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Abstract

Bioluminescence imaging with luciferase-luciferin pairs is routinely used to monitor cellular
functions. Multiple targets can be visualized in tandem using luciferases that process unique
substrates, but only a handful of such orthogonal probes are known. Multiplexed studies require
additional robust, light-emitting molecules. In this work, we report new luciferins for orthogonal
imaging that comprise disubstituted cores. These probes were found to be bright emitters with
various engineered luciferases. The unique patterns of light output also provided clues into
enzyme-substrate interactions necessary for productive emission. Screening studies identified
mutant luciferases that could preferentially process the disubstituted analogs, enabling orthogonal
imaging with existing bioluminescent reporters. Further mutational analyses revealed the origins
of substrate selectivity. Collectively, this work provides insights into luciferase-luciferin features
relevant to bioluminescence and expands the number of probes for multicomponent tracking.
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INTRODUCTION

Bioluminescence imaging is a powerful technique for monitoring cellular events in live
organisms.1™ This technology features enzymes (luciferases) that catalyze the oxidation of
small molecule substrates (luciferins), releasing visible light in the process. One of the most
popular luciferase-luciferin pairs for in vivoimaging derives from the firefly: firefly
luciferase (Fluc) and D-luciferin (D-luc, Figure 1A).5 8 Fluc and D-luc can be introduced
into a variety of cells, and the light produced can report on cell movements, proliferation,
and other parameters.’~2 Since no excitation light is required, background signal is virtually
nonexistent. Thus, bioluminescence can be preferred to traditional fluorescence imaging in
tissues and whole organisms—environments where autofluorescence often diminishes
sensitivity.2 10. 11

While versatile, bioluminescence has been largely limited to imaging only one or two targets
at a time in heterogeneous environments.12 Several of the most popular luciferases use the
same substrate, making them difficult to differentiate in viv0.8 Spectral resolution is
possible,13-15 and red-shifted enzyme-substrate pairs have enabled two-component imaging
in mice.15-18 Resolving multiple reporters by color alone remains challenging, though, due
to the broad emission spectra of luciferases and the complexities associated with tissue
absorption.1® To address the need for more unique and distinguishable probes, we and others
have been developing orthogonal pairs: luciferin analogs that can be preferentially processed
by engineered luciferases (Figure 1B).20-26 Orthogonal enzymes can be distinguished by
substrate, even if they emit similar colors of light. The more structurally divergent the
luciferases and luciferins, the more readily they can be differentiated.24

Accessing diverse luciferase and luciferin architectures is key to expanding the number of
orthogonal probes. Inspiration can come from nature, where dozens of distinct light-emitting
chemistries (and thus unique luciferase-luciferin pairs) have evolved. However, only a few
naturally occurring bioluminescent pairs have been successfully re-purposed for imaging in
mammalian hosts. The requisite luciferins are often difficult to isolate and characterize, and
many are poorly bioavailable.6:9 Engineering efforts can provide more rapid access to
orthogonal probes. Among the most fruitful approaches involves simultaneous modification
of substrate architectures and enzyme active sites—a classic method for achieving
selectivity.12:27. 28 |_yciferase residues can be mutated to accommodate chemically distinct
luciferins. Robust signal is thus observed when complementary enzymes and substrates
interact. Parallel engineering of Fluc and D-luc, in particular, has greatly expanded the
number of orthogonal tools for imaging /n vitroand in vivo. There are now dozens of
distinct D-luc analogs and complementary luciferases that can be used in cells and tissues. In
most cases, perfect selectivity among the enzymes and substrates is not required for
multicomponent bioluminescence.20 Rather, unique patterns of light emission (i.e.,
“barcodes”) are sufficient to resolve collections of luciferases and luciferins (Figure 1B).

While the number of orthogonal luciferases and luciferins has grown in recent years, most
emit far less light than native bioluminescent tools. The probes can still be used to track bulk
biological processes, but are less suitable for imaging rare events. Brighter, more structurally
distinct luciferins are necessary for sensitive, multiplexed analyses. Unfortunately, there is
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often a tradeoff between orthogonality and light output. Our empirical observations suggest
that large modifications to the luciferin core (e.g., morpholino appendages) are easier to
discriminate, enabling rapid identification of distinct enzymes.20: 24 However, larger
perturbations often present a barrier to efficient processing, resulting in poor turnover and
low light production. Consequently, the most orthogonal probes are often orders of
magnitude less bright than native bioluminescent pairs. Such drastic changes in light output
can be difficult to recoup via traditional enzyme engineering.

The search for orthogonal probes would benefit from larger collections of diverse molecules
that retain robust emission. Since luciferin modifications that boost orthogonality typically
come at the expense of brightness, less perturbing substituents are often better starting points
for enzyme engineering. In previous work, we identified luciferins that strike a balance
between structural diversity (for orthogonality) and small size (for brightness). These
molecules comprise bromo and methyl appendages at C4” (e.g., 4’-BrLuc and e.g., 4’-

MeL uc, respectively).24 25 These analogs were uniquely processed by luciferases
comprising mutations at residues 240, 247, and 347. Docking studies suggested that the
engineered mutants harbored additional space for the luciferin appendages. The C4’-
modified analogs were also readily differentiated from C7’-modified substrates, owing to
their structurally divergent cores. The top orthogonal pairs emitted light on par with D-luc
and Fluc and were amenable to orthogonal imaging /n vitro, in cells, and even in whole
animals.20. 24

We surmised that additional bright and orthogonal probes could be obtained by building on
the success of the C4” modified compounds and imparting additional minimal modifications
to the ring. We were particularly attracted to the C7” position, based on its synthetic
accessibility and our previous success in installing alkyl groups at this site. Analogs with
substituents at oth C4” and C7” would likely be orthogonal to existing luciferins and could
thus be used in tandem with several existing imaging tools, expanding the bioluminescent
toolkit. Moreover, such disubstituted probes could provide valuable insight into enzyme-
substrate interactions governing substrate selectivity.

Herein we show that two disubstituted luciferins are suitable probes for bioluminescence
imaging and comprise a unique class of orthogonal substrates. The molecules were
synthesized and found to be competent emitters /n7 vitroand in cells. The luciferins were
further screened with a collection of mutant luciferases, and enzymes that exhibited
preference for the disubstituted analogs were identified. Importantly, the structural
modifications to the luciferin core were subtle enough to maintain brightness, yet distinct
enough to achieve orthogonality. The hybrid molecules could be differentiated from their
singly modified counterparts and even the native substrate, D-luc. Biochemical analyses
revealed the luciferase residues responsible for preferential substrate processing.
Surprisingly, only a few mutations contributed to overall selectivity. Our results suggest that
novel bioluminescent reactivity can be achieved by combining minimal structural
perturbations to the luciferin core.
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EXPERIMENTAL DETAILS

Structural analyses of luciferin analogs in the active sites of Fluc (PDB:4G36) and related
mutant active sites were performed using AutoDock Vina.2® Mutant luciferases were
generated using RosettaBackrub.30 The enzyme structures were prepared for docking by
removing water molecules and co-crystallized ligands. The luciferase (Fluc and mutant) and
luciferin analog input files were generated using AutoDock Tools.3 All nonpolar hydrogens
were removed from the structures prior to docking. Residues in the Fluc and mutant active
sites were kept rigid, and grid coordinates were generated to define the sampling space for
conformational analysis (Table S1). Rotational and torsional degrees of freedom for the
minimized ligands were defined in AutoDock Tools. Additional details are provided in the
Supporting Information file.

RESULTS AND DISCUSSION

Design and synthesis of disubstituted luciferins.

We and others have shown that C4”-modified variants of D-luc can be processed by Fluc to
release light.8: 32: 33 Compounds with a methyl (4’-MeLuc) or bromo substituent (4’-
BrLuc, Figure 1C) are particularly robust and biocompatible, and rank among the brightest
sterically modified luciferin analogs.2%: 24 The bromo and methy! substituents do not
drastically alter the electronic configuration of the luciferin and are straightforward to
install, making them good starting points for bioluminescent probe development.22 In
addition, both 4”-MeLuc and 4’-BrLuc can be readily discriminated from analogs bearing
substituents at C7” (e.g., 7”-MeLuc) using engineered luciferases. Indeed, pairs of C4” and
C7’-modified luciferins (and their cognate enzymes) have been used for multicomponent
imaging both /n vitroand in vivo.2%- 24 While the origins of selectivity remain unknown,
biochemical data suggest that mutants capable of processing 4’-MeLuc and 4’-BrLuc
harbor modifications proximal to the C4” position of bound substrates. Such mutations
likely accommodate the extra bulk on the substrate.24

Given the success of C4-modified compounds in bioluminescence imaging, we aimed to
build on these scaffolds and expand the collection of orthogonal probes. We reasoned that
appending another small group to the luciferin core would provide added structural diversity,
without sacrificing brightness. We were particularly interested in installing a methyl
substituent at C7”. C7’-Methyl modifications are synthetically tractable and biocompatible,
and on their own, do not severely impede enzyme processing.2% To determine whether the
combination of dual C4’- and C7’-substituents could boost orthogonality while maintaining
robust emission, we set out to produce a new class of disubstituted bioluminescent emitters,
with 4”,7’-MeLuc and 4’-Br-7’-MeLuc as the initial targets. Docking studies suggested
that the analogs could be reasonably accommodated in the Fluc active site (Figures 1D and
S1). Potential sites of steric clashing were observed, but such interactions would likely be
advantageous for orthogonal luciferase development. Enzyme engineering can be used to
overcome steric penalties and provide more substrate-specific luciferases.20: 34: 35

The disubstituted analogs were prepared using a general method previously reported by our
laboratory.38: 37 This route features functionalized anilines and Appel’s salt (blue, Scheme 1)
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to access key cyanobenzothiazole intermediates. Cyanobenzothiazoles can be readily
condensed with D-cysteine to afford luciferin architectures.2l: 22: 35, 37 Following this overall
approach, we began the synthesis of 4”,7’-MeLuc with commercially available 2,5-
dimethyl-4-nitrophenol (1). Treatment of phenol 1 with acetic anhydride followed by
palladium-catalyzed hydrogenation afforded aniline 3 (Scheme 1). Compound 3 was then
incubated with Appel’s salt (4) to form dithiazole adduct 5. Thermolysis of 5 provided the
key cyanobenzothiazole intermediate (6), albeit in small amounts. The low yield was likely
due to the electron-deficient core of dithiazole 5. More electron-rich scaffolds (e.g., anisoles)
are typically better substrates for the cyclization reaction.3” Indeed, substituting a methoxy
protecting group for the acetyl unit boosted the overall yield of the thermolysis reaction
(Scheme S1).

The cyanobenzothiazole en route to 4”-Br-7’-MeLuc was synthesized using a similar
approach. Aniline 7 was first reacted with benzyltrimethylammonium tribromide to provide
dibrominated intermediate 8. The corresponding dithiazole adduct was then formed and
fragmented in a single pot. The cyanothioformamide intermediate was prone to cyclization
upon isolation, so the product was taken on crude. Palladium-mediated cyclization provided
two regiosiomeric cyanobenzothiazoles that were separable by chromatography. The isomers
were subjected to palladium-catalyzed dehalogenation to aid in structural assignment
(Figure S2). The desired intermediate 9 was then deprotected to afford the corresponding
cyanobenzothiazole 10. Intermediates 10 and 6 were both ultimately condensed with D-
cysteine to afford the disubstituted luciferins, 4”,7"-MeLuc and 4’-Br-7’-MeL.uc.

Disubstituted analogs are functional light emitters.

With the new analogs in hand, we first measured their light outputs with native Fluc.
Luciferin scaffolds that retain some level of activity with the enzyme are desirable, as a basal
level of light emission is a necessary entry point for subsequent engineering. Light
production with Fluc (even if minimal) also provides assurance that the molecules are
capable of photon production. The disubstituted probes 4’-Br-7’-MeLuc and 4”,7'-MeLuc
were incubated with recombinant Fluc and ATP, and photon production was measured over
time. Dose-dependent light emission was observed over a range of concentrations (Figure
2A). The apparent K, values for both analogs were on par with the native substrate (D-luc,
Table S2) and analogs bearing either a single methyl (7'-MeLuc) or bromo substituent (4’-
BrLuc).20: 38 These results were encouraging, as luciferins with larger modifications at
either C4” or C7’ typically exhibit increased K, values (>100 uM) and correspondingly
poor light outputs.2% The emission intensity for 4’-Br-7’-MeLuc was also 10-fold higher
than 4”,7"-MeLuc, likely due to the more electron-rich nature of the scaffold.2

We also examined the disubstituted compounds in cultured cell assays to gauge their relative
biocompatibility and cell permeability. When 4”,7"-MeLuc and 4”-Br-7’-MeLuc were
incubated with Fluc-expressing HEK293 cells, photon production was observed (Figures 2B
and S3). The analogs were well tolerated by cells at saturating doses (Figure S4). Light
emission from the disubstituted compounds was ~10 to 100-fold reduced compared to D-luc
and relevant singly modified scaffolds, including 4”-BrLuc.2%: 22 However, the photon
outputs were on par with those of other luciferin analogs employed in cells,20 suggesting
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that the disubstituted probes were in a useful range for imaging and good candidates for
further engineering. Interestingly, the two disubstituted luciferins produced similar levels of
light in cells. This result implied that 4”,7”-MeLuc is more cell permeable than 4’-Br-7’-
MeL uc, as the latter luciferin generated more light in enzymatic assays.

Screen for robust and orthogonal luciferases.

We next aimed to identify enzymes that could selectively process the disubstituted analogs,
enabling them to be easily discriminated from D-luc and other robust-emitting architectures
(e.g., 4’-BrLuc and 7’-MeLuc). As noted above, collections of bright, orthogonal probes
are rare. We previously developed a general approach to identifying orthogonal luciferase-
luciferin pairs that relies on screening functional luciferases.2%: 24 Enzyme-substrate pairs
are designated as orthogonal if robust reactivity is observed when complementary partners
interact, but diminished reactivity is observed in all other cases. It is important to note that
perfect selectivity is not required for orthogonal imaging. For example, enzyme-substrate
pairs that exhibit ten-fold differences in selectivity can be readily discriminated in
multicomponent assays.3?

To identify luciferases that could preferentially process the disubstituted analogs, we
screened 4’-Br-7’-MeLuc and 4’,7’-MeLuc against a collection of 222 characterized
mutants.24 This library includes enzymes with ~1-8 mutations per sequence (spread over 23
distinct sites) near the luciferin-binding site. Enzymes from the library were distributed
across 96-well plates and incubated with the disubstituted analogs. Fluc was also included as
a control. As shown in Figure 3A, a range of photon outputs was observed upon analog
addition. The majority of mutant luciferases produced less light with the disubstituted probes
compared to Fluc, although a few clusters of robust emitting pairs were observed. Mutants
that were active with 4”,7"-MeLuc also appeared to be less bright with 4”-Br-7"-MeL.uc,
consistent with the /in vitro results.

The luciferases that produced the most light with the disubstituted analogs were clustered in
wells 52-55. These enzymes harbored mutations at residues V240, V241, F243, F247, and
S347 (Figure 3B). F247 and S347 are known to modulate the binding and light emission of
the native substrate, D-luc. Moreover, mutations at these positions have been shown to
disrupt D-luc processing and promote the utilization of substrate analogs.38: 40 Residues 240,
241, and 243 have been less extensively characterized in terms of their effects on light
emission or substrate selectivity. These residues are proximal to key amino acids in the
active site, though, and can potentially alter substrate recognition. For example, V241 is
located near F247 in the luciferin binding site and likely influences the positioning (and pi-
stacking ability) of F247. Bulkier residues at V241 have also been speculated to force F247
closer to the benzothiazole ring of D-luc.#1 Smaller residues at this position could
presumably open up more space for luciferin analogs.

We were particularly drawn to two mutants from the screening analysis: mutant 53 (\V240I,
F243M, F247Y, and S347G) and mutant 54 (V241A, F247L, S347A, Figure S5). These
enzymes harbored mutations in similar regions of the luciferin-binding pocket, but exhibited
drastically different outcomes relevant to orthogonal substrate usage. Mutant 53 was
previously shown to selectively process 4”-BrLuc over C7’-modified luciferins, enabling
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two-component imaging both in cells and in vivo.2* When mutant 53 was treated with
disubstituted analogs 4”,7'-MeLuc and 4’-Br-7’-MeLuc, similar levels of robust light
emission were observed (Figure 3C). Previous docking studies suggested that the mutations
present in mutant 53 (e.g. S347G) create space for bulky substituents (e.g., C4’-bromo
groups).24 Such mutations might be indispensable for processing C4’-brominated or
methylated compounds, regardless of the C7” substitutent.24 25 Mutant 53 did not process
all C4’-modified luciferins to a similar extent, though, as shown in Figures 4 and S6. When
luciferins bearing larger C4” appendages were screened, light emission decreased as the
substituent size increased. The disubstituted analogs were preferentially processed compared
to a range of singly modified compounds (indicated by the upward black bars in Figures 4
and S6). They were also preferred over C7” compounds and D-luc, suggesting that they
might be useful orthogonal probes in combination with these known bright-emitting tools.

Mutant 54 was also previously shown to selectively process C4’-modified luciferins,
including 4-BrLuc and 4’-MeLuc.2* This enzyme was similarly hypothesized to create
space for C4” modifications. However, unlike mutant 53, light emission was diminished
(>50-fold) when mutant 54 was treated with the disubstituted analogs. As shown in Figures
4 and S7, 4’-BrLuc, 4’-MeLuc, and D-luc all emitted more light with mutant 54 than the
disubstituted analogs (indicated by the downward gray bars). Similar trends in substrate use
were observed at physiological temperatures (Figure S7). We were motivated to pursue these
results further, both to learn more about the features governing enzyme-substrate specificity
and to exploit the reactivity differences for orthogonal pair development (vide infra).

Mutational origin of selectivity for disubstituted luciferins.

The initial enzyme screen implicated luciferase residues responsible for orthogonal
reactivity between the di- and mono-substituted luciferins. To examine their impacts in more
detail, a library was constructed comprising mutations from both mutants 53 and 54 (Figure
5A). Each site was allowed to code for either the native or mutated residue. The final library
was constructed using synthetic gene assembly, followed by circular polymerase extension
cloning (CPEC).#2 43 The library was transformed into bacteria and screened in two
batches: (1) with 4”,7"-MeLuc, 4’-MeLuc, and D-luc, and (2) 4’-Br-7"-MeLuc, 4’-BrLuc,
and D-luc. The native luciferin (D-luc) was included in both screens to normalize the data
sets and examine whether similar patterns of selectivity emerged. The enzymes were
distributed across 96-well plates and incubated with the various analogs. Clear differences in
photon output were observed when the luciferins were incubated with different library
members (Figures 5B and S8).

We analyzed the frequency of mutated residues that correlated with preferential luciferin
processing. The top 1-10% of mutants that preferred each compound were analyzed via
Sanger sequencing (Tables S4-11). We observed sequence convergence among mutants that
exhibited a 10-fold or greater preference for the disubstituted analogs over D-luc. These
mutants comprised F247Y and S347G/A (Figure 6). These same mutations were present in
mutants that preferred the disubstituted scaffold 4”,7”-MeLuc over 4’-MeLuc, although
they were observed less frequently. Mutants that preferred D-luc or the singly modified
luciferins 4’-MeLuc, and 4"-BrLuc primarily comprised a single mutation (F247L) along
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with S347 (the native residue). Sequencing results suggested that V240, V241, and F243
contribute little to analog selectivity, since they had minimal impact on activity. Overall,
these results are in accord with previous observations relevant to luciferin processing. F247
and S347 are known to impact the binding of D-luc and various analogs.?1: 38: 40 We’ve also
previously observed that S347G appears to favor analogs with C4” substituents, likely by
creating additional space in the active site.24

The library screens suggested that F247Y and S347G/A were the key drivers of selective
processing for disubstituted analogs 4”,7"-MeLuc and 4’-Br-7"-MeLuc. However, it was
unclear whether both mutations were necessary, or the extent to which the mutations were
influencing selectivity. To uncover the roles of the specific mutations and gain additional
sequence-function information, we created single point mutants (F247Y, S347G/A) and
evaluated their selectivities for various analogs. Additional point mutants (V2401, V241A,
F243M, F247L) and double mutants (F247Y/S347G, F247Y/S347A, F243M/S347G) were
included in the analyses, along with mutants from the initial screen (mutants 53-54, and
Fluc).

The mutants were expressed and incubated with the hybrid analogs, the singly modified
compounds (4"-BrLuc, 4"-MeLuc) or D-luc, and light emission was measured (Figures S9—
11). Not surprisingly, single mutants comprising V2401, VV241A, or F243M were ~10-100-
fold less selective for the disubstituted analogs compared to other luciferins. These results
corroborate our earlier screening data, where variation at sites 240, 241, and 243 was
observed. Interestingly, mutant F247Y preferentially processed the singly modified
luciferins and D-luc over the disubstituted analogs. Only when this mutation was combined
with S347G/A did preference for the hybrid analogs begin emerge. The F247Y/S347G
double mutant was particularly selective for the hybrid luciferins over the native luciferin,
D-luc. The selectivity was on par with the parental enzyme identified from the initial screen
(mutant 53), confirming that the other residues (V2401 and F243M) do not contribute
substantially to orthogonal substrate usage. Biochemical analyses further revealed that the
F247Y/S347G double mutant exhibited higher affinity for the disubstituted analogs
compared to D-luc (Table S3/Figures S12-13).

Disubstituted analogs are orthogonal to existing probes.

The residue analyses revealed combinations of probes that would be useful for orthogonal
bioluminescence imaging. As mentioned above, cell-compatible and robust architectures for
multicomponent imaging have been difficult to identify. Combinations of enzymes and
substrates must be minimally cross-reactive and, ideally, exhibit bright emission.
Compatibility with native Fluc/D-luc is also desirable, due to the popularity and availability
of this reporter pair.

Our data indicated that the disubstituted luciferins would be good candidates for orthogonal
imaging, in combination with Fluc/D-luc and other robust sets. Mutant F247Y/S347G was
selective for the hybrid analogs, while Fluc preferentially processed D-luc. To assess
whether they could be used as orthogonal pairs, the luciferins were incubated with mutant
F247Y/S347G or Fluc in bacterial cell lysate. Photon outputs were measured and
orthogonality was assessed (Figure 7A). F247Y/S347G exhibited a >10-fold preference for
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the disubstituted analogs, while Fluc exhibited >100-fold selectivity for D-luc. Such fold
differentials are sufficient for orthogonal imaging.3°

We also examined whether 4”,7”-MeLuc and 4’-Br-7’-MeLuc could be used in
combination with monosubstituted luciferins, including 4’-BrLuc, 4’-MelLuc, and 7’-
MeLuc. As shown in Figures 7B and S14, the disubstituted probes were less orthogonal to
4’-MeLuc and 4”-BrLuc. Cross-reactivities among the compounds and complementary
enzymes resulted in diminished orthogonality. Since the disubstituted analogs exhibited
similar enzyme preferences as singly C4’-modified luciferins, we surmised that they might
be more readily differentiated from analogs comprising a single C7” appendage. To test this
hypothesis, we selected luciferase mutants 53 and 54, in addition to mutant 87 (R218K,
F250Y, S314T, S316T) for analysis. Mutants 53 and 54 were previously shown to be
selective for C4-modified luciferins, while mutant 87 is known to preferentially process 7’ -
MeLuc (Figure S15).24 The three mutants were individually expressed and then incubated
with 4”,7”-MeLuc, 4’-Br-7"-MeLuc, or 7’-MeLuc. Light outputs were measured for all
enzyme-substrate combinations. Excitingly, both disubstituted luciferins were orthogonal to
7’-MeL.uc, with >10-fold differences in light output observed with the relevant luciferases
(Figures 7C and S16). These results indicate that both 4”,7”-MeLuc and 4”-Br-7"-MeLuc
are suitable for multicomponent imaging with existing probe sets.

Conclusions.

Multicomponent bioluminescence imaging requires collections of bright and structurally
diverse luciferins. Analogs with more subtle structural modifications are typically better
tolerated by luciferase enzymes (and provide more photons), but remain difficult to
differentiate from other light-emitting substrates. Luciferin features most beneficial for
orthogonality (e.g., large modifications to the core) are often detrimental to enzyme
processing. Consequently, the most substrate-specific probes tend to give off the least light.

In this work, new luciferins were constructed by combining minimal structural components
of singly modified analogs to create disubstituted versions. These luciferins were viable light
emitters with Fluc, enabling orthogonal probe development via parallel engineering.
Screening of the analogs with a collection of mutants revealed luciferases that could
efficiently process the disubstituted analogs. We further identified mutants that could
differentiate the hybrids from D-luciferin and monosubstituted analogs. To determine the
enzyme residues responsible for selectivity, we evaluated a panel of individual mutants with
various luciferin probes. Light emission data revealed unique patterns of reactivity for the
disubstituted luciferins, with residues F247Y and S347G/A underlying substrate preference.

Our results provide further evidence that subtle changes to luciferins and luciferases can
elicit sufficient orthogonality. Using minimally modified scaffolds, we were able to identify
enzymes that preferentially processed disubstituted analogs over related architectures. Only
a handful of luciferase mutations contributed to the overall selectivity. The hybrid probes
reported here can be readily applied to multicomponent imaging and add to the growing
number of bioluminescent tools. This work also informs on how to design robust and
substrate-selective imaging agents via parallel engineering. Further applications of the
method will expand the number of probes that can be used in tandem.

Biochemistry. Author manuscript; available in PMC 2022 March 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Williams et al. Page 10

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Multicomponent bioluminescence imaging with engineered luciferases and luciferins. (A)
Fluc catalyzes the oxidation of D-luc, producing photons of light. (B) Mutant luciferases
preferentially process sterically modified analogs. Orthogonal pairs comprise enzymes that
are bright with one analog, while dim with another. Substrate preference can be graphically
depicted as shown in the cartoon plot. (C) Disubstituted luciferins examined in this work
(right), alongside the relevant singly modified analogs (left). (D) Overlay of 4’,7’-MeLuc
(docked as AMP ester conjugate, dark gray) in the active site of Fluc (PDB: 4G36). Residues
within 5 A of the methyl substituents (orange) are shown in blue.
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Disubstituted

Bl 4.7-MeLuc

'—Br-7'-MeLuc
100 1 000
concentratlon (UM)

analogs produce light with Fluc. Analogs (0-1 mM) were incubated with (A)

recombinant Fluc or (B) Fluc-expressing HEK293 cells. For (B), photon outputs were
monitored over time and steady state emission values (t = 25 min) are shown. For (A)-(B),
emission intensities are plotted as photon flux values on log scales. Error bars represent the

standard error

of the mean for n = 3 experiments.

Biochemistry. Author manuscript; available in PMC 2022 March 02.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Williams et al.

Page 15

0 |

°”:| o
,

5

1
1

total flux (p/s)

_—
10 i
i j—l—?—\ i 4',7'-MeLuc
A 1010 52 53 54 55] Ll

mutant number {  m4'-Br-7'-MeLuc

1084 o

total flux (p/s)
>
[=)]

e N
o o
) ES
o_.—r‘l——g
L

1 1 T 1
40 80 120 160 200
mutant number

B

V240
F247
V241

=V N

F243 S347
9_ mutants
C 10 )
54
@ 1084
e
é 107 4
S
o
* 1064
105 - T T T L]

4'7'-MeLuc 4'-Br-7'-MeLuc 4'-MeLuc 4'-BrLuc

Figure 3.
Light emission of luciferin analogs incubated with a panel of mutant luciferases. (A) Mutant

luciferase-expressing bacteria were lysed, plated in 96-well black plates, and incubated with
4’ 7’-MeLuc (blue circles, 250 uM) or 4’-Br-7"-MeLuc (gray squares, 250 pM). Fluc-
expressing bacteria were included in the screen, and the corresponding light emission values
are highlighted in pink. The inset highlights a subset of mutants further analyzed in this
work. (B) Residues of interest for orthogonal probe development. Analog 4°,7’-MeLuc is
shown (as AMP ester conjugate, dark gray) bound in the Fluc active site (PDB: 4G36). The
methyl groups are colored orange, while the sites targeted in mutants 53 and 54 are shown in
blue. (C) Light emission from a subset of mutants and analogs. Saturating doses of 4”,7-
MeLuc (250 uM), 4’-Br-7’-MeLuc (250 puM), 4’-MeLuc (100 uM), or 4’-BrLuc (100 pM)
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were incubated with lysed bacterial cells expressing mutants 53 or 54. For each replicate in
(A) and (C), a single lysate was split among the wells and treated with the various analogs.
Emission intensities are shown as photon flux values on log scales. Error bars represent the
standard error of the mean for n = 3 experiments.
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|
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Orthogonal substrate usage observed between mutants 53 and 54. Mutant 53 produces more
light with disubstituted luciferins than singly modified analogs. Bacteria expressing mutant
53, mutant 54, or Fluc were lysed and incubated with 4’-Br-7’-MeLuc or a singly modified
luciferin at saturating doses (100-250 pM). The light output for each enzyme-substrate
reaction was measured. Comparative emission values are plotted as the ratio of disubstituted
luciferin activity over the activity of each substrate shown, on a log scale. Error bars
represent the standard error of the mean for n = 3 experiments. For each replicate, a single
lysate was split among three wells and treated with the various analogs.
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Figure 5.
Screen to identify key residues involved in analog selectivity. (A) Library screening

workflow. (B) Sample bioluminescence images from library screens with 4’-Br-7"-MeL.uc,
4’-BrLuc, and D-luc. Selective colonies were selected for sequencing analysis. For each
replicate, a single lysate was split among the wells and treated with the compounds shown.
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mutants that prefer 4’,7°-MeLuc over D-luc and 4’-MeL.uc, and vice versa. (B) Frequency
of residues observed in mutants that prefer 4’-Br-7’-MeLuc over D-luc and 4’-BrLuc, and
vice versa. The pink heat maps represent mutants that preferred 4’,7’-MeLuc or 4’-Br-7’-
MeLuc, while the blue heat map displays mutants that preferred either D-luc, 4’-BrLuc or

4’-MelLuc.
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Figure 7.
Disubstituted luciferins are orthogonal to robust light-emitting luciferins, including (A) D-

luc, (B) 4’-MeL.uc, and (C) 7’-MeLuc. Mutants F247Y/S347G and 53 selectively processes
the disubstituted analogs, while Fluc and mutant 87 prefer other luciferins. Bacterial cells
expressing (A)-(B) mutant F247Y/S347G or Fluc or (C) mutant 53 or 87 were lysed and
plated over a 96-well plate. Comparative emission values are plotted as the ratio of one
luciferase over the other, on a log scale, for each substrate. Error bars represent the standard
error of the mean for n = 3 experiments. For each replicate, a single lysate was split among
the wells and treated with each analog.
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Scheme 1.

Synthesis of disubstituted luciferin analogs (A) 4”,7”-MeLuc and (B) 4’-Br-7"-MeLuc
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