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ABSTRACT: Populations of cells exhibit variations in bio-
chemical activity, resulting from many factors including random
stochastic variability in protein production, metabolic and cell-
cycle states, regulatory mechanisms, and external signaling. The
development of methods for the analysis of single cells has
allowed for the measurement and understanding of this inherent
heterogeneity, yet methods for measuring protein activities on
the single-cell scale lag behind their genetic analysis counterparts
and typically report on expression rather than activity. This
paper presents an approach to measure protein tyrosine
phosphatase (PTP) activity in individual cells using self-assembled monolayers for matrix-assisted laser desorption/ionization
mass spectrometry. Using flow cytometry, individual cells are first sorted into a well plate containing lysis buffer and a
phosphopeptide substrate. After lysis and incubationduring which the PTP enzymes act on the peptide substratethe
reaction substrate and product are immobilized onto arrays of self-assembled monolayers, which are then analyzed using mass
spectrometry. PTP activities from thousands of individual cells were measured and their distributions analyzed. This work
demonstrates a general method for measuring enzyme activities in lysates derived from individual cells and will contribute to the
understanding of cellular heterogeneity in a variety of contexts.

I t is now clear that individual cells within a population can
show significant variability in signaling activities. This

variability can give rise to subpopulations of cells that can
display distinct phenotypes or responses to stimuli and
drugs.1,2 Increasing interest in the role of heterogeneity in
cells has motivated the development of technologies capable of
measuring and characterizing activities with single-cell
sensitivity. Significant progress has been made toward these
efforts, particularly in methods for characterizing the genome
and transcriptome of individual cellsin part because of the
ability to amplify DNA and RNA by PCRand have resulted
in methods that are now well-developed with single-cell
sensitivity.3−5 In contrast, analysis of proteins with single-cell
sensitivity remains limited since proteins cannot be amplified
in a similar manner.
Several recent advances in single-cell proteomics have

enabled studies of the distribution of protein levels, including
methods using flow cytometry,6−9 mass cytometry,10 Simoa
immunoassays,11 and single-cell Western blotting.12 While
these methods can be used to quantitate levels of proteins
having specific post-translational modifications, they do not
directly measure enzyme activity. Imaging methods have been
employed for assaying enzyme activity in single cells, typically
relying on fluorogenic substrates and/or products, as well as
fluorescent proteins that participate in fluorescence-resonance
energy transfer (FRET).13−16 These methods can also provide

spatiotemporal information on protein activities, but they lack
generality as the development of reagents for a new activity can
be difficult and time-consuming.13 Finally, capillary electro-
phoresis and laser-induced fluorescence (CE-LIF) enables
enzyme activity measurements based on conversion of
substrates to products with excellent limits of detection.17−19

Yet CE does not have the throughput of methods that use
microwell plates.
In this paper, we describe a label-free, high-throughput assay

to measure enzyme activity in single cells that uses self-
assembled monolayers for MALDI mass spectrometry
(SAMDI-MS).20,21 SAMDI-MS employs arrays of self-
assembled monolayers (SAMs) of alkanethiolates on gold
that present functional groups against a background of
tri(ethylene glycol) groups to enable selective immobilization
of substrates and products, which can then be analyzed by
matrix-assisted laser desorption-ionization mass spectrometry
to quantitate enzyme activity. We have used this method to
analyze lysates for a broad range of enzyme activities, including
phosphatases, kinases, deacetylases, and acetyltrans-
ferases.22−25 In the present study, we demonstrate the
measurement of protein tyrosine phosphatase (PTP) activity
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at the single-cell level. We measured PTP activities from
thousands of individual cells and demonstrated that SAMDI
can detect subtle differences in activity profiles of different cell
types.

■ MATERIALS AND METHODS
Materials. Armadillo PCR plates, 384-well, were purchased

from Thermo Fisher Scientific. Low-volume, 384-well plates
were purchased from Corning. Horseradish peroxidase and the
luminescent HRP substrate, SuperSignal West Femto Max-
imum Sensitivity Substrate, were also purchased from Thermo
Fisher Scientific. PhosSTOP Inhibitor Tablets, Roche cOm-
plete, mini, EDTA-free Protease Inhibitor Tablets, tris(2-
carboxyethyl)phosphine (TCEP), hexadecyl phosphonic acid
(HDPA), ethylenediaminetetraacetic acid (EDTA), and 2,4,6-
trihydroxyacetophenone (THAP) were purchased from Sigma-
Aldrich. The phosphopeptide (Ac-IpYERC-NH2) was synthe-
sized using Fmoc solid phase as previously described.26

Preparation of SAM Surfaces. Steel plates (8 × 12.3 cm)
were cleaned using hexanes, ethanol, and Milli-Q water. An
electron beam evaporator was used to deposit titanium (5 nm,
0.02 nm s−1) followed by gold (30 nm, 0.05 nm s−1) in a 384-
array format using an aluminum mask. To form the SAMs, the
plates were soaked in an ethanol solution containing a 1:4 ratio
of an asymmetric disulfide terminated with a maleimide group
and a tri(ethylene glycol) group and a symmetric disulfide
terminated with tri(ethylene glycol) groups. The solution has a
final concentration of 0.5 mM disulfide and 10% terminal
maleimide groups. This is expected to produce monolayers
with 10% of the alkanethiolates terminated with maleimide
groups based on previous work by our group.27 In any event,
the resulting maleimide density is sufficient for immobilizing
the peptide substrates and products for quantitative analysis by
SAMDI-MS. Plates were typically soaked for a minimum of 48
h in 4 °C before use.
Cell Culture. All cell lines (MDA-MB-231 and HEK293)

were obtained from ATCC. All cells were cultured in high-
glucose DMEM (HG-DMEM) supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin (P/S).
The cells were cultured in a humidified incubator at 37 °C and
5% CO2.
Single-Cell SAMDI Assay for PTP Activity. The lysis

buffer used in the assay was composed of the following: 25
mM HEPES, 50 mM NaCl, 2.5 mM EDTA, and 0.01 mg/mL
bovine serum albumin (BSA), adjusted to pH 7.2, with 5%
glycerol, 0.5% Triton X-100, 100 μM TCEP, and protease
inhibitor cocktail (1 tablet per 10 mL, Roche cOmplete, mini,
EDTA-free Protease Inhibitor Tablets). Peptide substrate Ac-
IpYERC-NH2 was added to reach a final concentration of 40
μM. The solution was dispensed into a 384-well Armadillo
plate, 1 μL per well, using a Multidrop Combi Reagent
Dispenser (Thermo Fisher Scientific). Cell cultures were
dissociated using TrypLE Express and resuspended in a DPBS
solution containing 600 μg/mL HRP. A BD FACSARIA IV
flow cytometer was used to sort the cells into the well plate
using forward and side scattering. Cell lysis and subsequent
dephosphorylation reactions took place in the well plate, which
was incubated for 4 h at 37 °C while shaking at 500 rpm.
Following the incubation period, 3 μL of 1.5× PhosSTOP
inhibitor cocktail (3 tablets per 20 mL water) was added to
each well to reach a final concentration of approximately 1×.
Half of the reaction mixture in each well (2 μL) was
transferred to a Corning low-volume plate. To the latter plate,

10 μL of SuperSignal ELISA Femto Substrate working solution
was added, and luminescence was measured using a Synergy
HI plate reader (Biotek). The initial well plate was flash frozen
and lyophilized overnight in order to concentrate the reaction
mixtures prior to immobilization. The contents of the plate
were resuspended in 2 μL of Tris buffer, pH 7.9, with 50 μM
TCEP. To prepare the SAM array for immobilization, the steel
plate was removed from the SAM solution, rinsed with ethanol,
soaked in an ethanol solution of 10 mM HDPA for 10 min,
and then rinsed with ethanol and dried under nitrogen. One
microliter of mixture from each well was transferred to an
individual gold island. The array was incubated for 1 h at 37 °C
in a humidity chamber, rinsed first with 1× Alconox detergent
(10 g of Alconox detergent per 1 L of water), followed by
rinsing with water and then ethanol, and finally dried with
nitrogen. Matrix was prepared by dissolving THAP (10 mg/
mL) and ammonium citrate dibasic (5 mg/mL) in a 1:1
solution of water and acetonitrile, with 0.1% phosphoric acid.
The matrix was applied to each gold island and allowed to dry
for approximately 20 min, following which the array was
analyzed using an AB Sciex 5800 MALDI TOF/TOF
instrument in positive reflector mode. Each experiment was
repeated a minimum of three times. For experiments with
homogeneous lysate, the peptide substrate was added directly
to a prepared lysate of MDA-MB-231 cells with an
approximate concentration of 1 cell/μL, and the mixture was
immediately distributed into a portion of the well plate using
the Multidrop Combi (the remaining wells already contained
sorted cells). The rest of the experiment proceeded as
described above.

Data Analysis. The mass spectra were analyzed to calculate
the area under the curve (AUC) for the substrate and product
peaks, which were calculated by summing the background-
subtracted AUC of [M + H]+, [M + Na]+, and [M + K]+

adducts, using custom software. The relative activity was then
calculated using the following equation: activity = AUCProduct/
(AUCProduct + AUCSubstrate). Next, the mass spectrometry data
were cross-referenced with the luminescence data to eliminate
those wells that did not contain a cell due to sorting error.
Wells were eliminated by first filtering out wells with
luminescence values that were lower than a threshold, which
was calculated as the luminescence midway between the
median values for 0 cells and 1 cell, on a log scale. Next, from
the remaining wells, those with the largest and smallest 10% of
luminescence values were eliminated to remove potential
outliers. This selection should not be affected by size since the
volume of the droplet containing the HRP is ∼1000 times
larger than the average cell analyzed in this study. This data
analysis and the Gaussian and gamma distribution fits of
histograms were performed using MATLAB (MathWorks).
Single-cell data were fit to a gamma distribution, while control
and lysate data were fit to a Gaussian distribution. When
comparing relative mean activities between cell types, back-
ground was subtracted from the means. Variances of single-cell
distributions are calculated from the gamma distribution fit
parameter: V = kθ2, where k = shape and θ = scale. All
experiments were performed with at least three replicates.

Statistical Analysis. Normality was assessed using the
Shapiro−Wilk test. Means were compared with the Wilcox-
rank-sum test. Equality of variance was evaluated with the
Levene test.

Cell Staining. CellTracker Green CMFDA and CellTrack-
er Red CMPTX, purchased from Thermo Fisher Scientific,
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were used to stain MDA-MB-231 and HEK293 cells,

respectively. Each dye was dissolved in 100 μL of Dulbecco’s

phosphate-buffered saline (DPBS) with 10.7% dimethyl

sulfoxide (DMSO). Each cell tracker solution was diluted in

serum-free and antibiotic-free HG-DMEM (25 μL of dye

solution per 5 mL of media), which was then added to a flask

of confluent, adherent cells. The cells were incubated for 45

min at 37 °C and 5% CO2, and then the media were replaced

with fresh HG-DMEM containing 10% FBS and 1% P/S. The

cells were incubated for an additional 45 min, at which point

they were dissociated using TrypLE Express (Thermo Fisher

Scientific), and the two cell populations were mixed into one

suspension to be sorted.

■ RESULTS

Single-Cell SAMDI Assay. Our approach is illustrated in
Figure 1 and begins by loading a low-volume, 384-well plate
with lysis buffer (1 μL) containing a phosphopeptide substrate
(Ac-IpYERC-NH2, 40 μM) in each well. Individual cells are
then distributed into each well with a flow cytometer. The use
of standard microtiter plate formats and integration with flow
cytometry is well-suited for the automated analysis of a
population of cells. Once in the wells, cells undergo lysis,
whereupon the phosphatase enzymes are released and can act
on the peptide substrate. After 4 h of incubation, reactions are
quenched by the addition of a phosphatase inhibitor cocktail
(3 μL). At this point, the reactions are split; 2 μL from each
well is transferred to a second well plate and used to verify
deposition of a cell in the well, while the remaining volume is
used for measurement of enzyme activity as described next.

Figure 1. Overview of the single-cell SAMDI assay. A suspension of individual cells, prepared in a buffer containing HRP, is sorted into a low-
volume, 384-well plate by flow cytometry. Each well already contains lysis buffer and a phosphopeptide substrate (Ac-IpYERC-NH2). Once
deposited, the cells are lysed, and active PTP enzymes can act on the substrate. Following an incubation period, the contents of the well plate are
split into two pools. One pool is transferred onto an array of 384 gold islandseach presenting a maleimide-functionalized monolayerto
immobilize both substrate and product present in solution. The array is analyzed using SAMDI mass spectrometry, which quantitates PTP activity
in each well by reporting the amount of substrate and product and therefore the yield. To the second pool, a luminescent HRP substrate is added,
and the resulting luminescence signal is used to eliminate any wells that did not receive a cell due to error by flow cytometry (which are indicated
by the “X”s in the heatmap). SAMDI measurements from the remaining wells reveal the distribution of single-cell activities.

Figure 2. PTP activity measurements using SAMDI. (A) The phosphopeptide substrate and the corresponding dephosphorylated product that are
present in a reaction mixture are captured onto a maleimide-presenting self-assembled monolayer. (B) Representative SAMDI spectra from wells
containing 0 cells (top) and 1 cell (bottom). Blue star: Adduct peak of substrate. Green star: Adduct peak of product.
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The half of the reaction volume used for enzyme activity
analysis is first concentrated by lyophilization overnight and
then resuspended in buffer in order to facilitate immobilization
of substrate and product. The solutions are then transferred to
a metal plate having a 384-spot array of self-assembled
monolayers on gold islands (Figure S1). A fraction (10%) of
the alkanethiolates in the monolayer present maleimide groups
(Figure 2A), allowing for immobilization of substrates and
products by reaction of their terminal cysteine residue with the
maleimide group. The remaining alkanethiolates in the
monolayer are terminated with the tri(ethylene glycol) groups,
which prevent nonspecific adsorption of other peptides,
proteins, and molecules present in the lysate that would
interfere with immobilization and complicate analysis of the
mass spectra. The array is then analyzed with SAMDI-MS to
quantitate the conversion of substrate to product in each well.
In the mass spectra, dephosphorylation of the substrate by
phosphatases results in a peak with mass 80 Da lower than the
substrate, as shown in the bottom mass spectrum from a single-
cell measurement in Figure 2B (also Figure S2). Integration of
the area under the curves corresponding to substrate and
product peaks then gives the percent dephosphorylation in
each well (see Methods for details). Negative control wells
receiving no cells were also assayed to measure the
“background” dephosphorylation signal. With phosphopeptide
substrates, the intensity of the mass spectrum in this mass
range corresponds to a small (few percent) of product (Figure
2B, top spectrum) and is due to the baseline noise in the
spectrum, a higher ionization efficiency of the product
compared to the phosphorylated peptide substrate, and a
minor amount of product resulting from the synthesis.
The other half of each reaction solution is used to account

for the instances in which the cell sorter failed to deposit a cell
in a target well. We identified those wells and therefore could
eliminate these data from the analysis. We added horseradish
peroxidase (HRP) to the cell suspension prior to the cell-
sorting process.28 Consequently, the droplets that were
delivered to the wells (which contained a single cell) had
HRP, while wells that did not receive a droplet had no HRP.
After the quenching step described above, the second pool of
reaction mixtures is transferred to a new well plate, into which
a luminescent HRP substrate is then loaded. After incubation
for 1 min, the luminescence is measured in a plate reader, and
only wells in which luminescence is observed are used for
subsequent analysis (see Figure S3 and Methods for additional
details).
Figure 3 shows an example of the implementation of this

assay, where we sorted 143 individual MDA-MB-231 breast
cancer cells into wells and measured their activities as
described above. A histogram of single-cell PTP activities
shows that the assay has sufficient sensitivity to measure
activities in individual cells and reveals a broad distribution of
activities within the population of cells. The PTP activities are
described well by a gamma distribution. This is consistent with
theoretical frameworks of gene expression and experimental
observations of protein concentrations in cells that show
gamma distributions of steady-state protein concentrations
arise from the stochastic nature of the underlying biochemical
reactions such as rates of mRNA degradation and number of
proteins produced per mRNA.29,30 Thus, the distribution of
PTP activity likely reflects a gamma distribution of steady-state
PTP concentration in the cell population. To determine the
extent to which the distribution in activities reflects the

technical error in our measurement, we prepared a
homogeneous lysate (at a concentration corresponding to 1
cell/μL) and distributed this lysate into 96 wells within the
well plate. In this way, the phosphatase activity added to each
well should be identical (apart from technical error of the
liquid handler), and any variance observed in phosphatase
activity represents the technical error (Figure 3, bottom
histogram). We observed that the mean variance in lysate
measurements was 27% of the mean variance observed in
single-cell measurements. This suggests that the technical
variance in the single-cell experiments is approximately a
quarter of the total observed variance and therefore that
biological variability is responsible for the majority of the
observed activity distribution. We note that steps can be taken
to further reduce the technical error: using automated liquid
handlers capable of distributing reagents with greater precision,
reducing evaporation by controlling the humidity of the assay
environment, and optimizing matrix formulations, which can
impact signal-to-noise in the mass spectrum.

Detection of Phosphatase Activity in a Mixed-Cell
Population. We next demonstrated the utility of the assay for
analyzing and comparing the distributions of phosphatase
activities in different cell types. We first labeled MDA-MB-231,
human breast adenocarcinoma cells, with a green dye
(CellTracker Green CMFDA) and labeled HEK293, human
embryonic kidney cells, with a red dye (CellTracker Red
CMPTX). We prepared a mixed suspension with approx-
imately equal amounts of both cell types and then performed
the assay as described above. In this way, the fluorescence-
activated cell sorting (FACS) could place individual cells in
each well and also record which cell type was present in each
well (Figure S4). Figure 4 shows the distributions for each of
the two cell types. Both are described well by gamma

Figure 3. Histograms showing the distribution of PTP activities in
individual cells from a population, with corresponding fits to a gamma
distribution. A control experiment where no cells were added to the
wells (48 wells, gray) reveals a background level of measured activity.
An experiment to measure activities in individual cells reveals a broad
distribution (143 single cells, blue), and a control experiment that
measures activities in an identical homogeneous lysate (96 wells,
pink) reveals the technical variance in the assay and demonstrates that
a significant fraction of the distribution in the analysis of a cell
population is due to variation in PTP activity.
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distributions, and it is clear that the MDA-MB-231 cells have
higher mean PTP activity than do the HEK293 cell (by 148%,
P < 0.002 for all replicates). Further, the MDA-MB-231 cells
had significantly broader distributions in activity with a mean
variance that is 354% greater than that for the HEK293 cells (P
< 0.001 for all replicates). This experiment demonstrates that
the SAMDI assay can reveal differences in the variation in
enzyme activity between two cell populations. It also shows
that the use of a flow cytometer to distribute the cells allows
each cell to be characterized for a second property that is
reported by fluorescence; here, we used fluorescence to
identify the cell type, but other examples could measure
expression levels of proteins in the cell.

■ DISCUSSION
This work demonstrates a label-free assay that has the
sensitivity required to measure enzyme activity in a lysate
derived from a single cell and therefore that enables studies of
the distributions of activities in a population of cells. The most
significant aspect of this work is that it provides a strategy to
characterize enzyme activity in individual cells. Most studies of
cellular heterogeneity have measured the levels of mRNA
transcripts in cells, with more recent work measuring the levels
of proteins. But the measurement of enzyme activity has
proven significantly more challenging, in part for the lack of
general assay formats that have sufficient sensitivity. Our
method relies on lysing individual cells in wells of a 384-well
plate in the presence of a substrate that can be modified by the
enzyme and selective chemistries that immobilize the substrate
and product to a monolayer for analysis by SAMDI mass
spectrometry. This method offers several benefits; because the
lysate is generated in the presence of the substrate, degradation
of the lysate is much less of a concern than is the case with
conventional isolation of lysates; the use of mass spectrometry
avoids the challenges of developing labeled assay formats for
enzyme targets and offers a general strategy for single-cell
analysis; and the use of a FACS instrument to sort cells into
the wells allows a simultaneous fluorescence-based measure-

ment on the cells, which enables a correlation of enzyme
activity with other cellular characteristics such as protein
expression.
In this work, we analyzed approximately 200 individual cells

per plate in a typical experiment (using the remaining wells for
controls or other conditions), and over 3000 single cells in
total. The sorting, enzyme reaction, immobilization, SAMDI,
and analysis steps take approximately 6 h, not including the
optional overnight lyophilization step, and can be performed
on thousands of cells in parallel. SAMDI-MS can accom-
modate tens of thousands of assays per day and is compatible
with the higher density 1536 well plates. Current sorters can
distribute approximately a few thousand cells per hour. A single
MALDI instrument can acquire and analyze hundreds of
thousands of spectra per day. Comparatively, CE methods for
measuring enzyme activity, while highly sensitive, are typically
restricted to analysis of dozens of individual cells, though
optimized CE methods can allow for the analysis of 3−4 cells/
min.31 Flow cytometry, which measures the presence and/or
abundance of proteins, can achieve measurements of up to tens
of thousands of cells per second,32 while mass cytometry can
achieve ∼1000 cells/second, though these methods require
reagents for protein detection.10 Single-cell Western blotting
can analyze approximately 2000 single cells in 4 h.12 Single-cell
RNA-seq approaches can reach a throughput of thousands of
cells and can profile several thousand transcripts per cell in a
day,33,34 while whole genome amplification coupled with next
generation sequencing has been employed to analyze copy
number variation in hundreds of cells.35−37

While we focused on measuring PTPs in this work, the label-
free assay is compatible with nearly the full range of activities,
though the method does require a substrate that has high
activity for the enzyme and that can be immobilized to a
monolayer. The focus of this work on PTPs is timely since
mutations and altered regulation within the phosphatase family
are associated with many diseases, yet methods for
investigating their activity lag behind their kinase counter-
parts.38−42 We have recently demonstrated that SAMDI-MS
offers a reliable approach to assay the phosphatase
enzymes.22,43 We do note, however, that the peptide substrates
are not specific to a single cellular phosphatase but are active
for a number of enzymes. Therefore, we measure the
cumulative activity from multiple PTPs within the cell.
Examining the activity of a specific enzyme would require
enzyme-specific substrates (which are available for many
enzymes, but not PTPs). Alternatively, several substrates can
be used simultaneously to create a pattern that reveals the
identity of the enzyme. This approach can be enhanced further
by incorporating enzyme-specific inhibitors into the assay, as
we have demonstrated in studies identifying the contributions
of specific deacetylases in lysates.24,44,45 In addition, this (as
with any) assay must have sufficient sensitivity and may not be
suitable for enzymes present at low copy numbers or present in
an organelle that becomes significantly diluted in the lysate.
Approaches that concentrate the lysate or limit the volume of
the lysis bufferusing, for example, a microfluidic device
offer a route to extend the application to low-abundance
enzymes.
This assay represents a new approach to measuring enzyme

activity with single-cell resolution and will enable studies of
cellular heterogeneity at the level of protein function. The
assay utilizes SAMDI-MS, which provides a label-free,
purification-free analysis of enzyme activity in cell lysates,

Figure 4. SAMDI analysis of the distribution of activities in a mixed
population of cells. MDA-MB-231 cells (labeled with CellTracker
Green CMFDA) and HEK293 cells (labeled with CellTracker Red
CMPTX) were mixed into a single suspension. The top histogram
shows the distribution of measurements of the background (0 cells)
and a fit to a normal distribution (gray line). The green and red
histograms show the distributions of single-cell activities measured
from MDA-MB231 and HEK293 cells, respectively, sorted with
fluorescence gating, and the lines represent gamma distribution fits.
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and can be performed in high throughput. Along with the
current methods for studying single-cell genomics and
transcriptomics, this assay offers a new tool that will advance
our understanding of both intracellular dynamics and the
heterogeneity of activities in both healthy and diseased cell
populations.
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