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Summary

Agonist-promoted G-protein coupled receptor (GPCR) endocytosis and recycling plays an
important role in many signaling events in the cell. However, the approaches that allow fast and
quantitative analysis of such processes still remain limited. Here we report an improved labeling
approach based on the genetic fusion of a Fluorogen Activating Protein (FAP) to a GPCR and
binding of a sulfonated analog of the malachite green (MG) fluorogen to rapidly and selectively
label cell surface receptors. Fluorescence microscopy and flow cytometry demonstrate that this
dye does not cross the plasma membrane, binds with high affinity to a dL5** FAP-GPCR fusion
construct, activating tagged surface receptors within seconds of addition. The ability to rapidly and
selectively label cell surface receptors with a fluorogenic genetically encoded tag allows
quantitative imaging and analysis of highly dynamic processes like receptor endocytosis and
recycling.

Introduction

Fluorescent proteins (FP) have revolutionized our ability to study proteins of interest by
allowing direct visualization of the proteins involved in important signaling pathways in real
time in live cells. Although FP tagging provides useful information about the locations of
the proteins, it is not an ideal tool to quantitatively examine certain cellular events, such as
the redistribution of receptors during endocytosis and recycling, because both the receptors
at the plasma membrane and inside the cell contribute to the detected fluorescence signal,
regardless of their location. Recently developed strategies based on chemical tags have
achieved exclusive cell-surface labeling by using cell-impermeable fluorescent probes?. In
these strategies, a peptide tag, instead of an intrinsically fluorescent protein, is fused to the
protein of interest. The expressed peptide tag can bind with high affinity or can be directly
covalently linked to a fluorophore modified with a “linking group”. For example, TMP-tag?,
SNAP-tag3, Halo Tag# and chemical tags mediated by biotin ligase®, lipoic acid ligase® and
phosphopantetheine transferase’ have been successfully used to label receptor proteins for
live cell imaging. However, these approaches have some drawbacks: 1. the labeling protocol
requires multiple reagents to be added to the cells and multiple wash steps to remove the
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unreacted fluorophore; 2. the labeling time could be as long as 60 min to obtain optimal
results; 3. blocking reagents are sometimes required to minimize the background signal; 4.
saturation labeling can require incubation with very high concentrations of the fluorescent
dye tag. Therefore, there is an immediate need for a convenient, fast, fluorogenic labeling
strategy for cell surface proteins.

G protein coupled receptors (GPCRs) comprise the largest gene family of signaling
molecules in the human genome and account for at least one third of the drug targets.® It is
therefore of great interest to understand the functional significance of GPCRs under
physiological and disease conditions, and in response to drug treatments. Currently there are
two well established approaches to measure receptor internalization and recycling.? The first
approach uses fluorescently labeled antibodies against the receptor or an epitope tag fused to
the receptor. The cells are treated with an agonist to induce endocytosis and the receptors are
allowed to recycle for various durations prior to immunolabeling of non-permeabilized cells.
The changes in the immunoreactivity of the receptor are assessed by flow cytometric
analysis, reflecting the fraction of protein remaining accessible to the antibody at the cell
surface. The second approach takes advantage of a cleavable biotin modification of surface
proteins. All surface proteins are modified with a reactive, cleavable biotin linker, followed
by treatment of the cells to cause endocytosis. After internalization, the biotin label on
receptors that remain at the cell surface is removed by chemical treatment. As a result only
internalized receptors remain labeled, allowing for measurement of total endocytosed
protein. To discern the protein of interest within the cell lysate, immunoprecipitation and
immunodetection using an antibody specific to the receptor is performed to quantify the
extent of biotin retained, and hence the fraction of endocytosed protein. Both of these
approaches involve multiple wash steps and are time-consuming: it takes 10 hours to finish
the biotin labeling and signal quantification when both receptor internalization and recycling
need to be examined.19 This has limited the evaluation of trafficking in high-throughput
analyses of receptor signaling.

We recently reported a fluorogenic labeling approach that utilized molecular recognition to
directly activate the fluorescence of otherwise nonfluorescent dyes. This Fluorogen
Activating Protein (FAP) technology!! uses single chain antibodies isolated from a yeast
cell surface display library. Upon binding to the cognate FAPs, the otherwise dark
fluorogenic dyes that are analogs of thiazole orange and malachite green are activated and
display thousands-fold fluorescence enhancements. There are several distinct advantages to
the FAP-fluorogen system. The interaction between the fluorogen and FAP is highly
specific, with some FAP clones exhibiting subnanomolar affinity.12 Because the non-bound
fluorogen is essentially dark, no wash steps are needed. In addition, the genetically encoded
FAPs are small in size, allowing fusions to proteins of interest for live cell imaging and
analysis.13 We have previously demonstrated selective cell surface labeling of the p2-
adrenergic receptor (2-AR) fused with a TO or MG binding FAP using a cell impermeable
fluorogen.13: 14 The FAP based fluorescence detection and quantification approach also
provides a platform for high-throughput screening of receptor proteinsl3. Moreover, a
tandem dye with TO-1 conjugated to a pH sensitive acceptor has been employed to monitor
the trafficking behavior of (2-AR)1°. Here we demonstrate that a sulfonated MG analog,
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MG-B-Tau 1, shows improved quantum yield, and cell exclusion properties, improving the
application of MG-FAPs in live-cell fluorescence microscopy and flow cytometric assays.

Results and Discussion

An ideal pair of dyes for intracellular and cell surface labeling would have similar
fluorescence quantum yields, binding constants, yet markedly different ability to penetrate
the plasma membrane. Previously we have used MG-2p 2 and MG-11p 3 for cell surface
and MG-ester 4 for intracellular labeling.11: 13. 14 Our analysis of these dyes indicated that
there were substantial differences in quantum yield between the surface-selective MG
derivatives and the cell-permeant MG-ester 4 (Table 1). In addition, prolonged exposures to
the MG-2p 2 and MG-11p 3 dyes in screening experiments suggested that these dyes
displayed nonspecific labeling and some evidence of cell penetration (Yang Wu, University
of New Mexico, Private Communication). To improve the quantum yield, nonspecific
interactions and cell exclusion, we considered modifications to the fluorogen in the non-
binding tail region. Sulfonates are a well-established, negatively charged group that limits
plasma membrane penetration.16 A derivative of the malachite green fluorogen with two
sulfonate groups, a net charge of —1, and a short hydrophilic linker was designed to
maximize the charge density for cell exclusion (MG-B-Tau 1). In contrast, the PEG linker in
MG-2p 2 and MG-11p 3 is amphiphilic and these two dyes have a net charge of +2. PEG
molecules have been used in other studies to facilitate transport across the membranel” or to
fuse membranes of cells.18 Based on the structure of these dye molecules (Scheme 1), we
hypothesized that MG-B-Tau 1 would be more polar and should be rigorously excluded
from the cell.

Our strategy for synthesizing MG-B-Tau 1 (Scheme 2) started from MG[H]-EDA 5, a
precursor that was used in the preparation of many of our malachite green based
fluorogens.1! The MG[H]-EDA-Fmoc-Lys(Boc) derivative 6 was synthesized by standard
peptide coupling of MG[H]-EDA 5 with Fmoc-Lys(Boc)OSu, followed by Fmoc
deprotection with piperidine in chloroform to give MG[H]-EDA-Lys(Boc) 7 in high yield.
We used orthogonal amino protective groups to allow the preparation of a variable building
block. Throughout the multistep synthesis, the reduced form of the malachite green
derivatives, indicated by “[H]”, was used since this form is easier to handle and purify than
the oxidized derivatives. Additionally, we chose tetrabutylammonium as the sulfonate
counter ion to turn 2-({4-[(2,5-dioxopyrrolidin-1-yl)oxy]-4-oxobutanoyl}amino) ethane
sulfonate into its organic soluble tetrabutylammonium salt 8. With this transformation it was
possible to couple it with MG[H]-EDA-Lys(Boc) 7 in solvents such as acetonitrile or
chloroform in high yields, allowing us to purify the resulting MG[H]-EDA-Lys(Boc)-Tau 9
by chromatography on silica gel. Acid catalyzed deprotection of the Boc group with 1N HCI
yielded the mono-sulfonated intermediate MG[H]-EDA-Lys-Tau 10, a valuable compound
for the preparation of tandem dyes.1% 20 MG[H]-EDA-Lys-Tau 10 was again coupled with
tetrabutylammonium 2-({4-[(2,5-dioxopyrrolidin-1-yl)oxy]-4-oxobutanoyl}amino) ethane
sulfonate 8 under anhydrous conditions, and without isolation oxidized with
tetrachlorobenzoquinone to give the target compound MG-B-Tau 1. This compound is very
water-soluble and thus was purified by reversed phase chromatography. Prior to the
purification, MG-B-Tau 1 was transformed to the free sulfonic acid by adding diluted
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sulfuric acid. For the last three steps of the synthesis we report an overall yield 15% for the
product fractions with a purity of >99.5 %.

Modifications to the fluorogen may negatively impact the affinity of the FAP-fluorogen
interaction.1® Each of the MG analog dyes was titrated against the dL5** FAP and
fluorescence was measured in a Tecan Safire2 plate reader (Supplementary Online Materials
Figure S1). The background-subtracted, normalized data was fitted to a single site, specific
binding model accounting for ligand depletion to arrive at a measured Ky for the dye-protein
interaction. All the dyes exhibited similar, subnanomolar Ky values (Table 1), suggesting
that they all bind to dL5** with high affinity, and can be used to achieve saturation labeling
at submicromolar concentrations.

Cell exclusion of each dye was assessed by time-lapse confocal microscopy on a HeLa cell
line expressing cytosolic FAP-actin.2! Cells were imaged over 30 minutes in the presence of
100 nM cell-permeant MG-ester 4 or 500 nM MG-B-Tau 1, MG-11p 3 and MG-2p 2
(Figure 1). Time-lapse and endpoint analysis show that MG-2p 2 and MG-ester 4 penetrate
the cells and stain actin structures relatively quickly and with high signal levels, while the
MG-11p 3 and MG-B-Tau 1 are more rigorously excluded from the cell, although some
signal is still visible on actin structures after 15-30 minutes (Supplementary Online
Materials, Figure S2). The maximum signal seen in the MG ester 4 is at least 16x higher
than the MG-11p 3 and MG-B-Tau 1, but only ~4x higher than that seen with the MG-2p 2.
Although the MG-B-Tau 1 signal is slightly higher than that seen with MG-11p 3, it remains
in the very low intensity range, with those images (Figure S2 C and D) set to a maximum
intensity value of 1000 (compared to the full 14-bit dynamic range of the camera for the
MG-ester), and may be due to the ~2.5-fold difference in the quantum yield of the FAP-dye
complexes between these different MG variant dyes, rather than differences in cell
penetration.

Time-lapse microscopy was also used to measure the rate of dye activation for labeling cell
surface receptors. At the cell surface, the diffusion-limited association of the free fluorogen
with exposed FAP should define the activation rate for fluorogen-FAP complexes. Studies
on purified protein demonstrated that the dL5** FAP showed ~107 M~1s1 activation
rates,12 suggesting that it could very rapidly activate added dye in cultured cells. Time-lapse
confocal imaging of a HEK-293 cell line expressing dL5**-B2AR upon addition of 200 nM
dye revealed complete activation of the MG-B-Tau 1 dye by surface displayed FAPs within
seconds of dye addition (Figure 2A, B), essentially limited to the timescale of mixing.
Kinetic analysis of binding in the presence of different dye concentrations and analysis of
the activation rates using first-order binding kinetics (Figure 2C) indicated a kg, for dye-
binding at the cell surface of (5.06+0.07)x10° M~1s™1 and a ks that was negligible on the
timescale of these experiments. Such rapid binding and stable signal generation is
exceptionally useful for direct quantitation of receptor trafficking on living cells.

Fluorogenic assays rely on specific activation of the fluorogen dye by the target protein.
Although cell exclusion can reduce concerns about nonspecific labeling of intracellular
contents in living cells, it is essential to ensure that a good fluorogen has minimal interaction
with compromised cells or dead cells, particularly in flow cytometric assays where
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morphology cannot be used to discriminate between authentic and artifactual signals.22
Brefeldin A was used to induce apoptosis. Brefeldin A blocks membrane traffic and protein
secretion by reversibly disassembling the Golgi apparatus and mixing its contents with the
ER.23 Prolonged treatment results in cell death due to caspase activation and ER-stress
induced apoptotic pathways. Three mammalian cell lines: RBL, Hela and HEK293 were
treated with Brefeldin A for 40 hours and incubated with fluorogens dissolved in ethanol or
water before flow cytometric analysis of fluorescence intensity on propidium iodide positive
cells (a marker of cell death). Under all the conditions tested, MG-2p 2 showed the highest
level of nonspecific activation on apoptotic cells, followed by MG-11p 3 or MG-ester 4,
while MG-B-Tau 1 showed the lowest activation (Figure 3). Interestingly, we found
statistically significant (p<0.01 for MG-11p 3, p<0.03 for MG-2p 2, and p<0.08 for MG-B-
Tau 1 due to the low signal levels) differences between water and ethanol stock solutions of
the dyes, in spite of the fact that final concentrations of ethanol were substantially below
0.1% in the staining experiments. For the lowest nonspecific binding, concentrated dye
stocks should be prepared consistently in acidic aqueous solution. Based on these findings,
MG-B-Tau 1 is potentially the best dye for use for cell surface labeling in complex tissues
and living organisms, where washing is impossible. Analysis of the Pl-negative population,
the living cells in these experiments, revealed that only the MGester showed significant
nonspecific activation relative to autofluorescence, with all other dyes showing slight
enhancements that were not statistically significant (Supplementary Figure S3).

During receptor internalization and recycling, the receptors are redistributed between the
cell surface and the endosomal compartments in the cell. It is therefore crucial to separate
these two pools of receptors for quantitative analysis. Based on the observations that MG-B-
Tau 1 showed minimal intracellular FAP labeling, rapid activation on the cell surface, and
low nonspecific activation on dead cells, we next used a whole-cell flow cytometry assay to
quantitatively measure drug-mediated f2-AR internalization and recycling using MG-B-Tau
1 as a rapid, specific cell-surface protein tagging reagent. HEK293 cells stably expressing
dL5**-B2-AR were exposed to 10 uM isoproterenol (iso) to initiate receptor internalization
for 20 min. After the agonist was removed, the cells were treated with either alprenolol
(alp), an antagonist of the receptor that allows recycling, or a combination of alprenolol +
latrunculin B (alp+lat) that prevents recycling. Previous studies of the $2-AR established
that the actin machinery is required for recycling to the plasma membrane,24: 25 therefore
cells treated with drugs that interfere with actin polymerization, such as latrunculin? or
cytochalasin?4 show no recycling and internalized B2-AR is targeted to lysosomes for
degradation.

Recycling of GPCRs is typically assessed by surface immunofluorescence assays using
nonpermeabilized cells. To demonstrate the potential for quantitative analysis of surface
abundance using the MG-B-Tau 1 reagent, we compared the fluorogen signal generated in a
simple add-and-read protocol to that determined using the HA epitope that was cloned at the
N-terminus of the FAP-B2-AR receptor for conventional surface immunofluorescence
analysis of the same stable cell line. Cells were first treated with isoproterenol for 20
minutes to stimulate the receptor, resulting in initial internalization of activated receptors.
After this initial stimulation, the isoproterenol was removed, and replaced with alp to allow
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recycling or alp+lat to prevent recycling for 1 hour. Cells treated at each stage of the process
were analyzed in triplicate by direct addition of MG-B-Tau 1 at 500 nM, or indirect
immunofluorescent staining for the HA epitope remaining at the cell surface. Figure 4 shows
the drug treatment protocols (Figure 4A), along with the quantitative results of these parallel
analyses of GPCR trafficking (Figure 4B-antibody, Figure 4C—fluorogen). Supplemental
Figure S4 shows the differences in the labeling protocols after the drug treatment. The
quantitative results obtained by the standard immunofluorescent labeling method are
recapitulated accurately by the add-and-read fluorogenic dye addition approach. In addition,
the measurement of surface protein by fluorogenic dye addition is considerably more
precise, resulting in up to a 3-fold reduction in standard error of the mean. Precise and
accurate assays for trafficking will allow for detection of more subtle, yet biologically
relevant changes in protein abundance at the surface.

The relative simplicity of the fluorogenic labeling assay allows rapid analysis of multiple
time-points during recycling. After 20 minutes of agonist treatment, the added fluorogen
produced fluorescent signal reduced by 50% relative to parallel samples not treated with
agonist, indicating that approximately half of the surface receptors had internalized. (Figure
5, 0, 20 min data points) Cells subsequently treated with alp alone, showed rapid recycling
when fluorogen was added at different times after the drug change: the cell surface signal
had returned to 100% 15 min after recycling started (Figure 5, blue line). In contrast, the
presence of lat, a drug that binds to the G-actin monomers and sequesters them from
polymerization,26 abolished the recycling when assessed by fluorogen addition (Figure 5,
black), revealing a persistent reduction of surface protein abundance throughout the 1 hour
recycling time. The simplicity of the “add and read” assay format with the fluorogenic dye
allows rapid sampling of a larger cell population with high frequency. Because the
FAP/MG-B-Tau labeling can be performed in common physiological buffers and cell
culture media, no washing is required.

Conclusion

In conclusion, we have established a fast and convenient cell surface labeling technique
using a FAP as a genetically encoded protein tag and a sulfonated MG fluorogen as a cell-
excluded dye. MG-B-Tau 1 binds to the dL5** FAP with subnanomolar affinity and the
fluorescence signal can be detected quantitatively within seconds upon addition of the dye.
The specificity of the MG-B-Tau 1 dye modified with two sulfonate groups is improved
relative to polyethyleneglycol variants of the dye, achieving >10-fold reduction in the
fluorescent intensity on dead cells and decreasing plasma membrane penetration, while
improving the quantum yield of the FAP-fluorogen complex >2-fold relative to the next-best
cell-excluded dye, the MG-11p 3. Staining of cell-surface proteins tagged with the fluorogen
activating protein tag provided quantitative agreement with the conventional antibody
staining methods used to assess surface abundance, with decreased variability, and the
simplicity of the assay allowed for rapid sampling of cells during recycling to assess
timescales for receptor recycling in cultured cells. Overall, this methodology provides a
general basis for imaging studies and quantitative measurements of receptor trafficking in
live cells.
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Materials and Methods

Cell culture—RBL, Hela and HEK-293 cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) with 10% fetal bovine serum (FBS), 100 units/ml penicillin, and 100
pg/ml streptomycin in a humidified atmosphere of 5% CO, at 37 °C. Cells were split every
time they reached 80% confluence.

Plasmid and mammalian cell line preparation—pBabe-dL5**- 2-AR was generated
by inserting the dL5 sequence to pBabeSac f2-AR Lac? using Sfil cutting sites. Stable
HEK?293 cells were generated by transfecting HEK293 cells with pBabe-dL5**-32-AR
followed by drug selection (1 mg/ml puromycin, Invitrogen) and FACS enrichment (Becton
Dickinson FACS Vantage flow cytometer. Excitation: 633 nm; Emission: 685/35 nm).

Fluorescence titration—Secretion and purification of soluble dL5 was described in
(Szent-Gyorgyi et al, 2008)12. Binding affinity to soluble dL5 was measured as a
homogeneous fluorescence activation assay on a TECAN Safire2 fluorescence plate reader.
1 nM dL5 was incubated with a serial dilution of 1024 nM to 0.5 nM of the respective
fluorogen dissolved in PBS with 0.1% Pluronic F127. The FAP+dye complex fluorescence
was corrected by subtracting the fluorescence of a dye only sample, and then normalized to
the maximum signal at saturation to establish the fractional occupancy. The Kp was
determined by fitting the data with a ligand depletion single-site binding model in Graphpad
Prism 5.0.

Fluorescence microscopy for cell penetration—HeLa cells stably expressing the
dH6.2-Actin construct were plated in glass-bottom dishes (Mattek) and imaged in OptiMEM
(Invitrogen) in an imaging chamber at 37 °C with 5% CO,. The images were acquired on an
Andor Spinning disk confocal microscope using a 63x, 1.45 NA TIRF objective. 100 nM
MG-ester, 500 nM MG-11p, MG-2p and MG-B-Tau 1 were used to stain the cells. Images
were acquired 1, 5, 15, 30 min after the addition of dye. A 640 nm laser was used for
excitation and the emission signal was collected using a 685/70 filter. Laser power and
camera gain settings were held constant for all acquisitions.

Fluorescence microscopy for surface activation—HEK293 cells stably expressing
the dL5**-B2-AR construct were plated in glass-bottom dishes (Mattek), washed, and
covered with 150 pl of colorless DMEM. Image acquisition was started at 10 frames per
second. To achieve rapid mixing, 2.0 mL of dye stock at 1.1x the desired final concentration
was added, and imaged for 200s. The images were acquired on an Nikon Ti Eclipse inverted
microscope using a 63x, 1.45 NA TIRF objective with a 640 nm laser for excitation and a
685/70 nm emission filter. Laser power and camera gain settings were held constant for all
acquisitions. Average fluorescent intensity of cellular areas was extracted from the image
series using ImageJ, and subsequently truncated to remove camera saturation (signals over
40,000 from the high concentration, late-time points), and pre-addition timepoints. The
resulting curves were fit using Graphpad Prism 6.0 using nonlinear regression with the
“Association kinetics — Two or more conc. of hot.” equation (Equation 1). This model fits
all curves with a common kg and Kot but independent maximum fluorescence signals, to
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get a global best-fit for activation rate. VValues of the fits obtained from all datasets (25 nM,
50 nM, 100 nM, 500 nM) were consistent with those that considered only the non-camera
saturated data at low concentration (25 nM, 50 nM only), so values reported are from the
global fit of all datasets.

Y=Y maz(1l — e Fon LtFors ¥y Equation 1

Brefeldin A induced apoptosis—cells were treated with 35 nM Brefeldin A at 37° C
for 40 hours. Cells were then trypsinized, centrifuged and resuspended in PBS. 300 nM dye
was added to cells and incubated at room temperature for 30 minutes. Then cells were kept
on ice and stained with propidium iodide (PI) (1 pg/ml) before FACS analysis. The analysis
was carried out on PI positive cells selectively, typically ~30% of the total cell population.

FACS analysis of apoptotic cells—1-2x106 cells were kept on ice and stained with
propidium iodide (PI) (1 pg/ml) before FACS analysis. Cells were analyzed using a Becton
Dickinson FACS Vantage SE Flow Cytometer, and collecting at least 20,000 cellular events
for each dataset. The analysis was carried out on PI positive cells. Cells were excited with a
633 nm laser and 685/35 nm emission filter. Quantification was performed using median
fluorescence intensities from the PI positive cells. The same gate was applied to all samples.
At least 2 experiments were carried out on separate days for each experimental condition.
Data is shown as mean and range of these independent replicate experiments.

Analysis of B2-AR recycling by flow cytometry

B2-AR recycling conditions—HEK?293 cells were grown to 80% confluency in 35mm
dishes. Each dish was treated with different drug conditions, cells were either untreated,
treated with iso only, treated with iso and then alp, or treated with iso and then alp+lat. Cells
were treated with 10 pM iso in OptiMEM for 20 min at 37°C to induce receptor endocytosis
and then washed extensively with PBS to remove the agonist. After iso incubation, cells
were either collected or further treated with 10 uM alp or 10 uM alp and 10 pM lat in
OptiMEM for an hour at 37°C. After each condition was met, cells were suspended in cold
2mM EDTA/PBS and transferred to 1.5mL tubes on ice to prevent further membrane
trafficking.

500nM MG-B-Tau surface labeling—Once cells were suspended in cold 2mM
EDTA/PBS on ice, cells were exposed to 500 nM MG-B-Tau for 30 seconds and
immediately analyzed on the BD Accuri C6 flow cytometer (excitation 640 nm/emission
675/25 nm) or a FACS Vantage SE (excitation 633 nm/emission 685/35 nm). Quantification
was performed by applying the same gate to all samples and collecting the fluorescence
intensity from the 90t percentile of the total cell population. The fluorescence of untreated
cells, no dye control condition was subtracted from the fluorescence of cells stained with
dye. Then the fluorescence intensity of each experimental condition was averaged from at
least 3 experiments carried out on separate days. The conditions were normalized to the
untreated cell control (baseline) and the data is shown as mean £+ S.E.M. of these
independent replicate experiments.
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Antibody surface labeling—~For this labeling protocol, HEK293 cells were grown in
60mm dishes instead of 35mm dishes to account for cell loss. After the cell samples were
suspended in cold 2mM EDTA/PBS and transferred to a 1.5mL tube, they were exposed to
lug/mL of PI on ice for 5 minutes. After the 5 minute incubation, the cells were centrifuged
at 3000rpm for 5min. The supernatant was aspirated and the cell pellet was resuspended in
cold PBS on ice and then centrifuged again to wash out PI. The cell pellet was resuspended
in cold 2% PFA and incubated on ice for 30 minutes. After PFA incubation, cold PBS was
added to the samples to further dilute the PFA and then centrifuged as before. The cell pellet
was washed with cold PBS and centrifuged again. Once the PBS was removed, the cells
were suspended in 2% Fetal Bovine Serum (FBS) for 20 minutes. After blocking for 20
minutes, the samples were centrifuged. The cell pellet was resuspended in primary anti-HA
epitope mouse antibody (1:1000) in a 2% FBS solution and incubated on ice for 1 hour.
Then cold PBS was added to dilute the primary solution and the cells were centrifuged to
remove the primary. Samples were washed with cold PBS and centrifuged again. Then the
cells were resuspended in secondary anti-mouse Alexa488 antibody (1:1000) in a 2% FBS
solution for 30 minutes on ice. Cold PBS was added to dilute the secondary solution and the
samples were centrifuged to remove the secondary and then washed with cold PBS. After
the PBS wash, the cells were resuspended in cold PBS and immediately analyzed on the BD
Accuri C6 flow cytometer. Untreated cells that served as a no antibody control condition
were only suspended in 2mM EDTA/PBS without Pl and were simply resuspened in cold
PBS after PFA fixation and kept on ice until analysis. Quantification was performed by
applying the same gate to all samples, excluding PI labeled cells, and collecting the
fluorescence intensity from the 90t percentile of the total cell population. The fluorescence
of untreated cells, no antibody control condition was subtracted from the fluorescence of
cells stained with dye. Then the fluorescence intensity of each experimental condition was
averaged from at least 3 experiments carried out on separate days. The conditions were
normalized to the untreated cell control (baseline) and the data is shown as mean £ S.E.M.
of these independent replicate experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Fluorescence labeling of dH6.2-Actin expressing HeL a cells. Images of cell-permeant MG-

ester 4 (100 nM), and cell impermeant MG-2p 2, MG-11p 3 and MG-B-Tau 1 (all at 500
nM) after 30 minute incubation in the presence of dye (unwashed). Images are displayed on
the full lookup table, showing the low activation of dyes 3 and 4 on intracellular targets.
Scalebar = 10 um.
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Rapid activation of MG-B-Tau 1 on HEK293 cells expressing B2AR-dL5**. A. Cells were
incubated in 150uL colorless DMEM and imaging was performed upon addition of 2mL of
200nM MG-B-Tau 1 at t=7 seconds to the dish until steady-state labeling was obtained.
(scale bar 10 um). B. Timecourse of activation upon addition of dye in A. Once mixed, the
dye rapidly activates surface exposed FAP. C. Kinetic analysis of binding to cells at
different dye concentrations and fitting to a global exponential association model reveals an

activation constant of 5.06x10° M~1s71,
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MG-2p (2) EtOH
MG-2p (2) H20
MG-11p (3) EtOH
MG-11p (3) H20
MG-B-Tau (1) EtOH
MG-B-Tau (1) H20
MG-ester (4) EtOH

Non-specific dye activation on apoptotic cells. Cells that were not expressing any FAP were
treated with Brefeldin A to induce apoptosis followed by 30 minute incubation with dyes at
500 nM (MG-2p 2, MG-11p 3, and MG-B-Tau 1) or 100 nM (MG-ester 4) prepared from
the indicated stock solution. Propidium iodide positive cells were selected and analyzed for
associated MG fluorescence due to nonspecific activation (633 nm laser excitation with
685/70 nm emission filter). Data was normalized to the highest signal among the samples,
and plotted as mean (center line) and range (box) of independent duplicate experiments on

separate days.
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Figure4.

Trafficking assays of the p2-adrenergic receptor (B2AR). A. Sequential treatment of
HEK-293 cells stably expressing a HA-FAP-$2AR construct with isoproterenol (iso) and
alprenolol (alp) or alprenolol and latrunculin B (alp + lat), allows separation of receptor
endocytosis and recycling. B. Antibody labeling of the surface exposed HA epitope reveals
desensitization and recycling levels, nearly identical to (C) those measured by fluorogenic
dye addition in a simple “add and read” assay format with improved precision in the
simplified assay. The error bars represent SEM of 3 independent replicate experiments on
different days.
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Figure5.
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Flow cytometric analysis of f2-AR recycling dynamics using MG-BTau 1. Error bars
represent independent triplicate experiments. Cells were treated with isoproterenol to induce
receptor endocytosis for 20 min. Then the cells were washed and treated with antagonist
(alprenolol) (blue) or with antagonist (alprenolol) and a recycling inhibitor (latrunculin B)
(black) 500 nM MG-B-Tau 1 dye was added to cells immediately prior to flow cytometric
analysis. Under the recycling conditions (alp), the surface signal rapidly recovers to the
initial level, indicating near 100% receptor recycling, while under the blocked recycling
conditions (alp + lat), essentially no recycling to the surface is observed.
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Scheme 1.
Chemical structure of MG-B-Tau 1, MG-2p 2, MG-11p 3 and MG-ester 4.
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Scheme 2.
Synthesis of MG-B-Tau 1 Reagents and conditions: (a) Fmoc-Lys(Boc)-OSu, DIEA,

CH,Cly, rt, overnight; 81%(b) CHCI3/20% piperidine, rt; 79% (c) 8 CHCI3, DIEA, 60 %;
(d) IN HCI, rt, overnight; (e) 8, DMF, DIEA, rt (f) CH3CN, tetrachlorobenzoquinone 1 hr
reflux, combined yield d,e,f 15%.
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Properties of fluorogenic MG analogs.

Dye Kgq (nM) (SD) [N Charge
MG-B-Tau 1 0.54 (0.04) 0.19 -1
MG-2p 2 0.19 (0.02) | 0.20 +2
MG-11p 3 0.11(0.02) | 0.08 +2
MG-ester 4 0.42 (0.05) 0.12 +1
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