Rationally designed fluorogenic protease reporter
visualizes spatiotemporal dynamics of apoptosis
in vivo
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Fluorescence resonance energy transfer-based reporters have
been widely used in imaging cell signaling; however, their in vivo
application has been handicapped because of poor signal. Although fluorogenic reporters overcome this problem, no such
reporter of proteases has been demonstrated for in vivo imaging.
Now we have redesigned an infrared fluorescent protein so that
its chromophore incorporation is regulated by protease activity.
Upon protease activation, the infrared fluorogenic protease reporter becomes fluorescent with no requirement of exogenous cofactor. To demonstrate biological applications, we have designed
an infrared fluorogenic executioner-caspase reporter, which reveals
spatiotemporal coordination between cell apoptosis and embryonic
morphogenesis, as well as dynamics of apoptosis during tumorigenesis in Drosophila. The designed scaffold may be used to engineer reporters of other proteases with specific cleavage sequence.
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roteases play fundamental roles in almost every major biological process. The human genome contains ∼600 proteases
and homologs, similar to the number of protein kinases (∼500)
(1). Changes to proteolytic systems lead to many diseases, including cancer (2). To visualize spatiotemporal dynamics of protease activity in vivo, genetically encoded fluorogenic reporters
would be ideal because of their strong signal, which overcomes
tissue autofluorescence and cell heterogeneity. Such reporters
would thus be valuable in understanding the role of proteases in
animal development and disease. However, no fluorogenic reporter of proteases based on a genetically encoded fluorescent
probe, such as GFP, has been demonstrated for in vivo imaging.
This might suggest an intrinsic limitation of the protein topology
of GFP, which was introduced into molecular imaging two decades ago. Recently engineered infrared fluorescent proteins
(IFPs) from bacterial phytochromes (BphPs) provide a new
scaffold for designing such reporters (3, 4).
BphPs belong to the phytochrome (Phy) red/far-red photoreceptor superfamily (5). IFPs are composed of the N-terminal PAS
and GAF domains of BphPs, and autocatalytically incorporate the
chromophore biliverdin (BV) (Fig. 1A). BV is a catabolic metabolite of heme by heme oxygenase and is nonfluorescent by itself.
BV binds to the GAF domain noncovalently and forms a thioether
bond with a conserved cysteine near N terminus of IFPs (3, 6).

proximity of the cysteine to the binding cavity is essential for the
chromophore incorporation (Movie S1). We then hypothesized
that if the cysteine is physically displaced, the incorporation of BV
may be abolished.
To displace the cysteine from the binding cavity, we redesigned IFP (Fig. 1B). First, we circularly permutated the protein
so that the native N and C termini are linked by a protease
cleavage sequence, with a new opening between the PAS and GAF
domains. Then we added split GFP (7) to the circularly permutated
IFP. This approach ensures that after protease cleavage, the
redesigned IFP will remain intact. Finally, we truncated the native
N and C termini so that the distance between the cysteine and the
carboxyl end of GAF is larger than the length of the protease
cleavage sequence (Movies S2 and S3). This approach results in the
cysteine being displaced from the binding cavity, and no incorporation of the chromophore. In this inactive state, the designed
infrared fluorogenic protease reporter (iProtease) is not infrared
fluorescent. Once the cleavage sequence is recognized and cleaved
by the cognate protease, the cysteine is free to return to the binding
cavity. BV can then form a bond with the cysteine and be incorporated into the protein. Therefore, once activated by its protease, the active iProtease becomes infrared fluorescent. On the
other hand, both inactive and active iProtease are green fluorescent from the recombined split GFP, independent of protease’s
Significance
By harnessing the unique interactions between infrared fluorescent protein and its chromophore, we have designed an
infrared fluorogenic protease reporter (iProtease). A fluorogenic protease reporter is ideal for imaging protease activity in
vivo, whereas a FRET-based reporter is limited by poor signal
and requirement of image processing. The iProtease scaffold
may be used as a core module to design reporters of various
proteases with specific activity. This technology will aide important applications, including monitoring protease activity in
vivo, dissecting signaling pathways that regulate protease activity, and high-throughput screening of protease inhibitors for
drug development and biological study. Our work shows that
phytochrome-derived infrared fluorescent protein is a promising scaffold in engineering fluorogenic reporters for visualizing
spatiotemporal dynamics of cell signaling in vivo.

Results and Discussion
Rational Design of an Infrared Fluorogenic Protease Reporter. To

design an infrared fluorogenic protease reporter that becomes
fluorescent upon protease activation, we have re-engineered IFP
so that its chromophore incorporation is regulated by protease
activity. To engineer such regulation into IFP, we harnessed
potential physical and chemical mechanisms of BV binding to
IFPs: the catalytic cysteine is physically close to the BV-binding
cavity in the GAF domain, which presumably facilitates formation
of the thioether bond (Fig. 1A). Thus, it appears that physical
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Fig. 1. Rational design of genetically encoded iProtease. (A) Modeled
structure of an IFP. The PAS and GAF domains are shown in cyan and yellow,
respectively. The catalytic cysteine and the chromophore (BV) are shown in
red and purple, respectively. (B) Design strategy. IFP is shown by cartoon (BV
in purple, cysteine in orange). The dashed line represents protease cleavage
sequence. The large and small green boxes represent amino (N) and carboxyl
(C) part of split GFP. Steps of the design: step 1, circular permutation; step 2,
adding N- and C-part of the split GFP; step 3, truncation at the old N and C
terminus of IFP; step 4, protease cleavage (activation). (C) Proof of principle.
Fluorescence images of HEK293 expressing: iTEV (Upper); iTEV and TEV
protease (Lower). (Magnification: C, 40×.)

activity, which can be used to monitor the reporter’s expression and
to mark all of the cells in the tissue of interest.
As a proof of concept, we designed an infrared fluorescent
tobacco etch virus (TEV) protease sensor (iTEV) by designing
the TEV cleavage sequence into the iProtease scaffold. Human
embryonic kidney 293 (HEK293) cells expressing iTEV were
green but not infrared fluorescent (Fig. 1C), consistent with an
inactive iTEV. Coexpression of the TEV protease resulted in
both green and infrared fluorescence, consistent with an active
iTEV (Fig. 1C). Both green and infrared fluorescence require no
exogenous cofactor.
Characterization of the Protease Reporter. To confirm the mechanism of iProtease, we first measured the spectra of purified
iTEV. The active iTEV has two main absorbance peaks at 480
and 680 nm (Fig. 2 A and B), which are characteristic of splitGFP’s (7) and IFP’s absorbance (4). In contrast, the inactive
iTEV does not contain the long-wavelength band (Fig. 2B),
indicating that it does not incorporate BV. Excitation of the
short- and long-wavelength bands resulted in green and infrared
fluorescence (Fig. 2C), which correspond to GFP and IFP’s
fluorescence spectra.
We then measured the binding kinetics of BV to the activated
sensor. We added BV to the cleaved iTEV purified from Escherichia
coli in the absence of BV, and monitored the infrared fluorescence
To et al.

as a function of time (Fig. 2D). The infrared fluorescence rises within
10 s, suggesting that BV binding to the activated sensor is rapid.
To determine whether the chromophore incorporation is covalent, we did gel electrophoresis of the active iTEV purified
from Escherichia coli in a mixture of iTEV, TEV, and BV. The
N-half of the sensor is expected to be 46 kDa and the C-half
15 kDa. Two bands revealed by Coomassie blue staining correspond to N- and C-half of the sensor with the expected molecular
weight (Fig. 2E). We then did zinc-induced fluorescence assay
(Fig. 2E, Bottom), which is a standard assay in characterizing
covalent incorporation of bilin into phytochromes, based on the
phenomena that bilin–zinc ion complex is orange fluorescent
upon UV illumination (8, 9). We observed that zinc-induced orange fluorescence was at the same position as the C-half protein
band visualized by Coomassie blue staining, demonstrating that
BV is covalently incorporated because the proteins were denatured in the assay. As a control, we did not observe such orange
fluorescence in the absence of BV (Fig. 2E).
We also characterized dependence of iProtease on the length
of cleavage sequence (Fig. 2A). According to our design, if we
increase the length to be close or longer than the distance between the cysteine and the carboxyl end of the GAF domain, the
inactive sensor will eventually become fluorescent. To test this
theory, we generated six iTEV derivatives, and together with
iTEV the length spans from 9 (7 aa of the TEV consensus sequence plus 2 additional amino acids resulted from a cloning
site) to 15 aa. The inactive derivatives remained nonfluorescent
in the IFP channel up to 11 aa (Fig. 2 F and G). The derivatives
became infrared fluorescent at 12 aa and the fluorescence increased and saturated at 14 aa. When the TEV was coexpressed,
all of the derivatives were infrared fluorescent. These results
support the “pulling” mechanism designed into iProtease.
Finally, we examined the protease specificity of our design.
We created a Hepatitis C virus (HCV) NS3/4A protease sensor
(iHCV). Our data indicated that iTEV was only activated by the
TEV protease, whereas iHCV was only activated by the HCV
protease (Fig. 2H). These results demonstrate that the iProtease
scaffold can be highly specific.
Infrared Fluorescent Executioner-Caspase Reporter Visualizes Cell
Apoptosis. To demonstrate biological applications of the iProtease

technology, we created an infrared fluorescent executionercaspase reporter (iCasper) (Fig. 3 A and B). Human glioblastoma
LN229 cells expressing iCasper were green but not infrared fluorescent. Upon addition of staurosporine, which is a protein kinase
inhibitor and induces apoptosis by activating caspase 3 (10),
iCasper became infrared fluorescent as the cells underwent apoptosis (Fig. 3C and Movie S4). The onset of apoptosis in single
cells varies between 1 and 6 h after addition of staurosporine (Fig.
3D), consistent with previous results (11). Activation of executioner caspases was confirmed by antibody staining (Fig. S1).
To demonstrate in vivo applications, we created a transgenic
UAS-iCasper Drosophila. Because of the genetic tractability and
plethora of available genetic tools, Drosophila melanogaster is an
attractive model organism for investigation into animal development and disease. To demonstrate iCasper, we decided to
visualize neuronal apoptosis in the developing CNS, where a
subset of neurons have been shown to undergo apoptosis (12,
13). To visualize neuronal apoptosis, we expressed iCasper in the
neurons using pan-neuronal elav-GAL4 driver. To distinguish
individual cells, we crossed this line with a transgenic line expressing CD8-GFP in neurons that marks cell membrane. iCasper
visualized apoptotic neurons in the ventral nerve cord (VNC)
as expected (Fig. S2A). Coexpression of the caspase inhibitor p35
abolished the infrared fluorescence in the VNC (Fig. S2B) (14),
which confirms that iCasper reports caspase activity.
To demonstrate the utility of iCasper to capture apoptosis
during animal development, we first conducted time-lapse
PNAS | March 17, 2015 | vol. 112 | no. 11 | 3339
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Fig. 2. Characterization of iProtease. (A) Schematic diagram. The dashed line represents the cleavage sequence
with length x. (B) Absorbance spectra of the active and
inactive iTEV. Note: active iTEV was prepared by purifying
iTEV from the mixture of iTEV, TEV, and BV; inactive iTEV
was prepared by purifying iTEV from the mixture of iTEV
and BV. The inactive iTEV is normalized to 0.5 so that its
spectrum does not overlap with that of active iTEV.
(C) Emission spectra of active and inactive iTEV upon excitation at 440 or 640 nm. (D) Chromophore binding kinetics.
(E) Coomassie blue staining and zinc-induced fluorescence
assay (Bottom) of the active (Top) and activated (Middle)
iTEV. (F) Normalized (by GFP) infrared fluorescence of iTEV
(x = 9 aa) and its derivatives (x = 10–15) plotted against the
length x. The red and blue squares correspond to cells expressing the sensor and the sensor plus protease, respectively. (G) Representative images of HEK293 cells expressing
the iTEV and derivatives. (H) Specificity of iProtease: HEK293
cells expressing the iTEV or the HCV NS3/4A protease reporter (iHCV), with or without coexpression of the TEV or the
NS3/4A protease. (Magnification: G and H, 40×.)
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imaging of a small region of the VNC in intact Drosophila embryos, which revealed that infrared fluorescence appeared as the
neurons began to round up and remained throughout cell blebbing and subsequent formation of apoptotic cell bodies (Fig. 4A
and Movies S5 and S6), suggesting that iCasper reports real-time
activation of the executioner caspases. This result is consistent
with the rapid BV binding kinetics. It has previously been well
characterized that during apoptosis cells first shrink, then round
up because of cytoskeleton rearrangement, followed by membrane blebbing as a result of dynamic actin reorganization and
contraction (15–17). Finally, the cells dismantle into apoptotic
cell bodies that contain intact plasma membrane. iCasper visualizes apoptotic cells undergoing these structural changes along
the entire time course of apoptosis. Therefore, iCasper is a robust caspase reporter that visualizes apoptosis in vivo.
To reveal spatiotemporal pattern of apoptosis in the CNS
during development, we imaged the whole embryo at lower
magnification. It indicated that apoptosis first occurred at posterior part of the VNC when this region moved toward anterior
part (Movie S7). The number of apoptotic cells increased

A

significantly in the posterior part through the time course of
VNC shortening. At later stage, apoptosis also occurred in the
anterior part of VNC. Time-lapse imaging of the whole embryo
also revealed that a significant portion of neurons in the brain
underwent apoptosis at the late stage of embryo development
when the brain moved deeper inside the embryo along the
anterior-posterior direction (Movie S8). Although the purpose and
molecular mechanisms of neuronal apoptosis in the Drosophila
brain at this time are unclear, it is known in general that during
development of neuronal circuits in the brain, neurons that fail
to establish connections with other neurons are eliminated
through apoptosis (18). It is believed that neurotrophins, which
are important for neuronal survival, may be involved in this
process. iCasper will be a useful tool to study function and to
reveal molecular mechanisms of neuronal apoptosis in the developing brain.
iCasper Visualizes Spatiotemporal Dynamics of Apoptosis During
Embryonic Morphogenesis. It has been well established that in-

hibition of apoptosis impairs morphogenesis of Drosophila
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Fig. 3. Genetically encoded iCasper. (A) Construct of
iCasper. (B) Cartoon showing working mechanism of iCasper
before (Left) and after (Right) its cleavage and activation
by executioner caspases. (C) Confocal images of human
glioblastoma cells LN229 stably expressing iCasper before
and after treatment with 1 μM staurosporin. See also Movie
S4. (Magnification: 40×.) (D) Normalized infrared fluorescence of LN229 cells stably expressing iCasper reveals cellto-cell heterogeneity of caspase activation upon addition
of staurosporin. The infrared fluorescence was normalized
by the green fluorescence based on confocal images of
live cells after treatment with 1 μM staurosporin, which
were collected every 10 min.
To et al.
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Fig. 4. iCasper visualizes apoptosis and reveals correlation of apoptosis and
morphogenesis in Drosophila. (A) Time-lapse images of neurons in the VNC
in vivo reveal caspase activation and apoptotic cell shape change during CNS
development. Two neurons undergoing apoptosis are pointed by the arrow
and arrowhead. The number at the lower right corner of each panel refers
to time (h:min). See also Movie S5. (Scale bar, 10 μm.) (B) Drosophila embryo
around head region during morphogenesis. BR, brain. (Scale bar, 30 μm.)
(C) Time-lapse images of Drosophila embryo around head region (outlined
by the dashed box in B). The arrow points to the direction of morphogenetic
movement. The dashed lines outline the distribution of apoptotic cells (in
red). See also Movie S10. (Magnification: C, 40×.)

embryos, suggesting that apoptosis plays an essential role in
embryo development (19, 20). However, it has remained unclear
whether apoptosis is spatiotemporally correlated to morphogenesis. Imaging the embryo near stage 13 revealed that apoptosis mainly occurred around the head region with a characteristic spatial pattern (Fig. S3 and Movie S9). Time-lapse
imaging of the head region from stages 12–16 revealed that apoptosis occurred around the same time as the segments dramatically changed shape before head involution. Moreover, the
apoptotic cells were distributed near the edge of the moving
segments (Fig. 4 B and C and Movie S10), suggesting that apoptosis is spatiotemporally correlated to morphogenesis. Furthermore, the apoptotic cell bodies were quickly taken up by
large and motile cells, which appeared to move along the space
between tissues and are presumably macrophages (Movie S10).
Interestingly, the infrared fluorescence of iCasper remains inside
these cells, demonstrating that iCasper is a robust reporter with
the capacity to visualize apoptotic cell bodies even when they
are phagocytosed.
iCasper Reveals Dynamics of Apoptosis During Tumorigenesis. To
demonstrate application of iCasper in disease, we examined
spatiotemporal dynamics of apoptosis during tumorigenesis because evasion of apoptosis is one of the hallmarks of cancer (21).
We made use of a previously characterized brain tumor model
generated by overexpressing the transcription factor Deadpan
(Dpn) in the Drosophila larval brain (Fig. 5A and Fig. S4) (22–
24). Throughout neural development, the stem cells of Drosophia, known as neuroblasts (NBs), proliferate to generate the
nervous system of both larval and adult stages via asymmetric
division, whereby NBs self-renew and generate daughter cells
(Fig. 5B) (25, 26). Defects in the mechanisms controlling this
process can lead to premature differentiation and an incomplete
nervous system, or alternatively an excess of NBs that can lead to
tumor formation (Fig. 5C) (25). Dpn is normally expressed in the
NBs and intermediate neural progenitors (INPs) of the developing Drosophila brain and has roles in maintaining NB selfrenewal and specification of the type II NB identity in larval
brains (22–24). We ectopically overexpressed Dpn (dpnOE) using
the insc-GAL4 (GAL41407 inserted in inscuteable promoter)
driving expression in NBs, INPs, and GMCs (ganglion mother
cells), which has been shown to lead to excessive NB proliferation
at the expense of more differentiated cells, representing a tumorTo et al.

like state (22–24). The dpnOE brain exhibited notable growth from
60 to 96 h after larval hatching (ALH) (Fig. S4). At 72 h ALH, the
dpnOE brain (insc-GAL4; UAS-dpn) is significantly larger than
wild-type (Fig. 5 D and E, and Fig. S4 C and D), consistent with
previous Dpn overexpression studies (22–24, 27).
To examine the spatiotemporal dynamics of apoptosis during
tumorigenesis of the larval brain, we imaged dpnOE and wild-type
larval brains at different time points throughout larval development. We examined apoptosis rate of both the wild-type
and the tumor brain at different developmental stages from 24 to
96 h ALH (Fig. 6A). At 24 h ALH, the apoptosis rate of the
tumor brain was similar to that of wild-type. Surprisingly, at 36 h
ALH, apoptosis rate of the dpnOE brain was three times higher
than that of the wild type (Figs. 5F and 6A). At 48 h ALH, the
apoptosis rate of the tumor brain was significantly lower than
that of wild-type (Figs. 5G and 6A). The apoptosis rate of the
tumor brain remained low at later time points, during which the
tumor brain displayed excessive growth (Fig. 6B and Figs. S4
and S5). Examination of more time points after larval hatching
revealed intermediate stages of the apoptotic trend (Fig. S5). For
example, at 30 h ALH the apoptosis rate of the tumor brains was
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Fig. 5. iCasper reveals dynamics of apoptosis during tumorigenesis. (A) Schematic diagram of the Drosophila larval brain composed of two brain
lobes (BL) and a VNC. DM: dorsal medial region. (B) NBs generate the neurons and glia of the adult nervous system. Type II NBs reside in the DM of
each brain lobe, and undergo asymmetric divisions to self-renew and generate immature intermediate neural progenitors (imINP). The imINP will
mature and asymmetrically divide to regenerate and produce a ganglion
mother cell (GMC) that terminally divides into two neurons or glia. (C) Defects
in the genes that regulate the balance between self-renew and differentiation can lead to tumor formation. Overexpressing the self-renewal factor
Dpn under the control of the inscuteable GAL-4 in NB, INPs, and GMCs leads
to tumor formation. (D) Confocal image of a wild-type Drosophila larva at
72 h ALH, which reveals two brain lobes and the VNC. (Scale bar, 50 μm.)
(E) Two-photon image of a dpnOE tumor brain showing one brain lobe.
(Scale bar, 50 μm.) (F) Confocal image of larval brain lobes from the tumor
(Left) and the wild-type (Right) Drosophila at 36 h ALH. The apoptotic cells
(in red) are marked by the infrared fluorescence of iCasper. (Scale bar,
30 μm.) (G) Confocal image of larval brain lobes from the tumor (Left) and
the wild-type (Right) Drosophila at 48 h ALH. The apoptotic cells (in red) are
marked by the infrared fluorescence of iCasper. (Scale bar, 30 μm.) (H) Distribution of apoptotic cells (outlined by dashed circles) in the two brain
lobes of the wild type Drosophila at 72 h ALH. (Scale bar, 50 μm.) (I) Distribution of apoptotic cells in the two tumor brain lobes at 72 h ALH. (Scale
bar, 50 μm.)
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between that at 24- and 36-h ALH tumor brains (Fig. S5). This
finding highlights the ability of iCasper to portray the temporal
dynamics of apoptosis.
Although determining the molecular mechanisms that underlie the dynamics of apoptosis would require further investigation beyond the scope of this work, it is intriguing to consider
a few possible scenarios. The higher apoptosis rate in the tumor
brain at 36 h ALH could result from cell overproliferationinduced apoptosis via the intrinsic tumor-suppressive network
that couples cell proliferation to apoptosis and maintains tissue
homeostasis (28). Interestingly, from 24 to 36 h ALH, the cell
growth rate of the tumor brain was much higher than that of
wild-type (Fig. 6B). On the other hand, we cannot exclude the
possibility that the higher apoptosis rate could be a result of
increased cell competition in the tumor brain (29). The lower
apoptosis rate in the tumor brain at 48–96 h ALH might suggest
that the tumor cells have evaded apoptosis. Alternatively, the
lower apoptosis rate could suggest that “vulnerable” cells may
have died off because of cell competition (29).
We also examined spatial distribution of apoptotic cells in the
wild-type and the tumor brains. Interestingly, whereas apoptosis
in the wild-type (72 h ALH) was mainly localized to the dorsalmedial region of the brain lobes (Fig. 5H and Figs. S6A and S7),
the apoptotic cells in the tumor brains (72 h ALH) appeared
more randomly distributed (Fig. 5I and Fig. S6B), suggesting that
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Fig. 6. Quantitative analysis of apoptosis during tumorigenesis. (A) Apoptosis rate in the larval brain of Drosophila at different stages after hatching. ns, P = not significant; *P < 0.05; **P < 0.01. (B) Growth of the larval
brain based on the number of cells marked by GFP fluorescence at different
stages after hatching. *P < 0.05, **P < 0.01. (C) A schematic diagram
showing the dynamics of apoptosis during tumorigenesis based on the imaging data. Stage 1: At the initial stage of tumorigenesis, apoptosis rate
increases significantly. One potential mechanism: cell overproliferation triggers apoptosis through an intrinsic tumor-suppressive network. Stage 2: Subsequently, apoptosis is suppressed, possibly representing tumor cell evasion of
apoptosis. Stage 3: With low levels of apoptosis, the tumor grows rapidly. See
alternative explanations of the dynamics of apoptosis in the text. The apoptosis rate is defined as number of infrared fluorescent cells divided by the
number of green fluorescent cells in the entire brain lobe.
3342 | www.pnas.org/cgi/doi/10.1073/pnas.1502857112

the excessive growth of tumor cells may compromise structural
organization of the brain (Fig. S4). Because the type II NBs
reside in the dorsal-medial region of the brain (Fig. 5A), the
apoptotic cells in the wild-type brain may represent members of
the type II NB lineage.
We have demonstrated that iCasper reveals apoptotic dynamics during tumorigenesis. iCasper represents a useful tool for
future studies examining molecular mechanisms of cancer, as
well as lineage tracing of specific types of cells during normal and
tumor development when combined with the large number of
recently developed GAL4 lines (30–32).
Advantage of iCasper Compared with Other Caspase Reporters.

Previous genetically encoded caspase reporters are not fluorogenic,
which limits their applications. For example, the FRET-based
reporters suffer from weak signals (within several tens percentage change of fluorescence) and require tedious image
processing to obtain the ratiometric signal (33). A fluorophore
translocation-based reporter was also developed, in which the
fluorophore is anchored to plasma membrane and upon caspase
cleavage it moves into nucleus, which limits its detection to early
phase of apoptosis when there is little cell shape change (34). It
is very challenging to use these nonfluorogenic reporters in detecting spatiotemporal dynamics of apoptosis in many biological
processes in vivo (e.g., embryo development) because of cell
heterogeneity, rapid cell shape change, and tissue movement (e.g.,
during morphogenesis), as well as cell and tissue autofluorescence.
It is thus not surprising that the current commonly used method
in detecting apoptosis in Drosophila and in cultured cells is based
on Acridine orange staining, TUNEL, and antibody staining
against cleaved caspase (35).
On the other hand, iCasper is fluorogenic, permitting straightforward detection of caspase activity, which requires no image
processing. iCasper directly reports caspase activity and visualizes
all phases of apoptosis from the very beginning, when the apoptotic cells start to shrink and round up to the very late stage
when the apoptotic cells are disintegrated into small apoptotic
cell bodies and even after they are phagocytosed by other cells.
Thus, iCasper is a robust fluorogenic caspase reporter that visualizes spatiotemporal dynamics of apoptosis in vivo.
Significance of iCasper. We have demonstrated that iCasper can
be used to visualize spatiotemporal dynamics of executionercaspase activity in vivo. iCasper is a useful tool for examining the
role of apoptosis in animal development and disease. It may
provide insight into apoptotic signaling pathways that have proven
elusive: for example, the nature and identity of developmental
cues that regulate apoptosis in coordination with morphogenesis
(19, 36, 37). iCasper can also be used to examine spatiotemporal
dynamics of apoptosis in a number of diseases including cancer.
Moreover, iCasper may be used to study apoptosis in cell-type–
specific lineage tracing during normal and disease development
when combined with the large number of recently developed
GAL4 lines (30–32). iCasper will also be useful to dissect signaling
networks that lead to apoptosis by high-throughput screening using cultured cells or small animals.
Significance of the iProtease Technology. The iProtease scaffold
may be used as a core module to design reporters of all of the
proteases with specific activity: for example, by direct incorporation
of specific cleavage sequence into iProtease. The iProtease technology will find important applications including monitoring
protease activity in a biological process in vivo, dissecting
signaling pathways that regulate protease activity, and highthroughput screening of protease inhibitors for drug development and biological study.
Successful development of the iProtease technology based
on the unique protein–chromophore interactions suggests that
To et al.

Materials and Methods
DNA Constructs. All of the constructs in this study are listed in Table S1.
Protein Purification. iTEV was expressed with C-terminal polyhistidine-tag
on a pBAD expression vector (Invitrogen). Proteins were purified with the
Ni-NTA purification system (Qiagen). Protein concentration was measured
by the BCA method (Pierce). For BV production in E. coli, a human heme
oxygenase-1 (HO1) gene codon optimized for E. coli was coexpressed on
the same vector. The TEV protease was coexpressed on the same vector to
generate the cleaved form of iTEV in E. coli. All constructs used for protein expression in E. coli are listed in Table S1. The protein solutions were
assayed by LDS-PAGE using NuPAGE Novex 4–12% (wt/wt) Bis-Tris protein
gels (Life Technologies). For zinc-induced fluorescence assay, the LDSPAGE gel was stained with 20 mM zinc acetate at room temperature for
30 min in the dark. The zinc-induced fluorescence of the BV-bound iTEV
was observed under UV light in an AlphaImager 3300 Imaging System
(Alpha Innotech). All spectroscopic measurements of protein solutions
were performed in PBS buffer at pH 7.4. The absorbance and fluorescence
emission spectra were obtained using the Tecan Infinite M1000 microplate reader.

Imaging Setting. Imaging was conducted using a spinning-disk confocal
microscopy.
Imaging. For time-lapse live imaging of Drosophila embryos, the embryos
were dechorionated using 1:1 diluted bleach. After washing, the embryos in
running water followed by several washes in 0.1% PTx (1× PBS and 0.1%
Tx-100), multiple embryos of the selected genotype were glued to a 35-mm
glass-bottom dish. The glue was made by adding heptane to a small piece of
Scotch tape and shaking at least overnight at room temperature. The timelapse imaging of embryos was carried out in an incubation chamber maintained at 25 °C (see Confocal Microscopy in SI Materials and Methods for
details). For imaging at 20× magnification, multiple embryos on the same
dish were imaged over 24 h with image acquisition every 10 min. Typically,
for each embryo a z-stack of 80–120 μm at an interval of 10 μm was acquired
for the GFP and IFP channels. With such imaging protocol, the majority of
embryos showed normal developmental progress and eventually hatched
into larvae. For snapshots at 40× magnification, a z-stack at a finer interval
of 2 μm was acquired over a depth of ∼150 μm. On the other hand, only one
to three z-planes were acquired for time-lapse imaging at 40× magnification, because prolonged light exposure at this magnification appeared to
be toxic to the embryos. The light intensity from laser line was measured at
6.3 mW for 488 nm (GFP) and 13.4 mW for the 640 nm (IFP).
Image Processing. Images were processed using the ImageJ software (NIH) or
the NIS-Elements Ar Microscope Imaging Software (Nikon).

Mammalian Cell Cultures. The HEK293T/17 (ATCC CRL-11268) and LN-229
(ATCC CRL-2611) were obtained from ATCC.
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BIOCHEMISTRY

BphP-derived IFPs may provide a new and promising scaffold in
designing fluorogenic reporters of, for example, kinase activity
and membrane potential. Rational design of these reporters is
possible by exploring the unique interactions between individual
pyrrole rings of the chromophore and the surrounding residues.
Furthermore, thousands of BphPs available in the proteinsequence database increase our choice of promising scaffolds.
Such genetically encoded fluorogenic reporters will be ideal in
visualizing spatiotemporal dynamics of cell signaling in vivo.
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SI Materials and Methods
DNA Constructs. The details of all constructs in this study are listed
in Table S1. All plasmid constructs were created by standard
molecular biology techniques and confirmed by sequencing the
cloned fragments. To create the base construct of iProtease, we
first constructed a circularly permuted variant of mIFP by creating
new termini at original amino acid positions 125 and 124. These
two positions split mIFP into a PAS domain (amino acids 1–124)
and a GAF domain (amino acids 125–320). The original N and C
termini were linked using a peptide containing the protease
cleavage site. Therefore, the cp-mIFP adopted the form of GAFcleavage sequence-PAS. The cp-mIFP was then appended with
the Split-GFP 1–10 (at the new N terminus) and the Split-GFP 11
(at the new C terminus) fragments. To create iTEV, we truncated
the PAS (18–124) and GAF (125–313) domains, and used the
TEV consensus cleavage sequence ENLYFQS. To create iCasper,
the cleavage sequence in iTEV was replaced by the caspase-3/7
cleavage sequence DEVDG (an additional glycine was added
before the cleavage sequence as a flexible linker). All iProtease
genes (flanked by HindIII/XbaI) were cloned into the pcDNA3.1
vector (Life Technologies) for mammalian expression.
Protein Purification. iTEV was expressed with C-terminal polyhistidine-tag on a pBAD expression vector (Invitrogen). Proteins
were purified with the Ni-NTA purification system (Qiagen).
Protein concentration was measured by the BCA method
(Pierce). For BV production in Escherichia coli, a human heme
oxygenase-1 (HO1) gene codon optimized for E. coli was coexpressed on the same vector. The TEV protease was coexpressed
on the same vector to generate the cleaved form of iTEV in
E. coli. All constructs used for protein expression in E. coli are
listed in Table S1. The protein solutions were assayed by LDSPAGE using NuPAGE Novex 4–12% Bis-Tris protein gels (Life
Technologies). For zinc induced fluorescence assay, the LDSPAGE gel was stained with 20 mM zinc acetate at room temperature for 30 min in the dark. The zinc-induced fluorescence
of the BV-bound iTEV was observed under UV light in an
AlphaImager 3300 Imaging System (Alpha Innotech). All spectroscopic measurements of protein solutions were performed in
PBS buffer at pH 7.4. The absorbance and fluorescence emission
spectra were obtained using the Tecan Infinite M1000 microplate reader.
Mammalian Cell Cultures. The HEK293T/17 (ATCC CRL-11268)
and LN-229 (ATCC CRL-2611) were obtained from ATCC. Cells
were passaged in DMEM supplemented with 10% FBS, nonessential amino acids, penicillin (100 units/mL), and streptomycin
(100 μg/mL). All culture supplies were obtained from the University of California, San Francisco (UCSF) Cell Culture Facility.
HEK293T/17 and LN-229 cells were transiently transfected
with iProtease and the protease of interest with the calcium
phosphate method. Cells were grown in 35-mm glass-bottom
microwell (14 mm) dishes (MatTek Corporation). Transfection
was performed when cells were cultured to ∼70% confluence. For
each transfection, 4.3 μg of plasmid DNA was mixed with 71 μL
of 1× Hanks’ Balanced Salts buffer and 4.3 μL of 2.5 M CaCl2.
For cotransfection of iTEV and TEV protease, an equal molar
of iTEV plasmid and TEV plasmid were used. Cells were
imaged 24 h after transient transfection.
Stable LN-229 cell line expressing iCasper was prepared by the
UCSF Viracore. The iCasper gene was coexpressed with the HO1
gene on the same construct using a self-cleaving T2A peptide.
To et al. www.pnas.org/cgi/content/short/1502857112

iCasper-T2A-HO1 was cloned into a pENTR/D-TOPO vector
(Life Technologies), and transferred into pLenti-CMV-DEST
(Invitrogen) by Gateway recombinase (Invitrogen). Viruses were
produced in HEK293T cells by the UCSF ViraCore. Titers as
assessed on HEK293 cells by GFP fluorescence were 1,300,000
infectious units (IU) per milliliter for each virus. For transfection, LN-229 Cells were plated on 100-mm culture dishes and
cultured to ∼70% confluence. Virus aliquot (3 mL) and fresh
DMEM were mixed and added dropwise to the cells. Long-term
stable transgene expression was maintained by selecting for resistance to puromycin (Gibco) at a final concentration of 10 μg/mL.
Cells were transferred to 35-mm glass-bottom microwell dishes
before imaging.
Confocal Microscopy. For characterization of iProtease in cultured
mammalian cells. Transfected HEK293T/17 or LN-229 cells were
imaged in 35-mm glass-bottom microwell dishes on a Nikon
Eclipse Ti inverted microscope equipped with a Yokogawa
CSU-W1 confocal scanner unit (Andor), a digital CMOS camera
ORCA-Flash4.0 (Hamamatsu), and an ASI MS-2000 XYZ automated stage (Applied Scientific Instrumentation). Laser inputs
were provided by an Integrated Laser Engine (Spectral Applied
Research) equipped with laser lines of 405 nm, 488 nm, 561 nm,
and 640 nm (Coherent). The confocal scanning unit was equipped
with the following emission filters: 460/50 nm, 525/50 nm, 610/60 nm,
661/20 nm, 732/60 nm, and 731/137 nm. The infrared fluorescence
signal in iProtease was excited with the 640-nm laser and collected
through the 731/137-nm emitter. Bright field and DIC imaging
was provided by a Lambda TLED LED transmitted light source
(Sutter Instructment). The system was also equipped with a
SOLA light engine (Lumencor) for wildfield fluorescence imaging. Images in this study were obtained with the following
objectives: Nikon Plan Apo λ 20× air (N.A. 0.75), Nikon Apo λS
LWD 40× water (N.A. 1.15), and Nikon Apo TIRF 60× oil (N.A.
1.49). Image acquisition was controlled by the NIS-Elements Ar
Microscope Imaging Software (Nikon).
Characterization in Cultured Mammalian Cells. HEK293T/17 cells
transiently transfected with iProtease or iProtease + protease
were imaged in 35-mm glass-bottom dishes ∼24 h after transfection. For time-lapse imaging of iCapser during apoptosis, stably
transfected LN-229 cells with iCasper were grown in 35-mm glassbottom dishes to ∼70% confluence. Time-lapse microscopy was
performed using the confocal microscope described above with
the aid of an environmental control unit incubation chamber
(InVivo Scientific), which maintained at 37 °C and 5% CO2. To
induce apoptosis, 1 μM of staurosporine was added to cells in
PBS. The imaging dish was then quickly transferred to the incubation chamber for imaging. The time-lapse imaging continued for 6–8 h with image acquisition every 10 min.
To perform antibody staining against active (cleaved) caspase-3,
LN-229 cells were fixed in 4% paraformaldehyde at room
temperature for 1 h. Cells were washed (three times with PBS,
10 min each) and preincubated in blocking buffer (0.1% Triton,
1% BSA in PBS) at room temperature for 2 h. Primary antibody
against cleaved caspase-3 (Cell Signaling #9661) was diluted
1:200 the blocking buffer and incubated with the cells at 4 °C
overnight. Cells were washed and incubated with 1:200 goat antirabbit secondary antibody conjugated with Alexa Fluor 568 (Life
Technologies) in blocking buffer for 3 h at room temperature.
Finally, cells were washed and stained with DAPI in PBS for
30 min at room temperature, washed, and imaged on a confocal
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microscope as described in Confocal Microscopy, above. The
primary and secondary antibodies were gifts from Takashi
Mikawa and Lisandro Maya-Ramos (University of California,
San Francisco, CA).
Fly Strains. W1118 were used as wild-type strains. Recombinant
chromosomes and combinations of GAL4 drivers, UAS lines,
different mutations, and markers were by standard genetic
techniques. Unless stated otherwise, all genetic crosses were set
up at 25 °C. The GAL4-UAS system (1) was used for targeted
mis-expression of gene products. The GAL4 strains used are
act5c-GAL4 for ubiquitous expression (second chromosome insertion, Bloomington Drosophila stock center, Indiana University),
elav-GAL4 for pan-neuronal expression (Bloomington Drosophila
stock center, Indian University) and insc-Gal4 (Gal4MZ1407inserted in inscuteable promoter) for expression in neuroblasts,
intermediate progenitors and ganglion mother cells (Bloomington Drosophila stock 8751) (2). The UAS strains used are
UAS-mCD8GFP (3), UAS-p35 (second chromosome insertion,
Bloomington Drosophila stock center, Indiana University) and
UAS-dpn (4). His2AvDGFP was used as a nuclear marker (5).
For in vivo characterization of apoptosis sensor iCasper
using Drosophila, UAS-iCasper transgenic fly was created by
cloning iCasper T2A HO1 into pACU2 vector (a gift from
Chun Han, Cornell University, Ithaca, NY), which was based
on the commonly used pUAST. Details of the Drosophila
construct can be found in Table S1. Transgenic lines were
created by ΦC31-mediated transformation at the attPVK00019
docker site.
Characterization in Drosophila Embryo. For time-lapse live imaging

of Drosophila embryos, the embryos were dechorionated using
1:1 diluted bleach. After washing the embryos in running water
followed by several washes in 0.1% PTx (1× PBS and 0.1%
Tx-100), multiple embryos of the selected genotype were glued to
a 35-mm glass-bottom dish. The glue was made by adding heptane to a small piece of Scotch tape and shaking at least overnight at room temperature. The time-lapse imaging of embryos
was carried out in an incubation chamber maintained at 25 °C
(see the Confocal Microscopy, above, for details). For imaging at
20× magnification, multiple embryos on the same dish were
imaged over 24 h with image acquisition every 10 min. Typically,
for each embryo a z-stack of 80–120 μm at an interval of 10 μm
was acquired for the GFP and IFP channels. With such imaging
protocol, the majority of embryos showed normal developmental
progress and eventually hatched into larvae. For snapshots at
40× magnification, a z-stack at a finer interval of 2 μm was acquired over a depth of ∼150 μm. On the other hand, only one to
three z-planes were acquired for time-lapse imaging at 40×
magnification, because prolonged light exposure at this magnification appeared to be toxic to the embryos. The light intensity
from laser line was measured at 6.3 mW for 488 nm (GFP) and
13.4 mW for the 640 nm (IFP).
Characterization in Drosophila Larval Brains. w-,UAS-mcd8GFP;
Insc-Gal4/CyOTGal80; UAS-Dpn/TM6B females or w-,UASmcd8GFP; Insc-Gal4/CyO,weep were mated with w-;UAS-icas3
males. Flies laid eggs for 12 h on grape plates, after which the
collection plates remained at 25 °C for 24 h. After 24 h, collection plates were cleared of larvae and 1- to 2-h collections of
hatched larvae were obtained. Collection vials were then shifted
to 29 °C which enhances the dpnOE tumor phenotype. Brains
were dissected at 0, 12, 24, 30, 36, 42, 48, 60, 72, and 96 h ALH in
cold PBS on ice, mounted in PBS on a 35-mm glass-bottom
microwell dishes (MatTek) and immediately imaged. For each
dissected brain, a z-stack of 80–200 μm (depending on the size of
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the brain lobe) at an interval of 2 μm was acquired for the GFP
and IFP channels.
All images shown in the main text were obtained using the
confocal microscope described above with the exception of the
GFP images of brains at 72 h ALH (Fig. 5 D and E). Additional
GFP images of brains at 60, 72, and 96 h ALH were taken using
a custom-built Zeiss LSM510 Upright 2-photon META microscope to resolve the distribution of GFP+ cells in the interior of
the brain (Fig. S3).
Quantification of Drice and Dcp-1 mRNA Expression Levels. Quantification of drice and dcp-1 mRNA expression levels were performed on brains from wild-type and tumor flies. One-hundred
36-h and 50 72-h ALH larval brains were dissected into RNAlater
(Ambion) and stored at 4 °C until sufficient sample was collected.
Total RNA was extracted using the RNeasy mini Kit (Qiagen)
with an additional RNase-free DNase (Qiagen) step to eliminate DNA contamination. Reverse transcription was performed
on total RNA using SuperScript III Reverse Transcriptase
(Invitrogen). Primer sequences were used from Florentin and
Arama (6). Products were amplified by the PerfeCTa SYBR
Green SuperMix, ROX SYBR quantitative PCR kit (Quanta
Biosciences) using the 7900HT quantitative PCR machine (ABI).
Relative expression levels were calculated from the average of
triplicates from each primer set compared with the expression
level of Ribosomal Protein L32 (RpL32) using the Comparative
Ct Method (7).
Image Processing. For cultured mammalian cells, the fluorescence
intensity of images was analyzed with the ImageJ software (NIH).
To quantify the iProtease responses, background fluorescence
was subtracted for both the GFP and IFP images and the
IFP/GFP ratio was calculated from at least 10 different cells for
each sample. For Drosophila embryos, projection and overlaying
of images were done with ImageJ and 3D views were generated
using the NIS-Elements Ar Microscope Imaging Software (Nikon).
For Drosophila larval brains, 10–20 undamaged brain lobes
with strong GFP fluorescence were analyzed for each sample.
For larval brains before 96 h ALH, tight larval collections of
1–2 h ALH were performed. The 96-h ALH time point was
a wider collection of 4 h on normal vial media as 96 h on grape
plates made the animals less healthy. The Cell Counter plugin in
ImageJ was used to manually count the number of IFP cells in
each brain lobe presented in Fig. 6. Accuracy and consistency of
the manual counting were confirmed using custom software
written in MATLAB (Mathworks), which applied thresholding to
the IFP image and determined the number of connected components (filtered by size and shape) in three dimensions. Typically,
the results from manual counting and algorithmic counting differ
by less than 20%. Similarly, the number of GFP cells in each
brain lobe was manually counted using ImageJ for brains at
earlier time points (0–42 h ALH). For estimating the total
number of GFP cells in each brain lobe at later time points
(48 h ALH and beyond), the GFP image was made binary and
the area of bright pixels was measured with ImageJ. The area
of an individual cell was averaged from the measured areas
of >10 cells near the top surface of the brain where cell
boundaries were more observable. The number of cells in
a brain lobe was estimated by dividing the total area of bright
pixels by the averaged area of an individual cell. Because an
average cell was observed to be around 4- to 5-μm thick, the
total area of bright pixels was added up from z-planes of 4-μm
intervals. The apoptosis rate was defined as (no. of IFP cells)/
(no. of GFP cells) in the entire brain lobe.
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Fig. S1. Antibody staining against cleaved caspase-3. Representative confocal images of human glioblastoma cells LN-229 expressing iCasper before (Left) and
4 h after (Center) treatment with 1 μM staurosporin (STS), and untransfected cells treated with 1 μM STS (Right). First and second row: IFP and GFP channel of
iCasper fluorescence signals. Third row: antibody staining against cleaved caspase-3, using an Alexa Fluor 568-conjugated secondary antibody. Fourth row:
DAPI labeling of nuclear DNA. Apoptotic DNA fragmentation was observed in cells treated with STS. The images were taken under a 20× objective.
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Fig. S2. iCasper visualizes neuronal apoptosis. (A) Confocal image of a Drosophila embryo expressing iCasper and CD8-GFP in the neurons reveals apoptotic
neurons (in red) in the VNC. The green and red color refers to green and infrared fluorescence, respectively. BR, brain; OA, optic anlage; VNC, ventral nerve
cord. (Scale bar, 50 μm.) (B) Inhibition of caspase and apoptosis in the VNC by coexpressing p35 prevents cleavage and activation of iCasper based on the
abolished infrared fluorescence. (Upper) The embryo was imaged in the GFP channel. (Lower) The embryo was imaged in the IFP channel. The images were
taken under a 20× objective.

Fig. S3. iCasper visualizes apoptosis in early embryo of Drosophila. (A) Confocal image of a Drosophila embryo ubiquitously expressing iCasper and histoneGFP. The box area outlined by dashed lines corresponds to image B. See also Movie S10 for a stack of z-section confocal images. (Scale bar, 100 μm.) (B) Confocal
image around the head region in A. The dashed lines outline the distribution of apoptotic cells (in red) around the boundaries between embryonic tissues.
(Scale bar, 50 μm.)
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Fig. S4. Comparison of the tumor and wild-type larval brains. Two-photon images of wild-type and dpnOE brains at 60 h (A and B), 72 h (C and D), and 96 h
(E and F) ALH. (Scale bars, 50 μm.)
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Fig. S5. Temporal dynamics of apoptosis during tumorigenesis. (A) Apoptosis rate in the larval brain of Drosophila at different stages after hatching. ns.
P = not significant; **P < 0.01. (B) Growth of the larval brain based on the number of cells marked by GFP fluorescence at different stages after hatching. ns,
P = not significant; *P < 0.05; **P < 0.01.
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Fig. S6. Deep-tissue brain imaging of apoptosis using iCasper. Three-dimensional reconstruction of confocal images of larval brain lobes from the wild-type
(A) and the tumor (B) Drosophila at 72 h ALH. The apoptotic cells (in red) are marked by the infrared fluorescence of iCasper. Confocal images were acquired at
an interval of 2 μm in the z-direction (depth).

Fig. S7. Comparison of caspase activity (apoptosis rate) and caspase expression levels. (A) iCasper shows an increased apoptosis rate at 72 h ALH (Lower). The
endogenous levels of Drosophila caspases drice and dcp-1 show higher expression levels at 72 h compared with 36 h (Upper). This finding indicates that in wildtype animals there is an increased level of caspase expression, coinciding with high proteolytic activity as evidenced by the iCasper. (B) In the tumor, the peak
apoptotic rate occurs at 36 h ALH compared with 72 h (Lower). Unlike the wild-type, in the tumor, endogenous caspase transcript levels do not dramatically
change between 36 and 72 h ALH (Upper), indicating that the proteolytic activity and expression level do not follow the same trend in tumor brains. The x axis
indicates hours after larval hatching.
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Table S1. List of all constructs
Vector ID

Name of vector

Description of cloned sequence

pTLT238
pTLT425
pTLT441
pTLT442
pTLT443
pTLT444
pTLT445
pTLT446
pTLT458
pTLT466
pTLT427
pTLT472
pTLT475
pTLT503
pTLT436

pcDNA3.1 TEV
pcDNA3.1 iTEV (9aa)
pcDNA3.1 iTEV 3.1 (10aa)
pcDNA3.1 iTEV 3.2 (11aa)
pcDNA3.1 iTEV 3.3 (12aa)
pcDNA3.1 iTEV 3.4 (13aa)
pcDNA3.1 iTEV 3.5 (14aa)
pcDNA3.1 iTEV 3.6 (15aa)
pcDNA3.1 NS3 T2A mCherry
pcDNA3.1 iHCV
pcDNA3.1 iCasper
pENTR iCasper
pLenti puro Dest iCasper
pBAD iTEV
pACU2-iCasper-T2A-HO1

HindIII-Full length TEV protease-XbaI
HindIII-SpGFP1-10-BamHI-CmIFP(125-313)-ENLYFQS-EcoRI-NmIFP(18-124)-SpGFP11-XbaI
HindIII-SpGFP1-10-BamHI-CmIFP(125-314)-ENLYFQS-EcoRI-NmIFP(18-124)-SpGFP11-XbaI
HindIII-SpGFP1-10-BamHI-CmIFP(125-315)-ENLYFQS-EcoRI-NmIFP(18-124)-SpGFP11-XbaI
HindIII-SpGFP1-10-BamHI-CmIFP(125-316)-ENLYFQS-EcoRI-NmIFP(18-124)-SpGFP11-XbaI
HindIII-SpGFP1-10-BamHI-CmIFP(125-317)-ENLYFQS-EcoRI-NmIFP(18-124)-SpGFP11-XbaI
HindIII-SpGFP1-10-BamHI-CmIFP(125-318)-ENLYFQS-EcoRI-NmIFP(18-124)-SpGFP11-XbaI
HindIII-SpGFP1-10-BamHI-CmIFP(125-319)-ENLYFQS-EcoRI-NmIFP(18-124)-SpGFP11-XbaI
HindIII-HCV NS3 protease-T2A-EcoRI-mCherry-XbaI
HindIII-SpGFP1-10-BamHI-CmIFP(125-313)-EDVVCCSMS- EcoRI-NmIFP(18-124)-SpGFP11-XbaI
HindIII-SpGFP1-10-BamHI-CmIFP(125-313)-GDEVDG-EcoRI-NmIFP(18-124)-SpGFP11-XbaI
iCasper inserted by TOPO cloning
iCasper inserted by Gateway LR Clonase reaction
BstYI-iTEV-AscI
AscI-iCasper-KpnI-T2A-HO1-PacI

Movie S1. Animated structure of full-length IFP created by PyMol. The PAS and GAF domains are shown in cyan and yellow, respectively. The catalytic cysteine
and the chromophore (BV) are shown in red and purple, respectively. The protein has a diameter of about 5 nm.
Movie S1
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Movie S2. Animated structure of truncated IFP at N-terminal part. The protein has a diameter of about 5 nm.
Movie S2

Movie S3. Animated structure of truncated IFP at both N- and C-terminal parts. The protein has a diameter of about 5 nm.
Movie S3
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Movie S4. A human glioblastoma cell undergoing apoptosis. A human glioblastoma LN229 cell stably expressing iCasper was imaged in the GFP and IFP
channel upon addition of 1 μM staurosporin. Images were taken every 10 min. The green and infrared fluorescence images were merged. The movie was taken
under a 40× objective lens. The cell has a diameter of about 20 nm.
Movie S4

Movie S5. Neurons in a small region of VNC undergoing apoptosis. A small region of the VNC in an intact Drosophila embryo was imaged every 2 min. The
neurons expressed both CD8-GFP and iCasper. The cell membrane was marked by CD8-GFP. The green and infrared fluorescence images were merged. The
movie was taken under a 40× objective lens. The cells have a diameter of about 10 nm.
Movie S5
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Movie S6. Neurons in a second small region of VNC undergoing apoptosis. Another small area of the VNC in an intact Drosophila embryo was imaged every 2
min. The neurons expressed both CD8-GFP and iCasper. The green and infrared fluorescence images were merged. The movie was taken under a 40× objective
lens. The cells have a diameter of about 10 nm.
Movie S6

Movie S7. Spatiotemporal dynamics of apoptosis in the VNC. The VNC of Drosophila embryo was imaged every 10 min. The embryo expressed CD8-GFP and
iCasper under pan-neuronal driver elav-Gal4. The green and infrared fluorescence images were merged. The movie was taken under a 20× objective lens.
Movie S7

Movie S8. Spatiotemporal dynamics of apoptosis in the central brain. The central brain of Drosophila embryo was imaged every 10 min. The embryo expressed CD8-GFP and iCasper under pan-neuronal driver elav-Gal4. The green and infrared fluorescence images were merged. The movie was taken under
a 20× objective lens.
Movie S8
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Movie S9. Spatial distribution of apoptotic cells in a developing embryo. The Drosophila embryo ubiquitously expressed iCasper and histone-GFP driven by
actin-Gal4. The embryo was imaged along the z direction every 2 μm. The green and infrared fluorescence images were merged. The movie was taken under
a 40× objective lens.
Movie S9

Movie S10. Spatiotemporal dynamics of apoptosis during morphogenesis. The head region of Drosophila embryo expressing iCasper and histone-GFP was
imaged every 10 min. The green and infrared fluorescence images were merged. The movie was taken under a 40× objective lens.
Movie S10
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