
Mortals Turn Me On. . .

Apoptosis is a physiologic form of
cell death, which plays an important
role in embryogenesis, cellular homeo-
stasis, tissue atrophy, and removal of
damaged and mutated cells (1).
Caspases, which act as a molecular chain
saw, are the central components of the
apoptosis response. Caspases are cys-
teine proteases that cleave after an aspar-
tate residue in their substrates. At least 7
of 14 known mammalian caspases have
important roles in apoptosis (2). The
caspases involved in mammalian apo-
ptosis are divided into the following cat-
egories: the initiator caspases, which in-
clude caspases-2, -8, and -10; and the
effector or executioner caspases, which
include caspases-3, -6, and -7. An initi-
ator casapse is characterized by an ex-
tended N-terminal region, which is im-
portant for its functions and comprises
one or more adaptor domains (CARD or
DED). An effector caspase usually con-
tains 20–30 residues in its prodomain
sequence. All caspases are produced as
single-chain inactive zymogens and
must undergo proteolytic activation dur-
ing apoptosis. The effector caspases—
both zymogen and activated enzyme—
exist as constitutive homodimers. The
activation of effector caspases is induced
by initiator caspases through cleavage at
a specific Asp residue, resulting in sep-
arate large and small subunits, which
subsequently associate with each other.
In contrast, initiator caspases are autoac-
tivated without proteolytic cleavage and
may be present predominantly as a
monomer (e.g., caspase-9) or in equilib-
rium between monomers and dimers
(e.g., caspase-8).

There are 3 major signaling path-
ways of apoptosis in which caspases

are activated (Fig. 1): the death recep-
tor pathway (3,4), the mitochondrial
pathway (5,6), and a recently recog-
nized endoplasmic reticulum (ER)
stress pathway (7,8). The death recep-
tor pathway, or so-called extrinsic
death pathway, is initiated by binding
of an extracellular death ligand (such
as CD95L and tumor necrosis factor-�
[TNF-�]) to its cell-surface death re-
ceptor (such as CD95 and TNF-� re-
ceptors), resulting in the formation of a
homotrimeric ligand–receptor complex.
The trimerization of the cytoplasmic
death domain of death receptors results
in the recruitment of adapter proteins
(e.g., Fas-associated death domain,
TNF-� receptor-associated death do-
main) and initiator procaspase to form a
death-inducing signaling complex
(DISC), which forms a platform for ac-
tivation of initiator caspases and turning
on executioner or effector caspases to
complete the apoptotic process (Fig. 2).
The mitochondrial pathway is activated
in response to several stimuli, including
ischemic or oxidative stress, and ultra-
violet radiation or chemotherapeutic
agents. The activation of mitochondria
results in collapse of the mitochondrial
membrane potential and release from

the intermitochondrial membrane space
of some of the well-characterized pro-
teins into the cytoplasm. Among them,
the most intriguing one is cytochrome c,
which binds to Apaf-1 and in the pres-
ence of dATP or ATP (deoxyadenosine
triphosphate or adenosine triphosphate)
induces conformational changes in
Apaf-1 to form an apoptosome. The
apoptososme, similar to DISC in the
extrinsic pathway, serves as a platform
to recruit and activate initiator caspase-9.
Activated caspse-9 then activates ef-
fector caspases to induce apoptosis. In
the ER stress pathway, which may be
induced by misfolded proteins and
changes in ER calcium, apoptosis is
mediated via activation of yet another
initiator caspase (caspase 12). Active
caspase-12 then activates common ef-
fector caspases to induce apoptosis.
ER stress may also induce apoptosis
via the mitochondrial pathway (8).

Once activated, effector caspases
(caspases-3, -6, and -7) proteolytically
cleave several cytoplasmic and nuclear
target substrates (Fig. 3), resulting in
characteristic biochemical and mor-
phologic changes of apoptosis (9). The
effector caspases recognize at least 4
continguous amino acids—namely,
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P4-P3-P2-P1—and cleave after the C-
terminal residue (P1), usually an Asp
(10). Although initially, the P1 residue
was considered to be exclusively Asp,
it has been demonstrated that some
caspases can also cleave after Glu
(11,12); for mammalian caspases, the
preferred P3 position is invariably Glu
(13). Therefore, the preferred specific-
ity of cleavage of caspases has been
suggested as X-Glu-X-Asp. There are
apparently �400 caspase substrates.
Caspase-6 or caspase-7 cannot com-
pensate for the absence of caspase-3.
Caspases-3 and -7 are redundant with
respect to the cleavage of PARP, which
is a substrate for caspase-6. The opti-
mum sequence of substrate specificity
for caspase-6 (VEHD), which cleaves
PARP, is distinct from those for
caspases-3 and -7 (DEVD). Therefore,
the substrates with DEVD sequence
used by Bauer et al. (14), in the study
reported on pages 1066–1074 of this
issue of The Journal of Nuclear Medi-
cine, may delineate mostly caspase-3–
and caspase-7–mediated apoptosis and
may not delineate target substrates for
caspase-6.

The currently available target for
molecular imaging of the apoptotic
death comprises cell-surface external-
ization of phosphatidylserine (PS) (15–

17). The success of this target lies not
only in the relevance of apoptosis in a
large number of pathologies but also
the availability of the recombinant hu-
man protein annexin A5, which binds
to PS with a high specificity in the
complex tissue environment. Apoptosis,
besides PS, offers several other potential
targets, such as the activated caspases.
Of these activated (executioner)
caspases, caspase-3 is the bearer of the

greatest promise. In contrast to exterior-
ized PS on the cell surface, activated
caspase-3 resides predominantly in the
cytosol (and mitochondria) protected
from the extracellular milieu by the se-
lectively permeable plasma membrane.
This imposes a technical constraint on
the design of suitable probes for in vivo
targeting. The specificity of the probe is
a lesser problem since the peptide motif
within caspase-3 substrates is well rec-
ognized and has been applied success-
fully in a variety of assays to measure
caspase-3 activity in vitro. The real chal-
lenge is to facilitate entry of the probe
into the cell and ensure its retention in an
apoptotic cell (with activated caspase-3).

Bauer et al. (14) have deftly engi-
neered the activated caspase-3 binding
peptide motif DEVD to a peptide motif
borrowed from the repertoire of HIV—
the Tat-sequence. The latter motif in-
creases the uptake of radiolabeled
DEVD-peptide into the cell in vitro.
The radiolabel probe is selectively re-
tained in the apoptotic cell (compared
with the viable cells) due to cleavage
of the chimeric peptide by activated
caspase-3. This strategy offers a very
interesting and intriguing concept,
wherein the specific uptake of the ra-
diolabeled probe is turned on by acti-
vated caspase-3. Cleavage of chimeric
peptide by activated caspase-3 was

FIGURE 2. Target substrates of effector caspases. PARP � poly(ADP-ribose) poly-
merase; DNA-PK � DNA-dependent protein kinase; ICAD � inhibitor of caspase-
activated deoxyribonuclease; CAD � caspase-activated deoxyribonuclease; PKC-� �
protein kinase C �; Rb � retinoblastoma protein; PAK-2 � p21-activated kinase-2;
NF � nuclear factor.

FIGURE 3. Death receptor and mitochondrial pathways of apoptosis. DD � death
domain; AIF � apoptosis-inducing factor; Cyto C � cytochrome c; IAP � inhibitor of
apoptosis protein.
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demonstrated in the additional set of
experiments conducted in a cell-free
system. However, authors have not
considered other explanations of reten-
tion than “turn me on;” for instance,
the difference in cellular uptake could
be attributed to a variable membrane
dynamics between apoptotic and living
cells. Experiments that use a Tat-chi-
mera with a noncleavable radiolabeled
peptide motif can obviously provide
some clarification. Another concern
arises from the finding that the probe
uptake gradually erodes over a 20-min
period, as evident in Figure 5 of the
article by Bauer et al. The specific up-
take may not be turned on for long
enough to shine above background
levels for successful molecular imag-
ing of apoptosis in vivo. Further-
more, although the caspase substrates
used by Bauer et al. are expected to
be applicable in most cases of apo-
ptotic cell death, which is predomi-
nantly caspase dependent, it may not
delineate caspase-independent apo-
ptosis. Finally, no caspase activation
is involved in another form of pro-
grammed cell death—autophagy (18)—
that may not be identified by the pro-
posed technique. In vivo experimental
animal studies should determine the ul-
timate utility and potential clinical appli-
cability.

The work of Bauer et al. (14) also
provides an impetus for engineering
the probes that target the intracellular

cascade of apoptosis. In extending the
proposal of Bauer et al., it may become
possible to use substrate binding sites
of active effector caspases for labeling.
Recently, Ni et al. (19), using the crys-
tal structure of the unoccupied sub-
strate binding sites of caspase-3, dem-
onstrated the critical side chain
movement in a hydrophobic pocket in
the active site. The side chain of Tyr-
204 is rotated so that the phenol group
occupies the S2 subsite in the active
site. The rotation of this side chain is
critical for the binding of substrates.
Barring some limitations, the labeling
of caspase substrates with a common
amino acid sequence is an important
contribution in the area of molecular
imaging for apoptosis.
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