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A molecular probe was developed to monitor caspase
activity in living cells by flow cytometry. It consists of
CFP and YFP with a peptide linker containing two
caspase-cleavage sites (LEVD). Its expression resulted
in intense fluorescence resonance energy transfer
(FRET), whereas cleavage of this linker by caspases
eliminated FRET because of physical separation of the
CFP and YFP moieties. Using flow cytometry, cells
expressing this probe exhibited two patterns, strong
FRET and diminished or absent FRET. The appearance
of diminished FRET was inhibited by a pan-caspase
inhibitor z-VAD or D->A mutations in the LEVD se-
quence and was markedly increased by apoptosis-
inducing agents, etoposide and camptothecin, or
overexpression of a caspase 8-red fluorescent protein
fusion protein. Importantly, this probe’s ability to
monitor caspase activity was comparable with results
obtained with fluorogenic substrates or fluoro-
chrome-labeled inhibitors of caspases. Specific
caspase inhibitors indicated the probe was highly
sensitive to cleavage by caspase 6 and 8, less sensitive
to caspase 4, and resistant to other caspases. Activa-
tion of caspase 8 by Fas engagement markedly in-
creased the probe’s cleavage, whereas treatment of
caspase 8-deficient cells with anti-Fas did not increase
cleavage. However, staurosporine induced cleavage
of the probe in caspase 8-deficient cells by a mecha-
nism that was inhibited by overexpression of bcl-x.
Taken together, the data indicate that this caspase-sen-
sitive probe can be used to monitor the basal and apop-
tosis-related activities of caspases, including an initiator
caspase, caspase 8, and effector caspases, such as
caspase 6. (Am J Pathol 2004, 164:1901-1913)

Apoptosis is characterized by a distinct series of mor-
phological and biochemical changes that eventually re-
sult in the programmed death of cells. It plays an essen-
tial role in morphogenesis, host defense and homeostasis
of all tissues, including the immune system.'* In addi-
tion, the degree of apoptosis induced plays a prognostic
factor for therapy of a number of malignancies.® Among
the key biochemical mediators of apoptosis are a group
of cysteine proteases, designated as the caspases.®™
The caspases can be classified into three groups ac-
cording to their substrate specificities.’®"" Group |
(caspase-1, 4, and 5) prefers the tetrapeptide sequence
WEHD, whereas Group |l (caspase-2, 3, and 7), the
primary apoptotic effector caspases, prefers the peptide
recognition motif DEXD, while the caspases in Group I
(6, 8, and 9) prefer the sequence (L/V)EXD.

Given their central role as apoptosis mediators, a great
deal of interest has been focused on the potential of
using caspases as therapeutic targets for various diseas-
es.3"2 The chemical substrates, including fluorogenic
substrates and fluorochrome-labeled inhibitors  of
caspases (FLICAs), thus have been developed to moni-
tor caspase activity in living cells.'>'> However, a ge-
netic approach for directly monitoring caspase activity
within living cells may provide a more rapid and accurate
method and also afford the possibility of separating cells
based on their caspase activity. With the advent of the
GFP variants, CFP and YFP,"®'° the use of an in vivo
CFP->YFP fluorescence resonance energy transfer
(FRET) assay has become feasible to monitor many dis-
tance-sensitive cellular activities, such as protein-protein
interaction, enzymatic activity, protein conformational
change, kinase activity, etc.2°2* One application of this
technology has been the development of assays to mea-
sure caspase activity in living cells. These methods make
use of constructs of CFP and YFP with a linker between
them.?02572% The linker harbors at least one caspase
target sequence (LEVD, DEVD, or other caspase-sensi-
tive cleavage sequence). If the length of the linker is
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sufficiently short, FRET will occur between CFP and YFP.
However, if the cell has been stimulated to express caspase
activity, the linker will be cleaved resulting in two physically
separated CFP and YFP molecules and a marked decrease
in FRET activity. The utility of GFP-based flurochromes (CFP
and YFP or BFP and GFP) as in vitro and in vivo substrates
for protease assays has been demonstrated.?%262° How-
ever, the measurement of FRET signals has largely been
achieved using fluorescence microscopy.?®2°2° This is
time consuming and permits analysis of only a limited num-
ber of cells. Recently we have developed an in vivo flow
cytometric FRET method for measuring the molecular dis-
tance between CFP and YFP flurochromes.?! Importantly,
flow cytometry measures the FRET signals in a high-
throughput manner and analyzes viable cells without any
subjective selection of cells of interest. Additionally, when
examined by flow cytometry, FRET-positive cells can be
subsequently sorted to perform additional experiments.

Here we describe a flow cytometric FRET method to
analyze caspase-activity in living cells using a caspase-
sensitive probe that has two caspase-cleavage sites be-
tween CFP and YFP (CFP-LEVD-YFP). Activation of
caspases is detected by the appearance of a transfected
population with diminished FRET, resulting from cleavage of
the fusion protein and physical separation of the CFP and
YFP moieties. The responses of this probe to chemical
stimuli, different inhibitors of specific caspase activity and
over- or underexpression of caspase 8 were examined to
validate its activity. The disappearance of the population
with diminished FRET was achieved by adding the universal
caspase inhibitor z-VAD to the culture or by mutating the
cleavage site. With specific inhibitors to each individual
caspase, cleavage of this probe was found to be highly
sensitive to caspase 6 and 8, to be less sensitive to caspase
4, and to be resistant to caspase 1,2,3, 5, and 9. Notably,
the appearance of the population with diminished FRET was
markedly increased by overexpression of caspase 8. Stim-
ulation of wild-type Jurkat cells by anti-Fas antibody trig-
gered markedly increased cleavage of the probe that was
not observed in Jurkat cells deficient in caspase 8. How-
ever, staurosporine could still induce cleavage of the probe
in the caspase 8-deficient cells, indicating that caspases
besides caspase 8 could cleave this probe in living cells. Of
interest, cells that cleaved the probe bound annexin V very
weakly, unless stimulated by strong apoptosis inducers,
indicating that caspase activation was not dependent on
apoptosis. Finally, the CFP-LEVD-YFP caspase-sensitive
probe was found to yield results similar to other methods,
such as the use of fluorogenic substrates and FLICAs, to
monitor caspase activity in living cells. These results docu-
ment the utility of this probe and flow cytometric evaluation
to monitor basal and apoptosis-related caspase activity in
living cells.

Materials and Methods

Materials

The universal protease inhibitor z-VAD-fmk and caspase
4 inhibitor z-LEVD-fmk were purchased from ICN Bio-

medicals, Inc. (Aurora, OH). Topoisomerase inhibitors
etoposide, camptothecin, and other specific caspase in-
hibitors (z-YVAD-fmk for caspase 1 and 4; z-VDVAD-fmk
for caspase 2; z-DEVE-fmk for caspase 3; z-WEHD-fmk
for caspase 5; z-VEID-fmk for caspase 6; z-IETD-fmk for
caspase 8; and z-LEHD-fmk for caspase 9) were pur-
chased from CalBiochem (La Jolla, CA). The red fluores-
cence FLICAs, SR-VAD-FMK and SR-DEVD-FMK, were
purchased from Chemicon International (Temecula, CA).
The red fluorescence fluorogenic substrate PhiPhiLux-G,D.
(DEVDase) was purchased from Oncolmmunin, Inc. (Gaith-
ersburg, MD). Dulbecco’s modified Eagle’s medium
(DMEM), fetal calf serum (FCS), Optimal medium, phos-
phate-buffered saline (PBS), and LipofectAmine Plus were
obtained from Invitrogen (Carlsbad, CA). Staurosporine
was purchased from Sigma (St. Louis, MO). HRP directly
conjugated goat anti-GFP antibody was purchased from
ABCam (England). The vectors for pECFP and pEYFP and
dsRFP were purchased from Clontech (Palo Alto, CA). The
APC-conjugated annexin V for identifying early apoptotic
cells was purchased from BD PharMingen (La Jolla, CA).
Anti-Fas monoclonal antibody was purchased from Kamiya
Biomedical (Thousand Oaks, CA).

Plasmids Constructs

The caspase-sensitive FRET probe CFP-LEVD-YFP was
prepared by inserting the annealed oligos 5" CC GGA GCA
CTG GAG GTC GAT GCC CTG GAG GTC GATC 3" and 5’
CC GGG ATC GAC CTC CAG GGC ATC GAC CTC CAG
TGC T 3’ directly into the BspE | site of the CFP-YFP FRET-
positive control. The CFP-YFP FRET-positive control plas-
mid was described previously.?™3° A plasmid with D->A
mutations (LEVD->LEVA) in the caspase cleavage sites of
the spacer of the CFP-LEVD-YFP plasmid, designated as
CFP-14m-YFP, was made by inserting the annealed oligos
5" CC GGA GCA CTG GAG GTC GCA GCC CTG GAG
GTC GCAC 3"and 5’ CC GGG TGC GAC CTC CAG GGC
TGC GAC CTC CAG TGC T 3’ directly into the BspE | site of
the CFP-YFP FRET-positive control. The human caspase 8
cDNA inserted into the pEGFP-N1 vector was described
previously.®' The Hand Ill-Sacll digested fragments of hu-
man caspase 8 were cloned into the same sites in the
pRed2-N1 vector (Clontech; Palto Alto, CA) to make the
caspase 8-RFP plasmid.

Cell Culture, Transfection, Chemical or Anti-FAS
Treatment and Immunoblot

Hela and Jurkat cells were cultured in DMEM and RPMI
1640 medium (Invitrogen), respectively, supplemented
with penicillin (100 units/ml), streptomycin (100 wg/ml),
and 10% fetal calf serum. Wild-type Jurkat A3 and
caspase-8-deficient Jurkat 19.2 cells®® were obtained
from the American Type Culture Collection (ATCC, Man-
assas, VA). V-FLIP and Bcl-x Jurkat transfectants®® were
a gift from Dr. Diane Bolton, National Institute of Arthritis
and Musculoskeletal and Skin Diseases, National Insti-
tutes of Health. Hela cells were transfected with 500 ng of
each plasmid as indicated with the LipofectAMINE reagents



in 6-well plates according to the instructions provided by
Invitrogen. The universal caspase activity inhibitor z-VAD-
fmk and a caspase 4-inhibitor z-LEVD-fmk at a final con-
centration of 20 umol/L were added to the culture during
transfection. Other caspase inhibitors were added at a final
concentration of 2 umol/L. Three hours after transfection,
either 100 umol/L etoposide or 2 umol/L camptothecin was
added where indicated. Sixteen hours after transfection, the
cells were detached from the wells by incubation with 2
mmol/L ethylenediamine tetraacetic acid (EDTA) in PBS,
washed once in optimal medium, and resuspended in
PBS/1% FCS. Where indicated, samples were analyzed for
membrane changes associated with apoptosis using APC-
conjugated annexin V according to the protocol provided
by the company (BD PharMingen).

One to two x 107 Jurkat cells were transfected with 20
ng of the CFP-LEVD-YFP construct using a BTX electro-
porator as previously described.®* Eighteen to twenty-
four hours later, cells were treated with 1 ug/ml stauro-
sporine or 300 ng/ml anti-Fas APO1-3 mAb with 30 ng/ml
protein A for maximal receptor cross-linking. Four to six
hours later, cells were analyzed for apoptosis and FRET
by staining with 5 ul annexin-V-APC and propidium io-
dide. The GFP and PARP Western blots were performed
as previously described.?’

Flow Cytometric Detection of FRET and
Apoptosis

All flow cytometric data were collected using a BD FACS
Vantage SE with digital signal processor (FACS DiVa) or
using a DakoCytomation MoFlo (Fort Collins, CO). The
argon-ion 488 nm at 150 mW, the krypton-ion UV 407-nm
laser lines at 50 mW and the spectrum 647-nm laser lines
at 50 mW were used to excite YFP/RFP, CFP, and annexin
V-APC, respectively. The optical configuration has been
described previously with a slight modification to detect red
fluorescent protein signals (Figure 1).21353¢ Briefly, the YFP
and RFP signals were collected using 546/10, 575/26 band-
pass filters, respectively, in the primary laser pathway (laser
1). The CFP and FRET signals were collected using 460/20
and 546/10 band-pass filters, respectively, with a 500 long-
pass dichroic splitter filter inserted into the krypton-ion laser
pathway (laser 2). To distinguish apoptotic cells from ne-
crotic cells, cellular staining using APC-conjugated annexin
V and PI (propidium iodide) was carried out according to
the protocol provided by PharMingen. APC signals were
collected with a 675/20-nm band-pass filter in the spectrum
laser pathway (laser 3) whereas PI signals were collected
with a 630/20-nm band-pass filter in the primary laser path-
way (laser 1).

Comparison of the CFP-LEVD-YFP Caspase-
Sensitive Probe with Other Approaches Using
Fluorogenic Substrate and FLICAs to Monitor
Caspase Activity

The use of FLICAs and fluorogenic substrates to monitor
caspase activity has been described in detail previous-
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ly. '35 Because of the difficulties in the commercial avail-
ability of reagents and in the spectral overlay between
YFP and the green fluorescence emitted from the most
extensively used fluorescence substrates and FLICAs,
the red fluorescence emitting substrate (PhiPhiLux-G,D,)
and the FLICAs (SR-VDA-FMK and SR-DEVD-FMK) that
are used to determine the activities of pan-caspase (z-
VAD) and caspase 3 (EDVD), but not those that are
specifically used for monitoring caspase 8 (IETD), were
chosen to compare with the method using the CFP-LEVD-
YFP probe to monitor caspase activity in living cells.
When used to detect caspase activity in living cells, the
fluorescent substrate PhiPhiLux-G,D, and the FLICAs
were excited with 568-nm lines emitted from the tunable
Spectrum laser and their emissions were collected with a
600 long-pass filter (FL6) in the third laser pathway. Hela
cells were transfected with the CFP-LEVD-YFP probe and
beginning 3 hours after transfection, the cells were
treated with 100 wmol/L etoposide (VP16) to induce ap-
optosis. After overnight incubation, the cells were har-
vested by trypsinization, suspended at a concentration of
107 cells/ml, and then were loaded with the fluorogenic
substrate or FLICAs for an additional 1 hour to assess
caspase activity as described by the manufacturer. Fi-
nally the cells were analyzed for CFP, YFP, FRET, and red
fluorescence (FL6, caspase activity) emitted from the
fluorogenic substrate or FLICAs using flow cytometry.

Calculation of FRET-Based Caspase Activity by
Flow Cytometry

With the caspase-sensitive FRET probe, caspase activity
in living cells is represented by a population with dimin-
ished FRET, that is reflected by two parameters: the
percentage of this population within all transfected cells
and a comparison of this population to the strongly FRET-
positive one. The latter analysis involves comparison of
the mean FRET in the cells with diminished FRET and the
strongly FRET-positive cells. Taken together, caspase
activity (CAy) can be calculated by flow cytometry using a
formula:

CA; = [(FRET;igne — FRET4i)/FREThigne ] X 100 X
9%FRET4im, Where FRET g @and FRET;, are the mean
fluorescence intensities of FRET in the strongly FRET-
positive cells and cells with diminished FRET, respec-
tively; %FRET 4 is the percentage of all transfected cells
with diminished FRET and CA; is caspase activity deter-
mined by flow cytometric data.

Results

The Loss of FRET in Cells Transfected with the
Caspase-Sensitive Probe, CFP-LEVD-YFP, Is
Prevented by the Caspase Inhibitor, z-VAD
Although in vivo FRET-based caspase activity can be
successfully measured using fluorescence microsco-

py,20:25:26:30.37 the capacity to carry out this analysis in a
high-throughput manner by flow cytometry has been re-
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ported infrequently in the literature, and then using only
BFP and GFP.®®2° These fluorophores are not optimal
because BFP suffers from being easily photobleached
and having a low quantum yield. Therefore, a FRET assay
using CFP and YFP, which have better spectral proper-
ties for measuring caspase activity by flow cytometry, is
highly desirable. With the optical configuration shown in
Figure 1A, CFP and FRET signals can be detected in the
second laser pathway, whereas YFP and RFP signals are
measured in the pathway of the first laser. FRET signals
directly result from emission of excited YFP moieties that
only occurs when excited CFP molecules are within 100 A
of YFP molecules (Figure 1B). Because of its sensitivity to
molecular distance, FRET can be used to determine in
vivo caspase activity by its decrease because of the
physical separation between CFP and YFP after cleavage
of the fusion protein by caspase (Figure 1C). Because it
is a putative target for caspases-3, -6, -8, and -10,%° two
LEVD sequences were inserted in a 14 amino acid linker
between CFP and YFP to create a caspase-sensitive
FRET probe (CFP-LEVD-YFP) (Figure 1C). Hela cells or
293 cells were transfected either with this probe or con-
trol plasmids, CFP and YFP alone, or co-transfected with
CFP and YFP, and then analyzed for FRET signals using
flow cytometry. Transfection of either CFP or YFP alone
did not generate any FRET signal (Figure 2, rows 1 and
2). When cells were co-transfected with CFP and YFP,
FRET was negative in the cells with the relatively lower
expression of the fluorescent proteins, but was weakly
positive in those with higher expression (Figure 2, row 3).
This has been reported as resulting from a pseudo-inter-
action between the highly expressed CFP and YFP pro-
teins.®° In contrast, cells transfected with the caspase-
sensitive probe showed easily detectable FRET signals
(Figure 2, row 4). Interestingly, two different populations
were noted, those with strong FRET (R1, 83.5% of all

Figure 1. FRET and its use for measurement of caspase activity by flow
cytometry. A: Optical configuration of the BD FACSDiVa triple-laser system
(488-nm, 407-nm, and 647-nm laser lines) and DakoCymation MoFlo used to
measure spatially separated FRET, CFP, YFP, RFP, PI, and APC emission
signals as well as red fluorescence that are emitted from a caspase-sensitive
substrate or FLICAs. A 488-nm line emitted from the argon-ion laser was used
to excite YFP (FL1), RFP (FL2), and PI (FL8). A 546/10 band-pass filter was
used with a 560 short-pass dichroic filter to detect the acceptor YFP signal
(FL1). A 575/26 band-pass filter and a 630/20 band-pass filter were used to
detect RFP (FL2) and PI (FL8) signals, respectively. RFP, PI, and YFP signals
were detected in the first laser pathway. A 460/20 and a 546/10 band-pass
filter in the second laser pathway was used with a 500 long-pass dichroic
filter to detect the UV-excited CFP signal and the FRET or “sensitized” YFP
signal, respectively (FL5 and FL7). A 675/20 band-pass filter was used to
detect the 647-nm line-excited APC signals in spectrum laser pathway (laser
3). When caspase activities in living cells were determined by using the
fluorogenic substrate PhiPhiLux-G2D2 or the FLICAs, SR-VAD-FMK, or SR-
DEVD-FMK, the substrate or FLICA was excited by 568-nm line emitted from
the tunable Spectrum laser (the third laser) and its red emission was collected
by a 600 long-pass filter (FL6). B: FRET between CFP and YFP when they are
physically in close proximity. CFP molecules are excited by the 407-nm line
emitted from the krypton laser. These excited CFP molecules revert to the
resting state by either directly emitting energy or transferring energy to
closely approximated acceptor YFP molecules. The latter process leads to
direct excitation of YFP molecules and emission of YFP photons as FRET
signals. C: Diagram showing that FRET can be used to monitor cellular
caspase activity. A 14-amino acid spacer that has two caspase cleavage sites
(LEVD) was inserted between CFP and YFP. In cells with caspase activity,
there is a loss of FRET signals because of the cleavage of the probe and the
physical separation of the CFP and YFP moieties. Several agents that induce
or inhibit caspase activity were examined using this caspase-sensitive probe
and flow cytometry.
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Figure 2. Flow cytometric profiles showing FRET measurement and its
disappearance as an indicator of caspase activation. CFP, YFP, and FRET
signals in the cells transfected with either CFP (1) or YFP (2) alone, or
co-transfected with CFP and YFP (3), or in the cells transfected with the
caspase-sensitive FRET probe CFP-LEVD-YFP alone in the absence (4), or
presence (5) of z-VAD, a caspase inhibitor. The cells transfected with the
caspase-sensitive FRET probe showed strong positive FRET. However, in the
absence of z-VAD, there was a population with bright FRET and one with
diminished FRET, denoted as R1 and R2, respectively. The population with
diminished FRET disappeared with the addition of z-VAD to the culture.

transfected cells) and those with diminished FRET sig-
nals (R2, 12.2% of all transfected cells) (Figure 2, row 4).
The finding that the population with diminished FRET
represented cells with spontaneous activation of
caspases was documented by its disappearance in the
presence of z-VAD (Figure 2, row 5).
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The Population with Diminished FRET Exhibits
Minimal Evidence of Apoptosis

Careful scrutiny of the profile of FRET versus CFP intensity
indicated that there were two populations within the cells
with diminished FRET (R2, as defined in Figure 2): a
weakly FRET-positive population (R3) and a completely
FRET-negative population (R4) (Figure 3A). The pres-
ence of these two populations implied that the caspase-
sensitive probe protein might have been partially cleaved
in R3 and completely cleaved in R4. To examine this
possibility, the cells within these three different regions
were sorted and then assayed by GFP immunoblotting for
cleavage of the fusion protein. As can be seen in Figure
3B, Western blotting showed that the fusion protein was
completely intact in R2 (lane 1) and completely cleaved
in R4 (lanes 3 and 4). The presence of both cleaved and
uncleavage fusion protein was detected in R3. The partial
cleavage of the probe in R3 suggested there was a
heterogeneous response of this caspase-sensitive probe
to caspase activity, even in individual cells in which
caspase activity had been upregulated. To examine
whether this cleavage activity is correlated with pro-
grammed cell death, the same membrane was re-probed
with antibody against PARP, an endogenous substrate
for caspases in apoptotic cells. It was found that PARP
was completely cleaved in R4 and partially cleaved in R3,
but not cleaved in R2 (Figure 2B). Cleavage of the CFP-
LEVD-YFP probe completely correlated with that of en-
dogenous caspase-sensitive substrate PARP, demon-
strating that the construct was a sensitive sensor of
endogenous caspase activity.

To explore whether the cells with diminished FRET
have evidence of early apoptosis, the cells transfected
with the caspase-sensitive CFP-LEVD-YFP probe were
stained with APC-conjugated annexin V and then ana-
lyzed by flow cytometry for both FRET and annexin V
binding. Three different regions (R2, R3, and R4) in the
plot of CFP versus FRET were gated as before and then
analyzed for binding of annexin V versus YFP fluores-
cence (Figure 3C). Annexin V binding was weakly posi-
tive in the FRET-negative cells (blue, R4), less positive in
the cells with diminished, but positive, FRET (magenta,
R3), but nearly negative for the cells with strong FRET
activity (green cells, R2). These data strongly suggest
that the CFP-LEVD-YFP probe can detect increased
caspase activity even in cells with minimal evidence of
apoptosis.

Responses of the Caspase-Sensitive FRET
CFP-LEVD-YFP Probe to Apoptosis Inducers

The transfected cells were treated with two different to-
poisomerase inhibitors, 100 wmol/L etoposide (VP16)
and 2 umol/L camptothecin (CMP) and analyzed for
FRET.#'"%3 The percentages of the populations with
strong FRET and diminished FRET were analyzed in the
cells gated for the expression of both CFP and YFP. As
described above, spontaneous caspase activity resulted
in nearly 12.5% (R4) of all transfected cells having dimin-
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Figure 3. Analysis of PARP cleavage and annexin V binding in cells transfected with the CFP-LEVD-YFP probe. A: Flow cytometric profile showing a population
with bright FRET (R2, intact CFP-LEVD-YFP molecules) and a population with diminished FRET that could be further classified into R3 (incomplete cleavage of
the probe), and R4 (complete cleavage of the probe). B: The GFP and PARP immunoblots confirmed the cleavage of the probe and of the endogenous
caspase-sensitive substrate PARP in the regions indicated in (A). C: Apoptosis revealed by annexin V staining demonstrated annexin V binding by the population
with diminished FRET. Hela cells transfected with the caspase-sensitive probe were stained with APC-conjugated annexin V and then were analyzed for FRET and
annexin V binding. Three different regions as indicated in (A) in a plot of CFP versus FRET intensity were gated and further visualized in a plot of annexin V versus
YFP intensity. The blue cells in R4, but not those in R2, bound annexin V weakly. Spontaneous caspase activity was documented in 1.2 percentages of all cultured

Hela cells (RS).

ished FRET (Figure 4A, row 1). When transfected cells
were treated with etoposide (VP16), the percentage of
the cells expressing diminished-FRET increased to nearly
58% of all transfected cells (Figure 4A, row 2). Campto-
thecin also induced caspase activity, but of lesser mag-
nitude (36% of all transfected cells in R4) (Figure 4A, row
3). Of note, some cells in R4 still had positive FRET
signals, similar to the data noted in Figure 3.

To examine the role of caspase in the generation of the
population with diminished FRET, additional experiments
examined the activity of the probe with a D->A mutation
in the linker that prevented caspase-mediated cleavage.
Expression of this probe resulted in the appearance of
FRET-positive cells but no population with diminished
FRET (Figure 4B). Stimulation of cells expressing the
D->A mutant probe with etoposide (VP16) or camptoth-
ecin (CMP) had no effect on the FRET-positive cells but

failed to induce a population with diminished FRET. The
data indicated that the induction of apoptosis did not alter
the behavior of the probe that lacked caspase cleavage
sites.

The CFP-LEVD-YFP Probe Is Sensitive to
Cleavage by Caspase 4, 6, and 8, but not
Caspase 1, 2, 3, 5, and 9

To determine the specificity of the CFP-LEVD-YFP probe,
Hela cells were pretreated with different specific caspase
inhibitors and then transfected with the probe. These
transfected samples were analyzed by flow cytometry for
the fraction of cells with diminished FRET. In the DMSO-
pretreated control, 10.8% of the cells exhibited dimin-
ished FRET (Figure 5A). In contrast, nearly no cells were
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found in this population in the cells pretreated with the
universal caspase inhibitor, z-VAD, and a smaller fraction
of cells with diminished FRET was found in the population
pretreated with the caspase 6 inhibitor, z-VEID, the
caspase 8 inhibitor, z-IETD, or the caspase 4 inhibitor,
z-LEVD. Using these inhibitors, the index of caspase
activity (CA;) was calculated. As can be seen in Figure
5B, inhibitors of caspase 6 and 8 inhibited cleavage of
the CFP-LEVD-YFP probe most effectively, whereas the
inhibitor of caspase 4 was less effective but still active,
and inhibitors of caspase 1, 2, 3, 5, and 9 had no effect.

Response of the Caspase-Sensitive CFP-LEVD-
YFP Probe to Expression of Human Caspase 8

As suggested by the previous data as well as other
biochemical evidence,'®'" caspase 8 should have been
capable of cleaving the caspase-sensitive probe in living
cells. Therefore, additional experiments directly exam-

ined the impact of expression of human caspase 8 on the
FRET activity of the caspase-sensitive probe. To accom-
plish this, Hela cells were co-transfected with the
caspase-sensitive CFP-LEVD-YFP probe and a caspase
8-RFP plasmid and then analyzed by four-color flow cy-
tometry. Transfected cells were gated for either triple-
positive (YFP, CFP, and RFP) cells (region R2) or double-
positive (YFP, CFP) cells (region R5) in a plot of RFP
versus YFP. The percentages of FRET-positive cells and
cells with diminished FRET were then determined in each
gated region (Figure 6). Overexpression of human
caspase 8 led to a significantly increased fraction of cells
with diminished FRET (79.5%) in the R2-gated population
(Figure 6, panel 3). In contrast, the population in R5 of the
same sample had a significantly smaller fraction of cells
with diminished FRET (14.4% of all R5-gated cells). In
contrast, overexpression of RFP itself did not increase the
fraction of cells with diminished FRET (Figure 6, panel 2).
There were nearly no events in the R2 gate of cells
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with diminished FRET among all transfected cells. B: The FRET-based caspase activity in living cells when incubated with specific caspase inhibitors.

transfected with only the caspase-sensitive probe without
RFP (Figure 6, panel 1), indicating that the R2 gate was
exclusively restricted to RFP-positive cells. These data
confirm that caspase 8 is one of the specific caspases
capable of cleaving the caspase-sensitive CFP-LEVD-
YFP probe.

To determine whether the CFP-LEVD-YFP probe re-
quires caspase 8 for cleavage, wild-type and caspase
8-deficient Jurkat 19.2 cell lines were transfected with the
CFP-LEVD-YFP and were examined for the capacity to
cleave the probe. Cells were stimulated with a monoclo-
nal antibody against Fas to induce caspase 8 activity
(Figure 7). Anti-Fas antibody triggered dramatic cleav-
age of the CFP-LEVD-YFP probe as evidenced by a
significant increase in cells with diminished FRET activity
(from 2.4% in control to 84.4%) (Figure 7A, top two pan-
els). In contrast, there was no significant additional in-
crease in cleavage of the probe induced by anti-Fas
antibody in Jurkat 19.2 cells that were deficient in
caspase 8 (35.1% versus 43.2%) (Figure 7B, top two
panels). It should be noted, however, that there was
considerable constitutive cleavage of the CFP-LEVD-YFP
probe in the caspase 8-deficient cells without stimulation
with anti-Fas antibody. Notably, cleavage of the CFP-LEVD-
YFP probe by caspase 8-deficient cells was dramatically

increased by treatment with staurosporine, which activates
the mitochondria-dependent and caspase 8-independent
apoptotic pathway (Figure 7A, bottom panel). In caspase
8-deficient Jurkat cells, cleavage of the CFP-LEVD-YFP
probe induced by staurosporine but not anti-Fas antibody
was blocked by overexpression of bcl-x that inhibits the
mitochrondrial pathway of apoptosis. Combined with the
specificity demonstrated in Figure 5, these data strongly
suggest that this caspase-sensitive probe could be used to
monitor activities of the initiator caspases 8, 4, and possibly
the effector caspase 6.

The CFP-LEVD-YFP Probe Can Be Used to
Detect Basal and Apoptosis-Related Caspase
Activities

Annexin V binding by the various Jurkat populations was
examined to examine in greater detail the relationship
between apoptosis and cleavage of the CFP-LEVD-YFP
probe. To accomplish this, Jurkat cell lines were trans-
fected with the caspase-sensitive CFP-LEVD-YFP probe,
cultured overnight, and stained with APC-conjugated
annexin V and finally analyzed for APC, CFP, YFP, and FRET
signals by flow cytometry. FRET-positive and FRET-
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diminished populations were identified as R2 (red) and
R3 (green), respectively. The capacity of these popula-
tions to bind annexin V-APC is shown as an inset in each
panel. Interestingly, in unstimulated Jurkat cells, a major-
ity of cells with diminished FRET activity failed to bind
annexin V (Figure 7, top row), indicating that Jurkat cells
expressed basal caspase activity in the absence of ap-
optosis. However, when apoptosis was induced by anti-
Fas antibody or staurosporine in wild-type Jurkat cells,
those that cleaved the probe (R3) also bound annexin V
(Figure 7A). In contrast, annexin V binding in the R3
population with diminished FRET was only observed in
the caspase 8-deficient Jurkat cells when treated with
staurosporine, but not with anti-Fas antibody (Figure 7B).
Conversely, annexin V binding by cells that had cleaved
the probe (R3) was only seen in the Jurkat cells stably
transfected with bcl-x when treated with anti-Fas anti-
body, but not with staurosporine (Figure 7C). Taken to-
gether, these data indicate that the CFP-LEVD-YFP
caspase-sensitive probe could be used to monitor both
basal and apoptosis-related caspase activities.

The Direct Comparison of the Detection of
Cellular Caspase Activity Using the CFP-LEVD-
YFP Probe, a Fluorogenic Substrate, and
FLICAs

To document the comparability between the detection of
caspase activity using the caspase-sensitive FRET probe
and other means, Hela cells transfected with CFP-LEVD-
YFP probe were loaded with the fluorogenic DEVD-mi-
metic substrate (PhiPhiLux-G,D,) or FLICAs (SR-DEVD-
FMK and SR-VAD-FMK). As can be seen from Figure 8,
three different regions R2 (green), R3 (purple) and R4
(blue) were gated, which contained the population with
strong FRET, the population with diminished FRET and
FRET-negative population, respectively. The cells within

Figure 6. The caspase-sensitive CFP-LEVD-YFP probe is cleaved in Hela
cells overexpressing human caspase 8. A fusion protein consisting of human
caspase 8 and red fluorescent protein (RFP) was used for these experiments.
With the four-color two-laser optical configuration shown in Figure 1A, CFP,
FRET, YFP, and RFP signals could be easily distinguished. For these exper-
iments, the red fluorescent protein signal was assessed with the FL2 detector.
Cells were transfected with the caspase-sensitive CFP-LEVD-YFP probe with
or without caspase 8-RFP or RFP. Transfected cells expressing YFP (and CFP)
along with RFP are indicated in R2, whereas the cells expressing YFP (and
CFP) but not RFP are gated in R5. FRET was then assessed for each popu-
lation and the FRET-positive cells and cells with diminished FRET in R2 and
R5 were analyzed. (1). Flow cytometric profiles showing cells transfected
with the caspase-sensitive CFP-LEVD-YFP probe only. There were nearly no
events gated in R2. The cells within R5 had a similar pattern in a plot of CFP
versus FRET signals as shown in Figure 2 with a large population of FRET-
positive cells and fewer cells with diminished FRET. (2). Flow cytometric
profiles showing cells co-transfected with the caspase-sensitive CFP-LEVD-
YFP probe and RFP. The patterns of FRET-positive and cells with diminished
FRET in R2 and R5 were similar. (3). Flow cytometric profiles showing that
caspase 8 cleaved the caspase-sensitive CFP-LEVD-YFP probe in vivo. The
cells expressing caspase 8-RFP (R2) manifested a markedly increased fraction
of cells with diminished FRET (79.5%) compared to cells in R5 that did not
express caspase 8-RFP (14.4%) or in cells transfected with CFP-LEVD-YFP
alone (7.0%) or cells transfected with CFP-LEVD-YFP plus RFP (12.1 to
12.8%).
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Figure 7. Cleavage of the CFP-LEVD-YFP FRET probe and its relationship to annexin V binding in Jurkat cells, including wild-type (A), caspase 8-deficient (B)
or those stably transfected with bcl-x (C). Cells were transfected with the CFP-LEVD-YFP probe and then stimulated with anti-Fas antibody or staurosporine (STS).
Distinct regions R2 (in red) and R3 (in green) were gated for the FRET-positive population and a population with diminished FRET, respectively. The gated
annexin V-APC histogram of each population (green, R3; red, R2) is shown in each panel.

the gated population were assessed for caspase activity
using the fluorogenic substrate or FLICAs and depicted
in the FL6 histogram (VADase or DEVDase) (Figure 8,
right panels). In control cells, caspase activity (VADase,
DEVDase) revealed by FLICAs (SR-VAD-FMK or SR-
DEVD-FMK) or the fluorogenic substrate (PhiPhiLux-
G,D,) was inversely related to their FRET activity (Figure
8A). For example, the population with strong FRET dis-
played minimal VADase or DEVDase activity, whereas
the FRET-negative population displayed the highest ac-
tivity of VADase or DEVDase. Consistently, VP16 treat-
ment triggered a significant increase in the proportion of
cells with diminished or negative FRET and both of these
populations manifested increased VADase or DEVDase
activity (Figure 8B). Taken together, the data strongly
indicate that the caspase-sensitive FRET probe CFP-
LEVD-YFP has a similar capability to detect cellular ap-
optosis-related caspase activity as other approaches us-
ing a fluorogenic substrate or FLICAs.

Discussion

In the present study we describe a CFP->YFP FRET
probe (CFP-LEVD-YFP) that has been successfully used to
monitor caspase activity in living cells using flow cytometry.
The ability of this probe to monitor in vivo cellular caspase
activity was confirmed by its expected responses to
caspase inhibitors, chemical inducers of caspase activity,
and overexpression or deficiency of caspase 8. This
probe’s capacity to detect caspase activity in living cells
was also found to be comparable with other approaches
using FLICAs and a fluorogenic substrate.

Cells transfected with the probe manifested popula-
tions with both strong- and diminished-FRET activity (Fig-
ure 2, row 4). The occurrence of the latter indicated
spontaneous activity of caspase in the cells. That the
diminished FRET population contained active caspase
was further demonstrated by its disappearance when
z-VAD, a universal caspase inhibitor, was added to the
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Figure 8. The comparison of detecting caspase activity using the CFP-LEVD-YFP FRET probe, a fluorogenic substrate and FLICAs in living cells. Both control (A)
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activities determined by the fluorogenic substrate or FLICAs) are depicted as the red fluorescence intensities in the FL6 histograms (right).

culture (Figure 2, row 5). Cleavage of the probe was
directly shown in the FRET-diminished population (Figure
3, A and B). Moreover, cleavage of other caspase sen-
sitive proteins, such as PARP, was noted in the popula-
tion with diminished FRET but not in the FRET-positive
population (Figure 3B). This conclusion was further sup-
ported by the observation that there was an additional
increase in the FRET-diminished cells when the cells
were treated with topoisomerase inhibitors, etoposide
and camptothecin, which are known to activate
caspases*'*2(Figures 4 and 8). Furthermore, the FRET-
diminished population was lost when the LEVD cleavage
sites were mutated, confirming the specificity of the
probe for caspase activity. Finally, the population of cells
with diminished FRET activity was markedly increased
when caspase 8 was expressed (Figure 6) or when cells
were activated by anti-Fas antibody (Figure 7A), directly
indicating that CFP-LEVD-YFP probe is a substrate of
caspase 8 cleavage in vivo. This conclusion is also con-
sistent with previous biochemical evidence that a tetra-
peptide LEVD was determined to be a target of caspase
8 in vitro.™°

However, caspase 8 is not the only member of the
caspase family that can cleave the CFP-LEVD-YFP
probe. By using specific inhibitors of each individual
caspase, caspases 4 and 6 were determined to be ca-
pable of cleaving the probe (Figure 5). Furthermore, the
occurrence of a constitutive population with diminished
FRET as well as the induction of an increased population
with diminished FRET by treatment with staurosporine in
caspase 8-deficient Jurkat cells strongly supports the
conclusion that caspase 8 is not the only caspase that
cleaves this caspase-sensitive FRET probe. It should be
noted that the cleavage of the probe in Jurkat cells is not
likely to be related to caspase 10 activity, since Jurkat
cells were found to have low and functionally insignificant
quantities of caspase 10.** Finally, the data indicate that
this LEVD FRET probe is not sensitive to caspase 3 and
therefore is not useful to monitor the activity of this major
effector caspase.

It was interesting that this probe could be used to
monitor constitutive caspase activity in cells that were not
undergoing apoptosis. In Jurkat cell lines that were either
deficient in caspase 8 or stably transfected with bcl-x, the
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population of cells with diminished FRET largely failed to
bind annexin V, a marker of early apoptosis. When these
cells were stimulated to undergo apoptosis, the number
of cells with diminished FRET increased and all bound
annexin V. In Hela cells, the population with diminished
FRET bound annexin V weakly, indicating they might be
at a pre-apoptotic stage. The discrepancy between the
ability of cells to cleave the CFP-LEVD-YFP probe and
bind annexin V suggests strongly that this probe can be
used to assess caspase activity in cells that are not
undergoing apoptosis. Moreover, this probe was con-
firmed to have a similar ability as other methods, such as
the use of FLICAs and fluorogenic substrates, to detect
apoptosis-related caspase activity (Figure 8).

Importantly the fourth color, red fluorescent protein
(RFP), was successfully introduced into the flow cytomet-
ric system to examine whether the caspase-sensitive
probe can be cleaved by ectopic expression of proteins
that are fused with RFP. The success of this approach
was documented by showing that only cells overexpress-
ing caspase 8 (linked to RFP) but not in those overex-
pressing RFP alone manifested increased cleavage of
the CFP-LEVD-YFP probe. This four-color optical config-
uration of the flow cytometer will make this technique
more widely useful when determining whether caspase
activation is regulated by the expression of additional
genes in living cells.

Finally, it must be emphasized that flow cytometry has
been used in all of the experiments to achieve successful
measurement of FRET in living cells in a high-throughput
manner. Currently, the FRET signal is most often mea-
sured by fluorescence microscopy. Recently, we devel-
oped a confocal microscopic method to measure FRET
using acceptor photobleaching.?'*° However, this
method requires the fixation of samples and it is ex-
tremely time consuming to analyze the multiple samples
necessary to achieve statistical significance. Others have
used wide-field fluorescence microscopy to measure
FRET signals by YFP/CFP ratio change.?> 27447 How-
ever, this approach suffers from complications caused by
bleed-through of CFP fluorescence into the YFP channel.
The correction for signal cross-talk must be carried out
first, and therefore FRET cannot be analyzed easily.
Moreover, for all experiments using microscopy, selec-
tion of the field of interest is always a limiting factor. Thus,
a method with the ability to analyze FRET in viable cells in
a high-throughput manner objectively is highly desirable.
Flow cytometry overcomes these limitations because it
measures signals (CFP, YFP, RFP, and FRET) in viable
cells at a speed of 6000 to 25,000 events per second,
and because it includes the capacity to carry out elec-
tronic compensation that deletes cross-talk signals.
Moreover, this flow cytometric measurement does not
involve sample-analysis selection and can detect FRET
signals more sensitively than confocal microscopy.*® Al-
though CFP->YFP FRET signals have been successfully
measured in the previous publications using flow cytom-
etry,2"3536 no previous reports have used flow cytometry
employing CFP->YFP FRET for the measurement of
caspase activity in vivo. There has only been a limited
report of the use of BFP->GFP-paired FRET analyzed by

flow cytometry to detect caspase activity.>® However, the
heterogeneity of FRET, typically represented by the dual-
plot of flow cytometric data, was not shown in the previ-
ous report. Here we used flow cytometry to detect the
CFP->YFP FRET signal and its decrease as an accurate
and reproducible indicator of caspase activation in indi-
vidual cells.

In summary, we have established a FRET-based probe
to monitor cellular caspase activity in living cells directly
using flow cytometry. Of importance, this approach
should be useful to assess the physiological role of
caspases in vivo and also to screen potential drugs that
target this pathway.
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