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Abstract: To image apoptosis in vivo with a small, membrane-
permeant probe, TcapQgss7 was synthesized comprising a Tat-
peptide-based permeation peptide sequence, an effector caspase
recognition sequence, DEVD, and a flanking optically activat-
able pair comprising a far-red quencher, QSY 21, and a
fluorophore, Alexa Fluor 647. Under baseline conditions, high
quenching efficiencies were observed resulting in low back-
ground fluorescence. Upon exposure to executioner caspases,
TcapQgs7 was specifically cleaved, thereby releasing the fluo-
rophore from the quencher and enabling imaging of apoptosis.

Apoptosis, or programmed cell death, is fundamental
to normal development and deregulated apoptosis con-
tributes to various disease states including neurode-
generative disorders, cardiovascular disease, and can-
cer.12 Noninvasive clinical diagnosis of apoptosis to
guide therapeutic choices and monitor treatment pro-
vides the impetus to develop apoptosis-specific molec-
ular imaging probes. However, current apoptotic imag-
ing probes are not completely apoptotic specific3* or
have large molecular weights® that can limit tissue
diffusion.®” Thus, improved injectable apoptotic probes
are desired for clinical diagnosis. At the apex of apop-
tosis, the caspase family of proteases, specifically ex-
ecutioner caspases 3, 6, and 7, are activated,8? thereby
inducing cell death. Thus, we designed and synthesized
a small, membrane-permeant caspase activatable imag-
ing probe, TcapQgs; (Figure 1), to specifically image
cellular commitment to apoptosis.

TcapQgq7 is a small peptidomimetic comprising an all
D-amino acid Tat-peptide-based permeation peptide
sequence, rkkrrorrr, to afford facile and concentrative
cell penetration,'%!! and an L-amino acid effector caspase
recognition sequence, DEVD, that is flanked by the far-
red quencher, QSY 21, and the fluorophore, Alexa Fluor
647. Placement of the permeation peptide sequence at
the N-terminus of the caspase recognition sequence was
determined as the optimal design from preliminary
studies showing enhanced kinetics over C-terminal
placement (data not shown). Utilization of a cleavable,
quenched far-red fluorescence strategy afforded low
fluorescent background, specificity, signal amplification,
and opportunities for higher detection sensitivity in deep

* Corresponding author. Phone: 314-362-9356. Fax: 314-362-0152.
E-mail: piwnica-wormsd@mir.wustl.edu.

10.1021/jm050008p CCC: $30.25

Ac-rkkrrorrrGKDEVD
Ac-rkkrrorrrtGKDEVD == APC-NH,

Caspase

APC-NH;
b‘q/&?nm

665 nm

QSY 21
QSY 21

647nm

Figure 1. Model of TcapQgs7 cleavage by executioner
caspases.

tissue. Thiol conjugation of Alexa Fluor 647 at the
C-terminus should enable executioner caspase-mediated
cleavage and intracellular accumulation of the fluoro-
phore fragment. Additionally, the modest molecular
weight of TcapQgs7 should improve tissue diffusion
compared to larger probes. This communication will
focus on the initial characterization and validation of
the utility of TcapQg47 in imaging apoptosis in cellulo.

The peptide backbone of TcapQgs7 was synthesized by
solid-phase peptide synthesis using standard Fmoc
chemistry. Subsequently, while the protected amino
acids of the peptide remained on resin, the Dde protect-
ing group on the lysine adjacent to the recognition
sequence was selectively removed using 2% hydrazine
in DMF (Scheme 1). Following selective lysine depro-
tection, the resin was dried and QSY 21 succinimide in
anhydrous DMF was transferred under argon into a
sealed vial containing the peptide on resin. Coupling of
QSY 21 to the primary amine of the lysine was allowed
to proceed overnight. Following extensive washes with
DMF and acetonitrile, the resin was dried before
simultaneously deprotecting and cleaving the peptide
from resin using TFA. Finally, Alexa Fluor 647 male-
imide was thiol-conjugated to the C-terminal cysteine
of the peptide to obtain TcapQg47. A control, noncleav-
able quenched peptide, dTcapQss7, composed of all
D-amino acids was synthesized in a similar manner. In
addition, an unquenched control peptide, Tes47, composed
only of the Tat-peptide-based permeation sequence with
a C-terminal cysteine conjugated to Alexa Fluor 647 was
synthesized.

TcapQes7 was purified by RP-HPLC!2 and character-
ized through electrospray mass spectrometry (m/z:
3927.0; calc 3927.2), absorption spectrometry, and fluo-
rometry. Absorption spectrometry of TcapQg47 revealed
an absorption maximum at 605 nm, which is blue-
shifted from the absorption maximum of Tg47 at 650 nm.
The blue-shifted absorption spectrum observed with
TcapQg47 is indicative of a strong Coulombic interaction
between the QSY 21 and Alexa Fluor 647 chro-
mophores.!? The extinction coefficient at 605 nm was
determined to be 211 500 M~! cm~!. Finally, the fluo-
rescence quenching efficiency of TcapQgs7 was deter-
mined by fluorometry following a 60 min incubation at
37 °C in milliQ water, in DMEM media with 10% heat-
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Scheme 1. Synthesis of TcapQgs7
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inactivated fetal bovine serum, and in 100% heat-
inactivated fetal bovine serum. Under all conditions,
high fluorescence quenching of TcapQgs7 was observed
using this single quencher-fluorophore pair (Figure 2).
Calculated quenching efficiencies were between 92%
and 99%.

To determine the ability of executioner caspases to
recognize and cleave TcapQss7, an extensive endpoint
assay with recombinant caspase 3 (CalBiochem; 52 h
with addition of fresh enzyme at 24 h; 50 U) at 37 °C
was performed.!* The formation of product was moni-
tored using HPLC, which indicated enhancement of a
peak (¢g = 18.5 min) with a time that corresponded to
the positive control peptide, APC(Alexa Fluor 647)-
amide, indicating sequence-specific TcapQgs7 cleavage
by recombinant caspase 3. This peak was not observed
upon incubation of dTcapQg47 with recombinant caspase
3. In addition, the 18.5 min peak obtained as a result
of cleavage was collected and characterized through
electrospray mass spectrometry. The analysis confirmed
it to be the expected C-terminal enzymatic product (m/
z: 1269.1; calc 1268.0).

TcapQgs7 cleavage by executioner caspases (caspase
7 and 3) was then analyzed by fluorometry, and rate of
cleavage was compared with an initiator caspase (caspase
9). Enzyme kinetic studies were performed by incubat-
ing recombinant caspases (CalBiochem) in buffer con-
taining TcapQgq7 at 37 °C, and enhancement in fluo-
rescence was monitored over time. Fluorometry revealed
significant increases in fluorescence over background for
caspase 7 and 3, confirming that TcapQg47 is recognized
and cleaved by the executioner caspases, but not by the
initiator caspase. Rates of cleavage within the linear
regime were determined to be 50 FU/min over back-
ground (caspase 7; Figure 3), 1 FU/min over background
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Figure 2. Fluorescence emission spectra of quenched Tcap-
Qesa7 (2 uM) and unquenched control, Tes7 (2 uM), in various
solutions following a 60 min incubation at 37 °C.
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(caspase 3), and 0.3 FU/min over background (caspase
9) indicating that caspases 7 and 3 cleave TcapQgs7 at
a 170-fold and 3.5-fold higher rate than caspase 9,
respectively. TcapQg47 cleavage was further character-
ized by caspase inhibition assays. The reversible caspase
inhibitor, DEVD-CHO, prevented cleavage of TcapQg47
by both recombinant caspase 7 (IC50 = 11 nM) and 3
(IC50 = 1.2 nM) in a concentration-dependent manner.

To demonstrate intracellular delivery, localization,
and activation of TcapQg47 by native enzymes, apoptosis
was induced in KB 3-1 tumor cells by pretreatment for
13 h with 0.2 uM vinblastine, with or without a caspase
inhibitor, or for 13 h with 2 uM vinblastine before
addition of TcapQg47 or dT'capQg47, respectively. After a
20 min peptide incubation, TcapQgs7 activation was
determined by monitoring fluorescence (>650 nm, far-
red) with live-cell confocal microscopy (Figure 4A and
4B). As shown, TcapQgs7 activation was observed in
vinblastine-treated cells but not in caspase-inhibited
and vinblastine-treated cells, providing direct evidence
for intracellular delivery and caspase-specific activation
of the imaging probe. Upon incubation of vinblastine-
treated cells with the control all D-amino acid peptide,
dTcapQs47, no fluorescence was observed (Figure 4C),
further indicating that the observed fluorescence in
TcapQgs7-incubated cells is enzyme dependent. In ad-
dition, incubation of cells with a general caspase sub-
strate, (L-aspartate);-thodamine 110 (D2R),® resulted
in activation and colocalization of DeR with TcapQg47,
thus confirming the presence and activation of execu-
tioner caspases in apoptotic cells (data not shown).

To quantitatively determine activation of TcapQg47 in
cellulo, flow cytometry analysis on Jurkat cells, treated

450

400 .
350 - = caspase 7 "

300 - A caspase 9 .

250 - L]
200 - .
150 .
100 - .
50
0= 4 A A 4 A A & A & A A A A A A & & 4 & 4
0 1 2 3 4 5 6 7
Time (min)

FU minus bkgd

Figure 3. Fluorescence activation of TcapQesr (2 uM) by
recombinant caspase 7 and caspase 9 (5 U each) as measured
by fluorometry.
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Figure 4. Live-cell fluorescence microscopy (>650 nm) of
TcapQes; activation. (A) KB 3-1 cells were pretreated with
vinblastine (0.2 uM) for 13 h before incubation with TcapQgsr
(4 uM) for 20 min. (B) Identical to panel A, except the
pretreatment buffer included the cell permeable caspase
inhibitor, D(OMe)QMD(OMe)-FMK (20 «M). (C) KB 3-1 cells
were pretreated with vinblastine (2 uM) for 13 h before
incubation with control dTcapQgs7 (4 uM) for 20 min.

or untreated with Cg-ceramide, was carried out (Figure
5). Incubation of ceramide-treated cells for 30—60 min
with TcapQgs7 resulted in detection of 10% early and
late stage apoptotic cells. Incubation of untreated cells
with TcapQgs7 resulted in only 3% apoptotic cells.
Further, in ceramide-treated cells incubated with the
control dTcapQg47, only 4% labeling was observed, which
was comparable to the untreated cell population. In
comparison, utilization of the commercial caspase sub-
strate, DoR, resulted in 1% labeling in untreated cells
and 22% in ceramide-treated cells. These differences
were observed following necessary compensation be-
tween channels due to cross-talk between the FL1 and
FL3 channels. As expected, a larger percent of cells are
labeled with DsR as compared to TcapQg47 since DgR is
an indicator for all active caspases!® while TcapQg47 is
an indicator for only executioner caspases.

Of note, no toxicity due to TcapQgs7 was observed over
the course of the cell assays. To further characterize the
toxicity of TcapQea7, Renilla luciferase-expressing KB
3-1 cells were seeded in three independent 96-well
plates 24 h before addition of increasing TcapQg47
concentrations (1 nM—100 xM) in complete media. After
a 24 h incubation, the peptide solution was removed and
buffer containing coelenterazine was added immediately
before obtaining images with a cooled CCD camera
(IVIS 100). Cell viability was quantified by biolumines-
cence photon output as described in Supplemental
methods and kill curves for each plate were generated.
Taking the average of the curves, the LD5y was deter-
mined to be 10 uM + 2. These data correlate with visual
observations where cells treated with up to 3 uM
TcapQes; were viable with only small decreases in
viability observed above 3 uM. Cell death was notable
at 10 uM followed by a dramatic decrease in viability
at 30 uM. Complete cell death was observed at 100 uM.

In summary, a novel permeation peptide probe,
TcapQg47, capable of imaging apoptosis was synthesized.
High quenching efficiencies utilizing a single quencher-
fluorophore pair were observed under various conditions
resulting in very low background fluorescence in the
absence of activated executioner caspases. Further,
TcapQss7 was shown to be effectively and specifically
cleaved by executioner caspases both in vitro and in
cellulo confirming the utility of TcapQg47 as a probe for
imaging apoptosis.

The main advantages of the TcapQgs7 imaging probe
over available agents include a far-red fluorescence
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Figure 5. Flow cytometric analysis of Jurkat Cells. (A)
Analysis of untreated cells incubated for 30—60 min with
TcapQgs7 (4 uM) and propidium idodide (PI; 6 ug/mL). (B)
Analysis of ceramide-treated (40 uM; 4.5 h) cells incubated
with TcapQss7 and PI as above. (C) Analysis of ceramide-
treated cells incubated with dTcapQgs7 (4 uM) and PI (6 ug/
mL). (D) Control analysis of ceramide-treated cells incubated
with DR (5 uM) and 7-AAD (6 ug/mL). The apoptotic popula-
tion was determined from the percent of cells in the upper and
lower right quadrants.

emission detectable upon caspase cleavage. Because
TcapQgs47 emits fluorescence above 650 nm, little to no
interference from cellular autofluorescence is observed.
In addition, flow cytometry analysis of the far-red
fluorescence activation of TcapQgs7 is easily distin-
guished from propidium iodide, a common nuclear stain
used for identifying cells with compromised cell mem-
branes. Apoptotic probes having shorter wavelength
properties, including the commercial substrate, DsR,
require practiced compensation of the cytometer to
isolate the activated D3R fluorescence signal from
nuclear stains. Finally, imaging probes that emit light
above 650 nm have optimal properties for imaging
activities in vivo as tissue absorption of light is minimal
in the far-red and near-infrared spectrum.

A further advantage of the TcapQg47 scaffold is the
modular design, providing for coupling of alternative
quencher-fluorophore pairs with desired optical proper-
ties. The TcapQg47 scaffold also is amenable to modifica-
tions of the cleavage sequence to target different en-
zymes. Further, these modifications of TcapQgs47 can be
accomplished in a straightforward manner using the
methods described above or other standard coupling
techniques. In particular, coupling of near-infrared
fluorophore-quencher pairs, such as the recently pub-
lished quencher, NIRQg20,'® to the TcapQgs; scaffold
could be accomplished to provide increased signal
penetration and detection over far-red fluorophores in
vivo. Applications for TcapQgs7 would include not only
optical imaging of apoptotic cells in culture, but poten-
tially the imaging of apoptotic cells induced by ischemia,
inflammation, and neurodegenerative diseases in vivo.
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We are currently studying the utility of TcapQgs7 in
detecting chemotherapeutic efficacies in vivo.
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Supporting Information Available: Detailed synthesis
and analysis of TcapQss7 and methods for enzyme and cell-
based assays. This material is available free of charge via the
Internet at http://pubs.acs.org.
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