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Abstract

Caspase-activatable cell-penetrating peptide (CPP) probes, designed for efficient cell uptake and
specificity via cleavable intramolecular quenched-fluorophore strategies, show promise for
identifying and imaging retinal ganglion cell apoptosis /n vivo. However, initial cell uptake and
trafficking events cannot be visualized because the probes are designed to be optically quenched
in the intact state. To visualize subcellular activation events in real-time during apoptosis, a new
series of matched quenched and non-quenched CPP probes were synthesized. In both native and
staurosporine-differentiated RGC-5 cells, probe uptake was time- and concentration-dependent
through clathrine-, caveolin- and pinocytosis-mediated endocytic mechanisms. During apoptosis,
KcapTR488, a novel dual fluorophore CPP probe, revealed by multi-spectral imaging a temporal
coupling of endosomal release and effector caspase activation in RGC-5 cells. The novel CPPs
described herein provide new tools to study spatial and temporal regulation of endosomal
permeability during apoptosis.

Introduction

Executioner caspases are central mediators of the apoptosis pathway, representing a final
commitment to programmed cell death. Caspases are one of the most specific proteases,
showing an absolute requirement for cleavage after aspartic acid® and at least four amino
acids N-terminal to the cleavage site for efficient catalysis. The preferred recognition motif
differs significantly between caspases, thereby contributing to their biologically diverse
functions.? In addition to high specificity, caspases are also highly efficient, with keat/Km
values > 106 M~1s71.3 When viewed from the perspective of a target for molecular imaging,
these characteristics facilitate the rapid and specific detection of caspase activity /n vitro and
in vivo.
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Previously, we reported the chemical and biochemical characterization of two cell-
penetrating probes, TcapQ647 and KcapQ647 (1), designed for imaging effector
caspases.* These probes are modular in design, consisting of a cell-penetrating peptide
(CPP) sequence conjugated to an effector recognition sequence (DEVD) that is flanked by a
fluorophore-quencher pair (Alexa Fluor 647 and QSY 21, respectively) rendering the intact
probe optically silent. The cleavable domain of this probe, DEVD, is a specific substrate for
effector caspases (3 > 7).”8 Upon recognition by effector caspases within cells, the probe is
cleaved, separating the fluorophore from the quencher, thereby producing an intracellular
fluorescent signal denoting activation of the apoptotic pathway (Figure 1). While the
original probe, TcapQ647, showed promise both /7 vivoand in vitro,>%10 the HIV Tat
sequence has shown evidence of systemic toxicity at high doses,1 prompting us to modify
the cell-penetrating sequence. Replacement of the HIV-1 Tat sequence with the nuclear
localization sequence of SV40 large T antigen (kkkrkv) yielded 1 (Figure 1).% This peptide
sequence retains cell-penetrating capabilities without the systemic toxicity of the HIV-1 Tat
sequence.b

Recently, we applied these caspase-activatable CPP probes to an /7 vivo rat model of retinal
ganglion cell (RGC) degeneration as a demonstration of the potential for molecular imaging
of RGC apoptosis in glaucoma.1911 Glaucoma is an optic neuropathy characterized by RGC
death and axon loss, resulting in an excavated appearance to the optic nerve head and
associated loss of vision. A wide array of specific triggers of RGC apoptosis are implicated
in glaucoma, including blockage of axonal transport with neurotrophin deprivation,
antibodies to heat shock proteins, ischemia and oxidative stress, vasoactive regulators such
as endothelins and nitric oxide, and glutamate excitotoxicity.1213 Regardless of trigger, the
apoptotic cascade results in cell suicide by invoking a series of cellular events leading to
caspase activation, which is conserved in RGCs.141% Using TcapQ647 and 1 directly
applied into the vitreous humor, we previously reported the capacity to detect RGC
apoptosis in models of RGC degeneration i vivo.510

While CPP probes of this class are activated upon exposure to caspase 3 /n vitroand in live
animals, details of the mechanisms of subcellular transport, access to active caspases and the
temporal relation to caspase activation remain unanswered. In particular, because it is not
possible (by design) to visualize quenched probes prior to activation, the exact location and
temporal events leading to intracellular activation of these and other quenched CPP probes
are unresolved. Therefore, we synthesized a novel series of CPP probes based on this
scaffold conjugated with either quenched fluorophore or non-quenched fluorophore
combinations that afforded a variety of spectral properties. These probes enabled the multi-
spectral resolution of subcellular trafficking events in relation to probe activation both
spatially and temporally in RGC-5 cells, a cell line highly relevant to the study of
glaucomatous neurodegeneration.16-12 Observing endosomal trafficking of these novel
probes in healthy cells in relation to death-induced endosomal release and localization of
caspase-cleaved probe fragments in dying cells provided direct evidence for temporal
coupling of endosomal release and effector caspase activation in RGC-5 cells.

Experimental Procedures

Probe Synthesis

Peptides were synthesized as previously reported with revisions to improve probe yield and
simplify reaction conditions.® For 1, standard solid phase N-a-Fmoc chemistry was used to
synthesize the peptide (Tufts University Peptide Synthesis Core, Boston, MA). Kcap, the
core peptide, was composed of an all D cell-penetrating peptide comprising the SV40 TAg
nuclear localization signal (kkkrkv) linked to a cleavage sequence consisting of L amino
acids (KDEVDAPC). The N-terminus was acetylated and resin coupling afforded C-
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terminus amidation of the final product. For conjugation, in a small microwave reaction vial,
1 mL of 2% hydrazine in DMF was added to 25 mg of peptide on resin to selectively
remove the single Dde group protecting the lysine N-terminal of the DEVD sequence. The
reaction was stirred for 20 min at RT, the supernatant was then collected, and analyzed by
UV-Vis spectroscopy to confirm removal of the Dde protecting group. This step was
repeated until complete removal of the Dde group was confirmed (5 repetitions).
Deprotected peptide on resin was then rinsed with methanol followed by an ether rinse and
dried via a stream of argon. To deprotected peptide on resin, 5 mg of QSY21 succimidyl
ester (Invitrogen) in a minimal volume (<2 mL) of 2% N,N-diisopropyethylamine/DMF
were added, and microwaved in a microwave reactor (CEM Discover) at 10 W for 10
minutes (max temp 65°C). The reaction was then allowed to continue overnight at room
temperature. The resin was then transferred to a 10 mL peptide reaction vessel, rinsed with
methanol, followed by ether and dried via a stream of argon. Peptide was cleaved and
deprotected from resin in 95% trifluoroacetic acid (TFA):5% water for 2 hrs at RT followed
by precipitation in cold ether (dry ice acetone bath) to yield the intermediate product 7. 7
was then isolated by centrifuging the sample (2000 g) and the collected pellet dried under
argon. 1 mg of Alexa Fluor 647 maleimide (Invitrogen) was dissolved in 1 mL of PBS
buffer and added to 2 mL 7 in PBS. Conjugation to the C-terminal cysteine residue was
allowed to proceed for 2 h. The final product, 1, was purified using reverse-phase HPLC
using a flow rate of 1 mL/min and a 5%/95% to 40%/60% acetonitrile:0.1% TFA/water:
0.1% TFA gradient over 10 minutes followed by a 42%/58% acetonitrile:0.1% TFA/water:
0.1% TFA gradient over 20 minutes (tg = 17.2 min). 1 was collected by measuring
absorbance at 214 nm and 605 nm (>98% purity) and characterized by MALDI mass
spectrometry (1: /m/z. 3381.0 (1 + 3Na*); calc: 3381.3).

3, 5 and D-5 were synthesized using the same procedure as 1, except that QSY7 succimidyl
ester (Invitrogen) (in 3, 7), or Texas Red succimidyl ester (Invitrogen) (in 5, 6) replaced
QSY21, and Alexa Fluor 488 maleimide (Invitrogen) replaced Alexa Fluor 647 maleimide.
3 was collected during HPLC purification by measuring absorbance at 214 nm and 595 nm,
while 5 was monitored at 495 nm and 595 nm. Constitutively active probes (2 and 4) were
isolated during purification of 1 or 3 (tg = 11.5 min 2, tg = 17.8 min for 3, tg = 12.2 min for
4).5, 6 and 7 were isolated at tg = 17.7 min, tg = 16.3 min and tg = 16.1 min, respectively.
Tcap488 and Tcap647 were synthesized and isolated (tgr = 12.3 min Tcap488, tgr = 11.7 min
for Tcap647) using the same procedures as 1-7. Upon purification, probes were lyophilized
and stored at -20 °C. All probes were characterized by MALDI mass spectrometry (2: m/z.
2717.2 (2 + 3Na™Y), calc: 2717.1; 3: m/z 3082.3, calc: 3080.3; 4. m/z 2441.4, calc: 2440.1;
5: m/z. 3139.5, calc: 3141.3; D-5: m/z. 3139.9, calc: 3141.3; 6: m/z. 2242.4, calc: 2443.2; 7:
m/z. 2382.4, calc: 2382.2; Tcap488: m/z 2979.4, calc: 2978.4; Tcap647: m/z. 3266.0
(Tcap647 + KCI), calc: 3264.4;). 1, 3 and 5 were characterized by amino acid analysis
(Texas A&M Peptide Chemistry Lab). Working solutions of each probe were prepared in DI
water and the concentration standardized using molecular extinction coefficients (112,000
M~1 cm~1 at 605 nm for 1; 239000 M~1 cm™1 at 650 nm for 2 and Tcap647; 69500 M1
cm~1 at 496 nm for 3; 72000 M~ cm™1 at 495 nm for 4 and Tcap488; 76586 M~1 cm™1 at
595 nm for 5 and D-5; 89000 M~1 cm~1 at 592 nm for 6, 90000 M~1 cm™~1 at 565 nm for 7).

RGC-5 cells were obtained from the ATCC, cultured in phenol-free DMEM supplemented
with 10% FBS and incubated at 37°C in a humidified, 5% CO, atmosphere. For high-
throughput microscopy experiments, RGC-5 cells were plated onto 96-well clear bottom
black-walled plates (Costar) and allowed to grow to ~70% confluence. For high-resolution
microscopy experiments, RGC-5 cells were plated onto #1.5 borosilicate 8-well chambered
cover slips (Nunc) and allowed to grow to ~70% confluence. For flow cytometry
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experiments, RGC-5 cells were plated onto 24-well clear plates and allowed to grow to
~70% confluence. RGC-5 cells were differentiated by incubating in growth medium
supplemented with 0.5 uM staurosporine (SS) for 1 hour. Following SS exposure, growth
media was removed and replaced with fresh media for experiments.

In Vitro Enzyme Assays

Caspase (human, recombinant from £. coli) assays were performed for caspases 2 (1.25 U;
8.3 x107°mg), 3 (50 U; 1.4 x 1075 mg), 6 (1.25 U; 9.6 x 107> mg), 7 (0.25 U; 1.0 x 107>
mg) and 9 (1.25 U; 3.1 x 1073 mg) (Calbiochem, La Jolla CA). All caspase assays were
conducted in 50 mM HEPES, 1 mM EDTA, 100 mM NaCl, 10% glycerol, 0.1% CHAPS,
pH 7.4 supplemented with 10 mM dithiothreitol (DTT) immediately prior to assay
preparation. Granzyme B (human, recombinant from £. co/i) and trypsin assays were
conducted in TBS buffer (50 mM Tris, 100 mM NaCl, pH 7.5). Cathepsin L (human liver;
Calbiochem, La Jolla CA) assays (0.06 mU; 5.0 x 107> mg) were conducted in 50 mM
sodium acetate, 50 mM NaCl, 0.5 mM EDTA, pH 5.5 buffer supplemented with 10 mM
DTT immediately prior to assay preparation. Enzymes were diluted in their respective assay
buffer (50 pL final volume) and allowed to equilibrate at 37°C for 10 min. Assays were
conducted in 96 well clear-bottomed black-walled plates (Costar) and initiated by adding 1
or 3 (2 UM in 50 pL of enzyme buffer) to enzyme solutions. Assays were performed with
640 nm Ex. and 680 nm Em. filters for 1 or 485 nm Ex. and 535 nm Em. filters for 3 in a
fluorometric plate reader (EnVision, Perkin Elmer) at 37°C for 30 minutes. Data were then
background subtracted, normalized by enzyme mass (mg) and plotted against time (min).
For initial cleavage rates (0-5 min), plots were fitted against a linear regression analysis to
obtain the slope. K, and ka4t values were determined using nonlinear regression analysis of
probe cleavage rates.

Cell Viability Assays

Cell viability was determined via Alamar Blue assays using a plate reader (EnVision, Perkin
Elmer). Briefly, resazurin was added directly to cell culture wells (final concentration, 40
UM). Cells were incubated for 3 hours at 37°C in a humidified, 5% CO, atmosphere and
subsequently assayed for resorufin fluorescence at 560 nm Ex. and 590 nm Em. Viability of
treated cells was expressed as a ratio by subtracting background signal from all values
measured and normalizing against respective untreated cells.

Fluorescence Microscopy

High-resolution microscopy was conducted using a Nikon Ti-E PFS microscope equipped
with a Nikon 40x 0.95 NA Plan APO objective, a Nikon 60x 1.4 NA Plan APO oil
immersion objective, and Prior Lumen 200PRO illumination system with standard DAPI,
FITC, Texas Red and Cy5 filter sets. Images were acquired using a Photometrics CoolSNAP
HQ? digital camera and images were processed and analyzed using the Image J software
package (NIH). For co-localization experiments, the commercially available marker ER
Tracker Green (Invitrogen) was used for the endoplasmic reticulum, Mito Tracker Green
(Invitrogen) for mitochondria, Cg-NBD ceramide (Invitrogen) for the golgi apparatus,
LysoTracker Red (Invitrogen) for lysosomes and H33342 (Invitrogen) for nuclei.

High-throughput fluorescence microscopy was conducted using an InCell 1000 (GE
Healthcare) equipped with DAPI, FITC, Cy3 and Cy5 filter sets using a Nikon 20x 0.45 NA
S Plan Fluor objective. For time-lapse movies (Movies S1 and S2), a single representative
field of view was selected and the time series acquisition option was utilized in the InCell
software. All images were processed and analyzed using the Image J software package
(NIH).
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Immunohistochemistry

For immunohistochemistry, native and SS-treated RGC-5 cells were fixed using 4%
paraformaldehyde solution in PBS buffer for 20 minutes. Cells were then rinsed 3 times with
Tris-buffered saline (TBS; 100 mM Tris, 0.9% NaCl, pH 7.2). For Thy-1 antibody labeling,
cells were blocked in a 5% normal goat serum in TBS for 30 minutes at room temperature.
Cells were then exposed to a FITC-Thy-1 primary antibody (Santa Cruz, SC-18914FITC) in
blocking buffer overnight at room temperature. For NMDAR1 antibody labeling, cells were
blocked for 30 minutes using 5% normal goat serum solution in TBS. Cells were then
exposed to 2.5 pg/mL NMDAR1 primary antibody (BD Biosciences clone 54.1) overnight at
room temperature. Cells were then rinsed with TBS buffer and exposed to a 10 pg/mL
solution of goat anti-mouse secondary antibody conjugated to Alexa Fluor 594 for 45
minutes at room temperature. For NF70 antibody labeling, cells were blocked for 30 minutes
using 5% normal goat serum solution in TBS. Cells were then exposed to 2 ug/mL NF-L
primary antibody (Santa Cruz, SC-58559) for 45 minutes at room temperature. Following
primary antibody labeling, cells were then rinsed with TBS buffer and exposed to an 10 pg/
mL solution of goat anti-mouse secondary antibody conjugated to Alexa Fluor 594 in a 1%
normal goat serum solution for 45 minutes at room temperature. Following secondary
antibody alone (control), labeled cells were rinsed 3 times with TBS buffer and immediately
imaged using fluorescence microscopy.

Toxicity Models

For ionomycin toxicity, RGC-5 cells were exposed to 1, 3, 5, 10, or 20 uM ionomycin in cell
growth media for up to 1 hour. For SS overdose, cells were exposed to 5 UM SS in cell
growth media for 3 hours. Following toxin exposure, cells were co-incubated with up to 10
UM 3/Alexa Fluor 647-annexin V or 1/FITC-annexin V for 30 minutes and exposed to 500
nM propidium iodide for 5 min. Cells were then gently rinsed 3 times with phenol-free cell
growth media and imaged using fluorescence microscopy.

Flow Cytometry

Following treatments, RGC-5 cell cultures were prepared for analysis by removing media,
rinsing with PBS buffer, and treating with trypsin (0.25% in PBS) to detach cells from
culture wells. Flow cytometry (FACSCalibur, BD Biosciences) was performed, and data
were analyzed using the Cell Quest software package. Analysis was conducted for a
minimum of 10,000 counting events and median values of histograms were used to quantify
probe uptake.

Endocytosis Inhibition

Results

To globally inhibit endocytosis, RGC-5 cells were incubated at 4 °C for 15 min, exposed to
4 (10 uM) in growth media, and incubated for another 3 h at 4 °C. Cells were then prepared
for analysis by flow cytometry. To inhibit specific endocytosis mechanisms, cells were
treated with chlorpromazine (30 M), amiloride (3 mM), colchicine (10 pM) or genistein
(200 pM) for 1 h prior to incubation with 4 in growth media. After incubation at 37 °C, 5%
CO», for 3 h, cells were prepared for analysis by flow cytometry. Probe co-localization
experiments with CF-dextran (3000 Da average molecular weight, Sigma-Aldrich) and CF-
albumin (Sigma-Aldrich) were conducted under standard cell culture conditions.

Chemical and Biochemical Characterization of CPP Probes

This class of activatable CPP imaging probes is modular in design, comprising a CPP motif,
a protease-cleavable peptide sequence, and a flanking quencher-fluorophore pair, each of
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which can be interchangeably mixed to yield the desired spectral properties.* Near-infrared
probes with optical properties most favorable for whole body applications /n vivo have been
characterized previously,>® but probes compatible with the wavelengths of fluorophores
commonly utilized in clinical imaging of the retina (e.g., fluorescein) have not been
reported. For this study, the following CPPs were synthesized: KcapQ647 (1), Kcap647 (2),
KcapQ488 (3), Kcap488 (4), L- and D-KcapTR488 (5), KcapTR (6), and KcapQ (7),
(Figure 1). 18 and 2, a quenched/non-quenched probe pair, emit in the near-infrared window.
The non-quenched analog, 2, lacks a quencher moiety, affording fluorescence regardless of
caspase activity. 3 and 4, a novel quenched/non-quenched probe pair that emit in the green
optical window, incorporated a QSY7-Alexa Fluor 488 quencher-fluorophore pair instead of
the QSY21-Alexa Fluor 647 pair. Alexa Fluor 488 is efficiently quenched when paired with
QSY7. 4 was the non-quenched analog of 3. 5, a novel dual fluorophore CPP, which
contained Texas Red (TR) and Alexa Fluor 488, 6, a non-quenched probe, which emitted in
the red, and 7, which contained only a quencher moiety, were synthesized using analogous
synthetic strategies. All orthogonal conjugation reactions of fluorophores and quenchers
with the peptide backbone were monitored by UV-Vis spectroscopy, and confirmed by mass
spectrometry and amino acid analysis.

For 3, the quencher-fluorophore combination rendered a new probe potentially compatible
with current clinical retinal imaging devices equipped for detection of fluorescent reporters
in the visible spectrum of light, specifically bandwidths similar to carboxyfluorescein. The
absorption spectrum of 3 revealed a substantial absorbance increase at 570 nm due to
conjugation of QSY7 to the peptide backbone as compared to Alexa Fluor 488 alone
conjugated to peptide (Amax = 495 nm) (Figure 2A). The extinction coefficient at Apay (496
nm) for 3 was 69500 M~ cm™1 via UV-Vis spectroscopy coupled with amino acid analysis.
The fluorescence quenching efficiency of 3 was high as determined by fluorometry
following a 60 min incubation at 37°C in either deionized water, PBS buffer, phenol-free
DMEM media with 10% heat-inactivated fetal bovine serum, or 100% heat inactivated fetal
bovine serum (99%, 98%, 95% and 95%, respectively). 3 displayed a ratio of 1.3-fold
between the absorbances at 496 nm and 570 nm, a significant blue-shift when compared to
an equimolar solution of 4 and 7 wherein the ratio of the A.ax for the individual probes was
0.8 (Figure 2A), providing evidence for an H-dimer-mediated quenching mechanism.2° The
absorption spectrum of 5 revealed a substantial absorbance increase at 595 nm upon
conjugation of Texas Red to the peptide backbone compared to Alexa Fluor 488 alone
conjugated to peptide (Figure 2B). 5 displayed an extinction coefficient of 76586 M~ cm™1
at Amax 595 nm with a ratio of 0.7-fold between the peak absorbances at 499 nm and 595
nm, compared to an equimolar solution of 4 and 6 wherein the ratio between the A, Of 4
and 6 (592 nm) was observed to be 0.8. This shift in A,y ratio and a 3 nm red shift in the
absorbance spectra provided evidence for J-dimer formation between the Alexa Fluor 488
and Texas Red fluorophores of this intact probe.

Recombinant caspase assays were performed using continuous fluorometric analysis. To
compare initial cleavage rates of 3 by each of the caspases 2, 3, 6, 7 and 9, results were
normalized to mg of enzyme (Figure 2C) and rates of 3 cleavage determined by linear fit.
Caspase 3 cleaved 3 with an initial cleavage rate of 2 x 1011 FU min~1 mg~1, while caspases
7 and 6 cleaved 3 at 1 x 101 FU min"t mg~ and 1 x 1010 FU min~1 mg~1, respectively.
Cleavage of 3 by initiator caspases 2 and 9 were 9 x 10° FU min"t mg=l and 1 x 107 FU
min~! mg™1, respectively. Off-target proteases granzyme B (4 x 10° FU min~t mg~1) and
trypsin (1 x 103 FU min~! mg~1) showed minimal fluorescence activation, providing further
evidence of specificity. These data confirmed that 3 was specifically cleaved by effector
caspases, preferentially caspase 3, similar to other probes of this class conjugated to
different quencher-fluorophore pairs.>6
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Characterization and Differentiation of RGC-5 Cells

To determine the mechanism of cell penetration and subcellular localization kinetics,
matched quenched/non-quenched probes were characterized in an 7n cellufo model of RGC
neurodegeneration. RGC-5 cells are mouse retinal ganglion cells virally transformed by the
2 E1A virus for in cellulo experimental models of RGC degeneration.2! These cells were
characterized by RT-PCR and IHC analysis of various markers representative of retinal
ganglion cells, and were originally reported to be sensitive to glutamate-induced
excitotoxicity upon differentiation with succinyl concanavalin A.22 Additionally, this cell
line undergoes rapid differentiation into a more distinct neurite-like morphology with
upregulation of neuronal markers upon low-dose treatment with the broad spectrum kinase
inhibitor staurosporine (SS).23 As use of the RGC-5 cell line increased, greater resistance to
glutamate toxicity was reported over time.24-26 To characterize the RGC-5 cells used for our
studies, we subjected this cell line to an array of experiments to confirm differentiation upon
SS exposure and to assess neuronal marker expression.

With 0.5 uM SS, changes in cell morphology consistent with differentiation were rapid,
primarily occurring within 1 hour at 37°C. The distinct morphological alterations observed
in RGC-5 cells, such as a change in soma from flat and polygonal to round and elevated as
well as formation of multiple neurite projections from the soma, were consistent with
previous findings.23 Differentiation was easily monitored via serial imaging by bright field
microscopy, enabling production of time lapse movies of the differentiation process (Figure
S1 and Movie S1). Differentiation progressed less rapidly at room temperature as
completion of morphological changes required approximately 2 hours. Exposure to SS at
concentrations exceeding 2 UM was toxic, causing blebbing and disruption of neurite
morphology.

Immunohistochemistry documented the expression of several neuronal markers in native
and SS-differentiated RGC-5 cells. Immunohistochemistry of NF70, Thy-1 and NMDAR1,
markers of mature RGCs, was determined by fluorescence microscopy. NF70, Thy-1 and
NMDAR1 antibody labeling in both native and SS-treated cells showed similar labeling
intensity when judged qualitatively between cell states (Figures S2, S3). Semiquantitative
ROI analysis with ImageJ software revealed approximately a 3-fold increase in fluorescence
associated with NF70, 8-fold increase with Thy-1, and 2-fold with NMDARL for both cell
states when compared to control cells (secondary antibody exposure alone for NF70 and
NMDARZ1; no antibody exposure for Thy1). Labeling patterns were diffuse throughout the
cell body, consistent with previous findings.22 Thus, we concluded that our RGC-5 cells
retained a neuronal phenotype appropriate for further analysis.

Characterization of Probe Uptake in RGC-5 Cell Culture Models

The optimal concentration range of CPP probe for use in RGC-5 cells was determined by
Alamar Blue assays to monitor cell viability after prolonged exposure to the quenched probe
1. Increasing concentrations of 1 were added to a 96-well plate containing RGC-5 cells at
70% confluence. Under these conditions, 1 showed only a 7% loss of viability after a 24
hour exposure at 19 uM and a 39% loss of cell viability at 19 uM after a 72 h exposure. For
comparison, a first generation probe, TcapQ647, which differs only in the CPP sequence,
was tested under similar conditions. Cells exposed to TcapQ647showed a loss of 40%
viability at 20 uM after 24 hours, and >90% loss of viability at 10 uM after 72 hours (Figure
S4). Therefore, probes were typically used at 10 uM or less.

First, to investigate the trafficking pathways underlying probe uptake, we utilized non-
quenched probes designed to be constantly fluorescent regardless of caspase activity. Flow
cytometry of RGC-5 cells exposed to non-quenched 4 (10 uM) showed a concentration-
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dependent increase in probe uptake (Figure 3A-B) as well as a time-dependent increase in
probe uptake over a 6 hour interval (Figure 3C-D). When compared to Tcap488, a non-
quenched version of our previous generation of CPP probes, 4 showed a 25-fold lower
uptake under equivalent conditions of exposure (10 pM for 3 hrs). Imaging by fluorescence
microscopy under identical conditions confirmed localization of probe within punctate foci
localized to the cytosol of RGC-5 cells. To further characterize CPP probes in RGC-5 cells,
native and SS-differentiated RGC5 cells were exposed to the non-quenched probes 2, 4 or
co-exposure of each, and examined by multi-spectral high-resolution fluorescence
microscopy. The probes were readily imaged. Both native (Figure 4) and differentiated
RGC-5 cells demonstrated rapid and distinct probe uptake with a punctate distribution
pattern. Cells simultaneously exposed to 2 and 4 displayed the identical subcellular
localization pattern demonstrating that different fluorophores had no observable effect on
the initial subcellular distribution of this class of CPP probes (Figure 4C). Similarly, cells
simultaneously exposed to 4 and Tcap647 also displayed the same subcellular localization,
providing evidence that these fluorophores, when appended to either the HIV-Tat cell
penetrating sequence or the SV40 NLS, internalized into RGC-5 cells via the same
trafficking pathways (Figure S5).

Co-localization experiments were then conducted with 2 and carboxyfluorescein (CF)-
labeled albumin or dextran, markers of cell surface protein binding and fluid phase-mediated
endocytosis, respectively.27-29 High-resolution fluorescence microscopy of RGC-5 cells
revealed strong co-localization of 2 with CF-albumin (Figure S6) and nearly identical co-
localization with CF-dextran. High thorughput fluorescence microscopy of RGC-5 cells co-
treated with 2 and these endocytic markers followed by co-localization analysis via Image J
produced Pearson’s coefficients30 of 0.732 and 0.873 for CF-dextran and CF-albumin,
respectively, in native RGC-5 cells, while Pearson’s coefficients of 0.639 and 0.831 were
obtained for differentiated RGC-5 cells. In cells exposed to 2, additional co-staining
experiments for endoplasmic reticulum, mitochondria and golgi apparatus showed little if
any co-localization of probe distribution with these subcellular organalles (Figure 4D, E).
Similar results were obtained with SS-differentiated RGC-5 cells (Figure S7). Overall, these
experiments provided evidence that the CPP probes were internalized into RGC-5 cells via
endocytic mechanisms and retained for in endosomal endosomes compartments.

The contribution of various endocytic pathways to probe uptake was further characterized
by exposing RGC-5 cells to 4 in the presence of known inhibitors of endocytic processes3?
followed by quantification with flow cytometry (Table 1). The first method involved
incubation of cell cultures at 4°C, which blocked over 90% of the uptake of 4. More detailed
mechanistic insight was gained by exposing RGC-5 cells for 1 hour to compounds that
inhibit specific endocytic processes prior to addition of 4. Chlorpromazine inhibits clathrin-
mediated endocytosis, while genistein inhibits caveolin-mediated mechanisms.32 Cells were
also exposed to amiloride33 and colchicine34, each an inhibitor of pinocytosis. All
compounds showed partial inhibitory effects on uptake, but taken together, the data in Table
1 indicated that 4 was primarily transported by caveolin-mediated endocytosis in native
cells, while probe uptake was more dependent on pinocytosis in SS-differentiated cells.

As would be expected for quenched probes prior to activation, imaging healthy RGC-5 cells
by fluorescence microscopy following a 2 hr exposure to 1 yielded no significant probe
signal. However, non-target activation of CPP-based probes has been previously reported
with evidence of caspase-activatable probes undergoing lysosomal degradation via proteases
such as cathepsins and legumains.3>-37 Degradation of the probe backbone could disrupt
quencher-fluorophore interactions leading to non-target probe signal. To evaluate potential
lysosome-mediated degradation, fluorescence microscopy co-localization experiments after
prolonged exposure of healthy RGC-5 cells to probe 1 (3 hrs) as well as biochemical
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characterization of cathepsin-mediated activation of 1 were conducted. High-resolution
fluorescence microscopy of healthy native and SS-differentiated RGC-5 cells showed the
delayed appearance of punctate signal with co-localization between LysoTracker-labeled
compartments and activated 1 at 3 hrs (Pearson’s coefficients of 0.566 and 0.612 for native
and differentiated cells, respectively; Figure S8). To further characterize this delayed
activation, cathepsin-mediated cleavage of 1 was studied using human cathepsin L and
compared with cleavage via caspase 3 /in vitro. Using nonlinear regression analysis of probe
cleavage rates, K, and kg, values were determined (Table 2). These data confirmed that
while executioner caspases were preferred for activation of our probes, compartmentalized
non-target signal was possible due to lysosomal degradation with prolonged probe exposure
to healthy cells.

Characterization of Probe Activation in RGC-5 Cells

Excitotoxicity initiates apoptosis via excessive cellular calcium influx mediated by
overstimulation of specific receptors, such as the NMDA or AMPA receptors.38 Using the
quenched probe, 1-mediated detection of apoptosis was first attempted via NMDA and
glutamate excitotoxicity models; however, both native and SS-differentiated RGC-5 cells
displayed no loss in viability or probe activation at concentrations up to 5 mM and exposure
times up to 48 hrs (data not shown). As an alternative to NMDA and glutamate
excitotoxicity, we evaluated 1- and 3-mediated detection of apoptosis via an ionomycin
toxicity model.3% lonomycin is a calcium ionophore commonly used to raise intracellular
calcium levels and can be used to trigger cell death in a manner similar to excitotoxicity.
Native and SS-differentiated RGC-5 cells were treated with 3 uM ionomycin followed by
exposure to 10 uM 3 for 30 minutes. High-resolution fluorescence microscopy revealed
distinct probe activation in dying cells within this time frame. CPP probe activation was
confined to the cytosolic compartment and at no time after ionomycin treatment were
endosomes observed (Figures 5 and S9). Thus, quenched probe escaped from endosomes
into the cytosol during the course of apoptosis rather than being activated within endosomes
prior to escaping. Additionally, apoptosis was induced in RGC-5 cells by an extended
exposure to SS. Herein, cells were incubated with SS for 3 hours at 5 pM, exposed to 3 for
30 minutes and then imaged (Figure 6). Importantly, independent confirmation of apoptosis
was obtained with annexin V co-staining. Most cells displaying probe activation were also
bound by Alexa Fluor 647-annexin V, with occasional cells showing only annexin V, a
marker of phosphatidylserine externalization, an event generally found to be earlier in the
apoptotic cascade than effector caspase activation (Figure 5B). Identical results were
obtained in this model with 1 and FITC-annexin V staining (data not shown). Notably, in
both models of cell death, 1 and 3 were also activated in apoptotic bodies. These cell
fragments were readily visualized using combined high-resolution fluorescence and bright
field microscopy following co-staining with fluorescent annexin V conjugates and
propidium iodide (Figure 6). Furthermore, when cells were preloaded with 3 (5 uM) for 30
minutes and then, in the continued presence of quenched probe, treated with ionomycin (20
uM) and monitored for 1 hour using real-time fluorescence microscopy, distinct intracellular
activation of the probe was observed within the cytosol of individual cells starting at ~15
minutes. Sequential image acquisition enabled generation of time-lapse movies showing
both morphological changes of the cells undergoing apoptosis and concurrent activation of 3
(Figure 6, bottom row and Movie S2).

Our data thus far demonstrate that CPP probes were internalized and retained in endocytic
compartments within healthy cells. However, effector caspases are thought to reside entirely
within the cytosol.#0-42 Thus, in the course of the apoptotic cascade, endosomal or
endosomally-associated release mechanisms#3-47 must enable probe access to the active
pool of caspases. To temporally monitor CPP probe released into the cytosol, and the fate of
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CPP fragments after cleavage, 5 was designed and synthesized to study probe trafficking in
both healthy and apoptotic RGC-5 cells by multi-spectral fluorescence microscopy. This
novel probe, which incorporated a Texas Red fluorophore in place of the QSY7 quencher,
allowed concurrent multi-spectral tracking of the probe in both its intact and cleaved states.
Live RGC-5 cells were exposed to 5 for 3 hours, rinsed to remove exogenous probe, and
examined. Healthy cells again displayed punctate, endosomal distribution patterns of the
probe concurrently observable with both spectral windows, as expected for the intact probe
and consistent with single channel analysis of RGC-5 cells exposed to either 2 or 4 alone
(Figure 7, row A). Subsequently, cells were exposed to 20 uM ionomycin for 1 hr.
Examination by real-time fluorescence microscopy revealed a redistribution of 5 from
endosomes to the cytosol wherein both C- and N-terminal fragments were observed. As
expected by the conjugation design, the nucleus contained only the N-terminus with the
progression of cell death (Figure 7, row C). Localization of the N-terminal fragment to the
nucleus was expected as this fragment incorporated the SV40 large T antigen NLS.
Importantly, there was no evidence for the asymmetric loss of fragments within endosomes,
such as differential localization of probe signal between spectral windows, or transport into
non-vesicular compartments prior to the appearance of cytosolic activation events during the
apoptotic cascade (Figure 7, row C, right). Additionally, distribution of an all 2-amino acid
(cleavage resistant) peptide, D-5, displayed punctuate co-localization of signal in healthy
cells (identical to 5) with a cytosolic and concurrent nuclear distribution in both spectral
windows in ionomycin-exposed cells (Figure 7, rows B, D). Following endosomal release,
intact -5 was transported predominantly to the nucleus by the NLS. Similar results were
obtained with SS-differentiated RGC-5 cells (Figure S10). Together, these data
demonstrated that, during the cascade of apoptosis, CPP probes were first released from the
endosomes to gain access to the cytosol and in turn were accessible to activated caspases as
apoptosis progressed. Thus, endosomal release appears temporally coupled to effector
caspase activation. Furthermore, the dual-label cleavable probe 5 also afforded a novel
multi-spectral method to detect apoptosis by analysis of differential red/green ratios between
the cytosol and nucleus.

Discussion

These experiments provided validation of intramolecular-quenched, caspase-activatable
optical imaging peptides as apoptosis biosensors for use in live cell models of RGC
degeneration. Apoptosis assays are routinely used in cell biology research and in the drug
discovery process. These typically sense key events in the apoptotic cascade, such as
externalization of phosphatidylserine,8-50 activation of caspases,*6:35-37.51 DNA
fragmentation®2 and depolarization of mitochondrial membrane potential.>3 While each of
these methods have application in a variety of studies, each has its own limitations, such as
cumbersome labeling conditions (annexin V), limited selectivity between necrotic and
apoptotic cells (annexin V, depolarization probes, DNA fragmentation), limited access to
active caspases within intact cells (non-permeant caspase substrates), or poor optical
properties for analysis in real-time or /n vivo (commercial caspase substrates, e.g., Ac-
DEVD-AMC and Z-DEVD-R110). 1 and 3 facilitated detection of cells undergoing
apoptosis in real-time using high-throughput imaging methods because the quenched probes
could be introduced directly onto cells in cell culture media, readily internalized into cells,
selectively activated by executioner caspases and imaged with minimal sample preparation.

Delivery of optically silent, activatable probes to the interior of living cells facilitated
analysis by providing enhanced signal-to-noise and retention of the spatial distribution of
probe signal. The strategy was scalable, enabling apoptosis detection in both population- and
single cell-based assays in real-time. The new quenched CPP probe, 3, which incorporated a
QSY7-Alexa Fluor 488 quencher-fluorophore pair, showed evidence of blue-shifted spectral
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changes similar to previously characterized probes containing QSY21-Alexa Fluor 647
pairs.> 3 also displayed quenching efficiencies of 99% in deionized water and 95% in 10%
serum, while previously reported nucleotide-based probes incorporating QSY7-Alexa
Fluor488 pairs optimized for FRET and static/contact-mediated quenching demonstrated
86% and 95% quenching efficiencies, respectively.>* Overall, the blue-shifted spectral
properties and high quenching efficiency observed with the QSY7-Alexa Fluor 488 pair in 3
are characteristic of an H-dimer mediated quenching mechanism.>#5°

The data showing the preferential cleavage of 3 by caspase 3 > caspase 7 > caspase 6 >
initiator caspases, and the lack of activity in the presence of granzyme B or trypsin were
consistent with previous probes of this class, indicating that the identity of the quencher-
fluorophore pair did not impact biochemical specificity. We previously published that all D-
amino acid probes of this class as well as addition of caspase inhibitors blocked
activation,>® providing further evidence of specificity. Recent studies have demonstrated
cleavage of activatable peptide probes via cathepsins and legumains,35-37 as observed with
the present CPP probes. While this can generate non-target signal, short exposure times can
circumvent undesired activation. Changes in probe architecture such as lysosomally-
inactivated fluorophores and alternative caspase cleavage sequences can be explored to
further diminish non-target signal. Additionally, non-target-mediated activation of these
CPP probes in vivo remains to be observed.

Alexa Fluor 488 has similar excitation and emission profiles as carboxyfluorescein and thus,
3, 4 and 5 are more compatible with instrumentation such as microscopes, plate readers, and
flow cytometers that are not equipped with NIR optical systems. These wavelengths are also
commonly utilized in clinical retinal imaging devices, an area of potential application of
these probes. Broadly, the availability of a variety of caspase-activatable CPP probes in
various emission windows may facilitate multi-spectral analysis when imaged in the
presence of other reagents and labeled antibodies.

Live cell cytotoxicity assays demonstrated that 1 and 3 were specifically activated in cells
undergoing apoptosis and enabled real-time fluorescence imaging of programmed cell death.
Neuronal excitotoxicity models were attempted with NMDA and glutamate toxicity;
however, RGC-5 cells were unresponsive to these treatments, consistent with literature
reports of loss of sensitivity of RGC-5 cells to these compounds.?! Additionally, NMDA
and glutamate toxicity models (up to 5 mM each) were attempted with combinations of BSO
(up to 200 uM),26 D-serine (up to 100 mM),%6:57 and glycine (up to 100 mM)>38 with no
significant loss in cell viability (data not shown). However, apoptosis and probe activation
were readily observed upon treatment with ionomycin (Figures 5-7, S9, and S10), SS
(Figure 6) or doxorubicin (data not shown). The capacity for this probe to detect apoptosis in
single cells in real-time using a multi-well plate format will be useful for high-throughput
assays as probe activation is rapid and does not require rinse steps to remove exogenous or
non-specific signal. Additionally, our non-quenched probes 2, 4 and 5 allowed for detailed
examination of probe behavior in cellulo. These probes were amenable to live cell studies as
they could be introduced directly into cell culture media without any special preparation and
performance was not hindered by media components, such as serum, simplifying
experimental conditions and sample preparation.

The pharmacological inhibition of endocytic mechanisms which impacted 4 accumulation
levels lends further understanding of how these probes were internalized by cells, while
ionomycin- and SS-induced apoptosis models with 5 demonstrated how CPP probes were
released and gained access to active caspases during cell death processes. Mechanisms
underlying endosomal permeability during the progression of apoptosis are not fully
understood, but may involve several distinct mechanisms that are likely engaged in a death
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stimulus- and cell-type-dependent fashion as with other organelles.*3-47 Thus, the dual-
labeled probe 5 may serve as a valuable tool for further investigations into mechanisms of
endosomal release. The multi-spectral characteristics of 5 could be used in conjunction with
other molecular markers and imaging methodologies to further characterize distinct steps of
endosomal release associated with apoptosis during organ development and disease.

In summary, we have demonstrated the utility of caspase-activatable cell-penetrating optical
imaging peptides using high-throughput and high-resolution live cell microscopy
techniques. These probes can selectively identify cells undergoing apoptosis in real-time
allowing for detailed examination of cell death processes /n cellulo. Future experiments with
this toolbox of probes will focus on further understanding endosomal permeability and
trafficking behavior during cell death processes as well as optimization of probe use for
monitoring apoptosis /n vivo.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic of caspase-mediated activation of CPP probes (top). Structures of CPP probes
(bottom).
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Figure 2.

UV-Vis absorption spectra of an egimolar solution of 4 + 7 (), 3 (=), 4 () and 7 (=) (A).
UV-Vis absorption spectra of an equimolar solution of 4 + 6 (=), 5 (=) and 6 (-) (B). Enzyme
assays demonstrating the selectivity of 3 (1 uM) cleavage by recombinant caspases. Assays
were normalized to mg of caspase for each enzyme (C).
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Figure 3.

Flow cytometry histograms of native RGC-5 cells exposedto O », 1 m, 5 m, 10 =, and 30 uM

m 4 for 3 hours (A). Plot of 4 signal versus concentration in native RGC-5 cells (B). Flow

cytometry histograms of native RGC-5 cells exposed to 10 uM 4 for 0 m, 0.08 m, 0.25 m, 0.5
,1 ,2r, 3m and 6 mhours (C). Plot of 4 signal versus time in native RGC-5 cells (D).
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Figure 4.
Fluorescence microscopy images of native RGC-5 cells following a 3 hour co-incubation

with 10 puM 4 (A) and 10 pM 2 (B). Overlay of panels A and B (C) showing co-localization
of each probe. Images of native RGC-5 cells following co-exposure to 2 (10 uM, 3hrs) (row
D) and ER Tracker Green (1 uM, 30 min) (E, left), Mito Tracker Green (50 nM, 30 min) (E,
middle), or Cg-ceramide-NBD (Golgi Tracker, 2.5 uM, 30 min) (E, right); overlay image of
fluorescence fields (row E). Cells were counterstained with H33342 (pseudocolor blue) to
show subcellular distribution relative to nuclei (50 um scale bars).
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A

Figure 5.

Fluorescence microscopy images of propidium iodide (500 nm) permeable (A), Alexa Fluor
647-annexin V-bound (B) and 3-labeled (C) RGC-5 cells following a 1 hour exposure to 10
UM ionomycin. Bright-field microscopy image of ionomycin-treated RGC-5 cells (D).
Overlay of panels A—C showing KcapQ488 (pseudocolor green) activation and co-
localization with propidium iodide (pseudocolor blue) and Alexa Fluor 647-annexin V
(pseudocolor red) stained cells (E). Overlay of panels D and E (F) (50 um scale bar).
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Figure 6.

Transmitted light image of RGC-5 cells undergoing SS-induced apoptosis (5 UM SS, 3 hrs)
(A). Overlay of fluorescence microscopy images of RGC-5 cells undergoing SS-induced
apoptosis with concurrent propidium iodide staining (pseudocolor blue), 3 (10 uM)
activation (pseudocolor green) and Alexa Fluor 647-annexin V staining (pseudocolor red)
(B). Overlay of panels A and B (C). Arrows denote apoptotic bodies (B and C). Transmitted
light and fluorescence microscopy overlay images taken from a time lapse movie of 3 (5
UM) activation in RGC-5 cells following exposure to ionomycin (20 uM) (bottom row).
Times correspond to movie acquisition time (sec). Image acquisition began 1 minute
following ionomycin exposure (50 pm scale bars).
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Figure 7.

Fluorescence microscopy images of 5 (12 uM) distribution in native RGC-5 cells (row A);
D-5 (12 uM) distribution in native RGC-5 cells (row B); 5 (12 uM) distribution in
ionomycin-treated (10 uM) native RGC-5 cells (row C); D-5 (12 uM) distribution in
ionomycin-treated (10 uM) native RGC-5 cells (row D). Left, fluorescence field for the
Alexa Fluor 488-labeled C-terminus (pseudocolored green); middle, fluorescence for the
Texas Red-labeled N-terminus (pseudocolored red); right, overlays of Alexa Fluor 488 and
Texas Red images (50 um scale bar).
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Table 1

Relative uptake of Kcap488 (4) into native and SS-differentiated RGC-5 cells upon treatment with inhibitors
of endocytosis.

RGC-5 Cell State

Treatment Inhibition Target
Native SS-Differentiated

4 (10 pM) alone - 1 1

4°C incubation General Endocytosis  0.08 + 0.03 -
Chloropromazine (30 uM) Clathrin-Mediated 0.71+0.05 0.74 + 0.06
Amiloride (3 mM) Pinocytosis 0.58 +£0.12 0.59+0.12
Colchicine (10 pM) Pinocytosis 0.54 +0.05 055+0.9
Genestein (200 pM) Caveolin-Mediated  0.43 £ 0.03 0.65+0.04

Cells were incubated with inhibitors for 1 hour prior to, and for the duration of probe exposure (10 uM 4 for 3h), and probe uptake quantified by
flow cytometry. Values are the median + standard deviation obtained from three independent experiments normalized to 4 alone; n = 3 samples per
treatment.
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Table 2
Kinetic parameters of KcapQ647 (1) cleavage.
Km kcat kcat/Km
Enzyme  (\M) (FUmin-t M) ((FU min! pM-LnM)
Caspase3 2,404 1,046,000 435
Cathepsin L~ 3,872 375,000 97
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