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We describe the development of the first cell-membrane impermeable coelenterazine derivative
(CoelPhos). CoelPhos was constructed by the alkylation of coelenterazine with a linker containing a
terminal anionic phosphonate moiety. The bioluminescence activity of CoelPhos with Gaussia luciferase

(GLuc) showed a significantly higher activity in comparison with Renilla luciferase. In imaging studies
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with living cells, outer membrane bound GLuc was clearly imaged with CoelPhos. On the other hand no

signal could be detected with intracellularly localized GLuc, demonstrating the impermeability of this
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1 Introduction

Bioluminescence imaging (BLI) is a valuable technique that is
readily used in the life sciences. Bioluminescence is a natural
phenomenon that involves the conversion of chemical energy
into the emission of visible light. A luciferase enzyme catalyzes
the chemical reaction between a luciferin substrate and
molecular oxygen, generating a high energy species which,
upon decaying, results in the emission of light. Firefly and
Renilla luciferases are the most commonly used luciferases,
with p-luciferin and coelenterazine as their respective bio-
luminogenic substrates. Firefly luciferase (FLuc) is usually the
preferred choice due to its more favorable emission spectrum
(560 nm). It is not suitable though, for the monitoring of
extracellular events due to the requirement of intracellular co-
factors such as ATP, which can activate purinergic ion-channel
receptors. Coelenterate luciferases on the other hand do not
require extra co-factors besides molecular oxygen. Gaussia
luciferase (GLuc) is the brightest among all reported luciferases
and displays a flash-type luminescence profile.® These
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novel coelenterate substrate derivative. CoelPhos has potential utility as a new bioluminogenic tool for
the monitoring of dynamic fusion events at the cell-surface interface.

luciferases have mostly been used as reporters to monitor
dynamic changes in gene expression and transcription.”

The monitoring of single exocytotic events in living cells has
mostly employed methods such as total internal reflection
fluorescence (TIRF), and two-photon laser scanning micros-
copy.*® However, these methods are confined to monitoring a
limited section of the cells and the use of fluorogenic dyes for
accurate localization can be difficult due to diffusion. In addi-
tion, fluorescence methods require continuous irradiation,
causing cell damage and photobleaching. Moreover due to their
temporal resolution properties, confocal and two-photon laser
scanning microscopies are more suitable when monitoring the
membrane fusion of vesicles with slower kinetics.”

BLI can offer distinct advantages over fluorescence imaging
in the monitoring of protein secretion and other exocytotic
events in living cells. The visualization of luciferase secretion in
living mammalian cells was first realized with Cypridina lucif-
erase (CLuc) in CHO cells,® and in live mouse embryos to
monitor the transcriptional activation of genes.® CLuc was also
utilized for imaging neurotransmitter release.'® Recently secre-
tion of the brighter GLuc in PC12D cells was monitored in
real-time." However, in general BLI has suffered from poor
resolution due to low luminescence intensity. Using an electron
multiplying charge coupled device (EM-CCD) camera, video-rate
BLI was employed in studying the secretory dynamics of MMP-2
with GLuc at much improved resolutions.” In another study,
the same group also demonstrated that video-rate BLI could be
used for the quantitative analysis of insulin oscillations in
pancreatic MIN6 B cells, which could have potential drug-
screening applications.™

Recently, in an effort to monitor exocytosis in synaptic
boutons via BLI, a mutant GLuc with enhanced luminescence
output was fused to the part of a vesicle-associated membrane
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protein (VAMP) located within the interior of the synaptic
vesicle (unpublished data). Hence, when the vesicle fuses with
the cell membrane, undergoing exocytosis, the luciferase would
react with its substrate coelenterazine, generating a biolumi-
nescent response. However, a very poor signal-to-noise ratio was
observed which was attributed to the high cell-membrane
permeability of coelenterazine, i.e. coelenterazine could diffuse
across the synaptic and vesicle membranes and react with the
luciferase before the exocytotic event, giving rise to high back-
ground luminescence (Fig. 1a). Miesenbock et al. also observed
a similar issue with Cypridina luciferin when imaging patterns
of synaptic activity in hippocampal neuronal cells.*® Therefore a
modified coelenterazine substrate with decreased cell-
membrane permeability is desired (Fig. 1b and c). However
modifying the bioluminogenic substrate without having a
negative impact on the bioluminescence activity is very difficult.
This is especially true in the case of GLuc, which has very high
substrate specificity. Hence, even the smallest modification of
the coelenterazine substrate will result in a significant drop in
bioluminescence activity.'® Therefore it is not surprising that
only one coelenterazine derivative (s-CTZ) with improved
bioluminescence activity with GLuc has been reported.'” The
compound structure has yet to be published, however, the
published data strongly implies that s-CTZ is highly cell-
permeable. Hence we sought to design and synthesize a cell-
membrane impermeable coelenterazine derivative with
retained bioluminescence activity.
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Fig. 1 Monitoring membrane fusion events via BLI; concept (a) coelenterazine
readily penetrates the cell-membrane, giving rise to background noise prior to
fusion taking place; (b) coelenterazine derivative CoelX has a negative charge,
making it highly cell-impermeable and unable to react with GLuc; (c) following
fusion of the secretory vesicle with the cell-membrane CoelX can react with GLuc,
generating a bioluminescence signal.
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2 Results and discussion

2.1 Design and synthesis of 2-BnO-TEG-CTZ and 6-BnO-TEG-
CTZ

When conceiving of a proper rational substrate design strategy,
it is very useful to perform docking simulations of substrate
derivatives before undertaking actual experimental work. Urano
et al. constructed near-infrared-emitting firefly luciferins by
initially performing docking simulations with luciferase from
Photinus pyralis.'®* However, as there is no existing X-ray crystal
structure of Gaussia luciferase (GLuc), and a lack of homology
with other coelenterate luciferases, for which crystal-structures
are available, the rational design and modification of coe-
lenterazine remains a difficult task in terms of being able to
predict the effect of any modification of the coelenterazine
substrate on bioluminescence activity. Modification of the
coelenterazine substrate has mostly been focused on increasing
light output, red-shifting the emission spectrum of coelenter-
azine and increasing the stability of coelenterazine to decrease
autoluminescence background noise."®>* As mentioned above,
coelenterate luciferases share very little homology and hence
any modification of coelenterazine that might have an advan-
tageous impact on the luminescence output of one luciferase,
might have the reverse effect on another. This is especially true
for GLuc, which has been shown to have an extremely narrow
substrate specificity."**® In order to construct a cell-imperme-
able derivative of coelenterazine, we decided to attach a flexible
linker with a terminal anionic phosphonate group. Initially we
synthesized two coelenterazine derivatives with a highly flexible
polyethylene glycol (PEG) linker with terminal benzyl-protecting
groups installed at the 2 and 6 positions of coelenterazine
(Fig. 2) to investigate the effect on the bioluminescence activity
of GLuc.

We prepared 11 from tetraethylene glycol (TEG) by mono-
benzylation with benzyl bromide, followed by bromination to 12
via the Apple reaction (Scheme S27). Synthetic intermediates 6
and 10 were synthesized as previously described
(Scheme S1t).>>*° 13 was synthesized via standard alkylation of
coelenteramine 6 with 12. Following acid-catalyzed condensation
reaction of 13 and the a-ketoacetal 9 under reflux the desired
compound 6-BnO-TEG-CTZ (2) was synthesized (Fig. 2). Synthesis
of 2-BnO-TEG-CTZ (3) was accomplished by initial alkylation of
deprotected o-ketoacetal 10 with the TEG linker 12 to give 14.
Acid-catalyzed condensation reaction between 6 and 14 under
reflux generated the desired product, 2-BnO-TEG-CTZ (3).

Next the luminescent properties of 2- and 6-BnO-TEG-CTZ
were evaluated with GLuc in comparison with native coe-
lenterazine. Both substrates 2-BnO-TEG-CTZ and 6-BnO-TEG-
CTZ showed more than 200- and 950-fold reduction in total
bioluminescence activity, respectively (Table 1). Interestingly,
Urano et al. observed similarly poor bioluminescence activity
when attaching flexible PEG linkers to aminoluciferin.'®
Installing rigid alkyl linkers also resulted in a low biolumines-
cence output. The poor observed activity was attributed to that
these linkers may be linear and adopt conformations that
hinder access of the luciferin substrate to the active site of the
luciferase enzyme. Hence, it was concluded that long PEG

This journal is © The Royal Society of Chemistry 2013
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linkers conjugated near the luminophore are unsuitable. This
conclusion also seems to be valid in the case of installing PEG
linkers on coelenterazine as well.

2.2 Design and synthesis of CoelPhos

Due to the detrimental effect on bioluminescence activity of
PEG-modified coelenterazines we decided to change to more
rigid alkyl linkers. Although our initial results suggested that
both 2- and 6-positions of coelenterazine were sensitive to
modification, we decided to focus on modification of the
2-position. We synthesized a phosphonate alkyne, dimethyl-
(prop-2-ynyloxy)methylphosphonate 16 in two  steps
(Scheme S37). Alkylation of 10 with 1,3-dibromopropane resul-
ted in the formation of 17, which was converted into the propyl
azide 18. Copper(i)-catalyzed azide-alkyne Huisgen cycloaddi-
tion*” gave the desired 1,2,3-triazole 19. In the final step, acid-
catalyzed condensation reaction of 6 and 19 was conducted,
generating the desired product CoelPhos (Fig. 2) (see ESIT for
further description and details).

Next, we evaluated the luminescent properties of CoelPhos
with GLuc (Table 1) and Renilla luciferase (RLuc) in comparison
with coelenterazine (Table S11). CoelPhos yielded a much
stronger luminescence with GLuc than RLuc and also a signif-
icant improvement in bioluminescence activity compared with
both 2- and 6-BnO-TEG-CTZ, although CoelPhos still showed
about a 30-fold reduction in luminescence intensity in
comparison with coelenterazine. With the exception of s-CTZ,"”
the highest reported bioluminescence activities of any coe-
lenterazine derivative with GLuc are those of MeO-CTZ (meth-
ylation of the 2-hydroxy group) (13.6%) and 3iso-CTZ
(replacement of 2-hydroxy group with 3-isopropylbenzene),
(14.3%).'

2.3 Bioluminescence imaging with CoelPhos

Recently GLuc mutants with improved luminescence output
and stable luminescence profiles have been reported.”®** We
utilized a recently developed mutant GLuc (GLucM23) with
roughly 10-fold improvement in luminescence intensity in
living cells, and a glow-type kinetic profile (see ESIt). We eval-
uated CoelPhos by measuring bioluminescence activity with a
charge-coupled device (CCD) camera in HeLa cells expressing
outer-membrane localized wild-type GLuc or GLucM23
(GLucM23yem) to determine if the improved mutant GLuc had a
negative or positive impact on the luminescence intensity of
CoelPhos (Fig. 3). We determined the relative intensities of
coelenterazine and CoelPhos by comparing the relative mKO
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Fig. 2 Structures of native coelenterazine and synthesized derivatives.
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Table 1 Relative and maximum luminescence of 2- and 6-BnO-TEG-CTZ, and
CoelPhos
Gaussia luciferase

Compound Ioral” (%) Iva (%)
Coelenterazine (1) 100 100
2-BnO-TEG-CTZ (2) 0.45 0.17
6-BnO-TEG-CTZ (3) 0.10 0.14
CoelPhos (4) 3.23 2.70

@ Itorar: total luminescence integrating for 60 s in 1 s intervals. b Ivaxt
maximum observed intensity at any 1 s interval.

fluorescence and luminescence intensities of 5 cells (Fig. 4).
CoelPhos showed similar relative bioluminescence activity to
the mutant GLucM23 in comparison with the wild-type GLuc
relative to coelenterazine (~3-4%). Hence the GLuc mutant did
not affect the bioluminescence activity of CoelPhos relative to
coelenterazine. The contrast observed in HeLa cells expressing
outer membrane bound GLuc was very poor in comparison with
GLucM23. This is related to the flash-type luminescence of
GLuc, together with the luminescence sensitivity of our imaging
system. The stable glow-type luminescence of GLucM23 and its
higher luminescence output makes it more suitable for BLI in
living cells. This was especially true for our derivative CoelPhos
which could be imaged with much improved signal-to-
noise ratio with GLucM23pem, (Fig. 3k and 1) over GLucCpem
(Fig. 3h and i).

Finally, we evaluated the relative celll-membrane perme-
ability of our probe CoelPhos in comparison with coelenter-
azine. We transfected HeLa cells with an endoplasmic
reticulum (ER)-localizing GLuc construct (GLucgg). The
construct also contained Venus fluorescent protein as a control
for expression levels as well as confirmation of localization. We
reasoned that whilst coelenterazine would give a strong signal
due to its high cell-permeability, CoelPhos would not give any
bioluminescence signal due to its inability to cross the cell-
membrane (Fig. 5). When coelenterazine was added, strong
bioluminescent signals were observed in HeLa cells expressing
GLucgg. On the other hand, when CoelPhos was added, no
signal could be detected, even after extending the exposure time
to 100 s (20-fold) (Fig. 6). The observed data seem to suggest that
attachment of a terminal phosphonate moiety is enough to
significantly decrease cell-membrane permeability of the
coelenterate substrate.

It has been shown that GLuc produces a 1000-fold higher BL
signal than RLuc or FLuc in mammalian cells."** GLucM23 has
roughly 10 times higher BL intensity over wild-type GLuc in
mammalian cells, suggesting that this novel mutant GLuc could
have a 10 000-fold higher BL signal over RLuc and FLuc in
mammalian cells. Although there was an over 30-fold decrease
in BL activity of CoelPhos with GLuc and GLucM23 in
comparison with native coelenterazine, it seems reasonable to
assume that CoelPhos together with GLucM23 would show a
stronger BL intensity over RLuc with coelenterazine. Further
investigation is required however, in order to be able to make a
direct comparison.

Chem. Sci., 2013, 4, 4395-4400 | 4397
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CoelPhos

Fig. 3 Bioluminescence imaging with coelenterazine (CTZ) and CoelPhos in Hela cells expressing outer-membrane bound GLuc or GLucM23. (a, d, g and j) Fluo-
rescence images of mKO (Aex = 548 NM/Aem = 559 nm; 200 ms) before addition of bioluminogenic substrate. CTZ with GLuCyem, exposure time: 2 s (b) and 20 s (c); CTZ
with GLUCM23em, €xposure time: 2 s (e) and 20 s (f); CoelPhos with GLuCyem, €xposure time: 2 s (h) and 20 s (i); CoelPhos with GLUCM23 e, €xposure time: 2 s (k) and
20 s (I). Concentration of CTZ and CoelPhos: 22.7 uM. Objective lens: 60x. Scale bar: 40 pm.
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Fig. 4 Relative activity of CoelPhos with GLuc and GLucM23 versus coelenter-
azine (CTZ) in Hela cells. (a) CTZ and CoelPhos with GLuc; (b) CTZ and CoelPhos
with GLucM23 (n = 5 cells); signal was quantified using ImageJ (2 or 20 s) =
exposure time.

Not only does the substrate specificity of GLuc differ from
other coelenterate luciferases such as Renilla and Oplophorus
luciferase but GLuc has been shown to contain two catalytic
domains; both with similarly narrow substrate specificities.*
Significant differences are also observed in the kinetic proper-
ties. Unlike other marine luciferases (RLuc, CLuc) which
respond to their respective coelenterate luciferin concentration
in a linear non-cooperative manner, it was recently shown that
GLuc operates in a cooperative manner, possibly via an allo-
steric mechanism.*

Previous studies utilizing bioluminescence imaging for

monitoring of real-time protein secretion showed the
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Fig. 5 lllustration of the cell-permeability of CoelPhos. Because of the attached
anionic phosphonate group CoelPhos does not penetrate the cell-membrane as
readily as native coelenterazine. Therefore a bioluminescent signal will be
observed with outer-membrane bound GLUCM23je but not with intracellularly
localized GLucgg.
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CoelPhos

CTZ

Fig. 6 Fluorescence and bioluminescence images of Hela cells expressing
GLucgg with coelenterazine (CTZ) and CoelPhos. (a) Venus FL; (b) CTZ (22.7 uM);
exposure time: 5 s; (c) Venus FL; (d) CoelPhos (22.7 uM); exposure time: 100 s.
Objective lens: 60x. Scale bar: 40 um.

importance of the type of camera used. Exocytotic events of
native GLuc in CHO-K1 cells were visualized in real time with a
time resolution of 10 s. However, the resolution of the lumi-
nescence spots was low, which made it difficult to identify
single exocytotic spots of luminescence due to the low lumi-
nescence sensitivity of the camera used.” In more recent
studies the same group utilized a more powerful EM-CCD which
resulted in a 60-fold increase in sensitivity, which allowed the
real-time monitoring of localization and dynamics of proteins
on the surfaces of cells with millisecond temporal resolu-
tion.”'* Notwithstanding the fact that the CCD camera
employed in our imaging studies was inferior to cameras
utilized in the above references in terms of quantum efficiency
and signal-to-noise ratio, we were able to visualize CoelPhos
with GLucM23ye, at a sampling rate of 2 s. Hence it is plausible
to venture that utilization of EM-CCD cameras with improved
sensitivity will allow bioluminescence imaging of CoelPhos with
much improved temporal resolution and luminescence
sensitivity.

3 Conclusions

In conclusion, we have developed a cell-membrane imperme-
able coelenterazine derivative, CoelPhos, as a potential tool for
monitoring membrane fusion events in living cells. The deriv-
ative was constructed by alkylating the phenolic hydroxy group
at the 2-position of coelenterazine with an alkyl linker con-
taining a terminal phosphonate group. While displaying a
30-fold lower activity with GLuc compared with native coe-
lenterazine, CoelPhos showed a high specificity for GLuc over
RLuc with a 30-fold higher activity. By utilizing a new mutant
GLuc, GLucM23, we were able to image membrane-localized
GLucM23 despite the lower luminescence intensity of CoelPhos.
We demonstrated that CoelPhos has decreased cell-membrane
permeability in comparison with native coelenterazine. Our

This journal is © The Royal Society of Chemistry 2013

View Article Online

probe, CoelPhos, has the potential to be used as a cell-imper-
meable bioluminescent tool for the monitoring of exocytotic
events.
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