Single cell protein analysis for systems biology
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Abstract

The cellular abundance of proteins can vary even between isogenic single cells. This
variability between single-cell protein levels can have functional roles, such as controlling
cell fate during apoptosis induction or the proliferation/quiescence decision. Here, we
review such examples of connecting protein levels and their dynamics in single cells to
cellular functions. Such findings were made possible by the introduction of antibodies, and
subsequently fluorescent proteins, for tracking protein levels in single cells. However, in
heterogeneous cell populations, such as tumors or differentiating stem cells, cellular
decisions are controlled by hundreds, even thousands of proteins acting in concert.
Characterizing such complex systems demands measurements of thousands of proteins
across thousands of single cells. This demand has inspired the development of new methods
for single cell protein analysis, and we discuss their trade-offs, with emphasis on their
specificity and coverage. We finish by highlighting the potential of emerging mass-spec
methods to enable systems-level measurement of single-cell proteomes with
unprecedented coverage and specificity. Combining such methods with methods for
quantifying the trasncriptomes and metabolomes of single cells will provide essential data
for advancing quantitative systems biology.

Introduction

Early experimental investigations of cellular heterogeneity focused on isogenic bacterial
populations. Despite being isogenic and growing in the same culture, individual bacteria
varied in persistence, lambda phage burst size, beta-galactosidase production, and
chemotactic behaviour (1-4). These pioneering studies used elegant approaches to
investigate heterogeneity and its functional consequences but were limited by the
technology at the time, having no means of detecting gene expression in single cells. Then in
1994 Chalfie et. al (5) introduced a new technology, green fluorescent protein (GFP), that
allowed researchers to measure and dynamically track protein levels in single cells. This
technological innovation enabled Elowitz et. al (6) to accurately measure protein levels and
their variability across thousands of isogenic cells. The measurements revealed unexpected
variability in the levels of proteins expressed from the same promoter, which the authors
interpreted as biochemical noise comprised of two components: intrinsic, inherent to the
biochemical process of transcription and translation, and extrinsic, dominated by external
environmental fluctuations.
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Determinants and functions of protein

While these first studies focused on clonal cells and attributed the variability of a protein to
noise in gene expression, in many cases the differences in the abundance of a protein across
single cells reflects different cellular states that may lead to different functional outcomes
(7). For instance, Spencer et. al (8) demonstrated that in a cell culture of mitotically cycling
MCF10A cells, the level of p21, a CDK2 inhibitor, determines whether a cell enters a
quiescent or proliferative state. If p21 is present above a threshold at the end of mitosis, it
inhibits CDK2 and the cell enters quiescence. Conversely, if the level of p21 is below the
threshold, CDK2 remains active and the cell continues to proliferate. By making
measurements of single cells, the authors also found that modulating p21 levels altered the
proportion of quiescent or proliferative cells, and that different cell lines exhibited different
inherent proportions of each. Thus, the level of a single protein affects the proportion of
cells in a quiescent or proliferative state.

Changes in genetic parameters can tune the variability in gene expression, and cells can
exploit this variability to respond dynamically to environmental changes. To study the effect
of genetic parameters on gene expression noise, Ozbudak et. al (9) quantified the relative
contributions of transcription and translation to phenotypic noise in B. subtilis at various
rates of transcription and translation of a single gene. They demonstrated that the efficiency
of either process, and the resulting noise profile, could be altered by mutating the promoter,
which affected transcription (10), or ribosomes-binding sites, which affected translation
(11). Subsequently, Raser and O’Shea (12) introduced both cis- and trans- acting mutations
that changed the expression noise profile of a given gene, providing further evidence how
gene expression noise can be biochemically encoded and evolved. These studies indicated
that gene expression variability is a selectable trait evolved to suit the gene and its
particular function.

Spencer et. al (13) provided an example of how this evolved, inherent variability in protein
levels between cells could lead to graded cellular responses across the population, and
confer an overall survival advantage. They monitored HeLa and MCF10 cells on their path
towards TRAIL-induced apoptosis and observed highly variable outcomes between single
cells: most cells died, doing so at an exponentially decaying rate, but a small subpopulation
always survived and continued growing. The authors measured the distribution in protein
levels of five apoptotic regulators, and found that the measured inherent variability in the
levels of these proteins was enough to account for the variability in cellular response time
between induction and apoptosis itself. Thus, inherent distributed protein levels can lead to
graded responses to stress at the population level, and can improve the chances that a small
population of cells survives a particular stress. Similarly, variable response to stress as a
bet-hedging strategy was theoretically predicted (14) and later experimentally
demonstrated in yeast by Stewart-Ornstein et. al (15), who showed that more stochastic
expression of MSN2/4 target genes increased the population survival rate under stress by
20%. The examples above demonstrate that protein expression noise plays a role in
population-level cooperation, coordination, and survival. Discovering and understanding
such regulatory mechanisms requires single cell measurements.

New technology can enable new biology

Just as the seminal work of Elowitz et al. (6) depended on a new technology, so do current
efforts to understand and control cell function and fate. Studying regulation across
heterogeneous cellular systems, such as human tissues, cancers, or differentiating cells,
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demands technologies that can measure gene expression at the systems level. While single
cell RNA-seq methods have made much progress at measuring single cell transcriptomes,
mRNA levels alone are insufficient for characterizing gene expression and cannot detect
post-translational modifications. Indeed, Franks et. al (16) showed that while mRNA levels
can explain mean-level variability in protein levels, they cannot account for differences
between tissue proteomes. These differences implicate post-transcriptional regulation as an
important regulatory mechanism that shapes tissue-specific proteomes, and highlight the
need for quantifying proteins and their all of their modified forms, termed proteoforms, in
single cells in order to characterize the molecular and signaling mechanisms controlling
cellular functions. A proteoform is defined as the set of all molecular forms of a protein
produced from one gene (17), and comprehensive quantification of proteoforms across
thousands of single-cells can enable modeling signaling networks with fewer assumptions,
and even causal inference (18).

Although quantifying proteins in single cells is necessary for systems-level analysis, it is not
sufficient. Additional measurements of other layers of biological regulation can capture
important information upstream of translation that can furnish a more complete
understanding of a regulatory motif or pathway. Munsky et. al (19) simulated the
distributions of mRNA and protein levels for a number of gene regulatory motifs, and
showed that dependent on the motif, mRNA levels were not necessarily correlated to the
corresponding protein’s level. The different time scales of mRNAs and proteins could
account for differences between mRNA and protein levels, and thus, to characterize the
interplay between various layers of regulation at a systems level (20), new single-cell
methods and studies should strive towards ‘multi-omics’ methods (21) that enable
simultaneous systems-level protein and mRNA measurements, and beyond.

Methods for quantifying protein levels in single cells

The methods for quantifying protein levels in single cells use three major modalities for
identifying and quantifying proteins: (i) genetically engineered fluorescent proteins, (ii)
antibodies and (iii) mass-spectrometry. The first two have so far dominated cellular protein
research, and have enabled many discoveries, including those reviewed above. The third
method shows the greatest promise for increasing both the specificity and the throughput
of single-cell protein analysis, Figure 1. Below we summarize the distinctive advantages and
weakness of the current methods.

Fluorescent proteins enable quantifying protein dynamics

Since the discovery and cloning of GFP (5), the community has engineered many fluorescent
proteins with substantially enhanced functions, such as different spectral characteristics,
fast folding and maturation, increased and decreased resistance to photo-bleaching, and
fluorescence resonance energy transfer (22,23). Fluorescent proteins allow dynamic
measurements of protein levels and location over time. Such measurements have been
instrumental for discovering biological functions that depend not merely on the levels of a
protein, but also on its dynamics (24-27). For example, different dynamics of p53 induce
the transcription of different sets of genes and different cell fates (28). Indeed, important
cellular functions are regulated by dynamic signaling mechanisms (29,30), and thus
measuring protein dynamics is essential to understanding biological systems. However, the
number of proteins that can be quantified per cell using fluorescent proteins remains
limited by their spectral overlap (31), and fluorescent proteins have limited utility with
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systems that cannot be genetically engineered, e.g., clinical samples. Furthermore,
engineering new suites of fluorescent proteins for each new biological question requires
much time and effort, and is often prohibitive for systems level measurements.

Methods for quantifying proteins in single cells
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Figure 1 | Classification of single-cell protein analysis methods based on their
specificity and proteome coverage. Antibody-based methods, in red, are widely utilized
and generally applicable to intermediate numbers of proteins at once. Their specificity
depends on the antibody and have be rather low. The specificity of antibodies can be
increased by electrophoretic separation (scWestern) or using multiple antibodies per
protein (PEA). Fluorescent protein-based methods, in green, are highly specific and
facilitate monitoring protein levels over time, but are limited to quantifying only a few
proteins per cell because of spectral overlap. Mass-spectrometry can increase both
specificity and depth of coverage. MALDI-TOF has been used to study single cells and spatial
questions for decades, but it offers only medium specificity and proteome coverage. SCoPE-
MS enables simultaneous identification and quantitation of hundreds of proteins from
single cells, and demonstrates one path towards comprehensive quantification of proteins
in single cells. All values are applicable for typically sized mammalian cell, with a dimeter of
about 15 um and 500pg of total protein.
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Antibody-based methods

Antibodies can target some protein portion of many cellular pathways in single cells, for
instance enabling studies of emergent cancer resistance and can be applied over a broad
dynamic range (32). Immunohistochemistry enables visualisation of tissue sections with
single cell resolution, while immunocytochemistry does the same for monolayer cell
cultures (33). Antibodies are frequently incorporated in flow cytometry, characterizing
patterns of a few proteins across tens of thousands of cells (34). However, antibodies
present two primary hurdles for more comprehensive protein coverage: specificity and
scalability (35-38). Some new methods are attempting to increase protein multiplexing
while maintaining or improving antibody specificity for protein quantitation in single cells,
Figure 1.

To increase the number of simultaneously quantifiable proteins, mass cytometry (CyTOF)
conjugates transition element isotopes, normally absent in biology, to antibodies. After
labeling cells with these antibodies, droplets containing single cells are isolated, the cells
vaporized, and the remaining transition metals analyzed by a time-of-flight (TOF) mass
spectrometer. Bendall et. al (39) developed CyTOF and used it to quantify the immune
response of thousands of single cells from healthy human bone marrow samples. They
developed two panels of antibodies designed to interrogate different aspects of the immune
response. From the 13 proteins common to both panels, the authors created a map of
phenotypically and presumably functionally linked immune cell populations. The authors
then overlaid the data from the 18 remaining, panel-specific proteins to refine their map,
uncovering further heterogeneity within numerous subsets of the larger, annotated cell
populations. Although mass cytometry begins to probe the pathway level and can detect
and quantify very lowly abundant epitopes, it relies on single antibodies to do so, and is
limited to 31 epitopes per cell, the number transition metals.

By substituting transition metals for DNA oligonucleotides, the Abseq, CITE-seq, and REAP-
seq methods (38,40,41) fulfill the need for specific antibody labels. With Abseq, single cells
are simultaneously probed and barcoded in a high-throughput microfluidic device, then
subject to PCR, which ligates cell barcodes with the identifying oligonucleotides of bound
antibodies, and amplifies the signal. Quantitation is accomplished by subsequent DNA
sequencing, where the number of reads per cell is interpreted as a surrogate for the protein
level. CITE-seq and REAP-seq also employ droplet microfluidics, and subsequently generate
protein and RNA level readouts by integrating oligonucleotide-tagged antibodies into
established single cell transcriptomic workflows. Although there is no practical limit to the
number of unique identifiers that can be chemically conjugated to antibodies of choice,
these methods are inherently limited by the number of available antibodies, their
specificity, the epitope availability, and the number of antibodies that can be introduced per
cell before molecular crowding becomes a limiting factor.

Approaches for increasing the specificity of antibody-based methods

The above methods depend critically on the specificity of a single antibody and will perform
very poorly in the presence of non-specific binding. To alleviate such concerns, two
strategies have been developed to increase the specificity of antibody-based single-cell
methods as described below:

First, single cell western blotting (scWestern) increases the specificity of antibodies by

physically separating proteins from single-cell lysates. This is accomplished by
electrophoresis (42) or isoelectric focusing of proteins (43), and the added dimension of
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separation helps single-antibody probing resolve non-specific signals. Hughes et. al (42)
used in-house fabricated open-microwell arrays to separate proteins from single cells with
at least 50% different masses. In the open-microwell format, the authors simultaneously
applied scWestern to 5040 single-cell samples, and obtained quantitative measurements for
1608 of these samples. However, the method introduces additional protein loss of ~40% for
each single cell, and introduces a limit of detection of 27,000 molecules (median murine
fibroblast 50,000 molecules). Although the same blot can be stripped and reprobed for
different proteins upwards of 9 times, the number of proteins simultaneously measurable
by scWestern is fundamentally limited by the number of re-blotting cycles.

The second approach to increasing signal specificity for antibody-based methods is the
proximity extension assay (PEA). PEA increases specificity by requiring the binding of 2
different oligonucleotide-tagged antibodies to same protein before a signal can be
generated (45,46). Two antibodies bound to the same protein carry overlapping sequences
that ligate upon binding, allowing subsequent extension, amplification, digestion, and
quantitation of a few dozen proteins by microfluidic gPCR. This reduces background signal
compared to single-antibody probing, and the less stringent specificity requirements permit
the use of a wider range of antibodies. However, not all of these additional antibodies are
necessarily applicable; since any given protein must have two antibody binding sites that
are amenable to oligonucleotide overlap, epitope availability and molecular crowding
inhibit how comprehensively PEA can be applied.

Single-cell antibody methods will continue to scale as efforts with rigorous quality control
to retain or improve antibody specificity evolve.

Mass spectrometry-based methods

Proteins can be identified and quantified by mass spectrometry (MS). Indeed, MS applied to
bulk samples comprised on millions of cells can already measure thousands of proteins at
once with high specificity (47,48), including important post translational modifications
(PTMs) that affect cell function and dynamics, such as phosphorylation (39). Although most
mass spectrometry methods remain bounded to bulk samples, new methods are enabling
the analysis of more complete proteomes of increasing numbers of single cells.

Matrix assisted laser desorption ionization coupled with time-of-flight mass spectrometry
(MALDI-TOF) has been applied to single cells for about two decades (49,50), enabling
identification and spatial localization of dozens of peptides, Figure 1. However, the
variability in the fraction of peptides ionized across samples limits the quantitative accuracy
of MALDI measurements. Furthermore, since peptides are not separated and enter the TOF
instrument at the same time, the acquired spectra comprise a mixture of the spectra of
many peptides. These complex spectra are hard to interpret and relatively few peptide
sequences can be confidently identified. Thus, while MALDI has been employed widely in
the spatial mapping of neuropeptides in single neurons (51) or proteins in tissue samples
(52), it remains bounded to biological questions of localization rather than quantitation.

The MS method that has allowed for well-controlled and accurate measurements of tens of
thousands of proteins is liquid chromatography (LC) combined with electrospray ionization
and tandem mass-spectrometry, usually abbreviated as LC-MS/MS. Ideally, LC-MS/MS can
be applied to single-cell lysates to give the deep and accurate quantification of proteins and
proteoforms that it has afforded with bulk samples. However, losses during sample
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preparation for LC-MS/MS and relatively low sensitivity have limited its application to very
small samples.

Very sensitive workflows have begun to apply LC-MS/MS to small samples comprised of
hundreds of human cells (48) and even to unusually large single cells, such as oocytes
(53,54) and muscle fibers (55,56). These applications developed and applied very sensitive
methods to quantify from 450~800 proteins in single human oocytes, and ~2,100 proteins
in single muscle fibers. Yet the typical single mammalian cells contain orders of magnitude
less protein than oocytes and muscle fibers (57). These tiny samples suffer too much loss
during processing, and as a result not enough molecules are delivered to the instrument for
meaningful identification and quantification. Our early attempts at using LC-MS/MS to
identify and quantify proteins from typically sized single mammalian cells, dubbed Single
Cell ProtEomics by Mass Spectrometry (SCoPE-MS) (58), aimed to increase the sensitivity
and throughput of single-cell MS by combining two strategies:

The first strategy sought to minimize sample loss by optimizing a ‘clean’ sample processing
pipeline that required no chemical cleanup prior to injection, but instead consisted of
mechanical cell lysis and simple addition of LC- and MS-compatible reagents to reduce
chemical cleanup and pipetting losses. The second strategy increased both the number of
quantified cells per run and the confidence in peptide identification by using isobaric mass
tags. These tags from covalent bonds with peptides and different tags can label the peptides
from different samples. We used these tags to label the cell lysates of single cells as well as
the lysate of 200 cells, terms carrier cells, and combined the labeled single cells and the
carrier cells into a single sample. Incorporating the carrier cells into the workflow conferred
two benefits: (i) it reduced the peptide loss experienced by the single cells during sample
preparation and nLC separation, and (ii) it improved identification confidence by increasing
the total number of ions delivered to the mass spectrometer. Combining these strategies
minimized sample loss in the processing pipeline, which then delivered enough single cell
sample for confident identification. This allowed reliable relative quantitation of ~600
proteins in any given single cell, and over 1000 proteins across a system of differentiating
mouse embryonic stem cells.

Critically, the LC-MS/MS strategy can also measure post-translational modifications, such as
phosphorylation and glycosylation (59,60). Further improvements in specificity and
throughput can vastly improve single-cell mass spectrometry methods (18), positioning MS
to become a new workhorse of single cell protein analysis, Figure 1. Peptides can be
separated not only by LC but also by capillary electrophoresis (CE), and CE-MS/MS (54) can
offer some advantages over LC-MS/MS for very small complex samples, such as the
proteomes of single cells, since it allows reduced flow rates and thus improved ionization of
molecules. Furthermore, CE-MS/MS is the most promising method for quantifying proteins
without having to digest them in what is commonly referred to as top-down MS.
Furthermore, incorporating existing automation technologies can increase assay
throughput and statistical power, as well as reduce sample volumes, significantly alleviating
protein adsorption. Finally, parallel technical improvements in ion accumulation and
sampling will improve the sensitivity, accuracy, and depth of quantitation across sampled
cells.
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Simultaneous quantification of proteins and RNAs in single cells

While quantifying protein levels in single cells can be powerful alone, it is even more
powerful when combined with quantifying the transcriptomes of the same single cells.
Thus, an import direction in the advancement of single cell proteomics methods is making
them compatible with single cell transcriptomic methods, which are generally more mature
(21), and single cell metabolomics methods, many of which already employ mass
spectrometry (61,62).

In initial attempts, both CyTOF and PEA, described above, have been used to quantify some
transcripts and their corresponding proteins in the same single cell. To enable quantifying
mRNAs by CyTOF, Frei et. al (63) developed and integrated a proximity ligation assay for
RNA (PLAYR) into the CyTOF workflow. The PLAYR method is compatible with flow
cytometry and mass cytometry, and the authors used both to quantify transcripts alone,
then simultaneously quantify 10 transcripts and corresponding proteins in single primary
human peripheral blood mononuclear cells (PBMCs). Darmanis et. al (64) extend the use of
PEA to simultaneously measure ~22 mRNA and corresponding protein by performing
TagMan and PEA on the split lysate of single neural stem cells undergoing BMP4-induced
differentiation. Their comparative analysis of the predictive power of mRNA and/or protein
levels for assigning single cells to a treatment group demonstrated that proteins were
better predictors for the functional response to BMP4-treatment than RNA, though both
proteins and mRNA levels contributed unique information; the combined data predicted
treatment group more effectively than mRNA or protein alone.

Ultimately, we would like to comprehensively quantify the transcriptome, the proteome,
and the metabolome of the same single cell. RNA-seq is steadily advancing high-throughput
single-cell transcriptomics towards this end, while MS offers the most promising method for
high-throughput single-cell proteomics and metabolomics. These methods have to be
combined and applied to the same cell, and we expect to see much progress in this direction
in the near future.

Concluding remarks

Growing evidence elaborates on how protein-level cellular heterogeneity is intricately tied
to cell fate in such varied biological contexts as cancer, differentiation, and mitosis.
Transcriptomic studies provide an appreciation for the heterogeneous nature of the cells
making up these systems, but cannot capture most post-translational modifications, such as
phosphorylation and glycosylation, which are critical layers of regulation. Ultimately, single
cell proteomic measurements are required to characterize functional variability at the
systems level. Mass spectrometry is poised to enable such measurements, and will continue
to improve alongside parallel advances in instrumentation, automation, and computation.
MS can also enable multi-layer analyses of the same single cell beyond the protein level, and
begin to quantify post-translational modifications, metabolomes and transcriptomes
simultaneously with proteomes. These high-powered, high-dimensional data will power
systems-level measurement and characterization across many biological questions, and
have an opportunity to set new standards of accuracy, applicability, and depth in
quantitative systems biology.
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Summary

o The levels of a protein can vary across single cells both because of stochastic influences, i.e.,
noise in gene-expression due to low-copy number molecules, and because of cellular
regulatory mechanisms

e Protein levels in single cells influence cellular functions and determine cell fates

e Current technologies enable studying a few proteins simultaneously, but face challenges
when scaled to pathway-level multiplexing

e The next generation of systems-biology needs more powerful methods for quantifying
proteins in single cells

e Mass-spectrometry is poised to enable deep quantification of single-cell proteomes for the
next generation of systems biology
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the manuscript.
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