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Abstract

Seemingly identical cells can differ in their biochemical state, function and fate, and this
variability plays an increasingly recognized role in organism-level outcomes. Cellular
heterogeneity arises in part from variation in enzyme activity, which results from interplay
between biological noise and multiple cellular processes. As a result, single-cell assays of enzyme
activity, particularly those that measure product formation directly, are crucial. Recent innovations
have yielded a range of techniques to obtain these data, including image-, flow- and separation-
based assays. Research to date has focused on easy-to-measure glycosylases and clinically-
relevant kinases. Expansion of these techniques to a wider range and larger number of enzymes
will answer contemporary questions in proteomics and glycomics, specifically with respect to
biological noise and cellular heterogeneity.

The role of enzyme activity in cellular heterogeneity

Biochemical measurements of single cells are becoming more prevalent as appreciation
grows for heterogeneity among seemingly identical cells [1-3]. Cellular heterogeneity is
now recognized to have substantial impact at the organism level on processes such as
embryonic development [4], immune response [5-6], efficacy of chemotherapy [7-8], and
evolutionary fitness [3]. These macroscopic effects of cellular heterogeneity arise from
variability in the outputs of complex biochemical pathways that regulate cell function. For
example, a population of cells might respond heterogeneously to a homogeneous stimulus
(Figure 1a,b). Underlying such variability are differences in individual components of the
cell's response pathway, many of which involve enzymatic reactions. Single-cell assays of
enzyme activities provide detailed information about variability in the individual
biochemical steps that affect downstream outcomes (Figure 1c,d), and these measurements
are therefore integral to elucidating the biochemical origins of cellular heterogeneity.

Classical enzymology techniques typically use tissue homogenates or purified proteins to
study enzyme activity as a function of time for known enzyme concentrations, but new
approaches are needed to follow enzymatic reactions in individual cells. Fortuitously, recent
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research has led to a convergence of scientific interest in biological heterogeneity and the
technological capabilities required to analyze single cells, resulting in rapid progress in this
area. We discuss the origins of heterogeneity in enzyme activity; summarize recent
breakthroughs in single-cell techniques based on imaging, flow-through systems, and
electrophoretic separations; and conclude by highlighting promising areas for future
research in single-cell analysis.

Origins of cellular heterogeneity in enzyme activity

Cellular heterogeneity is complex in origin, and, particularly in the case of enzyme activity,
derives from multiple biological processes. At the nucleic acid level, heterogeneity arises
through genetic mutations, epigenetic modifications, and transcriptional regulation (Figure
2a-C). At the protein level, translational regulation, post-translational modifications, and
protein degradation (Figure 2d-f) contribute to differential enzyme activity between cells.
These processes affect enzyme activity primarily by changing either the chemical identity of
the enzyme (e.g. by genetic mutations, transcriptional or translational errors, or post-
translational modification) or by changing the enzyme concentration (e.g. by regulation of
transcription, translation or degradation). All of these processes working in concert produce
the observed biological output, and variation in each process contributes to cellular
heterogeneity [3].

Cell-to-cell variation in these biological processes exists in part because of
functionaldifferences between cells, such as level of differentiation; but variability also
arises in otherwise homogeneous cell populations owing to biological noise. Biological
noise refers to the inherent variability between otherwise identical cells and can be intrinsic
or extrinsic [9]. Intrinsic noise arises from stochastic fluctuations in biochemical events,
such as binding of an enzyme to its substrate, whereas extrinsic noise is correlated to a
physical parameter, such as microenvironment, cell cycle stage, or even intrinsic noise in an
upstream event [10-11]. Although biological noise is an inevitable consequence of the
stochastic nature of some cellular events, recent work indicates that biological noise might
also be a functional component of specific biological processes [12-13]. For example,
studies in the yeast Saccharomyces cerevisiae have shown that proteins involved in stress
response exhibit higher than expected noise levels, possibly because the population as a
whole benefits from a more diverse response to stressful environmental conditions [12]. To
date, most research on biological noise has examined mRNA or protein copy number
[10,12,14-15] rather than variability in enzyme activity. As technology for single-cell
measurements matures, direct measures of noise in enzyme function will be possible.
Consequently, depending on the goals and design of a given study, biological noise might be
a peripheral consideration addressed during statistical analyses or, conversely, a major focus
of the work [1].

Because enzymatic activity in an individual cell depends on a dynamic interplay between
biological noise and biochemical regulation, direct assays of enzyme activity (i.e. those that
measure conversion of substrate into product) are crucial. Until recently, these assays were
difficult to perform at the single-cell level, and a much larger body of research on single
cells has used proxy measurements, such as confirming the presence of enzyme or phospho-
enzyme via immunostaining or gene expression studies. These experiments provide large
quantities of valuable information about cellular heterogeneity and its biomedical
consequences (for example, see [16]), but the presence of enzyme or phospho-enzyme alone
does not necessarily correspond to enzyme activity. As a result, direct assays of enzyme
activity contribute to a more complete picture of cellular heterogeneity. Activity
measurements further complement other single-cell methods in their ability to assay low
abundance enzymes. Low copy number enzymes are below the detection limit of many
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measurement technologies, but their activities may be quantifiable without specialized
equipment because a single enzyme turns over numerous substrate molecules, effectively
amplifying the signal [17].

An ideal single-cell enzyme assay would measure the activities of multiple enzymes with
high spatiotemporal resolution and high throughput. In reality, no single technique is likely
to achieve all of these goals; as a result, a wide range of complementary methods and
technologies are currently being developed. The following sections examine three broad
categories of single-cell enzyme assays: those based on imaging, flow-through systems, and
separations, and combinations thereof.

Image-based analyses

Microscopy might be considered the original single-cell analytical tool. Variations in size,
morphology, and biochemical state and response to stimuli (with an appropriate indicator)
are all readily examined with high spatiotemporal resolution. Indeed, some of the earliest
single-cell enzyme assays used microscopy in combination with fluorogenic substrates [18],
and many fluorogenic substrates are commercially available [19]. Additionally, substrates
based on fluorescence-resonance energy transfer (FRET) are now widely used to assay
proteases and kinases (see Glossary) [20-21]. (FRET sensors for GTPases are also available,
but report on whether the enzyme itself is in its active or inactive form [22].) Unlike
fluorogenic substrates, many FRET substrates undergo reversible conformation changes so
the resulting signal reflects the activities of competing enzymes, such as kinases and
phosphatases. Recently, two substrates containing different FRET pairs have been applied to
simultaneous assays of pro-tumorigenic Src kinase and a matrix metalloprotease (Figure 3a),
revealing important temporal clues about the relationship between the two enzymes [23]. In
addition to fluorogenic and FRET substrates, several alternative fluorescence-based reagents
have been developed for kinases and proteases. For kinase assays, peptide-based sensors
respond to changes in fluorophore environment or proximity to a quencher [24]. Novel
protease assays rely on diffusion of a cleaved reporter from the evanescent field of a
nanoprobe [25], uptake of fluorescent or fluorogenic materials [26-27], or translocation of a
fluorescent protein to the nucleus [28].

Microscopy-based analyses are also profiting from improved methods for 3D confinement
of individual cells or single-cell lysates. Entrapment of nonadherent cells benefits time-lapse
studies by immobilizing each cell, whereas confinement prevents excessive dilution and
mixing of single-cell lysates. A variety of methods can be used to isolate intact cells,
including liquid walls formed by immiscible fluids and solid walls produced by
microfabrication. Early analyses used an oil layer to confine single cell lysates to individual
nanoliter-volume droplets [29]. Recently, microchannel-based fluid handling has
dramatically increased throughput and decreased the confinement volumes achievable with
this strategy; individual cells can now be sorted into picoliter-volume droplets, lysed in the
presence of a fluorogenic substrate, and assayed for enzymatic activity [30]. Additionally,
the microfluidic platform used for droplet formation is amenable to high-throughput, flow-
based readout of the fluorescence signal in addition to more traditional image-based
detection [31].

Microfabricated traps and wells are alternative means of cell isolation that provide partial or
complete confinement using solid structures. Rapid advances in microfabrication have led to
techniques that produce structures with length scales comparable to the size of eukaryotic
cells (microns) [32]. As a result, laboratories developing novel fabrication techniques
routinely produce sophisticated architectures for cell-based assays [33], and even non-
specialists have access to simpler technologies, including chemical etching and soft
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lithography. One strategy traps cells by flowing them through arrays of microfabricated
obstacles. Captured cells are held in place during wash steps and reagent additions, allowing
kinetic information to be obtained from individual cells [34]. Alternatively, microwells
isolate individual cells in arrays of cell-sized holes, and integrated fluidic components allow
for the addition of lysis reagents, fluorogenic substrates, and inhibitors (Figure 3b) [35].
Similar microwells can be used with electrochemical detection. In these cases, electroactive
product from lysed cells is confined in the microwells and detected by scanning a
microelectrode over the array [36]. Scanning electrochemical microscopy (SECM) can also
be used to image single-cell enzyme activity in the absence of microarrays (Figure 3c) [37].
In this work, confinement is achieved by leaving the cell membrane intact and using
digitonin to perforate the membrane, thus allowing substrate and product to diffuse in and
out of the cell. An image is produced by scanning an ultramicroelectrode over the cell
surface and measuring current at each pixel [37].

While SECM represents a more exotic image-based method, most of the assays described in
this section require only a fluorescence microscope and appropriate reagents. As a result,
image-based methods are widely used, particularly in laboratories that do not specialize in
single-cell studies. Image-based techniques are usually non-destructive, allowing multiple
measurements to be made on the same cell over time and providing useful kinetic
information. A wide range of fluorogenic, FRET, and other substrates are available for
enzyme assays; however, the number of indicators is still dwarfed by the number of
enzymes expressed in a living cell. Empirical guidelines for indicator design exist [38], but
validation and optimization of new indicators and substrates are challenging and time-
consuming, particularly because probes do not always respond to chemical or environmental
changes in a predictable manner [39-40]. Additionally, despite advances in automated
scanning cytometers, most image-based methods are relatively low-throughput compared to
flow cytometry, and spectral overlap limits the number of enzymes that can be probed
simultaneously. These limitations are addressed by flow- and separation-based techniques,
respectively, as discussed below.

Flow-based methods

While image-based analyses excel at providing spatiotemporal information about enzyme
activity, flow-based methods often trade these details for increased throughput. Indeed, flow
cytometry represents the gold standard for high-throughput single-cell measurements. Flow
cytometric analyses often use fluorescent antibodies to measure enzyme (or phospho-
enzyme) concentration as a proxy for enzyme activity, but some studies measure production
of a fluorescent product instead [41-42]. Many fluorogenic substrates used in imaging and
fluorimetry studies have also been applied in a flow cytometry format [43-46]. The high-
throughput achieved allows representative populations of cells to be examined in reasonable
time frames, which is a major benefit, particularly in clinical applications. For example, flow
cytometry has been used to study Gaucher's disease, which is characterized by
glucocerebrosidase deficiency, in patient samples (Figure 4a) [47]. Flow-through assays can
also be performed with amperometric detection of electroactive products from perforated
cells; to date, glucose-6-phosphate dehydrogenase [17] and peroxidase [48] have been
assayed in this format. Finally, imaging flow cytometers, such as the ImageStream* from
Amnis Corp., combine flow cytometry with microscopy to obtain spatial information and
morphology along with traditional flow cytometry data.

Separation-based methods

Capillary electrophoresis (CE) combined with laser-induced fluorescence (LIF) is the
separation method of choice in single-cell enzyme assays because of its capacity for rapid,
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high-efficiency separations, its compatibility with picoliter-volume samples, and its
exquisitely sensitive detection limits. The peak capacity of even a modest CE separation (n
~ 50-100) [49] exceeds the number of fluorescent dyes that can be spectrally resolved (n <
20) [50]. Relatively simple LIF systems provide detection limits of 10-20 to 10-2! moles, and
data analysis for multiple analytes is simpler than for multi-color systems. Separation-based
assays are therefore particularly well-suited for the analysis of multiple enzymes in a single
cell.

Two strategies can be employed in separation-based assays: (i) separation of multiple
enzymes followed by enzymatic reaction; or (ii) enzymatic reaction followed by separation
of unreacted substrate and product(s). In the first method, enzymes from a lysed cell are
electrophoretically separated in a run buffer containing the enzyme substrate. After
preliminary separation, the high voltage is removed, and an incubation period allows each
enzyme to convert nearby substrate molecules into product. High voltage is then reapplied to
carry the product zones to the detector. This technique is particularly well-suited to studies
of closely related enzymes for which individually specific substrates may not be available.
For example, isoforms of lactate dehydrogenase from a single red blood cell have been
electrophoretically separated, and the resulting zones of nicotinamide adenine dinucleotide
(NADH) detected by fluorescence [51]. More recently, the same strategy has been used with
electrochemical detection [52]. In this case, two isoforms of alkaline phosphatase were
separated and their relative activities determined via amperometric detection of phenol
production.

The second method uses CE for multi-enzyme measurements based on separation of
unreacted substrate(s) from product(s). For these studies, a reporter substrate is loaded into
the cell and the enzymatic reaction proceeds within the intact cell. As a result, competing
enzymes act on the substrate in concert, and the resulting substrate to product ratio reflects
the net enzymatic activity from these reactions. After reporter loading and incubation, each
cell is lysed [53] or sampled with a capillary [54-55], and its contents are separated and
detected. This method has been used with several peptide substrates [56] and was recently
applied to a lipid reporter for phosphoinositide 3-kinase (PI3K) (Figure 4b) [57]. An
advantage of this method is that it reflects the in vivo enzyme state where proteins often
compete for activating or inhibiting binding partners and are regulated by the concentration
of small molecules such as ions and second messengers. Additionally, separation of cell
contents prior to detection allows both unreacted substrate and products to be quantified.
This is important because the amount of product formed depends upon the concentration of
substrate loaded (Figure 1d), and assays that measure only product formation might be
confounded by cell-to-cell heterogeneity in substrate uptake. Separation-based methods
account for this variability by permitting ratiometric analysis of substrate and product
signals and quantification of the number of moles of each per cell.

Multi-analyte detection and measurement of complete signaling cascades are critical to
understanding how the activities of enzymes co-vary and how regulation and feedback
mechanisms work in individual cells. Separation-based analyses eliminate the need for
detector specificity for each analyte and therefore increase the number of analytes that can
be detected from each cell. To date, we have assayed the activities of up to five enzymes
simultaneously from a single cell (N. Allbritton, unpublished). This method is also useful in
cases where several enzymes may act on a single substrate sequentially, resulting in multiple
product species [58-59]. The primary challenges to expanded multi-analyte assays are the
need for thoughtful reporter design, effective means of substrate delivery to intact cells, and
increased throughput. Effective reporters must have a known specificity and be resistant to
degradation by peptidases and proteases (unless these are the enzymes of interest, as in
Figure 1d). Reporters must also be effectively loaded into individual cells by physical (e.g.
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microinjection [56]), chemical (e.g. myristoylation [60]), or biological (e.g. endogenous
production [61] or cellular uptake [58-59]) means. Finally, while separation-based methods
have not yet achieved the throughput of flow cytometry, increased automation [62-63] and
the development of microfluidic platforms for these assays [64-65] promise rapid progress
in this area in the near future.

Future prospects

The technologies described above continue to be refined and validated by comparison to
more established ensemble-averaging techniques. As these methods mature, they must be
applied to biologically interesting problems. To date, most publications on single-cell
enzyme assays demonstrate the feasibility and performance of a new technique using a
single, well-characterized enzyme with a readily available substrate (e.g. p-galactosidase
with engineered fluorogenic substrates [18,30,54-55]). While these proof-of-principle
studies are necessary steps in assay development, they should be followed up with novel
applications or clinical samples as quickly as possible. High-impact publications, in which
the data rather than the methodology provide the story, encourage broader adoption of new
techniques and highlight the importance of single-cell analyses in the scientific community
at large.

The development of single-cell assays for a wider range of enzymes is critical to this
endeavor. In Figure 5a, the enzymes for which single-cell assays have been published are
grouped by their top-level Enzyme Commission (EC) number. EC numbers specify the
chemical reaction catalyzed by an enzyme, with each level of the EC number more finely
defining the reaction involved. For comparison, the distribution of human enzymes listed in
the Braunschweig Enzyme Database (BRENDA: www.brenda-enzymes.org) is also given
(Figure 5b) [66]. Comparison of these plots illustrates two important points about current
single-cell enzyme assays. First, the number of enzymatic reactions for which single-cell
assays have been demonstrated is small (n = 42) compared to the total diversity of enzyme-
catalyzed reactions in humans (n = 2565). As a result, the field is wide open for
development and application of assays for uncharacterized enzymes from any class.
Secondly, we note that oxidoreductases (EC 1), lyases (EC 4) and isomerases (EC 5) are
underrepresented, while transferases (EC 2) and hydrolases (EC 3) are overrepresented.

Transferases (EC 2) are well-represented in single-cell assays because this category includes
kinases, an important enzyme class implicated in cancers and other disease states. In
contrast, hydrolases are overrepresented simply because they catalyze reactions that are
readily assayed by traditional single-cell technologies. The distribution of hydrolases with
published single-cell assays is broken out to the second EC level in Figure 5c, and the same
data are shown for all human hydrolases in BRENDA in Figure 5d. Glycosylases (EC 3.2),
which include p-galactosidase and a-glucosidase, are dramatically overrepresented in the
single-cell assays because fluorogenic substrates for these enzymes have been readily
available and well-characterized for decades. In contrast, many biologically interesting
problems require substrates that undergo multiple reactions catalyzed by a variety of
enzymes. For example, oncogenic Ras proteins undergo several post-translational
modifications (PTMs), including farnesylation, endoproteolysis, and carboxyl-methylation,
before becoming functional. A fluorescent reporter peptide has been developed to assay
these reactions, but the challenges of effective substrate design are underscored by the fact
that, to date, the reported in vivo products differ from products predicted from in vitro
reactions [67].

Expanding single-cell enzyme assays to a wider range of enzymes will allow several broadly
important questions in contemporary biological research to be answered at the level of
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individual cells. Current research in popular “omics” fields is now moving beyond the
templated processes of genomics and protein translation and into the enzymatically
controlled arenas of PTMs, glycomics, and metabolomics. The proteomics field bridges
templated translation and enzymatic PTMs; and, as the field matures, increased emphasis is
being placed on PTMs [68] and single-cell analyses [69]. Single-cell assays for the
enzymatic reactions that control PTMs will complement existing mass spectrometric
techniques, which are more commonly applied to ensemble measurements. For example,
glycosylation is a specific PTM involving enzymatic addition of sugar molecules to a
protein (or lipid). The resulting complex polysaccharides act as structural elements in the
cell, facilitate protein-protein interactions, and function as endogenous and exogenous
recognition molecules [70]. A coordinated suite of enzymes control the synthesis and
metabolism of these molecules, and single-cell assays to probe these reactions would be a
major contribution to glycobiology. Single-cell analysis will also contribute to the emerging
field of metabolomics. For example, cancer cells are metabolically distinct from normal
cells because the enzyme network that executes glycolysis and lactic acid fermentation is
favored over the citric acid cycle, which results in high rates of lactate formation. This effect
has recently been observed at the single-cell level using a nanoprobe [71].

Finally, increased throughput and larger sample sizes will allow single-cell enzyme assays to
contribute to the growing knowledgebase on biological noise. Recent research on biological
noise maps variation in transcription and translation [11-12,15], raising the questions of how
or whether fluctuating protein levels are reflected in enzyme activity. Cells exercise post-
translational control over enzyme activities through chemical modifications, such as
phosphorylation, and sub-cellular localization; however, the extent to which these regulatory
processes temper noise in protein levels is still to be determined. Paired measurements of
enzyme concentration and activity at the single-cell level promise to address this question.
Whatever the results of these experiments, the outlook for continued contributions from
single-cell enzyme assays to biology, medicine and biotechnology is bright.

Box 1. Biological insights from single-cell enzyme assays

Single-cell enzyme assays provide unique spatial and temporal information and identify
subpopulations that are obscured by ensemble measurements. Several biological insights
obtained by single-cell enzyme assays are highlighted below.

Spatial information

Bulk measurements are unable to pinpoint enzymatic activity to specific cellular
structures or locations, but image-based single-cell (or single-organelle) assays can. For
example, protein kinase A (PKA) activity is regulated in part by localization of the active
kinase to specific regions of the cell. A suitable indicator combined with microscopic
observation of intact mitochondria distinguishes the relative activity of PKA in three
microenvironments: the outer membrane, the intermembrane space, and the matrix [72].

Temporal information

When cellular heterogeneity causes cellular responses to vary in time, single-cell
measurements clarify the relative timing of events. For example, cells may tolerate an
apoptotic stimulus (e.g. tumor necrosis factor-a, staurosporine, etoposide) for hours
before a sudden, rapid increase in caspase-3 activity leads to cell lysis [73]. Ensemble
measurements of the same enzyme activity show a slow and steady increase
uncharacteristic of any actual cell's response. Similarly, cells treated with epithelial
growth factor (EGF) exhibit a rapid rise in Src kinase activity. Simultaneous
measurements of membrane type 1 matrix metalloprotease (MT1-MMP) in individual
cells show that the spike in Src kinase activity is correlated with a gradual rise in MT1-
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population [76].

MMP activity [23]. Finally, single-cell analyses can also detect heterogeneity in enzyme
activity owing to time-linked variations in cell cycle stage [58] or cell age [51].

Identification of subpopulations

Single-cell enzyme assays also expose cellular heterogeneity, non-Gaussian population
distributions, and subpopulations that are averaged out of ensemble measurements. For
example, individual neurons differ in their metabolism of gangliosides, which are
important membrane components implicated in several genetic disorders. Single-cell
assays with fluorescently tagged ganglioside Gy;1 have been able to probe this cellular
heterogeneity in lipid metabolism [74]. Similarly, drug-resistant subpopulations might be
obscured by bulk measurements, but are readily detected in single-cell assays. Lyn kinase
and BCR-ABL, which are implicated in chronic myelogenous leukemia, have higher
activity in imatinib-resistant cells than in drug-susceptible cells [75-76], and single-cell
assays detect this difference, even when resistant cells represent <1% of the total
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Glossary

Amperometry

Capillary
electrophoresis
(CE)

Flow cytometry

Fluorogenic
substrate

FRET substrate

Indicator

Laser-induced
fluorescence (LIF)

An electrochemical detection method in which potential is fixed
and current is measured as a function of time; for electroactive
substrates and products, amperometry is an alternative to
fluorescence detection

A separation technique based on migration of analytes in an
electric field; in single-cell assays, enzyme isoforms or reactants
and products of an enzymatic reaction (Figure 4c) may be
separated prior to detection, allowing multiple enzymes to be
assayed without spectrally-separated fluorescent substrates

A high-throughput technique in which individual cells are flowed
past optical detectors; for enzyme assays, cells are loaded with a
fluorogenic substrate and its enzymatic conversion to fluorescent
product is measured (Figure 4a)

A substrate that is converted into a fluorescent product by an
enzyme-catalyzed reaction

A substrate that undergoes a change in the efficiency of
fluorescence resonance energy transfer (FRET) due to cleavage or
conformational change when acted upon by an enzyme (Figure 3a)

Molecule(s) that responds to changes in local environment (e.g.
Ca?* concentration) or chemical state (e.g. phosphorylation or
protein binding) with a change in some detectable property (e.g.
fluorescence)

A detection method in which a photon from a laser beam
electronically excites an atom or molecule and a fraction of the
absorbed energy is then re-emitted as a photon; use of high
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intensity laser illumination achieves lower detection limits than
could be obtained with an arc lamp

Microfabrication A suite of techniques derived from the microelectronics industry
for production of micron-sized structures, such as microwells
(Figure 3b) and cell traps, which allow dense arrays of isolated
cells to be processed and interrogated

Peak capacity The maximum number of peaks that can be separated with a
resolution of 1 within a given separation space

Reporter A fluorescently tagged substrate that is processed by one or more
enzymes and can be separated from its reacted form and detected

Scanning A scanning probe technique that produces an image based on

electrochemical current at an ultramicroelectrode tip; in single-cell enzyme assays,

microscopy current is produced by oxidation or reduction of an electroactive

(SECM) product diffusing from a perforated cell (Figure 3c)
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Figure 1.

Examples of pathway- and enzyme-level cellular heterogeneity. (a) ATP-induced calcium
signaling in mouse thymocytes results from a multi-step process in which the release of
intracellular calcium stores triggers calcium influx through Ca2* release-activated Ca2*
(CRAC) channels [77]. The cells were all stimulated with the same ATP concentration, but
variability in this pathway results in dramatic cell-to-cell differences in calcium influx. The
heat map indicates intracellular Ca2* concentration (blue: 0 uM, red: 1.0 pM). Reproduced
with permission from [78]. (b) Mating events in yeast are initiated by a complex response to
the pheromone a-factor that involves scaffold proteins, enzymes, and transcription factors.
Mating response varies widely between cells stimulated with the same a-factor
concentration. Reprinted with permission from [79]. (c) Directed single-cell enzyme assays
probe the activities of enzymes that contribute to complex cell functions. These assays might
examine a specific enzyme activity, such as a-glucosidase Il-catalyzed conversion of a
rhodamine-labeled disaccharide to monosaccharide in Sf9 cells (reprinted with permission
from [55], or (d) the total enzymatic activity of a broad class of enzymes, such as the net
proteolytic activity of individual TF-1 cells toward B-amyloid precursor protein (B-APP).
Each data point represents one cell. Reprinted with permission from [80].

Trends Biotechnol. Author manuscript; available in PMC 2012 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kovarik and Allbritton Page 14

e N =

W «¢ ¢

Figure 2.

Origins of cellular heterogeneity in enzyme activity. The sources of heterogeneity are
diverse and complex, including variation at both the nucleic acid (a-c) and protein (d-f)
levels of gene expression. These biomolecular events affect enzyme activity by changing the
chemical identity (a,e) and concentration (b-d, f) of an enzyme within a single cell. In each
schematic, the biochemical source of variability is highlighted in red. (a) Genetic mutations
change the corresponding amino acid sequence and consequently alter the activity of the
gene product. (b) Epigenetic modifications, including DNA methylation, are implicated in
varying levels of gene expression. (c) Activator and repressor proteins interact with
eukaryotic transcription machinery to up-regulate or down-regulate, respectively, the
transcription of specific genes. (d) Translational regulation, including variation in the
initiation rate of translation events, affects the production of protein from mRNA transcripts.
(e) Post-translation modifications, including phosphorylation, commonly regulate enzyme
activity and binding partners through changes in conformation, hydrophobicity, and/or
charge. (f) Rates of degradation by the proteasome (pictured) and proteases influence the
concentration and lifetime of enzymes in a cell.
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Figure 3.

Image-based methods for single-cell enzyme assays. (a) Two FRET pairs [enhanced cyanine
fluorescent protein (ECFP) paired with citrine and mOrange paired with mCherry] permit
simultaneous measurements of Src kinase and MT1-MMP as a function of time after
exposure to EGF. The heat maps show the FRET ratio for each pair and reflect enzyme
activity. Scale bar, 30 um. The white circles are pertinent to another panel of the original
figure which was not reproduced here. Reprinted with permission from [23]. (b)
Microfabricated cell arrays trap individual cells and lysates at high density in known
locations. Scale bar, 50 um. Reprinted with permission from [35]. (c) SECM shows
benzoquinone production from the peroxidase-catalyzed reaction of hydroquinone and
hydrogen peroxide. Current (i) from reduction of benzoquinone is directly related to
peroxidase activity in the two perforated cells. Reproduced with permission from [37].
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Figure 4.

Flow- and separation-based methods for single-cell enzyme assays. (a) Flow cytometry data
on glucocerebrosidase activity in polymorphonuclear cells (PMN), monocytes (Mo) and
lymphocytes (Ly). Cell types are determined by forward (FS) and side scatter (SS), and
enzyme activity by fluorescence signal (FITC) from cleavage of a fluorogenic substrate.
Blue arrows indicate the change in activity upon treatment with the inhibitor conduritol B
epoxide (CBE), and signals for an unspecific isotypic control (IC) are shown for reference.
Reprinted with permission from [47]. (b) An alternative capillary electrophoresis technique
separates fluorescent reporters from lysed cells. PI3K and phospholipase C in rat basophilic
leukemia cells convert a Bodipy—fluorescein-labeled reporter, phosphatidyl-inositol 4,5-
bisphosphate (Bodipy FI PIP,), into Bodipy FI PIP3 and Bodipy FI diacylglycerol (DAG).
Reproduced with permission from [57].
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Figure 5.

Comparison of the distribution of enzymatic reactions with published single-cell assays to
those known in humans. (a) Enzymatic reactions for which single-cell activity assays have
been published, and (b) the total number of enzyme-catalyzed reactions in humans from the
BRENDA are grouped by their top-level EC number. (c,d) Break-out pie charts of hydrolase
(EC 3) reactions with (c) published single-cell activity assays compared to (d) all human
hydrolases reactions in BRENDA. Although every published single-cell enzyme assay might
not be included, the data shown here are reasonably complete and representative.
Additionally, because EC numbers technically correspond to a reaction rather than to a
specific enzyme molecule, two or more closely related enzymes may share a single EC
number. Overall, glycosylases are notably overrepresented owing to the ready availability of
fluorogenic substrates for these enzymes, whereas oxidoreductases, lyases and isomerases
are underrepresented.
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