseeable future. As such, there is a strong incentive to achieve higher
measurement throughput for label-free SCP. To this end, Mann et al. utilized an overall
cycle time of 35 min with a 30 min gradient,2 and Zhu and co-workers found that 30 min
gradients having 60 min cycle times resulted in increased proteome coverage relative to

60 min gradients,?? likely due to sharper, more intense peaks. These studies suggest that
robust proteome coverage is possible using fast separations. Much faster LC separations on
the order of 1-5 min have been demonstrated for proteome profiling,30:31 but the extended
time required to load samples and wash and regenerate the columns largely negated the
potential throughput gains. One solution to increase throughput for bulk proteome profiling
has been to develop LC systems with multiple columns.32-37 For example, Livesay et al.
developed a four-column LC system33 that achieved a 100% duty cycle while sampling only
the productive portion of the gradient from each column. However, the fully customized
system was highly complex and costly, requiring 11 individually controlled valves, and was
not demonstrated for the low-flow rates required to maximize sensitivity for SCP.
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Here, we report a two-column nanoflow-LC platform that uses only two valves and a

single commercial LC binary pump with an integrated loading pump. The platform operates
at just 80 nL/min, providing high sensitivity, and it achieves a duty cycle of 58% for 4

min gradients and 83% for 25 min gradients. Using optimized settings and with increased
reliance on accurate MS1-level feature matching, we achieved an average coverage of 660
protein groups for single cells with 11 min gradients (15 min overall cycles) and 990
protein groups for 25 min gradients (30 min cycles), thus demonstrating the feasibility of
high-throughput and high-sensitivity label-free SCP. We use this system to compare the
expression of cancer therapeutic targets between two leukemia cell lines.

MATERIALS AND METHODS

Sample Preparation.

Pierce HeLa Protein Digest Standard (Thermo Fisher, Waltham, MA) was diluted in LC-MS
grade water (Honeywell, Charlotte, NC) to provide single-cell-sized (200 pg) aliquots for
system characterization. For MBR library creation, 10 ng aliquots of the same Hel a digest
and of a K562 peptide digest (Promega) were prepared. Hela, Jurkat, and K562 cell lines
were purchased from ATCC (Manassas, VA). These were cultured at 37 °C in 5% CO,,
with 10% fetal bovine serum and 1% penicillin-streptomycin added to Dulbecco’s modified
Eagle’s media (VWR, Radnor, PA) for HeLa cells and to Gibco RPMI 1640 media 1x

(Life Technologies, NY) for Jurkat and K562 cells. Cells were passaged every 2 days or
upon reaching 70% confluency. The three cell lines were harvested and washed three times
with phosphate-buffered saline (PBS) and centrifuged to remove debris and supernatant at
200g for 5 min after each wash. The three cell lines were then counted and resuspended

to a concentration of approximately 104 cells/mL, after which single cells were isolated
into nanowells using the CellenONE X1 platform (Cellenion, Lyon, France) using gating
parameters similar to those described previously.13 The cells were then prepared using the
nanoPOTS workflow,10:29

LC System Construction.

LC system components were connected as shown in Figure 1. Two parallel subsystems
alternately carried out the overhead steps of column washing, regeneration, and sample
loading, while the other column eluted peptides. A single commercial LC pump (UltiMate
NCS-3500RS, Thermo Fisher) provided both nanoflow gradient elution and microflow
sample loading for both columns. A separate solid-phase extraction (SPE) column was
used for each subsystem (Figure S2). The loading pump operated at 18 z4/min, and a

split column consisting of a 20 cm long, 20 xm i.d. empty fused silica capillary (Molex,
Lisle, IL) was employed such that the sample was driven from the sample loop to the SPE
column at a flow rate of approximately 1 s/min. A single syringe-driven sampling probe
interfaced with the nanowell chips to transfer the sample from each well to a sample loop
as described by Williams et al.29 Nanowell chips containing lyophilized samples, a vial
containing fresh mobile phase A (MP A, 0.1% formic acid in water), and a vial containing
~90% DMS0/10% H,0 (v/v) that was used to rinse the sampling probe tip were cooled to 8
°C on the moving autosampler stage using a thermoelectric cooler. The high-voltage switch
used to apply electrospray potential to the active column used a high-voltage relay (Part #
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K43C334 TE Connectivity, Berwyn, PA), and a schematic of the switch is shown in Figure
S1.

All autosampling operations were controlled with a Raspberry Pi (Rpi) computer (Raspberry
Pi Foundation, Cambridge, U.K.) that was programmed in HTML, JavaScript, json,

csv, and python through a graphical user interface. The click, colorzero, Flask, Flask-
SocketlO, gpiozero, itsdangerous, Jinja2, MarkupSafe, numpy, opencv-python, pandas,
pkgresources, protobuf, pygame, python-dateutil, python-engineio, python-socketio, pytz,
Rpi.GPIO, Rx, six, Werkzeug, xIrd, zaber-motion, zaber-motion-bindings-linux, and zaber-
motion-bindings-windows packages were used.

Liquid Chromatography.

SPE columns were ~5 cm long, 75 pm i.d. fused silica capillaries packed with 3 um C18
particles as described previously.2” NanoLC columns were prepared in house using 50 zm
i.d., 360 um o.d. fused silica capillaries that were packed to a length of ~10 cm with 1.3 y/m
diameter, 100 A Kinetex EVO C18 superficially porous particles (Phenomenex, Torrance,
CA). A flow rate of 80 nL/min was used for all separations. Mobile phase B (MP B) was
LC-MS-grade acetonitrile (Honeywell, Charlotte, North Carolina) with 0.1% formic acid.
The gradient profiles used for the various cycle times are provided in Tables S1-S4. A
second gradient passed through the column for additional washing, while the other column
actively eluted peptides for MS analysis.

Mass Spectrometry.

For all analyses of single cells and single-cell-sized aliquots (200 pg) of bulk-prepared
protein digest, an Orbitrap Exploris 480 mass spectrometer (Thermo Fisher) was set with a
maximum MSL1 injection time of 502 ms, MS1 scan range of 375-1575, MS2 automatic gain
control (AGC) target of 150%, MS2 resolution of 60k, maximum MS2 injection time of 246
ms, and dynamic exclusion window of 30 s. Unless otherwise specified, we set the precursor
intensity threshold for MS2 selection to 1E4, MS2 AGC target to 300%, and MSL1 resolution
to 120k. To optimize parameters for maximum proteome coverage, we evaluated a variety of
mass spectrometer settings in triplicate analyses of single-cell-sized aliquots HeLa peptide
tryptic digest. These parameters included precursor intensity threshold for MS2 selection
(1E4 and 5E5), MS1 AGC target (200, 300, 400, 500%) and MS1 resolution (60k, 120Kk,
240K). For the analysis of 10 ng HeLa or K562 digests for MBR library generation (referred
to as Feature Mapping in Proteome Discoverer), we used a 300% AGC target for MS1 with
a maximum injection time of 118 ms, 120k MS1 resolution, a 5E3 MS2 selection threshold,
15k MS2 resolution (at /m/z200), 100% MS2 automatic gain control (AGC) target, and

a maximum MS2 injection time of 118 ms. Each LC column was attached to a separate
chemically etched 10 gm i.d. emitter (MicrOmics Technologies, Spanish Fork, UT), and

a potential of 2200 V was applied to the union connecting the active column and emitter
through a software-controlled relay. The MS settings are summarized in Table S5.

Data Analysis.

RAW files were processed with Proteome Discoverer (PD) 2.4 with default values for a two-
step database search using Sequest HT and INFERY'S rescoring, except for the following
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modifications. MS2 spectra were searched for fully tryptic peptides with N-terminal protein
acetylation, methionine oxidation, and N-terminal methionine loss acetylation as variable
modifications and carbamidomethylation of cysteine residues as a fixed modification. The
precursor and fragment mass tolerances were set to 5 ppm and 0.02 Da, respectively, and the
normalized collision energy for INFERYS was set to 30%. The precursor ion quantifier node
was used to calculate protein abundances based on the top 3 distinct peptides from each
protein. Protein abundances were normalized by the total peptide amount. Mass tolerance for
MBR was reduced to 3 ppm for all runs; retention time tolerance was reduced to 30 s for 30
min cycles and 10 s for 15 min and faster cycles (Figure S4) unless specified.

Postprocessing was performed in R. Using the Grubb’s test with an a of 0.05, one

outlier was removed from the 100 consecutive 15 min replicates, one outlier from the

250 consecutive 10 min replicates, and three outliers were removed from the 148 single-
cell biological replicates. Coefficients of variation (CVs) were calculated from median-
normalized intensity values for peptides identified with <33% missing values. Venn
diagrams were prepared using the same criteria. For comparison between cell lines, proteins
were normalized to total protein abundance for each cell line. For PCA, the missing values
were replaced within each cell line with values from a normal distribution with a downshift
of 1.8 and a width of 0.3. Data for the three cell lines were then combined and analyzed with
the prcomp function in R. Differentially expressed proteins were analyzed in DAVID with a
custom background of the proteins found with <33% missing values in both the Jurkat and
K562 cells.38:39

RESULTS AND DISCUSSION

To increase measurement throughput for label-free single-cell proteome profiling, we
multiplexed the four steps of sample collection, SPE loading, sample separation/MS
analysis, and column regeneration (Figures S2 and S3) to enable single cells or other trace
samples to be analyzed as fast as every 7 min using a single Ultimate 3000 NCS-3500RS
module. The approach employs two LC subsystems, each with its own sample loop, SPE
column, analytical column, and nanoESI emitter, as shown in Figure 1. The LC pump and
autosampling capabilities are shared between the two subsystems.

While rapid LC-MS/MS analyses result in relatively fewer MS2 spectra, transfer of
identifications based on accurate precursor mass and elution time using AMT tag23 or
MBRZ24:25 algorithms can accommodate much faster analyses. Under such conditions, the
quality and/or quantity of MS1 spectra may be increased by intentionally limiting the
number of MS2 spectra acquired. We evaluated proteome coverage for single-cell-sized
aliquots of HeLa digest with a 15 min cycle time as a function of MS1 resolution and AGC
target, as well as the precursor intensity threshold setting to trigger MS2 fragmentation.
While holding other parameters constant, we increased the intensity threshold from 1E4

to 5E5 to reduce the number of MS2 spectra. This resulted in an average increase in
proteome coverage of 37% (Figure 2A). In contrast, adjusting the MS1 resolution and AGC
target while holding other parameters constant each resulted in a <10% average increase

in coverage from best to worst settings (Figure 2B), with no clearly superior setting across
all conditions. These results indicate that increasing the number of MS1 spectra is key to
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improving proteome coverage when relying on transferred identifications. Reproducibility
in PSM abundance across replicates is similar for the two thresholds (median coefficient of
variation (CV) of 11% for 1E4 and 14% for 5E5, as shown in Figure 2C). There is a strong
overlap between the identifications in low- and high-threshold analyses (Figure 2D), and the
additional proteome coverage for high-threshold analysis primarily resulted from an increase
in identified low-abundance proteins that were missed when numerous MS2 spectra were
acquired (Figure S6). However, to be more conservative in relying on MBR identifications
and because we expected a lower signal when transferring the method to single cells due to,
e.g., incomplete sample recovery during preparation, we selected a 1E4 threshold, an AGC
target of 300%, and a resolution of 120k (/772 200) for subsequent studies. This ensured we
would have at least a small number of MS2 identifications for retention time normalization.
Peptides and protein groups identified during optimization of settings are provided in Table
S9.

Using our dual-column system with in-house-packed nanoL.C columns, we generally
observed a high degree of reproducibility between columns. Across 100 consecutive
analyses of 200 pg of tryptic digest at a throughput of 4 samples/h, we identified an average
of 937 protein groups with a 4% difference in median abundances (Figure 3A). The median
CVs were 18% for both columns and 17.5 or 17.4% with each column considered separately
(Figure 3B). As such, analyzing samples across both columns for a given study provides
quantitative performance on par with typical label-free studies, and this technical variability
can be further reduced by dedicating each column to a separate study while maintaining high
overall measurement throughput. The identified peptides and proteins are provided in Table
S10.

We evaluated system performance for different cycle times ranging from 7 to 30 min, where
cycle time comprises both active peptide elution and any inactive time between samples.
We found that the average number of identifications increased with cycle length, with 620,
770, 950, and 1620 protein groups identified for 7, 10, 15, and 30 min cycles, corresponding
to 206, 144, 96, and 48 samples per day, respectively (Figure 4A). ldentified proteins and
peptides are presented in Table S11. Some of the increase in proteome coverage observed
with longer cycle times is the result of an increased duty cycle (i.e., the time during which
peptides actively elute divided by total cycle time). With the current setup, the duty cycle
increases from 58 to 83% when the overall cycle time increases from 7 to 30 min (Figure
4B). This results in a nonlinear increase in MS spectra acquired in the longer analyses.

For example, ~600 MS1 spectra were acquired with 7 min cycles vs ~3200 MS1 spectra
with 30 min cycles. The duty cycle may be increased by implementing alternative valving
strategies, increasing the number of columns or operating at higher flow rates. However,
increasing the flow rate would be expected to reduce sensitivity due to decreased ionization
efficiency.4041 Additionally, fast gradients benefitted the analyses and partially compensated
for the reduced acquisition time by reducing peak widths and increasing peak intensities as
determined by the IMP apQuant node*2 in PD (Figure 5).

Having characterized the system using single-cell-sized aliquots of bulk-prepared digests,
we next analyzed 50 single HeLa cells with 30 min cycles, which resulted in the
identification of an average of 986 protein groups per single cell (Figure 6). This indicates
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that rapid analyses that rely on MBR, efficient chromatography, and high ionization
efficiency achieved through low-flow electrospray can provide robust proteome coverage
that rivals previously reported label-free and multiplexed single-cell proteomics coverage
with a throughput of at least 48 single cells per day. Increasing measurement throughput to
96 cells/day (15 min cycles) yielded an average of 660 protein groups per cell across 150
single HeL a cells (Figures 6 and 7). These cells were not controlled for cell cycle or adjusted
for cell size, so we expect that the increase in coefficients of variation for protein abundance
from 18 to 37% is primarily biological. The identified peptides and proteins identified in the
replicate analyses of single HelL a cells are provided in Table S12.

We performed a comparative analysis between three different human cell lines: cervical
cancer-derived HeLa (7= 10) and leukemic cells Jurkat (n7 = 8) and K562 (1= 10).

An average of 876 and 850 proteins were identified from single Jurkat and K562 cells,
respectively, for the 30 min cycle times. The number of identifications may be less due to
smaller cell size. The identified peptides and protein groups are provided in Table S13. We
expected to find the leukemic cells to be more closely related to each other in their proteome
expression than to HeL a, and this was indeed the case as revealed by principal component
analysis (PCA), where some overlap between K562 and Jurkat is observed (Figure 8). A
more in-depth analysis of the proteomes of the K562 and Jurkat cells revealed detailed
biological differences: 89 proteins were differentially expressed between the two leukemic
cell lines (Figure S7, Table S6). Using the DAVID online gene ontology (GO) tool,38:39
we found that mitochondrial proteins were significantly increased in Jurkat cells relative to
K562 cells with Benjamini-corrected p-values <0.05 (Figure S8).

Finally, in the Pharos database,*? all of these proteins were found to be druggable,

four of them are known targets for cancer, and one (PSMB5) is an acute lymphoblastic
leukemia drug target (Table S6). Additionally, Jurkat cells, which show a 6-fold enrichment
of resistance-associated AKR1C1, are also sensitized to drugs that inhibit AKR1C1
production,*445 suggesting the potential of using single-cell proteomics for precision
medicine because known drugs could be screened based on the expression of therapeutic
targets.

While average expression levels could also be measured in bulk studies, our single-cell
method has the advantage of revealing cellular heterogeneity, which is important in the
prognosis of cancers. For example, one could determine the fraction of cells that will
potentially become resistant because they are not expressing the protein(s) targeted by an
administered chemotherapy. For each of the proteins discussed in our study, there is at least
one Jurkat cell that is more similar to K562 cells (Figure 9). Therefore, using SCP, we can
determine that for these cell populations, targeting some of these proteins includes the risk
of selecting the resistant, “outlier” Jurkat cells. Thus, high-throughput label-free SCP could
potentially identify and correlate fractions of these resistant “outlier” cells with prognoses

of relapse and survival. Additionally, we could use SCP to interrogate mechanisms of
chemoresistance, and high-throughput SCP could provide insight into sample-limited studies
such as the prognosis of metastasis using circulating tumor cells.#® In summary, we
demonstrate that this workflow can readily differentiate between distal cancer types (cervical
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and leukemia) and potentially be used to guide the development of personalized cancer
therapies within subtypes of leukemia (Jurkat/T-ALL, K562/CML).

CONCLUSIONS

We have created a dual-column nanoflow liquid chromatography system that more

than doubles the throughput of conventional label-free SCP approaches by employing

fast gradients with reduced extra-column volumes and accurate MBR feature matching.
Relying primarily on MS1 spectra with MBR allowed us to compensate for the long

ion accumulation times normally required for each MS2 spectrum in SCP experiments.
However, we note that for experiments involving extremely limited samples, MBR library
generation becomes difficult. If it is not possible to pool a few cells of interest or similar
cells from the same organism (50 cells ~ 10 ng) to be used instead of bulk lysate for library
runs, slightly slower analyses (>30 min) may be necessary to allow for MS2-based DDA
analyses.

Our high-throughput column system also showed a high degree of reproducibility between
the parallel columns, suggesting that multicolumn LC systems are a viable solution to
increase the throughput and duty cycle of SCP, which should be further improved when
using commercially produced columns with less variability. However, the high number of
hand-tightened capillary connections and the multiple split flows may limit widespread
adoption such that efforts to simplify such approaches should continue to be explored. Also,
while we expect any column carryover to be minimal due to the small sample amounts, the
column washing step, and the full mobile phase gradient that passes through the inactive
column while the other elutes peptides, this should be studied in more detail.

Although 25 min gradients (30 min cycles) provided greater proteome coverage, shorter
gradients displayed decreased peak widths and higher intensities, partially compensating
for the decreased number of collected mass spectra. As such, further improvements to

the LC system providing 100% duty cycles should provide increased proteome coverage
and/or measurement throughput. Our high-throughput label-free system illustrates that we
can approach throughput on par with TMT-reliant multiplexing approaches. Finally, we
show that the data quality afforded by high-throughput label-free SCP allowed a detailed
differential expression study of the K562 and Jurkat leukemia cell lines, showing that this
workflow is sufficient to detect biological differences between phenotypically similar cells
and opening the door to additional single-cell studies.
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Refer to Web version on PubMed Central for supplementary material.
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Diagram of the dual-column nanoLC system. The system interweaves two valves and
employs two subsystems, each consisting of a sample loop, SPE column and analytical
column. These subsystems share a sample collection tip, syringe, gradient LC pump and
isocratic loading pump, allowing for SPE loading and column washing on one subsystem,
while the other elutes peptides. Shown on the left is a commercial LC module containing
both a gradient and a loading pump, which provides flow for all operations.
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Figure 2.
Optimization of acquisition settings using 200 pg aliquots of Hel a digest. (A) Relationship

between the number of MS2 spectra acquired and the number of high-confidence protein
groups identified. (B) Three-dimensional (3D) matrix of mass spectrometer settings and
combined MBR and MS2 identifications. The shading indicates the number of proteins
identified on average per run. The conditions with the highest number of identifications
for each threshold were used to determine the (C) coefficients of variation (CVs) of the
log 2-transformed peptide abundances and (D) Venn diagrams of the overlapping protein
identifications.
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Figure 3.
LC-MS performance for the replicate analysis of 200 pg HeL a digest with 15 min cycles.

(A) Distributions of protein abundances for the two analytical columns, with a 4% difference
between unnormalized median intensities. (B) CVs of peptide abundance for each column
separately and both columns together. (C) Number of protein groups identified across 100
technical replicates.
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Figure 4.
Impact of cycle time on proteome coverage. (A) Protein groups identified with or without

MBR for different cycle times. Error bars represent standard deviations (7= 10). (B)
Distribution of peptides identified across the cycle. Duty cycles were 58, 69, 73, and 83%
for 7, 10, 15, and 30 min cycles, respectively. (C) Proteome coverage across 250 replicate
injections of 200 pg aliquots of HeLa tryptic digest.
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Figureb.
Peak parameter box plots. (A) Peak widths (full width at half-maximum) for the four

different cycle times. (B) Peak intensities for each cycle time.
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Proteome coverage for nanoPOTS-prepared single HeLa cells as a function of cycle time.
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Figure7.
Proteome coverage for 145 replicate analyses of single nanoPOTS-prepared HelLa cells.
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Figure 8.

PCA plot for protein expression in single HeLa, Jurkat, and K562 cells. The blue circle is
the HeLa cluster, the red/black dashed circle is the leukemia cluster, and the yellow line
separates Jurkat and K562 cell lines.
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Expression profiles of potential and known (AKR1C1, DHFR, FASN) protein cancer targets
discussed in the manuscript that are differentially expressed between Jurkat and K562 cells.
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