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ABSTRACT: Apoptosis is an important process involved in diverse developmental pathways, homeostasis,
and response to therapy for a variety of diseases. Thus, noninvasive methods to study regulation and to
monitor cell death in cells and whole animals are desired. To specifically detect apoptosisin ViVo, a
novel cell-permeable activatable caspase substrate, TcapQ647, was synthesized andKm, kcat, andKi values
were biochemically characterized. Specific cleavage of TcapQ647 by effector caspases was demonstrated
using a panel of purified recombinant enzyme assays. Of note, caspase 3 was shown to cleave TcapQ647

with a kcat 7-fold greater than caspase 7 and 16-fold greater than caspase 6. No evidence of TcapQ647

cleavage by initiator caspases was observed. In KB 3-1 or Jurkat cells treated with cytotoxic agents or
C6-ceramide, TcapQ647 detected apoptosis in individual- and population-based fluorescent cell assays in
an effector caspase inhibitor-specific manner. Further, only background fluorescence was observed in
cells incubated with dTcapQ647, a noncleavable allD-amino acid control peptide. Finally,in ViVo experiments
demonstrated the utility of TcapQ647 to detect parasite-induced apoptosis in human colon xenograft and
liver abscess mouse models. Thus, TcapQ647 represents a sensitive, effector caspase-specific far-red “smart”
probe to noninvasively monitor apoptosisin ViVo.

Apoptosis is an organized, programmed cell death process
by which cells are eliminated from tissues without eliciting
an immune response (1). Biochemically, the process involves
cellular detection of a death signal; protease activation for
degrading organelles, critical proteins, and DNA; and the
packaging of degradation products into apoptotic bodies,
vesicles that are engulfed by macrophages (2). Visually,
apoptosis leads to characteristic morphological features such
as chromatin condensation, membrane ruffling, and blebbing
(2, 3).

Apoptosis is initiated during developmental processes,
within various diseases, and upon effective chemo- and
radiation therapy (4). Because of this, noninvasive methods
to monitor the progression of apoptosisin ViVo are desired.
Successes in imaging apoptosis-related therapeutic efficacies
in ViVo have been achieved with scintigraphy and fluores-
cence imaging, using molecular imaging probes composed
of radionuclide- or optically-labeled annexin V, as well as
with MRI (5-9). Annexin V is a protein that binds
phophatidylserine (PS), a phospholipid that is externalized
during apoptosis. Detection of externalized PS usually
correlates to apoptosis; however, false positives can occur

where annexin V diffuses into necrotic, membrane-leaky cells
and binds to internal PS. Another potential disadvantage of
an annexin V probe is its size (36 kDa), resulting in a
tendency for limited diffusion into the zones of high turgor
pressure characteristic of tumor tissues (10). A similar
approach for detecting cell death using a biotinylated C2-
domain of synaptotagmin, another PS-binding protein (11),
has been demonstrated by labeling the domain with strepta-
vidin-fluorescein (11). However, the disadvantages are
similar to those of annexin V. While these techniques have
provided images corresponding to cell death, such probes
bind in a one-to-one ratio that potentially leads to limited
signal generation. One method to improve signal generation
would be use of an imaging probe employing an amplifica-
tion strategy directed toward apoptosis-specific enzymes,
such as the caspase (cysteinyl aspartate-specific protease)
family.

Currently, 13 caspases have been identified and catego-
rized into two main groups: initiator and effector caspases
(1, 3). Expressed as heterodimeric zymogens, caspases are
activated by proteolytic maturation or allosteric interactions
(3, 12). Upon activation, caspases exclusively cleave sub-
strates C-terminally to an aspartic acid residue. As their name
implies, initiator caspases receive and transmit proapoptotic
signals to effector caspases. Effector caspases then progres-
sively degrade the cell leading to eventual cell death. Thus,
activation of effector caspases generally indicates cellular
commitment to apoptosis. Initiator and effector caspases are
distinguished by their substrate preferences with initiator
caspases (caspases 2, 8, 9, and 10) preferentially recognizing
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the W/HXXD sequence over the effector caspase (caspases
3, 6, and 7) recognition sequence, DXXD (13, 14). These
short recognition sequences have been synthesized as
substrates and inhibitors to better understand caspase activity
in Vitro and in cellulo. Recently, the resulting tetrameric
peptides have been utilized for therapeutic (4) and imaging
purposes (15-17).

More specifically, a variety of activatable fluorescence
substrates are commercially available to detect effector
caspase activity. However, a majority of these substrates emit
fluorescence at wavelengths that are highly absorbed by
tissue (<600 nm) and, thus, are only suitable for usein
cellulo. To design a suitable activatable effector caspase
substrate forin ViVo optical imaging of apoptosis, three main
criteria should be fulfilled: fluorescence emission greater
than 650 nm, low level fluorescence from the substrate in
the absence of activated effector caspases, and efficient
cellular internalization. One method of decreasing baseline
fluorescence signal of an unactivated peptide is incorporation
of an energy transfer system onto the substrate such that,
upon excitation, fluorescence emission is absorbed and
quenched by an adjoining nonfluorescent chromophore.
Because of the low background fluorescence, a quenched
fluorescence substrate, when enzymatically cleaved and
activated, would provide enhanced signal and higher sensi-
tivity for imaging target caspase activity. Thus, we designed
a small imageable peptidomimetic composed of an effector
caspase recognition sequence, DEVDAP, flanked by a
fluorophore, Alexa Fluor 647, and a spectrally complimented
quencher, QSY 21 (Figure 1). To achieve efficient and
concentrative cell accumulation, an allD-amino acid per-
meation peptide sequence, rkkrrorrrg, was coupled to the
N-terminus of theL-amino acid caspase recognition sequence.

Previously, we presented the chemical synthesis and initial
characterization of this cell permeable caspase substrate,
TcapQ647 (18). We now present detailed biochemical, cel-
lular, and in ViVo analysis of TcapQ647 to demonstrate
selective cleavage by effector caspases and promising
applications in optical imaging of apoptosisin ViVo.

METHODS

Preparation of Far-Red ActiVatable and Control Perme-
ation Peptide Optical Probes.Peptides Ac-rkkrrorrrGK-
(QSY21)DEVDAPC(AF647)-NH2 (TcapQ647) and Ac-rkkr-
rorrrgk(QSY21)devdapc(AF647)-NH2 (dTcapQ647) were syn-
thesized as described (18). Stock solutions of purified
peptides were formulated in milliQ water at various con-
centrations and stored at-20 °C.

Cell Culture. Cells were obtained as gifts from M.
Gottesman (KB 3-1), H. Piwnica-Worms (HeLa), or S.
Korsmeyer (Jurkat). Monolayers of human epidermoid
carcinoma KB 3-1 and HeLa cells were grown at 37°C in
an atmosphere of 5% CO2 as previously described (19, 20).
Suspensions of human Jurkat leukemia cells were maintained
in RPMI also supplemented withL-glutamine, penicillin/
streptomycin, and heat-inactivated fetal bovine serum at 37
°C in an atmosphere of 5% CO2 (21). Monolayers of human
mammary gland adenocarcinoma MCF-7 cells were grown
at 37°C in an atmosphere of 5% CO2 in DMEM (GIBCO,
Grand Island, NY) supplemented withL-glutamine (1%),
penicillin/streptomycin (0.1%), and fetal bovine serum (10%)
(22).

Fluorescence Spectrophotometric Analysis of TcapQ647

CleaVage in Vitro.Enzyme assays were performed utilizing
a fluorescence spectrophotometer (Cary Eclipse, Varian, Palo
Alto, CA) with recombinant caspases 1-10 (CalBiochem,
San Diego, CA) in 400µL of caspase buffer (100 mM NaCl,
50 mM HEPES, 10 mM DTT, 1 mM EDTA, 10% glycerol,
and 0.1% CHAPS, pH 7.4) or a modified caspase buffer (50
mM NaCl, 50 mM HEPES, 10 mM DTT, 1 mM EDTA,
5% glycerol, and 0.1% CHAPS, pH 7.4; caspase 2) at 37
°C. Assays utilized 5 U each of the caspases. Note that one
U caspase 3 activity equals 1.0 pmol of substrate cleavage
per min perµg of enzyme, while one U caspase activity for
all others equals 1.0 nmol of substrate cleavage per h per
mg of enzyme. Enzymes were preincubated in buffer briefly
(caspase 8 and 9) or for 30 min (remaining caspases) before
initiation of the assay by addition of TcapQ647 (1 µM, final
concentration) to the enzyme solutions in a cuvette. Similar
experiments were performed with recombinant granzyme B
and cathepsin B (CalBiochem, San Diego, CA). Increases
in fluorescence were monitored over time with measurements
recorded every 20 s using a 5 nmslit width at 647 nm
(excitation) and a 10 nm slit width at 670 nm (emission).
The photomultiplier tube voltage was set to medium (600
V). Background fluorescence of TcapQ647, as determined in
the absence of enzyme, was subtracted from raw fluorescence
units. Subsequently, initial apparent cleavage rates were
determined by fitting the linear regime of the time-activity
curve for each enzyme.

Kinetic Analysis of TcapQ647 CleaVage. At least two
independent caspase inhibition assays were performed for
each effector caspase. Recombinant effector caspases (0.13
nM caspase 3, 6.6 nM caspase 6, 3.1 nM caspase 7) were

FIGURE 1: Schematic of TcapQ647 activation following cleavage
by effector caspases.
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preincubated at 37°C in 400 µL of caspase buffer with
increasing concentrations of the inhibitor, DEVD-CHO
(Calbiochem, La Jolla, CA), for 40 min. Assays were initiated
by addition of TcapQ647 or SubII (DEVD-AMC, Calbiochem,
La Jolla, CA) at final concentrations of 0.5µM (caspase 6
and 7 assays) or 1µM (caspase 3 assay). Increases in
fluorescence were monitored at 37°C using spectrophoto-
metric settings identical to above. Initial rates were deter-
mined by curve fitting the linear regime and were plotted
against inhibitor concentration. EC50 values were determined
by nonlinear regression analysis. Using the experimentally
derived EC50 values and validated (SubII) or publishedKi

values, the apparentKm (TcapQ647) for each enzyme was
calculated based upon the Cheng-Pruschoff relationship:
EC50 ) Ki(1 + [S]/Km), where [S] is the concentration of
substrate (23). Apparentkcat values were calculated using
the equationkcat ) V(Km+[S])/[E][S], whereV is the initial
rate of cleavage, [S] is the concentration of substrate, and
[E] is the concentration of enzyme (24).

Confocal Microscopy.KB 3-1 cells (6× 105) were plated
in a 35 mm glass coverslip dish in full media as noted above.
Media was removed 24 h later, and cells were pretreated
with fresh media containing 5µM doxorubicin for 13-15
h. HeLa and MCF-7 cells were similarly pretreated. Before
peptide addition, pretreatment media was removed and cells
were washed with modified Earl’s balanced salt solution
(MEBSS; composed of (mM) 145 Na+, 5.4 K+, 1.2 Ca2+,
0.8 Mg2+, 152 Cl-, 0.8 H2PO4

-, 0.8 SO4
2-, 5.6 dextrose,

4.0 HEPES, and 1% heat-inactivated fetal bovine serum (vol/
vol), pH 7.4) at 37°C. Peptides, either TcapQ647or dTcapQ647

(4 µM, final concentration) and (L-aspartate)2-rhodamine 110
(D2R, 5µM, final concentration; Biotium, Hayward, CA) in
MEBSS were then added to the cells for a 20 min incubation
at 37°C. Finally, propidium iodide (PI; 3µL of a 1 mg/mL
stock solution) was added post-peptide incubation. Coincu-
bation of cells with the general caspase substrate, D2R,
confirmed the presence of apoptotic cells; propidium iodide
was added to document cell membrane integrity. In the
presence of peptide, cells were analyzed for fluorescence
activation by live-cell confocal microscopy (slice thickness
of 11 µM) using an inverted Zeiss Axiovert 200 laser
scanning confocal microscope coupled to a Zeiss LSM 5
PASCAL fitted with excitation lasers at 488 nm (for D2R),
543 nm (for PI), 633 nm (for TcapQ647) and bandpass
emission filters of 505-530 nm (for D2R) and 560-615 nm
(for PI) as well as a long-pass emission filter of 650 nm (for
TcapQ647). For analysis, at least 4 fields at 40× magnification
were examined and scored for apoptotic cells. The presence
of cytoplasmic fluorescence was scored positive for apop-
tosis. Occasional focal punctuate fluorescence was not scored.

Fluorescence Spectrophotometric Analysis of TcapQ647

ActiVation: Dose-Response in Jurkat Cells.Exponentially
growing Jurkat cells were collected by centrifugation (1200
rpm) and resuspended in fresh, full media to 5× 105 cells/
mL. For each condition, 1 mL aliquots were plated in 35
mm dishes and incubated for 45-60 min before addition of
vehicle (DMSO) or C6-ceramide (BIOMOL International,
Plymouth Meeting, PA; 5-80 µM). For inhibition studies,
cells were first pretreated with the caspase 3 inhibitor,
D(OMe)QMD(OMe)-FMK (40µM) (Calbiochem, La Jolla,
CA), for 1 h before addition of C6-ceramide (40µM).
Following a 3 h C6-ceramide treatment, cells were pelleted

as before and resuspended in 500µL of MEBSS at 37°C.
Cells were transferred to a cuvette maintained at 37°C for
fluorometric analysis. The assay was initiated upon addition
of TcapQ647 (4 µM, final concentration), and fluorescence
increases over time were continuously monitored over 20
min using 5 nm (excitation) and 10 nm (emission) slit widths
with excitation at 645 nm and emission at 670 nm. The
photomultiplier tube voltage was set to medium (600 V).
Following fluorometric analysis of each condition, cell
suspensions were immediately placed at-80 °C until
Western blot analysis. Cell viability at each ceramide
concentration was determined in tandem with fluorescence
assays. Following a 3 htreatment with the appropriate C6-
ceramide concentration, 3 aliquots of∼1.5× 105 cells (based
on pretreatment cell density) were removed from each
condition, pelleted, resuspended in fresh media, and trans-
ferred to a 96-well plate (60µL per well). An equal volume
(60µL per well) of WST-1 cell proliferation reagent (Roche;
Indianapolis, IN) diluted (1:5) in media was then added to
each well, and the plate was incubated at 37°C with 5%
CO2 for 70 min. Viability was determined by measuring
absorption at 450 nm minus absorption at 750 nm. Values
were plotted as percent viability and were used to normalize
fluorescence data.

Western Blot Analysis.Jurkat cells obtained from each
condition of the concentration-response study above and
stored at-80 °C were analyzed for activation of caspase 3.
Cells were thawed on ice and pelleted (1200 rpm). Cell
pellets were resuspended in hypotonic lysis buffer (10 mM
KCl, 1.5 mM MgCl2, 10 mM Tris-HCl, 1% SDS, pH 7.4,
supplemented with 10µg/mL leupeptin, 10µg/mL aprotinin,
and 0.5 mM PMSF) and sonicated on ice. Approximately
equal amounts of protein from whole-cell lysates were loaded
into each lane of a 15% polyacrylamide gel prior to
electrophoresis. Following transfer of protein to an Immo-
bilon-P PVDF membrane (Millipore, Billerica, MA), blots
were probed with a rabbit polyclonal antibody against
procaspase 3 (1:100; Santa Cruz Biotechnology, Santa Cruz,
CA). Blots were then stripped and reprobed with rabbit anti-
â-actin antibody (1:100; Sigma-Aldrich, St Louis, MO) to
normalize for loading. Immune complexes were detected by
probing blots with horseradish peroxidase-conjugated anti-
rabbit secondary antibody (1:1000; Amersham, Piscataway,
NJ) and enhanced chemiluminescence reagent (Amersham,
Piscataway, NJ) prior to imaging with a cooled CCD camera
(IVIS 100 system, Xenogen, Alameda, CA; open filter, f-stop
1, binning 4, 2-3 min exposure). Band intensity was
analyzed using Living Image/Igor Pro 2.5 software.

Colon-Xenograft and LiVer Mouse Model of Entamoeba
histolytica Infection.Animal protocols were approved by the
Animal Studies Committee at Washington University School
of Medicine. To establish a bilateral human colon xenograft
mouse model, human colonic xenografts were placed into
the subscapular region of 6-8 week old SCID or SCID/
beige mice as previously described (25). Incisions were
closed with Michel clips. Xenografts were allowed to develop
for 8-10 weeks before use, at which time the clips were
removed. The mice were fed an alfalfa-free diet 5 days before
imaging, and their fur was removed using a depilating
powder 1 day before imaging. Left colonic xenografts were
then infected by direct intraluminal inoculation with 1× 106

E. histolyticatrophozoites (strain HM1:IMSS) grown on BI-
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S-33 as previously described (26). Right xenografts were
mock-infected with media to serve as controls. For the liver
parasite-induced abscess model, livers of SCID mice were
surgically exposed and infected in a single lobe with 1×
106 E. histolyticatrophozoites (strain HM1:IMSS). Abscesses
were allowed to form for 24 h in both mouse models. A
total of 12 mice with colonic xenografts were analyzed as
follows: following i.p. injection of TcapQ647 (0.1 mg/1.5
mL saline,n ) 6), dTcapQ647 (0.1 mg /1.5 mL saline,n )
4), or saline vehicle (1.5 mL,n ) 2), mice were imaged at
0, 30, 60, and 90 min postinjection on a Kodak Multimodality
Image Station 4000MM using a 625/670 nm excitation/
emission filter set and a CCD camera (binning 4× 4). X-ray
images were obtained and overlaid with corresponding
fluorescence images. Xenografts were removed and images
were again obtained using similar settings. All fluorescence
images were normalized to the footpad and then compared
to those from saline-only injected mice. Xenografts were then
fixed in 10% formalin overnight and then kept in 70% EtOH
before embedding in paraffin. Representative slices of colonic
tissue (4µm thick) were then imaged by confocal microscopy
using an inverted Zeiss Axiovert 200 laser scanning confocal
microscope coupled to a Zeiss LSM 5 PASCAL and analyzed
for cell death by TUNEL staining (Washington University
Digestive Disease Research Core). Samples were semiquan-
tified as null (zero staining),+ (scattered staining),++
(moderate staining), and+++ (abundant staining) (TcapQ647

xenografts,n ) 4; dTcapQ647 xenografts,n ) 2; and saline
vehicle xenograft,n ) 1). For liver experiments (n ) 3),
peptide and saline solutions were i.p. injected as above and
mice were euthanized 90 min postinjection. Livers were
immediately removed and imaged using the identical settings
described above. For image analysis of TcapQ647 activation,
mean fluorescence intensity was determined by drawing
regions of interest around each xenograft and liver lobe using
Kodak 4000MM 1D imaging software. Allin ViVo images
were normalized as a ratio of the infected graft to the
background autofluorescence from each animal.Ex ViVo
images of infected and mock-infected grafts were normalized
to saline injected grafts.

Analysis.Data were reported as mean values( standard
error of the mean (SEM). Pairs were compared with the
Studentt test (27), and values ofP e 0.05 were considered
significant. For rank-order analysis, the Spearman correlation
coefficient,rs, was calculated to compare data sets.

RESULTS

Chemical synthesis and spectral characterization of TcapQ647

was described in detail (18). Briefly, a greater than 92%
quenching efficiency was determined for both the hydrolyz-
able peptide, TcapQ647, and the nonhydrolyzable allD-amino
acid peptide, dTcapQ647, in water, in cellular media, and in
100% serum. Absorption spectrometry analysis of the intact
peptides revealed a blue-shifted absorption maximum and
indicated that fluorescence quenching occurred through a
mechanism other than classical Fo¨rster resonance energy
transfer. Previous initial recombinant enzyme assays indi-
cated that TcapQ647 was preferentially cleaved by effector
caspases 3 and 7 over initiator caspase 9. This was expected
as the DEVD sequence is generally thought to be recognized
more efficiently by effector caspases than by initiator
caspases (13). To further characterize TcapQ647 cleavage by

the caspase family, enzymatic proteolysis of TcapQ647 by a
full panel of recombinant caspases was examined.

Recombinant caspase assays were performed using con-
tinuous fluorometric analysis. To determine and compare the
initial rates of TcapQ647 cleavage by each of the caspases
1-10, identical units of enzyme activity (5 U) were utilized
and results normalized to mg of enzyme (Figure 2). Rates
of TcapQ647 cleavage were determined by linear curve fit.
As can be seen, caspase 3 cleaved TcapQ647 at a much greater
rate than the other effector caspases with an initial cleavage
rate over background of 2.2× 105 FU min-1 mg-1, while
caspase 7 and caspase 6 cleaved TcapQ647 at 0.59× 105 FU
min-1 mg-1 and 0.14× 105 FU min-1 mg-1, respectively.
Little to no cleavage of TcapQ647 was observed upon
incubation with any of the initiator caspases. To confirm the
lack of proteolysis, units of enzyme activity were increased
to 20 U and 50 U (data not shown) and assays were
performed as above. TcapQ647 cleavage by initiator caspases
was minimal (0.002× 105 FU min-1 mg-1) as observed by
fluorometry at these higher caspase protease concentrations.
These data indicated that TcapQ647 was preferentially cleaved
by effector caspases. Confirming probe specificity, no
detectable increase in fluorescence was observed upon
incubation of TcapQ647 with two other proteases, granzyme
B and cathepsin B, that are also implicated in cell death
processes (data not shown).

To fully characterize the kinetics of TcapQ647 cleavage,
the apparentKm andkcat values for caspases 3, 6, and 7 were
determined. An indirect method for determining the apparent
Km values was necessary due to the extensive inner-filter
effect observed in cuvettes with TcapQ647, even at low
(submicromolar) concentrations. Thus, to avoid analytical
complications due to the inner-filter effect, inhibition assays
using the inhibitor, DEVD-CHO, were performed to derive
EC50 values and subsequently calculate the apparentKm

values for each effector caspase using the Cheng-Prushoff
relationship (Methods). By using the same TcapQ647 con-
centration for each assay, the loss of fluorescence intensity
due to the inner-filter effect remains constant for each
experiment.

FIGURE 2: Recombinant enzyme assays demonstrating the selectiv-
ity of TcapQ647 cleavage by effector caspases. Assays were
performed with equal units of activity (5 U) and normalized to mg
of caspase for each enzyme. TcapQ647 cleavage rates were highest
for the effector caspases 3, 7, and 6. Assays with initiator and
inflammatory caspases resulted in slow cleavage rates, with most
initiator caspases demonstrating no proteolytic activity toward
TcapQ647. FU represents arbitrary fluorescence units.
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To validate such an inhibition assay, a caspase 7 inhibition
assay was performed using the inhibitor, DEVD-CHO, to
confirm the publishedKi,cas7value (1.6 nM) (28, 29). Three
independent inhibition curves were generated using the
commercial fluorescent substrate, DEVD-AMC (SubII). For
each assay, caspase 7 was preincubated with increasing
concentrations of the inhibitor, DEVD-CHO and the assay
initiated by addition of SubII (0.5µM, final concentration).
At each inhibitor concentration, the apparent rate of fluo-
rescence increase was determined using linear curve fit data
and the average rates of fluorescence increase from each
independent experiment were plotted against inhibitor con-
centration (Figure 3). Nonlinear regression analysis was then
utilized to fit these data and determine the EC50 value. Using
the Cheng-Prushoff relationship (23), the experimentally
determined EC50 value and the publishedKm,cas7value (11
µM) (30) were used to calculate a SubII-derived apparent
Ki,cas7 value for DEVD-CHO of 1.4 nM. This is in good
agreement with the publishedKi,cas7 value (1.6 nM), thus
validating the use of this inhibition assay to determine kinetic
parameters of TcapQ647 cleavage by caspases. Similarly, a
second control experiment was performed to determine which
Ki,cas3value within the published range (0.23-2.3 nM) (28,
29) would be appropriate for use in the present caspase 3
inhibition study. Caspase 3 was preincubated with the
inhibitor, DEVD-CHO, before initiation of the assay by
addition of SubII (1µM, final concentration). Three inde-
pendent assays were carried out, and the rate of fluorescence
increase for each condition was averaged as above (Figure
3). The EC50 value, as determined by nonlinear regression
analysis, was utilized with the publishedKm value (10µM)

(30) to calculate a SubII-derived apparentKi,cas3 value for
DEVD-CHO of 0.73 nM. This value is well within the
published range ofKi,cas3 values and was employed in the
inhibition assays below to calculate theKm of TcapQ647

cleavage by caspase 3.
At least two independent inhibition assays for each effector

caspase (caspases 3, 6, and 7) were then carried out as above
to determine the kinetics of TcapQ647 cleavage by each
effector caspase. From the averaged rate data, inhibition
curves were generated to determine the EC50 values for each
enzyme (Figure 3) and to calculate apparentKm and kcat

values. The rank order of preferential cleavage of TcapQ647

was caspase 3> caspase 7> caspase 6 as determined from
the apparentkcat values(Table 1).

Upon establishing the kinetics of TcapQ647 cleavage by
effector caspases, we determined the utility of TcapQ647 to
detect the presence of apoptosis in individual living cells
using confocal microscopy. For these studies, adherent KB
3-1 cells were grown on 35 mm glass-bottom microwell
dishes. Cells remained untreated or treated with doxorubicin
(5 µM), a drug which has been shown to induce apoptosis
via caspase activation (31). After treatment, cells were

FIGURE 3: Inhibition curves of executioner caspases. Caspases were incubated with increasing concentrations of the reversible caspase
inhibitor, DEVD-CHO, before addition of the substrate SubII (0.5µM, for caspase 7; 1µM, for caspase 3) or TcapQ647 (0.5 µM, for
caspase 6 and 7; 1µM, for caspase 3). EC50 values were determined from rates of fluorescence increase (∆FU min-1) using nonlinear
regression analysis and were utilized to calculateKi values for DEVD-CHO (using SubII) orKm values for TcapQ647. Bars indicate SEM.

Table 1: Kinetic Parameters of TcapQ647 Cleavage

caspase
EC50

(nM)
Ki

(nM)
Km

(nM)

“kcat”
(FU min-1

µM-1)

“kcat/Km”
(FU min-1

µM-1)/nM)

3 1.2 0.73 1500 89000 6.0× 101

7 11 1.4 73 13000 1.8× 102

6 130 31a 160 5700 3.6× 101

a Published value.
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simultaneously incubated with TcapQ647 (4 µM) and a
commercial quenched fluorescence caspase substrate, bis-
aspartate rhodamine (D2R; 5 µM). For control experiments,
cells were incubated with the nonhydrolyzable allD-amino
acid peptide, dTcapQ647, along with D2R. For all conditions,
propidium iodide was added to the cells prior to confocal
microscopy analysis. D2R activation was observed as green
fluorescence, while TcapQ647 activation was observed as red
fluorescence. PI staining of membrane-compromised cells
was falsely colored as blue fluorescence for ease of overlay
analysis. As can be seen, TcapQ647 activation was observed
in doxorubicin treated cells but not in untreated cells (Figure
4). Colocalization of D2R and TcapQ647 activation was also
observed (Figure 4B; yellow cells). As compared to TcapQ647,
a larger number of cells demonstrated D2R activation,
consistent with its utility as a general caspase substrate, while
TcapQ647 is a specific effector caspase substrate. Cells
positive for both TcapQ647 activation and PI staining were
also observed (Figure 4B, purple cells). Control studies with
noncleavable dTcapQ647 resulted in low fluorescence back-
ground, indicating that the observed fluorescence in cells
incubated with TcapQ647 was due to enzymatic proteolysis
rather than conformational change of the quenched peptide
(Figure 4C). Previous inhibition studies (18) support these
results and demonstrated that TcapQ647 activation was
inhibited upon treatment of cells with the effector caspase
inhibitor, D(OMe)QMD(OMe)-FMK. TcapQ647 activation
was further demonstrated in two other cell lines (HeLa, MCF-

7) treated with doxorubicin (Figure 4D,E), indicating the
general applicability of the imaging probe.

We next determined the utility of TcapQ647 to detect
increasing apoptosis in a cell population following treatment
of cells with increasing concentrations of drug. For this
concentration-response assay, Jurkat cells were utilized as
they are a well-established apoptotic cell model and are
grown in suspension. Induction of apoptosis by C6-ceramide
has been well characterized in Jurkat cells (32, 33). Thus,
apoptosis was induced in the Jurkat cell population by
incubation with increasing concentrations of C6-ceramide as
described (Methods).

In Jurkat cells, the rate of TcapQ647 activation increased
proportionately with ceramide concentrations (Figure 5A).
These observations correlated with decreases in cell viability
as measured by MTS assay (Figure 5B). Treatment with
greater than 30µM C6-ceramide resulted in substantial
decreases in cell viability as observed both by endpoint MTS
analysis (Figure 5B) and phase contrast microscopy (data
not shown). No increase in fluorescence was observed when
Jurkat cells were incubated with the noncleavable control
peptide, dTcapQ647 (data not shown). Finally, TcapQ647

activation was completely abrogated in cells pretreated with
the effector caspase inhibitor D(OMe)QMD(OMe)-FMK
(Figure 5C). These data indicated that the extent of TcapQ647

activation was proportional to the amount of apoptosis
occurring in a given cell population.

FIGURE 4: Intracellular activation of TcapQ647 during apoptosis. (A) Untreated KB 3-1 cells incubated with TcapQ647, bis (L-aspartate)
rhodamine 110 (D2R), and PI. (B) Doxorubicin-treated (5µM) KB 3-1 cells incubated with TcapQ647, D2R, and PI. (C) Doxorubicin-treated
KB 3-1 cells incubated with noncleavable dTcapQ647, D2R, and PI. (D) Doxorubicin-treated HeLa cells incubated with TcapQ647, D2R, and
PI. (E) Doxorubicin-treated MCF-7 cells incubated with TcapQ647, D2R, and PI. Red fluorescence indicates activation of TcapQ647, green
fluorescence indicates activation of D2R, yellow fluorescence indicates colocalization of D2R with TcapQ647, and purple indicates colocalization
of PI with TcapQ647.
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To independently confirm activation of caspase 3 in the
ceramide-treated Jurkat cells, Western blot analysis of each
condition from the above assay was performed. As shown,
the amount of procaspase 3 decreased with increasing
concentrations of C6-ceramide (Figure 6A), indicating activa-
tion of caspase 3. Western blot analysis of procaspase 3 was
normalized to total protein in each lane as determined by
â-actin levels. Normalized data were plotted against C6-
ceramide concentration (Figure 6B) to determine the con-
centration-response of procaspase 3 activation. The ap-

proximate EC50 value (15 µM) of C6-ceramide-induced
proteolysis of procaspase 3 correlated with the concentration
of C6-ceramide where activation of TcapQ647 was first
observed via analysis by fluorescence spectrophotometry
(Figure 5A).

To determine the utility of TcapQ647 to detect apoptosis
in ViVo, two E. histolytica-infected mouse models were
utilized. The first model involved a human colon xenograft
mouse model where sections of human colonic tissue were
grafted into the subscapular region of SCID or SCID/beige
mice (25). Once established, xenografts were infected with
amoeba trophozoites by direct intraluminal injection. At 4 h
postinjection, damage to the host intestinal lining can be
observed (25). Tissue destruction following infection with
E. histolytica has been associated with apoptosis (34).
Because of the surface location of the xenografts, this mouse
model seemed ideal for initial examination ofin ViVo
activation of TcapQ647 in tissues undergoing apoptosis. The
second model involved direct injection ofE. histolyticainto
a single lobe of the liver and subsequent local abscess
formation or use of saline as a control.

For colon experimentsin ViVo, mice with bilateral xe-
nografts were utilized. The region around the xenografts was
shaved and depilated prior to infecting the left xenograft with
E. histolyticaand the right xenograft with parasite-free media
as a control. For colon xenograft experiments 24 h postin-
fection, mice were imaged over time following i.p. injection
of either TcapQ647 (0.1 mg/ 1.5 mL saline), noncleavable
dTcapQ647 (0.1 mg/ 1.5 mL saline), or saline (Figure 7).
Colon xenografts were then removed and imagedex ViVo,
and representative samples were subsequently analyzed by

FIGURE 5: Jurkat cell concentration-response assay as determined
by TcapQ647 activation. Jurkat cells were treated with increasing
concentrations of C6-ceramide for 3 h toinduce apoptosis, and then
incubated with TcapQ647, and increases in fluorescence were
monitored over time. (A) Initial rates of TcapQ647 cleavage were
normalized to cell viability and plotted against concentration of
C6-ceramide. AU represents absorption units from MTS analysis,
and FU represents fluorescence units. (B) Viability of Jurkat cells
as determined by MTS analysis following treatment of cells with
increasing concentration of C6-ceramide. (C) Analysis of TcapQ647
activation in C6-ceramide-treated (40µM) Jurkat cells with or
without the caspase inhibitor D(OMe)QMD(OMe)-FMK (40µM).
Bars indicate SEM.

FIGURE 6: Western blot of Jurkat cell lysates following treatment
for 3 h with increasing concentrations of C6-ceramide. (A) The blot
was probed with anti-procaspase 3 antibody to monitor decreases
in the level of procaspase 3 following treatment with C6-ceramide.
To normalize the level of procaspase 3 in each lane, the blot was
stripped and reprobed with anti-â-actin antibody. (B) Ratio of
procaspase 3 levels toâ-actin levels as determined by Western blot
analysis plotted against increasing concentrations of C6-ceramide.
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TUNEL staining (Figure 8). Overall, imagesex ViVo cor-
related with imagesin ViVo (Figure 7A,C). Apoptosis by

TUNEL staining was surprisingly variable in amoeba-
infected xenografts, being present only in selected specimens

FIGURE 7: Far-red fluorescence images of colonic xenograft in micein ViVo. Human colonic xenografts were mock-infected as a control
or infected withE. histolytica24 h prior to i.p. injection of TcapQ647 (n ) 6), noncleavable dTcapQ647 (n ) 4), or saline (n ) 2). (A)
Representative fluorescence images of mice with bilateral xenografts 60 min postinjection of the indicated solution. The mock-infected
xenograft is located in the left half of each image (mouse right side) whereas the amoeba-infected xenograft is located in the right half of
each image. Fluorescence and X-ray images were obtained on a Kodak Multimodality Imaging Station 4000MM. Images are falsely colored
and overlaid with corresponding X-ray images. (B) Graphical representation of the normalized fluorescence intensity ofin ViVo xenograft
images as determined by region of interest analysis. Assigned numerals following TcapQ or dTcapQ indicate individual mice. (C) Fluorescence
images ofexViVo xenografts comparing fluorescence intensity in mock- and amoeba-infected xenografts corresponding to several mice in
(A). (D) Graphical representation of the normalized fluorescence intensity ofexViVo xenograft images as determined by region of interest
analysis ofexViVo images. Assigned numerals following TcapQ or dTcapQ indicate individual mice. Black bars, amoeba-infected xenograft;
gray bars, mock-infected xenograft. Inset: Correlation of normalized TcapQ647 fluorescence intensity for amoeba-infected xenografts and
TUNEL score.

FIGURE 8: TUNEL analysis of grafts from colon xenograft mouse model comparing mock- and amoeba-infected tissues. (A) Positive
control for TUNEL stain. (B) Amoeba-infected xenograft from TcapQ3. (C) Mock-infected xenograft from mouse TcapQ3. (D) Amoeba-
infected xenograft from TcapQ1. (E) Amoeba-infected xenograft from noncleavable dTcapQ1. (F) Amoeba-infected xenograft from dTcapQ2.
All images were obtained using a 40× objective on a Zeiss Axiovert 200 laser scanning confocal microscope. Assigned numerals following
TcapQ or dTcapQ indicate individual mice.
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(e.g., Figure 8B,D,E,F), but not observed, as expected, in
mock-infected xenografts (e.g., Figure 8C). Region of interest
(ROI) analysis of TcapQ647 signal in colon xenografts (Figure
7C) correlated with the presence of apoptosis as determined
by TUNEL analysis (Figure 8B-D). For example, the
amoeba-infected xenograft of mouse TcapQ3 resulted in the
highest fluorescence signal (5-fold greater than the back-
ground observed in the corresponding mock-infected xe-
nograft) and also showed the highest TUNEL signal. A
similar, but less dramatic result was observed in the mouse
TcapQ1 (Figure 7A-D). Analysis of mouse TcapQ2, which
had been infected, but showed no detectable fluorescence
signal, also showed no positive TUNEL staining in the
amoeba-infected xenograft. For mice injected with the
noncleavable peptide dTcapQ647, little (dTcapQ2) to no
(dTcapQ1) fluorescence was observed in all amoeba-infected
relative to mock-infected xenografts (Figure 7). TUNEL
analysis confirmed the presence of apoptosis in the dTcapQ1
amoeba-infected xenograft, but not in the dTcapQ2 amoeba-
infected xenograft (Figure 8E,F). Overall, for those samples
analyzed by both methods, activation of TcapQ647 in ViVo
correlated with the presence of apoptosis as determined by
TUNEL staining (Figure 7D, inset;rs ) 0.948,n ) 4), while
background signal from dTcapQ647 did not. Similar increases
in fluorescence over controls were observed withex ViVo
analysis of liver lobes using the parasitic liver mouse model
(Table 2). Thus, the extent of TcapQ647 activation in ViVo
appeared to be indicative of the level of apoptosis present
in a given tissue.

DISCUSSION

This study presented full biochemical andin ViVo char-
acterization of a permeation peptide-based imaging substrate
specific for effector caspases. These kinetic studies indicate
that TcapQ647 is strongly and preferentially cleaved by
effector caspases over initiator caspases. Furthermore, in
contrast to our pilot data suggesting similar kinetics for
caspases 3 and 7 (18), full analysis for TcapQ647 showed
kcat values of 89 000, 13 000, and 5700 FU min-1 µM-1 for
caspase 3, caspase 7, and caspase 6, respectively, indicating
preferential cleavage of TcapQ647 by caspase 3. Of note,
caspase 3 cleaved TcapQ647 at an absolute rate greater than
the commercial substrates MCA-DEVDAP-DNP (SubIII;
data not shown) and DEVD-AMC (SubII). Similarly, caspase
7 was observed to cleave TcapQ647 at a greater rate than
SubII.

The differences between TcapQ647 and commercial sub-
strates are the size of the chromophore(s), the length of the
peptide sequence, and the mechanism of fluorescence
quenching, any of which could impact overall kinetics.
Previous studies by others showed that SubII was cleaved
by caspases 3 and 7 with identicalKm values near 11µM

(13, 30). The Km of TcapQ647 toward 3 and 7 were in the
low µM to nM range, respectively, which would be advanta-
geous for imagingin ViVo since substrate concentrations
would likely be present within these molar ranges. Interest-
ingly, kinetic studies herein demonstrated that caspase 3
cleaved TcapQ647 with an apparentkcat 7-fold greater than
caspase 7, which is almost identical tokcat ratios for substrates
reported by Thornberry et al. Thus, TcapQ647 exhibited
similar biochemical properties to other probes already
studied, but also provided certain affinity advantages for
detecting caspases 3 and 7 in thein ViVo setting.

Absorption spectrometry analysis indicated that TcapQ647

fluorescence was not quenched via a classical Fo¨rster
resonance energy transfer (FRET). Instead, the absorption
maximum of the TcapQ647 fluorophore, Alexa Fluor 647, was
blue-shifted from 650 nm in the absence of the quencher,
QSY 21, to 605 nm in the presence of the quencher,
indicating the presence of a strong Coulombic interaction
between the transition dipole moments of QSY 21 and Alexa
Fluor 647 (35). The altered spectrum is thought to arise when
such a chromophore interaction leads to the formation of an
intramolecular dimer called an exciton (36) and a subsequent
split in excitation energy levels (37). Depending on the
electronics of the dimer, the absorption spectrum can either
be blue-shifted, called an H-dimer, where radiative transitions
to the lower excitation level are forbidden, or red-shifted,
called a J-dimer, where radiative transitions to the higher
excitation level are forbidden (35, 38, 39). Such interactions
have been shown to impose secondary structure to peptide
sequences positioned between chromophores (39). Taken
together, these spectral and kinetic data indicate that flanking
effector caspase recognition sequences with exciton-forming
chromophores may impact specific conformational states,
kinetics, and specificity of the peptide sequences.

With respect to whole cell assays, TcapQ647 was shown
to be efficiently and specifically activated by caspasesin
cellulo. TcapQ647 activation was demonstrated by confocal
microscopy to correlate with cleavage of the general caspase
substrate, D2R, on an individual KB 3-1 cell basis. In
population-based fluorometric analysis, TcapQ647 activation
was shown to increase proportionately with the increases in
ceramide-induced Jurkat cell death. As would be expected,
the observed TcapQ647 activation signals were effectively
attenuated upon treatment of cells with an effector caspase
inhibitor. In contrast, no increase in fluorescence intensity
was observed in cells upon incubation with the allD-amino
acid noncleavable peptide, dTcapQ647, on either an individual
or population-based analysis.

Finally, this study demonstrated the utility of TcapQ647 in
detecting amoeba-induced cell deathin ViVo. In mice with
bilateral colon xenografts, a greater increase in fluorescence
intensity was observed inE. histolytica-infected over mock-
infected xenografts following TcapQ647 injection. In contrast,
no significant increase in fluorescence intensity was observed
following injection with the noncleavable peptide, dTcapQ647.
Similar data were observed in the amoeba-infected liver lobes
over mock-infected liver lobes. The extent of this TcapQ647

activation in amoeba-infected xenografts varied from animal
to animal. However, TUNEL analysis of excised colonic
tissue indicated that this was due to varying levels of cell
death within each xenograft. Importantly, a strong positive
correlation (rs ) 0.948) was observed between the amount

Table 2: Mean Fluorescence Intensity ofex ViVo Liver Lobesa

condition infected mock

liver, TcapQ647 6000 3700
liver, saline 500 *

a Livers were infected withE. histolytica or mock-infected as a
control. * indicates not assessed. Mean fluorescence intensity was
determined by ROI analysis of the entire lobe using Kodak Multimo-
dality Imaging Station 4000MM 1D imaging software.
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of TUNEL stain and the level of TcapQ647 activation. In
contrast, little to no increase in fluorescence intensity was
observed following injection with the noncleavable peptide,
dTcapQ647, even in TUNEL positive tissue.

In conclusion, this study demonstrated favorable properties
of TcapQ647 to detect apoptosis in cultured cells andin ViVo.
The incorporation of a quenched fluorescence strategy onto
the cell-permeable caspase substrate resulted in little to no
detectable fluorescence signal in the absence of activated
caspases. By utilizing a far-red fluorophore, caspase cleavage
resulted in light emission above 650 nm, where intrinsic
photon absorption by cells and tissues is low. Further, the
chosen quencher-fluorophore pair, QSY 21/Alexa Fluor 647,
generated an enzyme substrate highly specific for effector
caspases. Finally, TcapQ647 activation was shown to correlate
with cellular activation of caspase 3 and withexViVo analysis
of cell death via TUNEL staining. Modifications to the
TcapQ scaffold could provide a panel of compounds with
altered protease specificity and further improvements in light
penetration from activation in deep tissues.
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