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Abstract

The light-emitting chemical reaction catalyzed by the enzyme firefly luciferase is widely used for
noninvasive imaging in live mice. However, photon emission from the luciferase is critically
dependent on the chemical properties of its substrate, D-luciferin. In this review, we describe
recent work to replace the natural luciferase substrate with synthetic analogs that extend the scope
of bioluminescence imaging.

Introduction

Bioluminescence is the chemical production of light by a living organism. Central to the
bioluminescent reaction are an enzyme (luciferase) and a substrate (luciferin) which can be
oxidized by the luciferase to generate an excited state molecule that emits light. Although
there are many luminescent organisms, particularly among marine life [1], there are only a
handful of luciferins known. The most widely studied luciferins are the imidazopyrazinone
coelenterazine and the benzothiazole D-luciferin (Figure 1). These luciferins and their
respective luciferases have found ubiquitous use as biological reporters.

Bioluminescence imaging (BLI) in living animals

Pioneering work by Contag and coworkers first established that bioluminescent bacteria
could be imaged in live mice using a sensitive CCD camera, and then extended these results
to other luciferases [2]. Many different luciferase-expressing cell lines, transgenic
luciferase-expressing animals, and other bioluminescent reporters are now available for
noninvasive imaging in live mice as has been extensively reviewed elsewhere [2,3].

The most common choices of luciferase and luciferin for in vivo BLI are firefly luciferase
and its substrate D-luciferin. Photon emission from this pair extends into tissue-penetrating
red and near-infrared wavelengths [4], the substrate is hontoxic and stable in cells and live
animals, and bioluminescence can be readily imaged several minutes after routine
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intraperitoneal (IP) injection of the substrate. Coelenterazine-utilizing enzymes such as
Renilla and Gaussia are less commonly used due to the poor tissue penetration of the blue-
green light emitted by these marine luciferases [1] and the high cost and inherent instability
of their imidazopyrazinone-based luciferin, which is prone to auto-oxidation [5]. Typically,
these luciferins must be prepared immediately prior to use, injected intravenously (1V), and
rapidly imaged [6-8]. Although significant effort has been aimed at mitigating the
deficiencies of imidazopyrazinones and the luciferases that use them [9, 10*, 11], the
remainder of this review will primarily be focused on D-luciferin and its analogs.

Seeing Red

Because light beyond the visible range is more tissue penetrant [12], much emphasis has
been placed on finding ways to modulate luciferases to increase light emission in the red and
near-IR. While the broad emission of firefly luciferase already contains a significant near-IR
component over 650 nm, shifting the emission to even longer wavelengths would in theory
enhance our ability to image deeply within living organisms. However, luciferase mutants
and homologs with red-shifted spectra do not significantly increase the total emission of red
light from D-luciferin compared to firefly luciferase [13-15]. As the peak emission is red-
shifted, there is a concomitant reduction in light intensity, due in part to a lower quantum
yield at the longer wavelength. Unfortunately, in vivo studies that control for luciferase
expression levels have not shown improvements in sensitivity for red-shifted luciferases
over the standard codon-optimized firefly luciferase luc2 [8,15].

Synthetic luciferins

In another approach, synthetic modification of the substrate changes the inherent chemical
properties of the light emitter. In the last several years, it has become clear that firefly
luciferase will tolerate many modifications to its luciferin (Figure 1). Analogs with mono-
and di-alkylation of the amino group (e.g., 3, 4) as well as cyclic alkylamino modifications
(5, 6) retain luminogenic activity [16-19]. Even large fluorescent dyes can be appended to
aminoluciferins (8) to red-shift emission over 650 nm by bioluminescence resonance energy
transfer (BRET), yet not destroy the ability of luciferase to catalyze light emission [20].
Moreover, the core benzothiazole can be replaced with other heterocycles (9-13) [21-24], or
be removed altogether and replaced by extended n-conjugation (14-17) [25%*,26]. Of
particular interest, Iwano et al. have reported a luciferin analog with maximal
bioluminescence emission over 650 nm (17, Figure 1) [25*].

Although substrates 2-8, 10, 16, and 17 can red-shift the peak emission of luciferase
[17,20,21,25-27], none have yet shown improved light emission over D-luciferin under
conditions of saturating luciferin and ATP. The reasons for this behavior are manifold. In
the case of aminoluciferins, one limiting factor is product inhibition [16,17,27]. For
substrates that replace the benzothiazole ring (9-17), a reduced rate of AMP ester formation
and/or oxidation is a likely contributor [21,22,25*]. In both cases, a lowered quantum yield
from the excited state may also play a role. D-luciferin remains the optimal substrate in
vitro, particularly when the concentration of luciferin is not a limiting factor (e.g., gene
reporter assays in lysed cells). Yet the superior performance of D-luciferin in vitro may be a
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moot point for in vivo imaging, because the modest cell permeability and mid-micromolar
K of D-luciferin limits access to the intracellular luciferase [27,28].

Bioluminescence in live cells: it’s all about access

Just as the emission wavelength of firefly luciferase is fundamentally dictated by the
chemical properties of the luciferin substrate, so too is the affinity of the substrate for the
luciferase, the cell-permeability, and pharmacokinetic properties of the luciferin. For
alkylated aminoluciferins, superior photon flux relative to D-luciferin is observed in live
luciferase-expressing cells at low substrate concentrations, likely because of a lower K, and
improved cell permeability [27,29**]. On the other hand, BRET-based luciferins such as 8
yield much lower photon flux in live cells (0.1-0.4% of that of aminoluciferin) [20],
undoubtedly affected by the permeability properties of the attached acceptor dye, presence
of amide bonds in the linker, and larger overall size of the molecules (Figure 1). Although
comparisons of many luciferin analogs to D-luciferin have not yet been performed in live
cells [21,22,25], substrates with few hydrogen bond donors and acceptors (e.g., 17) are
anticipated to be more cell-permeable than polar luciferin analogs (e.g., 12). The K, values
of 14-17 have not been reported [25*], but 9-13 have K, values that are comparable or
higher than D-luciferin [21,22], which is likely to limit light emission.

In vivo imaging with synthetic luciferins

The most common method for BLI with D-luciferin is to inject 150 mg/kg intraperitoneally
(IP), and to image the mice roughly 10 minutes later, when emission typically is at its peak.
For the average mouse, this is 0.1 mL of a 100 mM D-luciferin solution. It is not clear how
much luciferin actually reaches luciferase-expressing cells and tissues. The biodistribution
of D-luciferin in the mouse is not homogenous, and access to some tissues (e.g., the brain) is
relatively low [30].

Synthetic luciferins, due to their chemical modification, are acknowledged to possibly
influence tissue distribution in ways that differ from D-luciferin. Aminoluciferin (2) has
been shown to emit 25% greater photon flux than D-luciferin from the ubiquitously-
expressing transgenic luciferase mouse L2G85 when compared at a low IP injection dose of
0.1 mL of 1 mM substrate [31]. Aminoseleno-D-luciferin (7) yields lower peak photon flux
than aminoluciferin after 1V injection of a 2.5 mM solution (0.1 mL) [24]. BODIPY 650/665
X-AL (8) was compared to aminoluciferin by injecting a mouse with a 0.1 mM solution (0.1
mL) into subcutaneous luciferase-expressing tumor cells [20]. While the light emission was
red-shifted, the overall photon flux was lower than aminoluciferin and no comparison was
made to D-luciferin or using standard IP or IV injection methods.

Most recently, the synthetic luciferin CycLucl (5) was found to show improvements over
the standard D-luciferin imaging conditions [29**]. This substrate allowed imaging of
luciferase-expressing tumor cells with photon flux equivalent to the standard D-luciferin IP
imaging conditions of 150 mg/kg, while using 20-200 fold lower doses of CycLucl. Even
doses 2000-fold lower could be imaged, a concentration that yielded no signal with D-
luciferin [29**]. When compared in L2G85 transgenic luciferase mice, the substrate was
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readily bioavailable by both IP and IV injection methods, yielding brighter and more
persistent photon flux than D-luciferin.

The blood-brain barrier poses an obstacle to many small molecules, including D-luciferin.
When an IP injected dose of 0.1 mL of 5 mM CycLucl was compared to the equivalent
volume of 100 mM D-luciferin for imaging luciferase-expressing cells in the brain striatum,
eight-fold higher photon flux was observed for CycLucl (Figure 2) [29**]. Furthermore, the
use of 5 mM CyclLucl enabled imaging of low-level luciferase expression in dopaminergic
neurons that could not be imaged with 100 mM D-luciferin, thereby expanding the scope of
what is possible to image with in vivo BLI (Figure 2).

The improved performance of CycLucl is likely a result of a lower K, and improved cell
permeability, pharmacokinetics, and/or biodistribution. Another potential contributing factor
is the action (or inaction) of efflux pumps and transporters [32,33]. D-luciferin is a substrate
for ABCG2 [32], and there is evidence that the action of ABCG2 at the blood-brain barrier
contributes to the lowered bioluminescent signal in this organ [34]. CycLucl and other
synthetic luciferins could potentially be poorer substrates for ABCG2. At the same time,
chemical modification of luciferin substrates could modulate affinity for organic anion
transporters [33], or render them substrates for efflux pumps such as PgP and MRPs that are
not known to recognize D-luciferin.

Because CycLucl red-shifts luciferase light emission relative to D-luciferin in vitro, it was
surprising that the in vivo emission wavelength from CycLucl was not red-shifted compared
to D-luciferin [29**]. This may be because the yellow-green emission wavelength of firefly
luciferase with D-luciferin in vitro (~555 nm) is red-shifted to longer wavelengths at 37 °C
invivo (~612 nm) [4]. Therefore, substrates with similar cell-permeability, Ky, and
pharmacokinetic properties to CycLucl but emission wavelengths over 612 nm may offer
further improvements.

Caged luciferin reporters

Geiger, Miska and coworkers pioneered the concept of bioluminogenic substrates that
release D-luciferin or 6’-aminoluciferin upon the action of a hydrolytic enzyme (e.g.,
phosphatase, esterase, protease, -galactosidase, or sulfatase) [35-38]. Prior to enzyme
activation, these molecules are not light-emitting substrates for luciferase. Enzymatic release
of the luciferin substrate therefore reports the presence of this enzyme activity. Other
workers have extended this “caged” or “pro-luciferin” concept to allow in vivo imaging of
the enzymatic activity of f-galactosidase [39], proteases [40*,41*], and cytochrome P450s
[42] as well as the detection of reactive small molecules such as hydrogen peroxide [40%,
43]. However, in employing this strategy, care must be taken to ensure that the reporter is
actually specific for the desired analyte and is generally bioavailable [44]. Furthermore,
caged luciferins that do not emit light with luciferase could still potentially be inhibitors [35]
or even non-luminogenic substrates, a possibility that has not been universally explored.

Caged luciferins are generally less soluble than their parent luciferin and cannot be supplied
at the same high dose typically used for imaging with D-luciferin. Furthermore, signal is not
detected immediately upon release of D-luciferin or 6”-aminoluciferin, but rather once the
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released luciferin contacts the luciferase enzyme. The construction of caged luciferins that
release luciferin analogs possessing higher cell permeability, lower K, values for luciferase
and/or improved pharmacokinetic properties may therefore prove useful for increasing the
sensitivity of these reporters.

Typically, caged luciferins have been used in transgenic mice that ubiquitously express
luciferase [45]. In one interesting variant of this approach, BLI was used as a proximity
reporter for two different cell types — an “activator” cell and a “reporter” cell [46*]. An
activator cell expressing 3-galactosidase converts the pro-luciferin Lugal into D-luciferin
(Figure 3). Bioluminescence is only observed if the released D-luciferin diffuses out of the
cell and into a reporter cell expressing firefly luciferase. Thus bioluminescence can be used
to detect the proximity of the activator cells to luciferase-expressing reporter cells.

Caged luciferins could also potentially be used to improve delivery of the luciferin substrate.
For example, esters of D-luciferin have been used in attempts to improve cellular delivery
[28]. However, so far this approach has met with limited success, perhaps due to poor rates
of esterase cleavage, low solubility, and/or the inhibition of luciferase by uncleaved esters.
Luciferin esters are also inherently more reactive toward oxygen and prone to
chemiluminescence than the parent luciferin.

In vivo synthesis of luciferins

In an amazing feat of in vivo chemistry that remains somewhat mysterious, the firefly
synthesizes D-luciferin in a multi-step process from L-cysteine and benzoquinone [47]. In
the laboratory, D-luciferin and aminoluciferin analogs are typically synthesized by the
condensation of an electron-deficient nitrile with D-cysteine (Figure 3). Impressively, recent
work has shown that luciferin substrates can be formed in live mice using this reaction,
despite the presence of endogenous L-cysteine [40*,41*]. BLI thus does not require a pre-
formed luciferin, but can be performed using component parts which react in vivo (Figure
3). Both D-luciferin and 6’-aminoluciferin can be formed, and by caging one or both
components, protease activity and/or hydrogen peroxide can be detected [40*,41*].

Because firefly luciferase will only emit light with the D-enantiomer of luciferin or its
analogs, the formation of L-luciferins and other products are largely invisible to
bioluminescence imaging. However, the ultimate fate(s) of the reactive nitrile, which is
biocompatible but not strictly bioorthogonal, has not been fully described. Besides L-
cysteine, other potential endogenous reaction partners include homocysteine [48], proteins
with N-terminal cysteine residues [48,49], and cysteine proteases [50]. Some of these
products may have effects on the ability to faithfully and noninvasively image biological
processes, and differences in the metabolism and cellular uptake of the nitrile and D-
cysteine components could lead to cell or tissue-specific differences in the sensitivity of
detection for a particular enzymatic activity or analyte. Competing reactions with
endogenous molecules also poses challenges for the application of this chemistry for in vivo
bioconjugation, although some success has been reported in the case of intramolecular
reactions [51,52].
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Substrate selectivity and the development of new luciferases

The noninvasive interrogation of multiple features in living animals can be achieved by
combining luciferases that use D-luciferin with luciferases that use coelenterazine or other
imidazopyrazinones (Figure 1) [7,8,53]. However, these approaches suffer the inherent
shortcomings of imidazopyrazinones outlined in the introduction.

Alternatively, the complementary modification of luciferin substrates and mutation of
luciferases could potentially allow the use of two (or more) selective beetle luciferin-
luciferase pairs in vivo. Mutagenesis of firefly luciferase can improve the utilization and
selectivity for synthetic aminoluciferins over D-luciferin in vitro and in live cells, suggesting
that this approach is feasible [27].

To engineer new firefly luciferase homologs that selectively utilize synthetic luciferins, it is
worthwhile to ask: what are the fundamental requirements for luciferase activity? Beetle
luciferases are all homologous members of the acyl-adenylate superfamily [54,55], share
high homology to fatty acyl-CoA synthetases, and in fact retain fatty acyl-CoA synthetase
activity [56]. Fatty acyl-CoA synthetases from nonluminescent organisms, on the other
hand, do not possess luciferase activity with D-luciferin [57,58]. In an exciting recent
development, a fatty acyl-CoA synthetase from the fruit fly Drosophila melanogaster was
found to possess latent luciferase activity with the synthetic luciferin CycLuc2 (Figure 4)
[59*]. Expression of this protein in mammalian cells allowed bioluminescence imaging of
these cells only in the presence of CycLuc2 — no light emission was seen when D-luciferin
was employed (Figure 4). This suggests that the fundamental chemistry of bioluminescence
is broader than previously thought, and that the chemistry of existing adenylating enzymes
could be exploited to create new substrate-selective luciferases. Furthermore, the ability of
Drosophila S2 cells to emit light simply upon the addition of CycLuc? (Figure 4) suggests
that it may be possible to utilize endogenous enzymes to enable bioluminescence imaging.
An area of particular interest would be the application of caged luciferins, where the
detection of a particular enzymatic activity or analyte could potentially be performed in the
absence of genetic manipulation, foregoing a canonical exogenous luciferase for an
endogenous fatty acyl-CoA synthetase that moonlights as a luciferase.

Conclusions and outlook

Bioluminescence is a powerful and versatile technique for noninvasive imaging in live
animals. Because it requires an enzyme (luciferase) and a substrate (luciferin), it combines
genetically-encoded specificity with the flexibility of a small molecule. Conventional uses
of bioluminescence include imaging of gene expression and tumor burden. Synthetic pro-
luciferins can extend this repertoire to include imaging of enzymatic activity, small molecule
analytes, and cellular proximity. It has also become clear that firefly luciferase will tolerate
many chemical modifications to its luciferin that broaden the scope of BLI. While particular
emphasis has been placed on finding ways to increase light emission at tissue-penetrating
near-IR wavelengths, another important consideration is improving access of the substrate to
the luciferase in vivo, which can enhance detection beyond what is possible with D-luciferin.
Furthermore, luciferase mutants display selectivity for synthetic luciferins that could
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potentially allow the use of two (or more) beetle luciferin-luciferase pairs for multiplexed
imaging, and luciferase homologs from insects that do not emit light with D-luciferin are
potential substrate-selective latent luciferases. The breadth of BLI reporters is thus
expanding beyond naturally-occurring luciferins and luciferases into a world of luminogenic
small molecules and their activating enzymes. The combination of new luciferins, caged
luciferins, and luciferin precursors with mutant and latent luciferases is expected to greatly
enhance our ability to study basic biology and disease pathogenesis in living organisms,
promising a bright future for bioluminescence.
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Figure 1.
Luciferases oxidize their luciferin substrates to access an excited-state molecule that emits

light. @) Many luciferases utilize imidazopyrazinone luciferins, which are directly oxidized
by the luciferase. Coelenterazine is the substrate for Renilla, Gaussia, and many other
marine luciferases [1]. Vargulin is used by Cypridina and some fish [1]. Furimazine is the
synthetic imidazopyrazinone substrate for NanoLuc [10*]. b) Beetle luciferases all use the
same substrate, D-luciferin, which must first be activated to an AMP ester before oxidation
to the excited-state oxyluciferin. Consequently, D-luciferin is much more stable toward
oxidation than imidazopyrazinones. Many synthetic modifications are tolerated by firefly
luciferase.
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Figure 2.
CycLucl compared to D-luciferin for BLI in the brain. a) Mice expressing luc2 in the brain

striatum were injected IP with 100 pl of CycLucl (5 mM) or D-luciferin (100 mM) and
imaged. Photon flux from CycLucl-treated mice was eight-fold higher. b) Mice expressing
luciferase at low levels in dopaminergic neurons were injected IP with CycLucl or D-
luciferin as above and imaged. CycLucl enabled luciferase detection in live mice, while D-
luciferin did not. Figure adapted from [29**].
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Figure 3.

Caged luciferin reporters. @) Upon enzymatic removal of galactose from Lugal in an
activator cell expressing 3-galactosidase, D-luciferin is produced. Bioluminescent light
emission is detected only if the liberated D-luciferin can access a luciferase-expressing
reporter cell [46*]. b) Luciferin substrates can be formed in vivo from the reaction of a
cyanobenzothiazole (CBT) with D-cysteine [40*,41*]. Either or both of these precursors can
be caged, thereby linking light emission to enzymatic activity (e.g., a caspase) [40*,41*]
and/or the presence of an analyte (e.g., hydrogen peroxide) [40*].
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Latent luciferase activity in a fatty acyl-CoA synthetase from Drosophila. a) CycLuc2, but
not D-luciferin, is a light-emitting substrate for the fatty acyl-CoA synthetase CG6178. b)
Drosophila S2 cells, but not mammalian Chinese hamster ovary (CHO) cells, glow when
treated with CycLuc?. c) Transfection of CG6178 into CHO cells confers bioluminescence

in the presence of CycLuc2 but not D-luciferin. Figure adapted from [59*].
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