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Abstract

A novel class of peptide bioreporters was developed to perform multiplexed measurements

of the activation of epidermal growth factor receptor kinase (EGFR), Akt kinase (Akt/protein
kinase B), and proteases/peptidases in single cells. The performance characteristics of three
reporters were assessed by measuring the reporter’s proteolytic stability, kinetic constants

for EGFR and Akt and dephosphorylation rate. The reporter displaying optimal performance

was comprised of 6-carboxyfluorescein (6-FAM) on the peptide N-terminus, Akt substrate
sequence employing a threonine phosphorylation site for Akt, followed by tri-D arginine linker,
and finally an EGFR substrate sequence bearing a phosphatase-resistant 7-(S)-hydroxy-1,2,3,4-
tetrahydroisoquinoline-3-carboxylic acid (L-Htc) residue as the EGFR phosphorylation site.
Importantly use of a single electrophoretic condition separated the mono- and di-phosphorylated
products as well as proteolytic forms permitting the quantitation of multiple enzyme activities
simultaneously using a single reporter. Since the Akt and EGFR substrates were linked, a known
ratio (EGFR:Akt) of reporter was loaded into cells. A photoactivatable version of the reporter was
synthesized by adding two 4,5-dimethoxy 2-nitrobenzyl (DMNB) moieties to mask the EGFR and
Akt phosphorylation sites. The DMNB moieties were readily photocleaved following exposure

to 360 nm light, unmasking the phosphorylation sites on the reporter. The new photoactivatable
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reporter permitted multiplexed measurements of kinase signaling, and proteolytic degradation in
single cells in a temporally controlled manner. This work will facilitate the development of a
new generation of multiplexed activity-based reporters capable of light-initiated, measurement of
enzymatic activity in single cells.

Graphical Abstract
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Aberrant epidermal growth factor receptor kinase (EGFR) and Akt activity are important
drivers of cancer, particularly epithelial cell tumors such as lung, breast, head and neck,

and bladder.1-> Activation of EGFR by EGF initiates an array of downstream intracellular
signal transduction events including activation of phosphatidylinositol-3-kinase (P13-K), and
Akt Akt exerts its activity by phosphorylating downstream targets, such as transcription
factors which facilitate cell survival.” A significant challenge to performing measurements
of EGFR and Akt kinase activity is the high degree of phenotypic heterogeneity present
within populations of cancer cells.8 Phenotypic heterogeneity is an inherent characteristic in
human cancer cells and is believed to be critical for enabling cells to overcome the multitude
of selective pressures faced in the tumor microenvironment.®-11 The resulting phenotypic
heterogeneity can result in widely different enzyme activity amongst individual cells within
a cell population and which differs significantly from the bulk averaged activity obtained
from thousands to millions of cells. The high degree of signaling variability, necessitates

the development of technologies to interrogate enzyme activity at the level of individual
cells, to better resolve signaling trends that are typically obfuscated by traditional bulk cell
assays.>12

Several methods exist to quantify the spatial and temporal differences in enzyme activity

in biological systems. Often times these analytical methods employ artificial substrates to
react with target classes of enzymes in tissues, intact or lysed bulk cells, and increasingly at
the level of single cells.1314 Matrix-assisted laser desorption ionization mass spectrometry
(MALDI-MS) methods have seen a dramatic growth in popularity for quantifying enzyme
activity using both natural and artificial substrates at the level of tissues and even single
cells but remains limited to high abundance species.1>18 Optical techniques often employ
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genetically encoded fluorescent substrates, and/or small molecule dye reporters to infer
enzyme behavior in cell-based assays. Genetically encoded reporters take advantage of
binding events between phosphorylated substrate sequences and phosphopeptide binding
domains to bring two fluorescent proteins sufficiently close for energy transfer (typically
<10 nm).19-20 \While genetic probes have led to many advances in quantitation of
intracellular enzyme activity, the technology has several limitations including: 1) the need
to transfect cells; 2) a large background fluorescence due to the presence of non-functional
reporter (mis-folded and/or degraded); 3) altered enzyme-substrate interactions due to the
large sizes of the fluorescent moiety (>28 kDa for GFP-based reporters).28 Conversely,
small molecule fluorogenic substrates often display favorable cellular uptake due to the
inherent hydrophobicity of the aromatic fluorophores, coupled with the small size of the
dye molecules themselves (often <1 kDa). Drawbacks of small molecule reporters are that
they tend to provide information on general classes of enzyme activity and can undergo
non-enzymatic hydrolysis resulting in high background fluorescence. Additionally, the lack
of a separation method precludes interrogation of the diversity of enzymatic modifications to
the reporters.21-25

Chemical cytometry employs high-sensitivity analytical tools to characterize analytes within
single cells.28:32 To date, a diverse array of analytical platforms have been adapted to
perform chemical cytometry measurements including, capillary electrophoresis employing
fluorescence detection (CE-F).26 CE-F analytical platforms have been used to characterize
enzyme activity in biological samples from the tissue level down to single cells, and
typically focus on the analysis of small molecule metabolites and peptides to infer enzymatic
behavior.26 Advantages of CE-F are its high limits of detection (often exceeding 1020

mol for fluorescent peptides and lipids), high peak capacity enabling many reporter
modifications to be resolved, and low complexity readout since only fluorescently-labeled
analytes are detected.2”-31 Traditionally, investigations employing CE-F have utilized a
reporter which contains a single enzyme substrate sequence.12:26 Such reporters have

been used to profile Akt, EGFR, and peptidase activity within single cells. However,

it has been challenging to perform tyrosine kinase and serine/threonine kinase activity
measurements simultaneously at the level of single cells due to the difficulty of co-loading
two reporters, lack of control over the ratio of the two reporters in each cell, and the
often-distinct electrophoretic conditions needed for separation of the chemically distinct
reporters. Additionally, the inclusion of photoactivatable protecting groups is desirable since
photocleavage enables a common start time for initiation of enzymatic modifications to the
reporter.

The goal of this work was to develop a novel class of photoactivable dual kinase reporter to
facilitate the simultaneous quantitation of EGFR, Akt, and protease/peptidase activity within
single human cells. We designed a test set of three dual-substrate reporters and assessed the
ability to separate the parent, phosphorylated, and proteolytic reporter fragments by CE-F.
We further characterized the reporters by assessing their affinities for the target kinases,
resistance to protein tyrosine phosphatase (PTP) activity, and peptidase resistance. The lead
reporter was assessed in detail by measurement of phosphorylation in cell lysates as well as
single cells. Additionally, a photoactivatable analogue of the lead reporter was synthesized
and assayed for photocleavage by UV light. This light-activatable reporter was used to
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measure EGFR and Akt activity as well as proteases in the presence of recombinant kinases,
and cell lysates. UV-induced DNA damage within cells during reporter photoactivation

was also assayed. Finally, the ability to assay EGFR, Akt and peptidase activity using the
photoactivable reporter was assessed in single cells.

EXPERIMENTAL SECTION

Reporter Synthesis.

Detailed information on synthesis of peptides can be found in the Supporting

Information. The sequences of the dual-substrate bioreporters are as follows: 24A (6FAM-
GRP-MeR-AFTF-MeA-rrr-EDDEYEEV-NHy), 24B (6FAM-GRP-MeR-AFTF-MeA-Ahx-
EDDEYEEV-NHy), 24C (6FAM-GRP-MeR-AFTF-MeA-rrr-EDDE-Htc-EEV-NH,), where
r = (D)Arg, Ahx = aminohexanoic acid, MeR = N(Me)Arg, MeA = N(Me)Ala,

Htc = 7-hydroxy-1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid, and 6FAM = 6-
carboxyfluorescein. The sequence of the photoactivatable dual-substrate reporter is as
follows: C24C [6FAM-GRP-MeR-AF-T(ODMNB)-FMeA-rrr-EDDE-Htc(ODMNB)-EE V-
CONH3].

Immortalized Cell Culture.

Detailed information regarding the culture of A431 and PANC-1 cells, and WST-8
proliferation assays can be found in the Supporting Information.

In Vitro Assays.

Akt and EGFR Jn vitro phosphorylation assays were performed with commercially available
recombinant enzymes as described in the Supporting Information. Proteolytic degradation
assays were performed with commercially available protease/peptidases including: pronase
E, proteinase K, and endoproteinase-Glu-C, as described in the Supporting Information.

Assays Using Cell Lysates.

Confluent monolayers of A431 cells in polystyrene T-75 culture flasks (70-90% confluency,
< 10 passages) were rinsed with phosphate buffered saline (PBS), and trypsinized (0.05%
trypsin + EDTA, Gibco). Trypsinized cells were then washed with 5 mL extracellular

buffer supplemented with 10 mM D-glucose (ECB) and pelleted. Next, M-PER Mammalian
Protein Extraction Reagent (Thermo Scientific) was added to the cell pellets (100 zL per
1x10°% cells) and shaken gently at 20 °C for 10 min with occasional inversion. Cell lysates
were clarified by centrifugation at 4 °C for 15 min at 14000 g. The protein content of all cell
lysates was quantified using a BCA assay (Fisher, Pierce™ BCA Protein Assay Kit), and
normalized between all treatment groups. All cell lysate assays were performed within 1 h
following lysate preparation. Details of lysis buffer additives, and specific optimizations for
phosphorylation, and proteolysis assays are available in the Supporting Information.

Intracellular Loading of Reporters by Pinocytosis.

A solution of the desired reporter, at a final concentration of 5 - 200 pM, was prepared in
hypertonic medium (ECB, RPMI-1640, or DMEM) at a maximum dilution of 10% (Influx,
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Pinocytosis Kit), and 1-2x106 cells were incubated in 30 uL hypertonic medium at either
37 °C or 20 °C for 20 min. Careful attention was given to ensure that sufficient hypertonic
medium was added to completely cover the apical surface of the cells, and cells were
agitated every 10 min by gently tapping the side of the tube for 3 s. The hypertonic loading
solution was aspirated and replaced with 1 mL of hypotonic loading medium (60:40 (v/v)
serum-free culture medium: deionized H,0). The cells were incubated at 20°C for 2 min,
then the cells were pelleted, and the hypotonic medium was gently aspirated via pipette.
Next, the cells were washed twice with 1 mL ECB, pelleted, aspirated, and re-equilibrated in
1 mL ECB at 37 °C prior to analysis. Cells for bulk analysis were pelleted and resuspended
in 30 uL PBS just prior to thermally lysing the cells by incubation at 90 °C for 5 min.

The cell lysate was clarified at 14,000 g for 15 min at 4°C and the supernatant was

used immediately for assays. Fluorescent images of pinocytically loaded live cells were
obtained by confocal microscopy on an Olympus FVV3000 microscope. Cells to be imaged
were counterstained with 2 ug/mL Hoechst (Invitrogen) during reporter pinocytosis to stain
cellular DNA. Additional information on image processing is available in the Supporting
Information.

Reporter Photoactivation and Measurement of DNA-Damage.

CE-F.

C24C in a solution of ECB, or within pinocytically loaded cells, was photoactivated by
illuminating the sample with one of the following light sources: a) 360 nm solid-state

laser with a source irradiance of 10 mW/cm?2, b) Lumencor Sola 11 Light Engine with a
maximum source irradiance of 14.5 mW/cm?2 at 360 nm. Samples were exposed through a
Nikon UV-A bandpass filter (360 £ 20 nm). To determine the maximum safe biological
exposure for C24C-loaded A431 cells, the formation of DNA lesions in the form of
cyclopyrimidine dimers (CPDs) was measured following UV exposure. A CPD ELISA kit
(Cell Biolabs Inc.) was used to assess the formation of UV-induced DNA lesions following
exposure to 360 + 20 nm light. A431 cells were seeded in 96-well plates at a density of
20,000 cells/well and incubated for 18 h (37 °C, 5% CO5). Next, cells were exposed to
UV radiation (14 mW/cm?) for a cumulative exposure of 0 - 3.0 J/cm2. Cells were then
fixed, and then assayed for CPDs following the manufacturer’s protocol. CPD formation
was assessed measured by measuring absorbance at 420 nm using a SpectraMax 5M
plate-reader (Molecular Devices). Background absorbance was subtracted using a control
sample that was not incubated with the primary antibody to account for non-specific
binding of the secondary antibody. Exposure of cells to a germicidal lamp (significant
output below 300 nm) for 10 min was used as a positive DNA damage control. Assay data
were analyzed using a one-way ANOVA with Tukey’s multiple comparison’s analysis in
GraphPad Prism 9.0. Additional information on reporter photoactivation assays can be found
in the Supporting Information.

Capillary electrophoretic analyses of reporter samples incubated with recombinant enzymes,
and cell lysates were performed using commercial Sciex PPACE MDQ Plus instruments
outfitted with 488 nm solid-state lasers (Coherent). Electrophoretic separations were
performed in a 30 #m i.d. (360 xm o0.d.) bare silica capillary with an electrophoretic buffer
(0.1 M Tris/Tricine, pH 8.2, 3.4 mS, containing either 50, 100 or 150 mM Tween 20®
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(Millipore Sigma)) under a 500 V cm~1 applied electric field. Prior to analysis, samples
were diluted to 200 nM reporter in DI H,O or 50 mM HEPES (pH 7.3, 1.2 mS) to promote
field-amplified sample stacking. Data was analyzed using custom CE-analysis software
(GigaCE) and Origin 9.0.

Single-Cell CE-F.

A431 cells were pinocytically loaded with reporter as described above. Next, loaded cells
were seeded onto single cell O-ring chambers (2.5 cm?) at an approximate density of 10,000
cells/mL. Cells were incubated for 18 - 24 h in low-serum media containing 0.2% FBS (v/v).
Next, cells were trypsinized, split into an aliquot containing approximately 1 - 2x10° cells,
and incubated with 500 gL of 37 °C low-serum DMEM containing 200 ng/mL recombinant
human epidermal growth factor (hEGF) (Calbiochem). Inhibitor (10 M gefitinib (Millipore
Sigma), was incubated with the cells for 30 min or 60 minin a humidified atmosphere

of 37 ° in 5% CO,. The cells were then placed into 500 L of 37 °C ECB. The cell

chamber was placed on the microscope stage of a customized single-cell CE-F analysis
system.34-36 |ndividual cells were identified and lysed with a 532 nm ND:YAG pulsed
microbeam and the cell contents then electrokinetically injected (3 s, 200 V cm™1) into the
capillary. The capillary inlet was moved into a reservoir of electrophoretic buffer (100 mM
Tris/Tricine, 100 mM Tween 20®, 1% DMSO (v/v), pH 8.2, 3.4 mS). Cell contents were
electrokinetically separated under an applied field of (600 V cm™1). Data was analyzed using
custom Python software (GigaCE), and Origin 9.0. Data from the basal, stimulated, and
inhibitor-treated cells were compared using a Mann U Whitney Test, and Cohen’s d effect
sizes were calculated for each comparison.

RESULTS AND DISCUSSION

Dual-Substrate Reporter Design.

The goal of this work was to develop a photoactivatable, peptidase-resistant, dual substrate
reporter that facilitated the simultaneous quantitation of EGFR and Akt activity within
single cells upon the application of a photostimulus, Figure 1A. We based the dual-substrate
reporters on previously optimized individual reporters that were developed to measure

Akt and EGFR activity, Figure 1B; Table $1.30:33 The Akt reporter sequence incorporated
nonnative N-methy| residues which were previously demonstrated to improve resistance

to intracellular peptidases.12-37:38 Similarly, the highly protease resistant EGFR reporter
sequence incorporated either a tyrosine (reporters 24A and 24B) or the conformationally
constrained tyrosine analogue, L-Htc (reporter 24C).30 The L-Htc residue is readily
phosphorylated by EGFR but, unlike a native phospho-tyrosyl residue, is highly resistant

to dephosphorylation by phosphatases.3? A linker was used to connect, but spatially
separate, the Akt and EGFR substrate sequences, while incorporating additional nonnative
modifications to further improve peptidase resistance. The two linkers employed were tri-D-
arginine (rrr, for reporters 24A and 24C) and aminohexanoic acid (Ahx, reporter 24B). The
rrr linker is highly cationic at physiological pH and was expected to improve substrate
affinity for basophilic kinases such as Akt while, by virtue of the D stereochemistry,
improve resistance against proteolytic degradation.3® The Ahx linker is neutral, and consists
of a highly flexible alkane backbone which was hypothesized to enhance kinase access
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to the target residues. For reporters 24A-C, the N-terminus was capped by 6-FAM

further protecting the reporter from amino-terminal peptidases and enabling fluorescence
detection. The reporter components were ordered as follows from N-terminus to C-terminus:
fluorescein, Akt substrate, linker, and EGFR substrate. It was postulated that this design
would ensure that most reporter fragments would display a higher net-cationic charge and
lower molecular weight relative to the parent reporter. This is due to the presence of several
arginine residues on the Akt substrate and linker regions, while the C-terminal EGFR
substrate was rich in aspartic and glutamic acid residues. This reporter design increases the
likelihood that reporter fragments would migrate faster relative to the parent reporter and

its intact phosphorylated forms, thus facilitating the separation and quantitation of the intact
and phosphorylated reporter variants.

Measuring Reporter Affinity for Kinases.

The reporters 24A,B,C were incubated with purified recombinant active EGFR and Akt

to verify that the phosphorylation sites (T for Akt and Y or L-Htc for EGFR) could

be phosphorylated by their respective enzymes, Figure 2A; Figure S1-S2. The kinetic
properties of EGFR and Akt were then measured for each of the substrates (Table 1).

No significant difference in Ky, for Akt was observed between 24A, 24B, and 24C.
Surprisingly, the 24B reporter, with its neutral Ahx linker, displayed a significantly

poorer Ky, for EGFR relative to that of reporter 24A. It is possible that the increased
conformational flexibility of the Ahx linker enabled the highly positively charged Akt
sequence to interact with the negatively charged EGFR sequence, causing a significant loss
in affinity for EGFR.

Reporter Performance in the Presence of Cell Lysates.

Once loaded into cells, enzyme reporters face a number of challenges such as degradation
by intracellular peptidases and rapid dephosphorylation by phosphatases.12 Therefore,

the resistance to degradation and dephosphorylation was assessed in cell lysates before
performing experiments in intact live cells. Reporters 24A,B,C and a control peptide
comprised of naturally occurring amino acids (EFAM-GRPRAATFAEG-NH,) were
incubated with lysates prepared from A431 cells, Table S1. All dual-substrate reporters

all displayed a significantly greater resistance to proteolysis relative to that of the control
reporter, Table 1. All dual reporters displayed half-lives of greater than 200 min compared
to 3+1 min for the control peptide, and there were no significant differences observed in the
AA431 lysates for the dual reporters.

Since intracellular protein tyrosine phosphatases (PTP) are known to rapidly
dephosphorylate phosphoryl-tyrosine residues, the ability of the nonnative L-Htc residue
on 24C to- resist dephosphorylation relative to the native Y on 24A and 24B was
assessed.*0 EGFR-phosphorylated standards of 24A,B,C were incubated in A431 lysates.
After incubation of EGFR-phosphorylated 24A,B,C in A431 lysates, over 95% of the
initially phosphorylated 24A,B was dephosphorylated in 5 min whereas only 10% of the
phosphorylated 24C was dephosphorylated at 5 min, Figure 2B. To demonstrate that the
loss of 24A phosphorylation was the result of endogenous PTP activity, A431 lysates
were treated with pervanadate, a potent PTP inhibitor.41 A significantly greater quantity of
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24A,B retained the phosphoryl-tyrosine moiety compared to reactions without pervanadate.
In contrast pervanadate did not alter the level of phosphorylation at the L-Htc site of 24C.
These results support previous findings that that L-Htc residues are resistant to PTP activity
relative to that of the native tyrosine.39 Consequently 24C was used in all subsequent
experiments.

Next, the ability of 24C to be phosphorylated by A431 cell lysates was assessed by
incubating intact cells with EGF, and then incubation of 24C with a lysate from these
activated cells. EGF-activated cell lysates phosphorylated 24C and this phosphorylation was
shown to be blocked by gefitinib, an EGFR inhibitor (p < 0.0002), Figure 2C. 24C was

also phosphorylated when co-incubated with PANC-1 lysates enriched with active Akt (p

< 0.0002) but not in lysates without added active Akt consistent with prior reports, Figure
2D (since endogenous phosphatases deactivate Akt in cell lysates).3! These data suggest that
active EGFR and Akt could phosphorylate 24C within a cellular environment.

Phosphorylation of Reporter 24C within Live Cells.

Reporter 24C was loaded into serum-starved cells using pinocytosis. Loaded cells displayed
a diffuse fluorescence when imaged by confocal microscopy suggesting that the reporter
was distributed throughout the cytosol, Figure S3. Additionally, a cell proliferation assay
indicated that A431 cells loaded with 24C did not display a significant reduction in
proliferation over 24 h when compared to cells that underwent mock pinocytosis in the
absence of peptide (n =3, p = 0.5083). 24C-loaded A431 cells were incubated with EGF

in the presence and absence of gefitinib. In the absence of gefitinib, 10.5 + 4.6% of the

24C reporter was phosphorylated on the L-Htc site while exposure to this drug reduced
phosphorylation to 2.5 + 1.6% (n =3, **p < 0.006), Figure 3. Phosphorylation of 24C at

the threonine residue (Akt site) was also observed following EGF stimulation and the level
of phosphorylation was independent of gefitinib treatment (n =3, p = 0.99). The amount

of degraded reporter was not significantly different between the basal and EGF stimulation
(79.2 £2.0%, 71.2 + 1.1%, n = 3, p = 0.19) and/or between the EGF and gefitinib treatments
(71.2£1.1%, 59.9 + 8.1%, n = 3, p = 0.06). However, a significant reduction in proteolysis
was observed for the gefitinib and basal treatment conditions (59.9 + 8.1%, 79.1+ 2.0%, n =
3, *p <0.0197).

To determine where the possible proteolytic fragments of 24C might migrate on the
electropherogram, a complex mixture of partially degraded reporter was generated using
commercially available proteases and peptidases, Figures S4-5. Under these conditions, 24C
and phosphorylated 24C peaks were resolved from their peptide fragments insuring accurate
quantification of 24C and its various phosphorylated forms.

Characterizing C24C Photoactivation in Solution & Live A431 Cells.

To gain temporal control over the initiation of cellular reactions with 24C, a photoactivatable
variant of 24C, termed C24C (for photocaged-24C), was synthesized. C24C possessed
2-4,5-dimethoxy 2-nitrobenzyl (DMNB) protecting groups on both the Akt (T) and

EGFR (L-Htc) phosphorylation sites, respectively, Figure 1A. C24C, like native 24C, was
efficiently loaded into cells and displayed a diffuse distribution throughout the cytosol, with
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significantly greater green fluorescence relative to an unloaded control, Figure S6. Cell
proliferation was not significantly impacted by C24C loading relative to that of unloaded
cells, Figure S7. Next photoactivation of C24C in solution was demonstrated, Figure S8.
When C24C was incubated with recombinant Akt and EGFR and without application

of a 360 nm photostimulus, minimal levels of phosphorylation of reporter C24C was
observed over 60 min for Akt (3.3 £ 0.9 %) and/or for EGFR (0 %). However, following
photoactivation, a significant increase in reporter phosphorylation was observed on both
sites after 60 min of 87.1 + 1.8% (n =3, ****p < 0.0001) for Akt and 56.8 + 0.4% (n =3,
****pn < 0.0001) for EGFR. Live A431 cells were loaded with C24C and in the absence of
photoactivation, no phosphorylation or proteolytic degradation of the reporter was observed
over the course of 30 min (0+0% phosphorylation 0+0%, degradation 0+0%), Figure 4A-B.
However, when C24C-loaded A431 cells were exposed to a 1.5 J/cm? photostimulus at

360 nm, 84.6 £ 5.2% of the reporter was photoactivated, resulting in a more complex
electropherogram that resembled the results of the 24C studies in A431 cell lysates, Figure
4C. UV-induced A431 cell damage was assessed by measurement of CPDs in A431 cells
following irradiation. Under the conditions used, the quantity of CPDs formed was not
significantly different in the UV-exposed cells relative to that in the unexposed control cells
up to 3.0 JJem? (n =3, p = 0.9952), Figure S9. These data suggest that the DMNB protecting
groups on C24C prevented enzymatic modifications by kinases and proteases/peptidases
prior to photoactivation, and that photoactivation of reporter loaded cells was performed
without resulting in significant cell damage.

Measurements of Enzyme Activation in Single A431 Cells Loaded with Either 24C or C24C.

Single cells were loaded with 24C or C24C, stimulated with EGF and then assayed for
peptidase, kinase activity. However, due to the reduced peak resolution for the single cell
relative to that of lysate assays, reporter phosphorylation on either the Akt and EGFR

sites was pooled as cumulative phosphorylation. When 24C loaded cells were treated

with EGF in the presence of gefitinib, there was a significant reduction in total reporter
phosphorylation supporting the results from the bulk cell studies, which indicate the
majority of observed 24C phosphorylation in A431 cells is due to RTK activity, Figure 5A,
B. Conversely, for reporter C24C at times up to 4 h post-loading without photoactivation,
all cells (100%, n = 9) displayed 2 peaks on their electropherogram corresponding to a
proteolytic product, and the intact parent reporter, Figure 5C. Following photoactivation,
all cells (100%, n = 11) loaded with C24C displayed electropherograms with peaks that
were similar to electropherograms of A431 cells loaded with 24C, Figure 5D. After
photoactivation C24C-loaded single cells, displayed a significant increase in total reporter
phosphorylation, Figure 5E. This was supported when comparing single cell data for the
non-photoactivatable reporter 24C, to photoactivated C24C as no significant difference

in total reporter phosphorylation was observed under the same treatment conditions and
experimental timescale, Figure 5E. Additionally, there was a significant increase in reporter
proteolysis for reporter 24C relative to that of photoactivated C24C in loaded cells over
similar timescales, Figure 5E. In live single cells, the DMNB groups enabled the reporter
to resist enzymatic modifications such as proteolysis and phosphorylation prior to the
application of a photostimulus. Further, the photoactivated form of C24C behaved similarly
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in cells to that of the native 24C reporter, suggesting that the photoactivation process did not
interfere with the targeted enzymes.

CONCLUSIONS

In conclusion, the feasibility of using a novel dual-substrate reporter for performing
simultaneous measurements of kinase, and protease/peptidase activity in human epidermoid
carcinoma cells was demonstrated. The 24C reporter was readily phosphorylated by EGFR
and Akt, displayed resistance to proteolysis and PTP activity in cell lysates, and was
phosphorylated at the L-Htc site in A431 cell lysates. Importantly, the structure of 24C
enabled robust electrophoretic separations by ensuring that the majority of generated peptide
fragments migrated earlier than the intact phosphorylated forms of 24C. Additionally,

the L-Htc moiety on the EGFR substrate of reporter 24C displayed a significantly

greater resistance to dephosphorylation than that of a native tyrosine residue on 24A.

This enabled the poorer Ky, of 24C for EGFR to be offset by this reporter’s ability to

retain higher levels of phosphorylation on the EGFR and act as a substrate within cells.

The photoactivatable reporter, C24C, was resistant to both kinase and peptidase activity
prior to photoactivation. Importantly, the photolysis reaction was demonstrated to proceed
efficiently in living cells without significantly damaging cellular DNA. In single A431 cells,
enzymatic modifications were also observed to be mitigated prior to photoactivation, and
small populations of photoactivated A431 cells displayed similar activity profiles to those
observed in single cells loaded with native 24C. Continued improvement and integration

of non-proteinogenic reporter modifications are expected to improve the temporal control,
resistance to degradation, and resolution of reporter species for quantitation of enzyme
activity at the single cell level.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Schematic of dual-substrate reporters. (A) Illlustration of the photoactivation and subsequent

phosphorylation of the photo-caged EGFR/Akt reporter with UV light to yield the

phosphorylated reporter. (B) Chemical structures of dual substrate EGFR/AKt reporters.
6-FAM is indicated in green, followed by Akt substrate sequence in blue, linker sequence in

black, and EGFR substrate sequence in red.
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FIGURE 2.

Phosphorylation of 24C by EGFR and Akt. (A) Purified EGFR and Akt were incubated with
24C and then the mixture separated. Pegpr marks the reporter peak with only the L-Htc site
phosphorylated. Pyt marks the reporter peak with only the T or Akt site phosphorylated.
Ppi marks the reporter peak with both the EGFR and Akt sites phosphorylated. (B) PTP
resistance of EGFR phosphorylated standards of reporters 24A and 24C in A431 lysates in
the presence and absence of 100 UM pervanadate (PV) after a 5 min incubation at 37°C (n =
3). ****p < 0.0001. (C) 24C phosphorylation at the EGFR site by A431 cell lysates after 1 h
in the presence and absence of 50 uM gefitinib (n = 3, ***p < 0.0002). (D) Phosphorylation
at the Akt site by PANC-1 lysates in the presence and absence of supplemented active Akt (n
=3, ***p <0.0002).
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Electropherograms of A431 cells loaded with 24C, lysed, and the lysate separated by CE-F.
(A) Unstimulated cells. (B) Cells stimulated with 200 ng/mL EGF. (C) Cells stimulated
with 200 ng/mL EGF in the presence of 10 uM gefitinib; “x” denotes marks peaks due to
proteolytic fragments of 24C.
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FIGURE 4.
Photoactivation of C24C-loaded into A431 cells. (A) C24C loaded cells after 30 min at 37°C

and without UV exposure; (B) C24C-loaded cells exposed to UV, and then incubated for 20
min at 37°C. “x” marks peaks due to proteolytic fragments of 24C.
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FIGURE 5.

Measurement of enzyme activation in single A431 cells loaded with 24C or C24C. (A)
Representative electropherogram of a 24C-loaded A431 cell following EGF stimulation.

(B) Representative electropherogram of a 24C-loaded A431 cell following EGF stimulation
in the presence of gefitinib. (C) A representative electropherogram of a cell loaded with
C24C in the absence of photoactivation. “x” marks peaks due to proteolytic fragments of the
reporter. (D) Representative electropherogram of a cell loaded with C24C followed by C24C
photoactivation in the presence of EGF. (E) Cumulative phosphorylation and proteolysis
data for single A431 cells loaded with either 24C or C24C. Cumulative phosphorylation

is defined as total EGFR and Akt phosphorylation on the reporter C24C-loaded cells were
assayed with (n = 11), or without (n = 9) a photostimulus. 24C loaded cells were analyzed

in the presence (n = 22), and absence of gefitinib (n = 22). Statistics: change in C24C
phosphorylation following photoactivation: Mann Whitney U =15,n1=11,n, =9,z =
2.58311 ***p < 0.00988, d= 1.5); change in C24C proteolysis following photoactivation
(Mann Whitney U =7, n; =11, n, = 9, **p = 0.0142, d= 1.9); Difference in total
phosphorylation between photoactivated C24C and native 24C: Mann Whitney U = 105, n;
=9,np,=22,7=-0.59144, p = 0.5552, d= 0.43); Difference in reporter proteolysis between
photoactivated C24C and native 24C: Mann Whitney U = 66.5, ny = 9, np = 22, z = 2.06223,
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*p <0.0394, o= 0.95; Difference in 24C phosphorylation following gefitinib treatment:
Mann-Whitney U= 77, ny = 22, ny = 24, ****p < 0.0001, d=1.57).
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