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ABSTRACT: A family of proteases called caspases
mediate apoptosis signaling in animals. We report a
GFP-based fluorogenic protease reporter, dubbed
“FlipGFP”, by flipping a beta strand of the GFP. Upon
protease activation and cleavage, the beta strand is
restored, leading to reconstitution of the GFP and
fluorescence. FlipGFP-based TEV protease reporter
achieves 100-fold fluorescence change. A FlipGFP-based
executioner caspase reporter visualized apoptosis in live
zebrafish embryos with spatiotemporal resolution.
FlipGFP also visualized apoptotic cells in the midgut of
Drosophila. Thus, the FlipGFP-based caspase reporter will
be useful for monitoring apoptosis during animal
development and for designing reporters of proteases
beyond caspases. The design strategy can be further
applied to a red fluorescent protein for engineering a red
fluorogenic protease reporter.

Proteases play fundamental roles in many signaling
pathways. One family of protease, caspase, executes cell

apoptosis. The apoptosis signaling pathway is composed of
extrinsic and intrinsic pathways that are activated by stimuli
such as DNA damage, oncogenes, and developmental cues.1,2

Both pathways lead to activation of the executioner caspases
that cleave thousands of substrates, resulting in cell apoptosis.3

Activity reporters of executioner caspases thus visualize
apoptosis signaling. Furthermore, mechanistic understanding
of cell and developmental biology requires investigation of cell
signaling in living animals. To image spatiotemporal dynamics
of apoptosis in animals especially developing animals, it is ideal
to use genetically encoded fluorescent protease reporters.
However, fluorescence imaging of living animals is challenging
because of tissue autofluorescence, cell heterogeneity and rapid
shape and position changes. Thus, to enable in vivo imaging,
protease reporters should have large dynamic range (i.e., large
fluorescence increase upon protease activation) and high

brightness (i.e., high quantum yield). Over the past few years,
to overcome limitations of FRET-based executioner caspase
reporters,4−7 many different types of reporters have been
developed.8−13 For example, the bipartite GFP was previously
engineered into a light-driven protease sensor.11 Here we
report a new type of rationally designed fluorogenic protease
reporter based on GFP with both large dynamic range and high
brightness. And we demonstrate its application in imaging
apoptosis in zebrafish embryos.
To design a GFP-based fluorogenic protease reporter with

large dynamic range, we modified the self-assembling split GFP
so that its self-assembly is regulated by protease activity. GFP
contains 11 beta strands (β-strands) and a central α-helix
(Movie S1),14,15 which can be split into three parts. One part
contains nine β-strands and the central α-helix (β1−9); a
second part contains 10th β strand (β10); and the third part
contains 11th β strand (β11).16 β1−9 contains three amino
acids that form the chromophore;17,18 whereas β11 contains
the highly conserved Glu222 that catalyzes chromophore
maturation.19 It has been shown that when β10 and β11 are
linked together or are in close proximity, they rapidly bind to
β1−9, and green fluorescence develops within several tens of
minutes.20 This has been used to detect protein−protein
interactions,20 including interaction between G protein
coupled receptor (GPCR) and beta-arrestin upon activation
and phosphorylation of GPCR.21

GFP structure suggests a compact fit of β1−9 and β10−11
(Figure 1a), which presumably provides structural basis of high
binding affinity between them (Movie S2). On this basis, we
sought to prevent β10−11 binding to β1−9 until protease
activation. To achieve this, we redesigned β10−11. GFP
structure shows that β10−11 forms an antiparallel β-strands,
which fit well with the rest of the structure (Figure 1a). We
hypothesized that if β10−11 was redesigned so that it forms a
parallel structure, then it would no longer fit β1−9. To flip
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β11, we utilized heterodimerizing coiled coils E5 and K5: we
linked β10/β11 with E5; β11 was followed by K5; the protease
cleavage sequence was inserted between β11 and K5 (Figure
1b, c).
Based on this design, E5/K5 heterodimer “flips” β11 and

prevents self-assembly of the split GFP (Figure 1b, Figure S1).
Upon protease cleavage, β11 flips back, forming an antiparallel
structure with β10, which enables self-assembly with β1−9 and
leads to fluorescence increase. We named this reporter
FlipGFP. As a proof of concept, we designed a TEV protease
reporter by inserting TEV cleavage sequence into FlipGFP,
which achieved 77-fold fluorescence increase upon TEV
cleavage in HEK293 cells (Figure 1d, linker length = 5
amino acids).
Because efficient assembly between cleaved β10−E5−β11

and β1−9 is likely dependent on distance between β10 and E5
(Figure 1b), we increased length of the linker between β10 and
E5 from 5 amino acid (aa) to 10, 15, 20, 30 aa.
Characterization of the FlipGFP variants in HEK293 cells
indicated that the FlipGFP with 10aa linker showed the largest
fluorescence increase (106-fold) upon TEV cleavage and the
highest brightness (Figure 1d,e). On the other hand, when the
linker was 30aa, the fluorescence increase was narrowed to 26-
fold. Interestingly, in the inactive state (i.e., no TEV protease),
this FlipGFP with 30aa linker was as dim as the FlipGFP with

5aa linker. But in the active state (i.e., cleaved by TEV
protease), the FlipGFP with 30aa linker was much dimmer
than the FlipGFP with 5aa linker. This suggests that while
elongation of the linker length from 5aa to 10aa increases the
assembly efficiency of the split GFP, further elongation of the
linker to 30aa decreases reconstitution efficiency. We thus
decided to use 10aa linker length for FlipGFP from now on.
Fluorescence quantum yield of reassembled FlipGFP was
determined to be 0.66 ± 0.03.
We next measured kinetics of FlipGFP-based protease

reporter to determine its temporal resolution. First, we
separately purified two parts of FlipGFP in the presence of
TEV protease. Then we mixed the cleaved FlipGFP and
monitored green fluorescence over time. The green fluo-
rescence increased over time with time to half-maximal
fluorescence (T1/2) of 43 ± 6 min (Figure 1f,g), which is
similar to the previously reported kinetics of the split GFP self-
assembly.16,20 The proposed working mechanism of FlipGFP
was supported by circular dichroism spectroscopy and
molecular dynamics simulation (Figures S1−3, Movies S3−4,
SI). Lastly, to obtain large fluorescence change, the expression
level of FlipGFP needs to be titrated in cells (Figure S4).
To design a FlipGFP-based caspase reporter for imaging

apoptosis, we replaced the TEV cleavage sequence with the
consensus cleavage sequence (DEVD) of caspase-3 in FlipGFP
(Figure 2a). The well characterized signaling pathways of
apoptosis are composed of extrinsic and intrinsic pathways,
both of which lead to activation of the executioner caspases
that include caspase-3.3 And the conserved cleavage sequence
(DEVD) of caspase-3 has been used in the previous caspase
reporters.7,9,10,12,22,23

We expressed FlipGFP in the HeLa cells. Upon addition of
staurosporine, which induces apoptosis by activating caspase
3,24 FlipGFP’s green fluorescence increased significantly in
cells treated with staurosporine (Figure 2b, Movie S5),
whereas the fluorescence signal of FlipGFP has no or little
change in cells without treatment with staurosporine (Movie
S6). And the onset of apoptosis in single cells as detected by
FlipGFP varied around 2 to 5 h after addition of staurosporine
(Figure 2c, Movies S7−8, Figure S5), consistent with previous
results.25 Activation of caspase-3 in FlipGFP fluorescing cells
was confirmed using a commercially available small molecule
active-site modifier for far-red fluorescent imaging of caspase-3
activity (Figure 2d).
To determine whether the fluorescence signal and the

temporal resolution of FlipGFP are sufficient for imaging
apoptosis in animals, we expressed the FlipGFP-based caspase
reporter in zebrafish. Zebrafish was chosen based on optical
transparency and its importance as a model organism among
vertebrate animals.26 To demonstrate that FlipGFP could be
used to visualize spatiotemporal dynamics of apoptosis during
embryo development, we injected mRNA encoding two parts
of FlipGFP caspase reporter linked with a T2A site and
mCherry into the embryo at the one-cell stage. T2A is a “self-
cleaving” peptide used in coexpression of multiple genes.27

Time-lapse imaging of the head was started at 24 h
postfertilization (hpf) (Figure 2e). At this time, little green
fluorescence was observed (Figure 2e, Movie S9). Ten hours
later, green fluorescence was detected in a couple of cells. After
15−20 h, more cells showed strong green fluorescence. By
contrast, mCherry fluorescence was weak and decreased over
time, presumably because its mRNA injected at the one-cell
stage was degraded over time and/or diluted as development

Figure 1. Rational design of a green fluorogenic protease reporter
FlipGFP. (a) Schematic. (b) FlipGFP. (c) Sequence. (d) Normalized
fluorescence (HEK293). The error bars represent standard deviation
(n = 3). (e) Fluorescence images. (f) Representative emission spectra
of FlipGFP over time. FlipGFP (β1−9 and the cleaved β10−11) were
purified and mixed (β1−9:2.9 μM; β10−11:6.5 μM). (g)
Fluorescence intensity (integrated from 490 to 550 nm) over time
after mixing β1−9 and cleaved β10−11. Scale bars, 20 μm.
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progressed. Green, presumed apoptotic cells were distributed
around the developing forebrain and the retina. In particular,
time-lapse imaging first detected green fluorescence on the
rostral aspect of the forebrain. The number of green cells
increased over time and they appeared to form clusters. These
cells appeared to have neuron-like long extensions or processes
(Figure 2e). We also imaged at 15 μm deeper layer of the
brain, which revealed similar distribution of the apoptotic cells
(Figure 2e, right). Furthermore, z-section imaging indicated
that many of them appeared to be located on the outer layer of
the forebrain and the retina (Movie S10). The activity of
caspase-3 was confirmed using antibody staining against
cleaved caspase-3 (Figure 2f, Figure S6). The spatial pattern
of FlipGFP fluorescence we observed is consistent with a
previous study based on TUNEL staining that showed
apoptotic cells in the developing brain.28

After demonstration of FlipGFP in zebrafish, we decided to
show whether it can also be used in detecting apoptosis in
another important model organism Drosophila. Because of the
genetic tractability and plethora of available genetic tools,
Drosophila melanogaster is an attractive model organism in
developmental biology. To demonstrate FlipGFP-based
caspase reporter in imaging apoptosis in this model organism,
we first created a transgenic UAS-FlipGFP Drosophila.
In the midgut of adult Drosophila, enterocytes are the largest

class of differentiated intestinal cells.29,30 At physiological

condition, a small number of enterocytes are believed to
undergo apoptosis that is caused by passage, digestion and
absorption of food and various xenobiotics.30−32 However,
detection of this low level of physiological apoptosis has been
difficult, presumably due to lack of a sensitive and robust
method. To express FlipGFP in the enterocytes of the midgut,
we crossed UAS-FlipGFP with Myo1A-GAL4. To mark all of
the enterocytes, we coexpressed the red fluorescent protein
mCherry. Fluorescence imaging of the midgut of the adult fly
revealed a couple of enterocytes that were green fluorescent
while most enterocytes were not, though they were all red
fluorescent from mCherry (Figure 3a). This data suggests that
FlipGFP is able to visualize physiological apoptosis in the
midgut. Furthermore, we confirmed that green fluorescent cells
were apoptotic cells using antibody staining against cleaved
caspase-3 (Figure 3b). Additionally, we also showed that
FlipGFP imaged apoptosis in the eye disc of Drosophila
(Figure S7). Our data demonstrates that FlipGFP-based
caspase reporter can visualize apoptotic cells and will thus be
a valuable tool for investigating apoptosis in Drosophila.
Lastly, we attempted to design a red fluorogenic protease

reporter based on the same approach. Initially, the protease
reporter based on the super folder Cherry (sfCherry) failed to
fluoresce in HEK293 cells (Figure S8),33 presumably due to its
inefficient self-assembly. On the other hand, after seven rounds
of directed evolution of sfCherry (Figure 4a, b) and three

Figure 2. FlipGFP-based caspase reporter in imaging apoptosis in mammalian cells and in zebrafish. (a) Schematic. (b) Fluorescence images of
HeLa cells upon addition of staurosporine (Movie S5). (c) Representative cells (Figure S5). (d) FLICA staining. (e) Time-lapse images of
zebrafish embryo expressing FlipGFP (green), mCherry (purple). Imaging started at 24 hpf (Movie S9). (f) Whole mount immunostaining of
zebrafish embryo expressing FlipGFP. Arrow points to apoptotic cells. Embryos were fixed with 4% PFA at 27 hpf. Scale bars: 20 μm (b, d); 70 μm
(e); 50 μm (f).
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rounds of optimization of the “flipped” β10−11 (Figures S8−9,
Table S1), we eventually obtained a red fluorogenic protease
reporter: it was not red fluorescent in the absence of TEV
protease; but it became red fluorescent (22-fold) when TEV
protease was coexpressed in HEK293 cells (Figure 4c−e).

In summary, we have designed a new approach, i.e.
“flipping” a beta strand of GFP, in developing GFP-based
fluorogenic protease reporters. FlipGFP-based protease
reporter achieves ∼100-fold fluorescence increase upon
proteolytic cleavage, which greatly facilitates imaging of
protease activity in vivo.34,35 This approach can be applied to
GFP-like other color fluorescent proteins, and multicolor
protease reporters will enable simultaneous imaging of multiple
protease activities in living cells and animals.36
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Dong, Z.; Coughlin, S. R.; Shu, X. Rational design of a GFP-based
fluorogenic caspase reporter for imaging apoptosis in vivo. Cell
Chemical Biology 2016, 23 (7), 875.
(9) To, T.-L.; Piggott, B. J.; Makhijani, K.; Yu, D.; Jan, Y.-N.; Shu, X.
Rationally designed fluorogenic protease reporter visualizes spatio-
temporal dynamics of apoptosis in vivo. Proc. Natl. Acad. Sci. U. S. A.
2015, 112 (11), 3338.
(10) Ding, Y.; Li, J.; Enterina, J. R.; Shen, Y.; Zhang, I.; Tewson, P.
H.; Mo, G. C. H.; Zhang, J.; Quinn, A. M.; Hughes, T. E.; Maysinger,
D.; Alford, S. C.; Zhang, Y.; Campbell, R. E. Ratiometric biosensors
based on dimerization-dependent fluorescent protein exchange. Nat.
Methods 2015, 12 (3), 195.
(11) (a) Do, K.; Boxer, S. G. GFP Variants with Alternative β-
strands and Application as a Light-driven Protease Sensor: A Tale of
Two Tails. J. Am. Chem. Soc. 2013, 135 (28), 10226. (b) Deng, A.;
Boxer, S. G. Structural Insight into the Photochemistry of Split Green
Fluorescent Proteins: A Unique Role for a His-Tag. J. Am. Chem. Soc.
2018, 140 (1), 375. (c) Do, K.; Boxer, S. G. Thermodynamics,
Kinetics, and Photochemistry of β-Strand Association and Dissocia-
tion in a Split-GFP System. J. Am. Chem. Soc. 2018, 140 (1), 375.
(12) Nicholls, S. B.; Chu, J.; Abbruzzese, G.; Tremblay, K. D.;
Hardy, J. A. Mechanism of a genetically encoded dark-to-bright
reporter for caspase activity. J. Biol. Chem. 2011, 286 (28), 24977.
(13) Yu, D.; Baird, M. A.; Allen, J. R.; Howe, E. S.; Klassen, M. P.;
Reade, A.; Makhijani, K.; Song, Y.; Liu, S.; Murthy, Z.; Zhang, S.-Q.;
Weiner, O. D.; Kornberg, T. B.; Jan, Y.-N.; Davidson, M. W.; Shu, X.
A naturally monomeric infrared fluorescent protein for protein
labeling in vivo. Nat. Methods 2015, 12 (8), 763.
(14) Yang, F.; Moss, L. G.; Phillips, G. N. The molecular structure of
green fluorescent protein. Nat. Biotechnol. 1996, 14 (10), 1246.
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