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ABSTRACT OF THE DISSERTATION

Expanding the bioluminescent tool box for imaging macroscopic cell networks
By
William Buchanan Porterfield
Doctor of Philosophy in Organic Chemistry
University of California, Irvine, 2017

Associate Professor Jennifer Prescher, Chair

Optical imaging strategies have revolutionized our understanding of living
systems. Among the most popular techniques for imaging in whole tissues and
organisms is bioluminescence. The most widely used bioluminescent system comprises
the luciferase enzyme from the firefly (Fluc) and its small molecule substrate, D-luciferin
(D-luc). When introduced into cells, these components produce photons that can be
captured by sensitive cameras. Since mammalian cells and tissues produce little to no
endogenous light, bioluminescence imaging (BLI) is well suited for use in whole
organisms. Despite its sensitivity and broad dynamic range, BLI has largely been limited
to imaging one cell type at a time. Multicellular networks have been refractory to BLI
owing to lack of distinct luciferase-luciferin probes. BLI also lacks adequate spatial
resolution to directly visualize cell-to-cell contacts. To address these voids, my thesis
work focused on: (1) developing “caged” luciferins to report on cell-cell interactions and
(2) creating novel bioluminescent pairs via luciferin analog synthesis and luciferase
enzyme engineering. Collectively, the tools developed from my thesis work will provide

a better understanding of complex interactions in vivo.

XV



Chapter 1: Tools for visualizing cell-cell ‘interactomes’

1.1 Introduction

Humans rely on a multitude of cell types and communication networks to carry
out specific tasks. Movements are controlled by nerve cell contacts with neighboring
neurons and distant muscle tissue; pathogens are cleared by the coordinated actions of
dozens of immune cell types. Many aspects of these and other cell networks are
understood with exquisite molecular detail. Discrete cell adhesion molecules and
secreted molecules have been identified for both neurons and immune cells both
transmit information via direct cell adhesion and secreted molecules [1-3]. Our
understanding of biological networks at the cellular level, by contrast, remains
incomplete. The number of cell types involved in controlling movements, immune
function, and other processes are unknown in most cases. The timing and location of
cellular interactions, along with the long-term fates of the cells, are similarly poorly
understood. Unraveling these networks of cellular interactions (i.e., “interactomes”) is
crucial to not only providing a complete picture of organismal biology, but to one day
exploit cellular networks for therapeutic gain.

Understanding cellular “interactomes” requires tools that can function over long
times and distances in heterogeneous tissues [4-5]. Optical imaging probes are
uniquely suited for this purpose. These tools produce nontoxic visible light upon
excitation, and when appended to whole cells, their signals can report on cell
movements and other functions. Among the most popular optical agents for cell-based
imaging are fluorescent proteins and small molecule fluorophores. These tools come in

a wide assortment of colors, and combinations of fluorescent probes have been artfully



employed to visualize cells in vitro and in vivo [6]. Most applications to date, though,
have been limited to microscopic observations of surface structures or exposed tissues
where the required excitation light can be more effectively delivered.

A complementary class of optical agents, bioluminescent proteins (luciferases),
are often better suited for imaging at the macroscopic scale. These tools do not require
incident radiation to produce light. Rather, luciferases emit photons during the chemical
oxidation of small molecule substrates (luciferins). The light produced is inherently
weak, but since mammalian tissues do not produce large numbers of photons,
bioluminescence can provide a sensitive readout on luciferase-labeled cells in intact
organisms [5,7]. Indeed, tumor cell proliferation, immune cell homing, and other
processes have been examined with this imaging modality [7].

While a popular choice for macroscopic imaging, bioluminescence has been
difficult to employ for imaging microscopic features. The low levels of light produced are
difficult to capture with conventional microscopes. Additionally, few unique luciferase-
luciferin pairs exist, largely limiting the technology to visualizing one cell type or
biological feature at a time. Thus, despite decades of optical imaging probe
development and applications; there remains a void in our ability to visualize cells
across long time and length scales. Recent advances in chemical biology, though, are
beginning to address the need for reliable, user-friendly tools to observe collections of
cells in intact organisms. These developments and their applications in profiling cellular

interactomes are highlighted in the following sections.



1.2 Fluorescent probes for visualizing collections of cells in vivo

A necessary step in understanding cell-cell “interactomes” involves taking
inventory of cells in their native habitats. Fluorescent proteins (FPs) and small molecule
fluorophores are well suited for this task. These probes comprise chromophores that
produce light upon irradiation. Several colors of FPs and fluorophores are now
available, enabling multiple cell types to be simultaneously visualized. FPs can also be
encoded in a variety of cell types for long-term, serial tracking [6]. Unfortunately, many
of the most common fluorescent probes (e.g., GFP, fluorescein, etc.), are not ideal for
macroscopic, deep-tissue imaging in rodent or other opaque models. The required
excitation light induces high levels of tissue autofluorescence and is strongly absorbed
by blood [8-9]. Thus, fluorescent probes have primarily been employed for imaging at
superficial sites or surgically exposed regions [4]. Interference from blood and overlying
tissue can be minimized using longer, more tissue-penetrant wavelengths in
combination with multi-photon microscopy. This approach has been used to track a
variety of cellular networks (labeled with FPs or other fluorophores) in live organisms
[10-11]. Recent examples include cell-cell interactions relevant to cell homing [12],
immune regulation [13] and pathogen clearance [14].

Optimized fluorescent proteins for cell tracking in vivo. Macroscopic cell imaging
is possible using FPs with red-shifted excitation and emission spectra. Wavelengths >
~600 nm readily penetrate mammalian tissues, and identifying FPs with excitation and
emission spectra in this range is thus an important goal [8]. The earliest red-emitting
FPs were not sufficiently stable or bright for routine use in vivo [15-16]. Iterative

improvements to these reporters have been made, though, and these tools are enabling



more sensitive imaging in live animals [17-19]. In a recent example, Lin and colleagues
used structure-guided mutagenesis to engineer a far red-emitting, monomeric FP
(mCardinal) with improved brightness and stability [20]. mCardinal enabled noninvasive,
serial imaging of myoblast differentiation in deep tissues. Verkusha and colleagues also
developed a suite of stable and spectrally distinct FPs that emit near-infrared light (iFPs)
[21-22]. Some of these iFPs can be distinguished in a single animal model, enabling
multicolor imaging of cellular networks (Figure 1-1a).

Combinatorial FP expression for color-coding cells. Additional “colors” for cell
tracking are available using combinations of FPs. A stellar example is 'Brainbow', a
genetic recombination technique that results in stochastic expression of four distinct
FPs (orange, red, yellow, cyan) in individual cells. The combination of expressed FPs
effectively marks each cell with a unique color for long-term visualization [23-24].
‘Brainbow’ was originally applied to color code mouse neurons for imaging cell contacts
in brain tissue (i.e., “connectomes”). More recently, the approach has been used to
track non-neuronal cells in mice [25], along with cell migration patterns in other
organisms [26-27]. Application of the ‘Brainbow’ technique to other cellular networks
and in combination with new FPs will bolster efforts to track cellular interactomes.

Photoswitchable FPs for long-term tracking. A variety of FPs exhibit unique
photophysical properties that can be exploited for imaging cell-cell interactions. One
such FP, Kaede, irreversibly changes from green to red in color [28]. Mathis and
colleagues exploited this photoconvertible protein to “mark” immune cells and monitor
their movements to and from mouse intestines [29]. The intestinal tract is inhabited by

diverse collections of microbes, and our understanding of their roles in
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Figure 1-1. Multicellular imaging in live animals. (a) Visualizing fluorescent proteins (FPs) in
vivo. Upon excitation, FPs emit light that can be captured by sensitive cameras. In some
cases, unique FPs (and, thus, the cells expressing them) can be spectrally resolved. (b) MTLn3
cells expressing infrared fluorescent proteins iRFP702 (left) or iRFP7 (right) were imaged in a
single mouse model. Following irradiation, images were acquired in 19 distinct channels.
Spectral unmixing provided the images shown. Images are reprinted with permission from ref.
[22], copyright (2013) Nature Publishing Group. (c) Intravital imaging of cellular interactions in
mouse liver. T cells (red) were observed to contact and destroy GFP-expressing Plasmodium
yoelii parasites (green). This image is reprinted with permission from ref. [14], copyright (2013)
National Academy of Sciences. U. S. A. (d) Overview of recently developed FPs and small
molecule fluorophores for cellular imaging.



influencing immunological functions—and mammalian biology in general—is only in its
infancy. The authors used an endoscope to deliver light and photoconvert Kaede-
labeled immune cells in mouse models. They discovered large populations of
leukocytes that travel to and from the gut. These results have important implications for
the role of gut microbiota in influencing immune function.

Improved fluorophores for short-term tracking. While fluorescent proteins are the
go-to choice for long-term visualization, small molecule fluorophores are attractive for
short-term studies of cell-cell interactions [30-31]. These probes can be appended to
cells in a variety of manners (intercalation, antibody-delivery, etc.), but they do not
propagate with cell division. Small molecule fluorophores also come in an assortment of
colors, and some (e.g., fluorescein and rhodamine) have been used extensively in
combination with intravital imaging and multi-photon microscopy (Figure 1-1b) [4].

Similar to fluorescent protein technology, red- and infrared-emitting fluorophores
are desirable for noninvasive cell tracking [32-35]. These probes have been notoriously
difficult to access and handle, though, and remain the subject of intense research
[34,36-37]. Recent efforts include generating more photostable cyanine dyes [38] and
fluorophores with altered electronic properties [39-40]. In one example, Lavis and
colleagues replaced the xanthene oxygens in fluorescein and rhodamine with
quaternary carbons [39]. The resulting "carbofluorescein" and "carborhodamine" probes
exhibited robust fluorescent properties and enabled sensitive imaging in cells (in the
absence of anti-bleaching agents). The divergent syntheses of the carbofluorophores

also enabled the facile construction of numerous fluorogenic probes for facile cell



labeling [39]. Similar strategies have been used to access more red- and infrared-
emitting fluorophores for in vivo imaging [34,41-42].

Improved strategies for probe delivery. Concomitant with improved scaffold
development; new methods to append small molecule probes to cellular targets are
advancing studies of cell-cell interactions. Traditional approaches to target labeling have
involved targets via lipid insertion, non-selective bioconjugation chemistries, or antibody
labeling of ubiquitous cell targets. Many of these approaches result in non-uniform
labeling or poor probe retention. More selective and modular methods for covalent
probe attachment have been developed in recent years and are expanding the scope of
cell visualization [6,43-44]. Many of these are also amenable to use with quantum dots
and related optical nanostructures [45]. Among the most versatile technologies for
attaching probes to cell surfaces are enzyme-assisted tagging methods. These
strategies rely on enzyme-mediated recognition and modification of small, genetically
encoded peptide tags [42,46]. In one example, Ting and colleagues engineered
bacterial lipoic acid ligase (LplA) to append various probes to a short, 13-amino acid
recognition sequence (LAP1) [47]. LplA can transfer a variety of probes to LAP1,
including bioorthogonal azides [48]. Azides can be selectively ligated with fluorescent
probes in a second step using “click” chemistry. This approach was used to selectively

attach imaging probes to cell surface proteins.

1.3 Engineered fluorescent tools for examining cell-cell contacts
Imaging cells with discrete fluorescent probes is a classic method for visualizing

networks of cells in live tissues and organisms. Multicolor imaging, though, does not



provide an unambiguous readout on physical cell contacts. Direct cell-cell contacts
underlie memory formation, immune cell function, among other processes. Thus,
methods that unequivocally report on physical cell contacts would enable critical
aspects of cell communication to be more accurately mapped.

Contact-dependent “split” reporters. One technique for visualizing cell-cell
interactions, GFP Reconstitution Across Synaptic Partners (or GRASP), is based on
protein complementation. In this approach, nonfluorescent GFP fragments are
appended to unique pairs of extracellular proteins. When brought into contact, the split

() (b)

pre-mGRASP MGRASP merge

contact
—_—

Post-synaptic Pre-synaptic

()

Figure 1-2. New tools for imaging direct cell-cell interactions. (a) llluminating cell contacts
with GRASP technology. In one example, split fragments of GFP were tethered to CD4
transmembrane proteins in adjacent neurons. Upon cell contact, the split fragments assembled
to provide functional GFP. (b) Synaptic connections in mouse brain visualized with GRASP.
Left: Pre-synaptic neurons expressing mCerulean (blue). Right: GFP reconstitution and
fluorescence (green) is observed upon contact between pre- (blue) and post-synpatic (red)
neurons. Sites of GFP reconstitution are denoted by white arrows. Reprinted with permission
from ref. [49], copyright (2012) Nature Publishing Group. (c¢) ID-PRIME labeling of transcellular
interactions. LplA and LAP were fused to neurexin (NRX) and neuroligin (NLG), respectively.
Upon NRX-NLG binding, LplA can modify LAP with an exogenously supplied azido probe (pAz).
The azides were detected in a second step using an alkynyl fluorophore and copper-catalyzed
“click” chemistry (Cu-Click). (d) ID-PRIME imaging of intercellular interactions. HEK cells
expressing NRX-LplA were plated with cells expressing NLG-LAP. The cultures were incubated
with pAz for 5 min, then “clicked” with an alkyne-AF647 conjugate. Left: AF647 (pink) labeling of
cell contacts. Right: AF647 labeling merged with a marker of NLG-LAP-expressing cells (blue)
and a marker for NRX-LplA (green). Reprinted with permission from ref. [50], copyright (2013)
American Chemical Society.



fragments assemble to provide functional, light-emitting GFP (Figure 1-2a). GRASP was
initially used to rapidly locate synapses in intact nematodes and fruit flies with high
spatial resolution [51-52]. More recently, the technique has been adapted to imaging
new synapse formation in mouse brains (Figure 1-2b) [49,53]. Other split FPs will likely
be developed for intercellular imaging [54].

Enzymatic tagging of cell-cell interactions. In addition to marking cells with
unique probes, enzyme-assisted tagging technologies can be co-opted for imaging cell-
cell contacts. In recent work, Ting and Zegelbone utilized cell-surface LplA to selectively
label proteins on interacting cells (Figure 1-2c-d) [47,50]. When the ligase and acceptor
peptide were fused to surface proteins neurexin (NRX) and neuroligin (NLG), LplA
transferred picolyl azide only when the proteins were in direct contact. The azide was
tagged with a visual probe in a second step. This approach—interaction-dependent
probe incorporation mediated by enzymes (ID-PRIME)—enabled selective imaging of
trans-cellular interactions in multiple cell types (Figure 1-2d). ID-PRIME is also versatile
technology and should be amenable to tagging cell-cell interactions with a variety of

probes for in vivo translation is expected.

1.4 Improved bioluminescent probes for noninvasive imaging

While the expansive palette of fluorescent probes enables cell-cell contacts to be
readily discerned over microscopic distances, these tools have been historically difficult
to transition to larger length scales (i.e., bigger organisms). This is largely due to the
requirement for photon excitation: one must know “when and where” to shine the light.

Bioluminescence imaging, by contrast, does not require excitation light and is often



more suitable for global cell tracking experiments in vivo. The genes encoding
luciferases can be expressed in numerous cell types, and when luciferin is
administered, light is produced that can be captured by sensitive cameras [7,9].
Luciferase-tagged cells can also be imaged repeatedly and noninvasively, making
bioluminescence particularly well suited for longitudinal studies in a variety of preclinical
models [55-56].

While versatile, bioluminescence has been largely limited to imaging one cell
type or biological feature at a time owing to a lack of unique probes. Dozens of unique
luciferases and luciferins have been identified in nature, but most are difficult to resolve
in vivo owing to overlapping substrate usage or emission spectra [5,7]. Multicellular
imaging is possible with biochemically distinct luciferase-luciferin pairs; however, the
luciferins must be administered sequentially (often days apart) for unique cell
populations to be discerned [57-58] (Figure 1-3a-b). In a recent example, Tannous and
colleagues visualized three distinct tumor cell populations in mice [58]. The cells were
tagged with three unique luciferases (Vargula luciferase, Renilla luciferase, and firefly
luciferase) and imaged via sequential administration of the cognate luciferins (vargulin,
coelenterazine, and D-luciferin, respectively).

Engineered luciferases and luciferins for noninvasive imaging. Several groups
are attempting to address the need for distinct luciferase and luciferins probes. Mutant
versions of luciferase have been crafted and found to possess altered spectral
properties [59]. More recent efforts to engineer luciferins have similarly provided

luciferins capable of emitting different colors of light (Figure 1-3c) [60-63]. Other new
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Figure 1-3. Expanding the bioluminescent toolbox. (a) Multicomponent bioluminescence
imaging. Cells expressing ungiue luciferases: firefly luciferase (Fluc) Gaussia luciferase (Gluc),
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with permission from [58]. Copyright (2013) Nature Publishing Group (b) Luciferase-luciferin

pairs for in vivo imaging.
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substrates offer improved cell and tissue permeabilities and shelf stability [64-68].
Collectively, these tools remain difficult to spectrally resolve in vivo.

Perhaps a more fruitful approach involves simultaneous modification of luciferase
enzymes and luciferin substrates. In recent work, Wood and colleagues designed a cell
permeable, stable analog of coelenterazine (furimazine, Figure 1-3c). The authors then
evolved a luciferase from a deep-sea shrimp specific for this designer luciferin [66]. The
resulting luciferase (Nanoluc) provided brighter and more stable light emission than
related bioluminescent systems, and has found application in point-of-care drug
monitoring [69] and pathogen detection [70]. Miller and co-workers used a similar
approach to identify mutant versions of firefly luciferase that more efficiently catalyze
light production with aminoluciferin variants [71-72]. These tools will facilitate the
simultaneous tracking of cells in vivo and thus enhance our understanding of cellular

interactomes.

1.5 Next-generation bioluminescent probes for imaging cell-cell communication
Bioluminescence is sufficiently sensitive to monitor contacts between small
numbers of cells in live animals, but can only approximate cell location owing to its low
spatial resolution. By contrast, cell-cell interactions can be readily detected via intravital
microscopy. However, these methods require invasive surgical procedures to expose or
collect tissue. Developing general methods for studying cellular interactions in vivo that
blend the macroscopic and noninvasive features of bioluminescence with the spatial

resolution and rich information content of microscopy remain important goals.

12



The Prescher group is crafting novel bioluminescent tools that produce light only
when two cells come into close proximity or direct physical contact. In one approach, we
synthesized “caged” probes—molecules comprising a luciferin core outfitted with
appendages (i.e., “cages”) that preclude binding to luciferase. In the presence of cells
capable of excising the cage (“activator” cells), luciferin is liberated and available for use
by luciferase-expressing (‘reporter”) cells. Reporter cells nearest the activator cells
consume the most substrate; thus, light intensity correlates with the proximity of the two
populations (Figure 1-4a,b). We initially synthesized a galactose-caged luciferin (Lugal)
to report on the proximity between f-gal-expressing activator cells and luciferase-
expressing reporter cells [73]. When activator cells were localized to sites of metastases
(e.g., lymph nodes), Lugal administration signaled the invasion of luciferase-expressing
tumor cells and thus metastases in live mice (Figure 1-4c). Additional caged luciferins
will enhance this more robust readout on cell-cell interactions, along with alternative

technologies.

1.6 Objectives of this study

Cellular communication drives diverse aspects of organismal biology ranging from
immune function to memory formation. The mechanisms by which cells transmit
information in vivo, though, are only partially understood. For example, how immune
cells interact with tumor cells or pathogens has been difficult to study in their native
habitat. These cellular interactions have been studied at the microscopic level [14,74],
but not at the macroscopic, whole animal level. Bioluminescence is a promising

technique for improving the utility of optical imaging in whole animal models. It is more
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Figure 1-4. Macroscale detection of microscale cellular interactions. (a) Strategy for
imaging distance-dependent interactions. (b) “Caged” luciferins can report on cell proximity. The
“cage” can be selectively released in activator cells, and the liberated luciferin can be utilized by
nearby luciferase-expressing reporter cells. Robust photon production is observed only when
the activator and reporter cells are in close proximity. Right: Tumor-immune cell interactions
visualized in live mice. Mice were inoculated with bone marrow from beta-galactosidase
transgenic mice. Upon implantation of luciferase-expressing metastatic tumor cells (4T1) in
these mice, tumor-immune cell interactions could be selectively visualized using Lugal (left) or
D-luciferin (right). Lugal imaging was able to provide more sensitive imaging of cell interactions
at metastatic sites (red circles). Subsequent ex vivo analysis confirmed both beta-gal
expressing immune cells and luciferase expressing tumor cells were present at sites. Reprinted
with permission from ref. [73]. Copyright (2013) National Academy of Sciences U.S.A.
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sensitive than fluorescence due to the decreased background of luminescence. In
addition, the simplicity and relative inexpensiveness of BLI combine to make this
technique more approachable than PET, MRI or other similar techniques. Yet, the
current state of BLI is lacking in two major ways. (1) The spatial resolution of BLI is too
poor to report on microscopic, or cellular level events. (2) The small number (2
practically used pairs) of unique and selective bioluminescent systems precludes the
imaging of multiple cell types, genes, etc. where two or more targets are to be imaged
simultaneously. The tools and methods developed throughout my thesis work improves
the utility of bioluminescence for use in complex in vivo environments.
| aimed to:
1. Synthesize and characterize novel ‘caged’ luciferins for their use as a reporter
on cell-cell contact and increase the spatial resolution of BLI.
2. Develop a screening platform to engineer orthogonal luciferase-luciferin pairs
for multicomponent imaging.
3. Synthesize novel luciferins and evolve selective luciferase enzymes for

improved in vivo, multicomponent imaging.
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Chapter 2: ‘Caged’ probes for imaging cell-cell contact

2.1 Introduction

Cell-cell contacts govern numerous biological processes, including cell growth,
motility, and immune function [1]. Our understanding of these interactions is critically
dependent on our ability to “see” them, and several fluorescence imaging techniques
have been developed for this purpose [1-2]. While powerful, these strategies require
intense excitation sources and are thus largely limited to visualizing interactions on a
microscopic scale [2-4]. As introduced in Chapter 1, bioluminescence imaging (BLI), a
complementary optical technique, is often more suitable for capturing macroscopic cell

movements in whole tissues and organisms as it does not require excitation light.
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Figure 2-1. General strategy for visualizing cell-cell interactions. (A) Light is produced only when cells
are in close contact. (B) “Caged” luciferins enter activator cells, where an uncaging enzyme (e.g., B-
gal, PLE, or NTR) liberates an active luciferin. This molecule diffuses into nearby reporter cells
(expressing Fluc), and light is produced. (C) Structures of “caged” luciferins discussed in this work.
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However, in its current form, BLI is incapable of reporting on direct cell-cell interactions
owing to its low spatial resolution [3,5-6]. This leaves a gap in our ability to investigate
dynamic cellular interactions across large length and time scales without knowing when
and where to look.

To address this void, we aimed to engineer bioluminescent probes that could
report on cell-cell contacts. Bioluminescence exploits enzymes (luciferases) that
catalyze light production via the oxidation of small molecule substrates (luciferins). The
most widely used enzyme-substrate pair comprises the luciferase from the firefly (Fluc)
and its small molecule substrate, D-luciferin [3,7]. When introduced into non-luminescent
cells, these components produce photons that can be captured by sensitive cameras.
The Fluc/D-luciferin pair has been widely used for tracking cells and gene expression
patterns in mouse models of human biology [3,7-9]. Synthetic analogs of D-luciferin are
also gaining traction in imaging studies, owing to their unique light emission profiles and
cell permeabilities [10-15].

In previous work, the Prescher lab exploited a modified luciferin—known as a
‘caged” probe—to visualize cell-cell proximity in rodent models [5]. “Caged” luciferins
typically comprise appendages (i.e. “cages”) at the 6 -position of the scaffold, rendering
the molecules incapable of interacting with luciferase to produce light [16]. However,
upon removal of the cage, a functional luciferin (with an electron-donating group at the
6 -position) is generated and available for the light-emitting reaction. “Caged” probes
have been previously employed to measure enzyme activities [17-18], track bioactive
small molecules [19-20], and alter gene expression via Cre-recombinase [21-22] in vitro

and in vivo.
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The initial probe explored was Lugal, a galactose-caged luciferin that is
selectively cleaved by the uncaging enzyme, B-galactosidase (B-gal) [5]. If B-gal is
expressed in one cell (i.e., an “activator” cell) and Fluc is expressed in another (i.e., a
“reporter” cell), administration of Lugal can report on the proximity of the two cells (Fig.
1) [23]. In this scenario, luciferin released by activator cells enters neighboring reporter
cells and is used by Fluc to produce light (Fig. 1B) [5]. While Lugal is able to report on
relative distances between cell populations, the molecule is prone to non-specific
uncaging in biological media [5]. Premature uncaging results in luciferin release and
bioluminescent light emission in regions devoid of activator cells. Thus, sensitive
imaging of cellular interactions with Lugal remains challenging. Additionally, Lugal
enables only transient imaging. In some cases, long-term visualization of cell-cell
contacts is desired. For example, studies focused on long-term tracking of small
subsets of immune cells or implanted stem cells would benefit from a sensitive and
permanent record of cell-cell contacts.

This chapter describes my efforts to develop improved caged molecules. | initially
focused on more stable luciferin cages with increased selectivity for their activating
enzymes. The luciferins pursued were a 6°-nitro cage (Luntr) and a methylcyclopropane
carboxymethyl cage (Lucy) with activating enzymes nitroreductase (NTR) and porcine
liver esterase (PLE), respectively. A complementary caged reporter system based on an
activatable Cre-recombinase was also pursued. This caged-activator Cre-recombinase
system would permanently turn on luciferase expression in cells contacted by a cell type

of interest allowing for long-term studies and a recording of all cell-cell contacts.
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2.2 Design and synthesis of ‘caged’ luciferins

| initially aimed to develop alternative caged luciferins with improved robustness
and specificity. The ideal molecules would be readily accessible from common synthetic
procedures, produce little to no light with Fluc, and, importantly, be resistant to non-
specific uncaging. Based on these considerations, we were drawn to two luciferins,
Lucy (2.1) and Luntr (2.2) (Fig. 1C). Lucy comprises a methylcyclopropane
carboxymethyl ester as a cage. This appendage has been previously used as a cage
that can be selectively cleaved by Porcine Liver Esterase (PLE) for fluorescein and
other fluorophores. In these cases, the masked fluorophores were stable and remained
“dark” in cells and in the presence of other esterases [24]. The increased stability of the
cyclopropyl methyl ester, as compared to other esters, was attributed to more favorable
overlap between the sigma orbitals of the cyclopropane and the m-system of the
carbonyl [25-26].

The second caged probe, Luntr (2.2), comprises a nitro group at the 6-position
and is a candidate substrate for bacterial nitroreductase (NTR). These enzymes have
been widely used to activate prodrugs [27-31] and fluorophores for imaging [32-33].
Most recently, NTR was used to uncage near infrared fluorophores for imaging cancer
metastases [32]. Neither NTR nor PLE are expressed in human or rodent cells,
suggesting these enzymes would be suitable for selective uncaging in our approach.
Furthermore, we reasoned that both Lucy and Luntr were likely to be poor light emitters
in their caged forms. Robust luciferin emitters require an electron-donating group at the
6-position [34]. PLE and NTR, activate their respective caged luciferins by restoring

electron density to the six position (Fig. 1B-C): PLE by cleaving the ester linkage from
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Scheme 2-1: Synthetic route to Lucy (2.1) and Luntr (2.2).
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Lucy to reveal a phenol, and NTR by reducing the nitro group of Luntr to provide a
hydroxyl group.

Lucy and Luntr were readily synthesized via a short and modular synthetic route
developed in the Prescher lab [11]. In brief, the cyanobenzothiazole structure 2.3 was
prepared from the condensation of dithiazolium chloride reagent 2.7 (Appel’s salt) and
p-anisidine, followed by a cyclization and deprotection. Lucy was derived from
intermediate 2.3 and known compound 2.4 (Scheme 2.1A) [11]. Luntr (2.2) was

prepared analogously (Scheme 2.1B) from commercially available 4-nitroaniline (2.6).
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Figure 2-2. (A) Fluorescence spectra of D-luciferin (light blue) and Lucy (dark blue).
Each compound was prepared at 50 uM in PBS. An excitation wavelength of 350 nm
was used. (B) Fluorescence spectra of hydroxylamine 2.10 (blue) and Luntr (gray).
Each compound was prepared at 250 uM in PBS, and an excitation wavelength of 350
nm was used. RFU is Relative Fluorescence Units.
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The aniline was condensed with 2.7 and fragmented to form cyanothioformamide 2.8.
This intermediate was then cyclized [35] to provide cyanobenzothiazole 2.9 and

ultimately condensed with D-cysteine to afford the caged probe 2.2.
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Figure 2-3. Uncaging of Lucy and Luntr in vitro. (A) Fluorescence spectra of Lucy (50
MM) incubated with PLE (10 pg/mL) and monitored over time (RFU is Relative
Fluorescence Units). An excitation wavelength of 350 nm was used. (B) Lucy (500 uyM)
was incubated in the presence (+) or absence (-) of PLE (5 pg/mL) at 37 °C for 0-120
min. Aliquots were then added to a solution of Fluc (10 pg/mL) in BLI buffer and
bioluminescent images were recorded. (C) Fluorescence emission spectra of Luntr (100
pMM) incubated with NTR (2 pg/mL). The reaction was monitored over 170 min using an
excitation wavelength of 350 nm. (D) Luntr (1, 5 mM) was combined with NTR (2 pg/mL)
and NADH (7.5 mM) in deuterated PBS, and the reduction was monited by 1H-NMR
spectroscopy. Sample spectra (2 h post-NTR addition) are shown, and diagnostic
resonances are labeled. (E) Reduced Luntr is cell permeant. Luntr (2.75 mM) was
incubated with NADH in the presence (+) or absence (—) of NTR for 0-90 min. Aliquots
were collected over 90 min, transferred to wells containing Fluc+ HEK (reporter) or
control cells, and imaged. Sample images are shown, and the fold induction in
bioluminescent signal (from reporter vs. control cells) is plotted. Error bars represent the
standard deviation of the mean for n=3 experiments.
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Figure 2-4. Luntr is stable in solution over time. (A) The stability of Lucy and Luntr
monitored over time. The caged probes (50 uM) was incubated at 37 °C in PBS or
DMEM (10% FBS) and monitored by fluorescence (Aex 350 nm, Aem 534 nm) over time.
RFU is relative fluorescence units. (B) Luntr was incubated with 50,000 NTR™ DB7 cells
for 0-5 h. Media aliquots (50 uL) were transferred to wells containing 50,000 Fluc* DB7
cells (final Luntr concentration = 250 yM) and bioluminescence images were acquired.
(C) Luntr was monitored for degradation over 2.5 h via 'H NMR. The compound was
dissolved in deuterated PBS (containing 10 % DMSO-dg) at 25 °C.

2.3 In vitro characterization of caged luciferins
With the caged luciferins in hand, we evaluated their responsiveness to the
respective uncaging enzymes, along with their overall solution stabilities. For the Lucy-

PLE pair, we exploited the difference in fluorescence emission between the caged and

uncaged luciferins (Fig. 2-2) [36]. When Lucy was incubated with PLE, uncaging was
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observed over 14 min (Fig. 2-3A). The uncaged probe (i.e., D-luciferin) could be readily
detected using its complementary luciferase, Fluc (Fig. 2-3B). At later time points, a

slight decrease in bioluminescence induction was observed, possibly due to non-
specific hydrolysis of the probe. However, when the hydrolytic stability of Lucy was
measured in PBS or cell media (DMEM + 10% serum), a half-life of greater than 3 days
in PBS and 20 h in cell media was observed (Fig. 2-4C). While not as stable as other
methycyclopropyl esters [24], Lucy represents an improvement over Lugal. Chemically
robust cages, as noted earlier, are critical for our approach to imaging cell contacts.

The uncaging capability and hydrolytic stability of Luntr were similarly assessed.
The probe was incubated with purified NTR and NADH [27,37], and substrate uncaging
was monitored via fluorescence spectroscopy. As shown in Figures 2-3C and 2-3E,
uncaging was both selective and rapid, with product being detected after only 15 min of
incubation. Luntr was stable in both aqueous solution and media (Fig. 2-4) for greater
than 2 days.

We hypothesized that the product of Luntr reduction was hydroxylamine 2.10, as
this molecule is capable of robust light emission with Fluc (Fig. 2-5). However, we were
unable to directly isolate and characterize 2.10 from the enzymatic reaction. Thus, we
turned to "H-NMR to monitor the enzymatic reduction in situ. Luntr was incubated with
NTR and NADH in deuterated PBS, and aliquots of the reaction mixture were compared
to synthetic standards of hydroxylamine 2.10 and amine 2.13 (Fig. 2-5 and Scheme 2-
2). NTR is known to reduce aryl nitro groups to hydroxylamines [27-30,38-39], although

nitroso and amine products have been detected in a few cases [31-32,40].
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Figure 2-5. (A) NTR-mediated reduction of Luntr (2.2). The bottom panel shows a
synthetic standard of hydroxylamine luciferin 2.10 (diagnostic resonances are labeled in
blue). The top panel shows the reaction mixture before addition of NTR (diagnostic
resonance for Luntr (2.2) are labeled in red). The second panel shows the reaction 3 h
post NTR addition. The third panel shows the reaction 3 h post NTR addition with
synthetic luciferin 2.10 doped into the reaction. (B) The top panel shows reduced
product 2.10 after 3 h of incubation with NTR and NADH (resonances are labeled in
blue). The middle panel shows amino luciferin 2.13 doped into the NTR reaction. The
bottom panel shows a synthetic standard of 2.13 (diagnostic resonances labeled in
green). All spectra were acquired in deuterated PBS (pH 7.4) and referenced to residual
solvent. Unlabeled resonances are NADH or NAD".
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Scheme 2-2. Synthesis of hydroxylamine luciferin.
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Figure 2-6. Stability of luciferin 2.10 monitored over 23 h. A 10 mM solution of 2.10 in
deuterated PBS (pH 7.4) was incubated at 37 °C and monitored by '"H NMR. DMSO
was added as an internal standard.
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Diagnostic proton resonances for 2.10 were observed during the first few hours
of incubation (Fig. 2B), prior to compound degradation (Fig. 2-6). Formation of the fully
reduced 6-amino luciferin (2.13) was not observed (Fig. 2-5B) during the course of the
reaction. In the absence of NTR, no changes in the NMR spectra for Luntr or NADH
were noted. Importantly, when the reaction mixtures (containing 2.10) were added to
purified Fluc, bioluminescent light was produced (Fig. 2-7). These data indicate that

hydroxylamine 2.10 is the uncaged form of Luntr.
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Figure 2-7. Reduced Luntr emits light with Fluc. (A) Luntr (2.2) and hydroxyamine
(2.10) were incubated with Fluc and light emission was acquired. (B) Aminoluciferin
(2.13) is a more robust light emitter than 2.10. Luciferin samples were incubated with
Fluc as above and emission data were acquired. For (A)-(B), error bars represent the
standard deviation of the mean for n = 4 replicates. Data are representative of three
independent experiments.
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Uncaged Luntr was also sufficiently cell permeant to induce bioluminescent light
production in luciferase-expressing (Fluc®) reporter cells. In these experiments, Luntr
(2.2) was incubated in the presence or absence of recombinant NTR and NADH for O-
90 min. Aliquots of these reaction mixtures were added to Fluc” reporter cells, and
bioluminescent light production was measured over time. As shown in Figure 2.2E, a
~120-fold increase in bioluminescent signal was observed when Luntr was incubated
with NTR and NADH for 30 min. Reduced light outputs were observed at longer
incubation times, likely due to product inhibition or degradation of hydroxylamine 2.10

(Fig. 2-2E).

2.4 Examining substrate uncaging in live cells

The biochemical data prompted us to examine substrate uncaging in “activator”
cells expressing the requisite enzymes. Toward this end, we cloned the PLE [24] and
NTR [27] genes into HEK293 cells. The PLE vector contained an mCherry reporter and
successful expression of PLE was confirmed using flow cytometry. (Fig. 2-8). To
examine Lucy uncaging in vivo, we incubated the caged substrate with 500-25,0000
activator (PLE") cells or control (PLE") cells for 30 min. Aliquots of the media containing
the probe were then transferred to plates containing 50,000 luciferase-expressing (i.e.,
‘reporter” cells) and imaged. Unfortunately, no increase in bioluminescent signal was
observed in the presence of activator cells compared to control cells (Fig. 2-9A). Similar
results were observed when Lucy was incubated with activator cells for extended time
periods (Fig. 2-9B). This was likely due to non-specific uncaging of the probe by cellular

esterases. PLE is also known to localize to the ER [24,41], potentially limiting Lucy’s
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Figure 2-8. Flow cytometry analysis of PLE expression in HEK293 cells. HEK cells were

transfected with a PLE-mCherry construct.

access to the uncaging enzyme and subsequent diffusion out of the cell. Removing the
ER localization tag or modifying the methyl cyclopropyl ester attachment could
potentially improve the performance of this probe. However, the poor stability of Lucy in
cells led us to focus on Luntr in further cell-cell contact experiments.

We hypothesized that the limited release and half-life of uncaged Luntr would be
beneficial for imaging cell contacts, as functional luciferin would remain localized near
the NTR source. To examine this possibility, we first monitored Luntr uncaging in NTR-
expressing (NTR") activator cells [27]. Activator cells were seeded together with Fluc*
reporter cells in a 96-well plate. When Luntr (250 yM) was added, only a modest
increase in bioluminescent signal was observed in the mixed cultures compared to
reporter cells incubated with control (NTR™) cells (Fig. 2.10A). Similarly weak signals
were observed when Luntr was first incubated with NTR" cells, followed by media

transfer to reporter cells (Fig. 2-11A). Previous experiments indicated that reduced Luntr
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Figure 2-9. Cell culture assays with Lucy (A) No selective uncaging was observed when
Lucy was incubated with activator or control cells. Activator (HEK PLE") or control (HEK
PLE") cells (500-25,000 cells/well) were plated and incubated with Lucy (500 uM) for 30
min and transferred to wells containing 50,000 HEK Fluc(reporter) cells. The inset is a
representative bioluminescent image of Lucy incubated with 5,000 activator or control
cells. (B) Minimal fold induction was observed over 3 h upon incubating Lucy with HEK
PLE expressing cells versus control cells. Lucy was incubated with 50,000 HEK PLE" or
PLE™ cells, aliquots were transferred (final Lucy concentration, 250 uM) to wells
containing 50,000 HEK luciferase cells and bioluminescent images were acquired.
Experiments were performed in triplicate and are representative of multiple
experiments. Error bars indicate the standard deviation of the mean (n=3).

2.10 was sufficiently cell permeant to enter Fluc” cells (Fig. 2-3E), and NTR enzyme
assays suggested that uncaging activity was present in the activator cells (Fig. 2-11B).
Thus, the low signals were likely due to limited diffusion of 2.10 out of the NTR"
activator cells. To test this hypothesis, we generated cells that stably expressed Fluc
directly fused to NTR (Fluc-NTR). In these cells, reduced Luntr can be immediately

processed by Fluc, without having to diffuse out of one cell and into another. Fluc-NTR”

cells were plated and incubated with Luntr (250 uM) for 0-60 min prior to imaging.
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Figure 2-10. Luntr can be selectively uncaged and locally consumed. (A) Activator
(NTR™) or control (NTR"™) (50,000) cells were plated with 50,000 reporter (Fluc+) cells.
Luntr (250 uM) was added, and bioluminescence images were recorded over 60 min.
Sample images are provided, and the fold induction in bioluminescent signal from NTR"
vs NTR™ cells is plotted. (B and C) Close proximity is necessary for signal induction.
Fabricated stencils (left) were used to separate (blue bars) or mix (black bars) activator
and reporter cells. Luntr (250 yM) was added, and images were recorded from 0 to 90
min. NTR? cells were also mixed (gray bars) or separated (white bars) with reporter cells
and imaged. For (A) and (C), error bars represent the standard deviation of the mean
for n = 3 experiments. (D and E) NTR? or NTR+ cells were plated 1 mm apart from
reporter cells (dotted lines indicate initial plating areas). The cells were allowed to grow
into contact over 7 d. Images were acquired daily (25 min post-Luntr addition). Those
shown are from day 6. Error bars in (E) represent the standard deviation of the mean for
n = 3 samples. Data are representative of three replicate experiments.
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Figure 2-11. Luntr shows limited fold induction upon media transfer. (A) Luntr was
incubated with 500,000 NTR" or NTR™ HEK cells for 0-16 h. Media aliquots were
transferred to wells containing 50,000 Fluc® HEK cells and bioluminescent images were
acquired. The fold induction in bioluminescent signal for NTR" versus NTR™ cells is
plotted. (B) NTR" or NTR™ HEK cells were lysed and the lysate was plated with or
without NADH. Luntr was then added and incubated with the cell lysates for 0-60 min.
Lysate aliquots were subsequently transferred to a 96-well black microplate containing
Fluc® HEK reporter cells. The samples were then imaged as described previously. After
60 min, 10 pg/mL recombinant NTR enzyme was added to each well and the samples
were incubated for 15 min prior to image acquisition. The fold induction in
bioluminescent signal for NTR" versus NTR™ cells is plotted. For (A) and (B), error bars
represent the standard deviation of the mean for experiments performed in triplicate.
The data are representative of multiple experiments.

Control experiments included mixtures of NTR" and Fluc® cells, along with Fluc™ cells
plated with NTR™ cells. Comparable levels of NTR activity were observed in the Fluc-
NTR" and NTR" cells (Fig. 2.12). However, the Fluc-NTR" cells provided a nearly 40-
fold increase in bioluminescent signal compared to Fluc® cells mixed with NTR" cells
(Fig. 2.13). These data suggest that once Luntr is uncaged, the molecule does not
readily escape activator cells for use by neighboring reporter cells.

Limited release of uncaged Luntr is advantageous for imaging direct cell-cell
interactions, as active luciferin should be completely consumed by the most proximal
reporter cells. Fluc”™ cells located further away should remain dark, owing to insufficient

quantities of luciferin reaching distant areas. Indeed, when Fluc™ and NTR" cells were
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Figure 2-12. Comparable Luntr activation is observed with NTR" (dark blue) and Fluc-
NTR" cells (light blue). Cells were suspended in PBS containing 5% FBS and plated in
clear, flat-bottom 96-well plates (100,000 cells/well). Luntr (500 uM) was added to each
well, and fluorescence emission spectra (Aex = 350 nm, Aem 525 nm) were recorded
every 5 min for 180 min. Assays were performed in triplicate and are representative of
two independent experiments. The data are normalized to Luntr incubated with HEK293
(NTR") control cells only.
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Figure 2-13. Larger bioluminescence signal inductions observed when cells are
engineered to express a Fluc-NTR fusion enzyme. Fluc™ cells (100,000 cells/well) were
plated together with NTR™ (100,000) cells (gray bars) as a comparison and Fluc-NTR
cells (100,000 cells/well) were plated by themselves (black bars). Fold induction is
compared to Fluc® (100,000 cells/well) plated with NTR™ control cells (100,000
cells/well). In all cases, cells were incubated with Luntr (250 pM) for 0-60 min and
bioluminescent images were acquired. Experiments were performed in triplicate and are
representative of at least 2 biological replicates. Error bars represent the standard
deviation about the mean.
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plated in direct contact, light emission was readily observed following Luntr addition
(Figs. 2-10A, 2-14A-C). When separated by just 1 mm, though, Fluc® and NTR" cells
produced little light in the presence of Luntr (Fig. 2-10B-C). Similar trends were

observed using another cell type (Fig. 2-14A), when cells were separated by different
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Figure 2-14. (A) Imaging DB7 cell-cell interactions. DB7 NTR" or NTR™ cells were
plated with DB7 Fluc” cells in 0.5:1, 1:1, or 2:1 ratios. The cells were allowed to adhere
for 12 h. Luntr was then added to each well (final concentration of 250 uM) and images
were acquired over 150 min. The experiment was carried out in triplicate and error bars
represent standard deviation of the mean. The data are representative of two biological
replicates. (B) HEK293 cells in close contact are visualized. Fabricated stencils were
used to separate (1-3 mm) or mix cells as described in figures 2-10 and 2-15. Luntr (250
MM in media) was flowed over the cells and bioluminescent images were acquired after
30 min. (C) Increased light emission is observed when NTR and Fluc cells are imaged
immediately post plating. Fabricated stencils (see Figure 2-10B-C) were used to
separate activator and control cells (light blue) by 3 mm or contain mixed populations
(dark blue) of cells. Immediately post-plating Luntr was added to a final concentration of
250 pM. Bioluminescence images were then recorded from 0-120 min. HEK NTR’
control cells were also plated with reporter cells (gray) and separate (white) in the same
manner. The experiment was carried out in quadruplet and error bars represent the
standard deviation of the mean. Data are representative of five replicate experiments.
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Figure 2-15. Luntr can report on cell-cell contacts. Repeat images for the experiment
described in Figure 2-10D-E. Cells were plated 1 mm apart from Fluc® cells and allowed
to grow into contact over 7 d. Dotted lines indicate the initial plating areas (green =
NTR"™ (A) or NTR™ (B) cells, blue = Fluc" cells). Images were acquired daily following
Luntr addition. The images shown above were acquired 7 d post-stencil removal.

distances (Fig. 2-14B), or when cells were imaged immediately post-plating versus,
adhering overnight (Fig. 2-14C). Robust light emission was also observed when Fluc”
and NTR" cells were allowed to grow into contact (Figs. 2-10D-E, 2-15, 2-16). In all
cases, no cell death was observed upon trypan blue staining. The stringent dependence
of light emission on cellular distance is ideal for use in tissues and other complex

environments, as only cells in close contact should produce light.
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Bright field D-luciferin

Luntr Merge

Figure 2-16: Bioluminescence microscopy with Luntr indicates cell-cell interactions.
Cells were plated as described in figure 2-10D. The brightfield image shows the rough
cell demarcation (DB7 NTR", left, gray; DB7 Fluc®, right, blue). b-Luciferin (250 mM)
was added and the bioluminescent image was acquired over 10 min (luminescent signal
is false-colored green). Luntr (250 mM) was added and bioluminescent images were
acquired over 10.5 h (luminescent signal is false colored red). Images were processed
using ImagedJ software. D-Luciferin and Luntr false color images were overlayed on a
brightfield image acquired prior to Luntr imaging. The x, y position of the false color D-
luciferin image was manually adjusted in Imaged to overlay with the corresponding cells.

2.5 Towards creating a permanent record of cell-cell contacts with a caged Cre-
recombinase activator

Many cell-cell interactions depend on long-term contact between two populations
that can be imaged by the caged luciferin strategy described previously. However, this

strategy is restricted to cell-cell contacts occurring during the imaging session.
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Interactions that rely on transient cell-cell contacts could be missed. In addition, the
sensitivity of the caged luciferin strategy is limited as one uncaged luciferin molecule
produces, at most, one photon. A caged probe with increased sensitivity that would
induce a permanent turn on of Fluc could capture these missed interactions. Activation
of the gene encoding luciferase would boost the sensitivity and also produce a record of
any cell-cell contacts.

Activating genes for imaging purposes has been demonstrated with various Cre-
recombinase systems in cells and in vivo. Some examples include the stochastic
expression of fluorescent proteins [42-43], luciferase expression [44], and even using
light to turn on activators of Cre recombinase [21-22,45-46]. Recently Cre-ER was
turned into a light activatable gene-editing tool [21-22,46] by using photo-cleavable
cages on the phenol of a tamoxifen analogue. Due to this precedent, we pursued a
caged tamoxifen analogue that can be activated by nitroreductase (similar to Luntr )
[47-49]. This tamoxifen analogue when uncaged binds to a Cre estrogen receptor (Cre-
ER) fusion. Binding allows Cre to enter the nucleus and turn a reporter gene on,

luciferase in this case. Adapting a caged tamoxifen analogue to report on cell-
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Figure 2-17. Cartoon depiction of cell-cell contact dependent luciferase expression. The

caged cyclofen-OH is activated by NTR in the activator cell where it can then diffuse
into the CreER stop-floxed Fluc reporter cell and turn on luciferase expression.
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cell contact would rely on a similar strategy as pursued using caged luciferins. The
caged Cre activator is enzymatically uncaged (by NTR) and when activating cells are in
close proximity to a reporting cell the uncaged molecule will diffuse into reporting cells
[5,50]. Once in the reporter cells the molecule can bind to Cre-ER and allow for

recombinase to turn the luciferase reporter on (Fig. 2-17).

Scheme 2-3. Synthetic route to cyclo-NTF.
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We pursued the tamoxifen analogue cyclofen-OH (2.14), due to its ease of
synthesis and stability [51]. Caging at the phenol group disrupts binding to the ER
domain precluding Cre-ER from entering the nucleus [51-52]. We hypothesized a
cleavable cage on the same position would similarly inhibit binding to Cre-ER in the
absence of the activating enzyme. 5-Nitrofuran, cleavable by NTR, has been utilized for
caging fluorophores and also D-luciferin [38,47-48,53] and is similar in size to cyclofen-
OH photocages. With these parameters in mind, we set out to synthesize cyclofen-OH

caged by the NTR active 5-nitrofuran-2-ylmethyl, or cyclo-NTF (2.16) [48-49].
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The synthesis of cyclo-NTF followed literature precedent to access cyclofen-OH
[46,51]. We first reduced 5-nitro-2-furaldehyde with aluminum isopropoxide to yield the
alcohol at the 2-position. Initial attempts to couple the furan cage and cyclofen-OH
under various Mitsunobu conditions were unsuccessful. Eventually a successful route
was identified utilizing the known 2-bromomethyl compound (2.15). This compound was
appended to 2.14 via nucleophilic displacement [47] of the bromide to yield cyclo-NTF
(2.16). With this compound in hand, its ability to be activated by NTR and subsequently

turn on luciferase expression via Cre-ER will be tested.

2.6 Conclusion

In this Chapter, the design and synthesis two novel caged luciferins, Lucy and
Luntr, were described. Their stability and uncaging activity was characterized in vitro
and in cells. Both Lucy and Luntr were found to be efficiently uncaged by their
respective activating enzymes, PLE and NTR. However only Luntr was found to be
sufficiently stable for cell studies. NTR was expressed in various cell lines and used to
activate Luntr in mixed cell cultures. The limited release and lifetime of uncaged Luntr
proved advantageous for visualizing cells in close contact. We anticipate that the
technology will be most advantageous for imaging cell-cell interactions where the
largest numbers of interacting cells are expressing NTR. The caged luciferin approach
is important for capturing real-time cell-cell contacts. However, a different approach is
necessary if a permanent record of past cell-cell contacts is desired. Towards this end
progress on a Cre recombinase system was also described. This approach will enable

more sensitive detection of small populations for cell-cell contacts in addition to a
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permanent record of past cell-cell interactions in cell culture and in vivo. The
development of imaging tools to visualize cell contacts addresses a void in our ability to

“see” microscopic events at the macroscopic level.

2.7 Materials and methods

2.7a General biological methods

Buffer salts and dNTPs were purchased from Fisher Scientific. All restriction enzymes
and T4 DNA ligase were purchased from New England Biolabs. DNA polymerase
(DreamTaq) was purchased from Thermo Scientific. All PCR reactions were analyzed
using agarose gel electrophoresis with ethidium bromide staining. For all experiments,
Luntr stock solutions (30 mM) were prepared by dissolving the luciferin in DMSO (100
mM), followed by dilution with PBS to 30 mM (final concentration of 30% DMSO). Luntr
solutions were used immediately or stored at -20 °C and sonicated for 30 min prior to
use. NADH was purchased as the disodium salt from Research Products International

Corp.

2.7b Fluorescent spectra and assays

All fluorescence spectra, compound stability and uncaging assays were performed
using clear 96-well microplates (BD-Falcon or Grenier-Bio) and 100 uL sample volumes.
The plates were incubated at 37 °C for 0-100 h, and measurements were acquired

using a Molecular Devices SpectrMax Gemini XPS microplate reader. All
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measurements were performed in triplicate. Fluorescence data were exported and

analyzed using Microsoft Excel.

2.7c UV-Vis spectra

Absorption spectra were acquired on a the Thermo-Fisher NanoDrop
spectrophotometer (ND-2000c) using 250 yM luciferin solutions. Absorbance data were
exported and analyzed using Microsoft Excel. All absorption spectra are representative

of three independent experiments.

2.7d General bioluminescence imaging

All biochemical and cultured cell assays were performed in black 96-well plates (Grenier
Bio One). Plates containing luminescent reagents were imaged in a light-proof chamber
with an IVIS Lumina (Xenogen) CCD camera chilled to -90 °C. The stage was kept at 37
°C. The camera was controlled using Living Image software. Exposure times were set to
10 s for biochemical assays, with the data binning levels set to medium. The exposure
times for cultured cell assays ranged from 10-60 s with data binning levels set to
medium or large. Regions of interest were selected for quantification and total flux

values were analyzed using Living Image software.

2.7e Cloning and plasmid construction

E. coli nfsB gene isolation and cloning

The NTR gene (nfsB) was isolated following the procedure of Friedlos et al." In brief, the

gene was cloned from the E. coli B (Berkeley strain) using the forward primer 5'-
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ACTTTCAAAGCTTCCACCATGGATATCATTTCT-3' and the reverse primer 5
TATGATGAGGATCCAAACAGGGTTATGCAA-3'. The insert contained the restriction
sites BamH| and Hindlll along with a Kozak sequence at the start of the NTR gene. This
NTR gene was then cloned into the pcDNA3.1 vector downstream of the CMV

promoter.

pET-NTR plasmid

The NTR gene was cloned from the previously made pcDNA3.1-NTR vector using the
forward primer 5-CATGAATTCATGGATATCATTTCTGTCGCC-3' and the reverse
primer 5-TACCTCGAGGACTTCGGTTAAGGTGATGTTT-3. The insert contained
EcoRI and Xhol restriction sites and the Kozak sequence was removed. This gene was
cloned into the PET vector downstream of the T7 promoter and in-frame with a C-

terminal Hise tag.

Fluc-NTR fusion plasmid

The NTR gene was cloned from the previously described pcDNA3.1-NTR vector using
the forward primer 5-TATAGGATCCATGGATATCATTTCTGTCGCC-3' and the reverse
primer 5-TATGATGAGGATCCAAACAGGGTTATGCAA-3'. The insert contained BamHl|
and Xhol restriction sites and the Kozak sequence was removed. The insert was then
placed into a pcDNA-Fluc plasmid downstream of the Fluc gene and a short ASAAGS

linker.
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NTR-IRES-eGFP and Fluc-IRES-eGFP (pBMN)

The NTR gene was cloned from the previously described pET-NTR plasmid using the
forward primer 5-TATAGGATCCATGGATATCATTTCTGTCGCC-3" and the reverse
primer 5-TACGCGGCCGCTTAGACTTCGGTTAAGGTGATGTTTTGC-3". The Fluc
gene was amplified from the Fluc (pg14 “luc2”)-IRES-eGFP gene (courtesy of the
Contag lab, Stanford) with the forward primer
5 -TATGGATCCATGGAAGATGCCAAAAACATTAAGAAGGGCC-3" and the reverse
primer 5-ATAGCGGCCGCTTATTACACGGCGATCTTGCCGCC-3". The following
applies to both inserts (NTR and Fluc): The insert contained BamHI and Nofl restriction
sites. The insert was then placed into a pBMN-IRES-eGFP plasmid upstream of the

IRES sequence (courtesy of the Nolan Lab, Stanford (Addgene plasmid #1736).

2.7f General cell culture and transductions

HEK293 or DB7 cells (American Type Cell Culture) were cultured in complete media:
DMEM containing 10% (vol/vol) FBS (Corning), 4.5 g/L glucose, 2 mM glutamine, 100
U/mL penicillin, and 100 pg/mL streptomycin (all from Gibco). Cells were maintained in
a humidified incubator at 37 °C. HEK PLE" cells were generated by introducing a PLE-
mCherry IRES gene expressed from the pCAG plasmid (courtesy of the Lavis Lab,
Janelia Farm Research Campus) via infectious retroviral particles created using
Phoenix Ampho cells (a generous gift from the Nolan Lab at Stanford University).
Selection was performed using G418 (100 pg/mL) and mCherry expression was
confirmed by flow cytometry. Cells (1x106 HEK PLE" or HEK 293) were harvested,

centrifuged and suspended in FACS buffer prior to flow cytometry analysis on a BD LSR
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Il instrument. Flow cytometry data were analyzed using FloJo (TreeStar) software. NTR-
expressing (NTR") HEK293 cells were generated by introducing the pcDNA3.1 NTR
construct via cationic lipid transfection (Lipofectamine 2000, Invitrogen). Cells stably
expressing the transgene were selected over 14 d using G418 (MediaTech Inc., 100
pug/mL). HEK cells expressing the Fluc-NTR fusion were generated by introducing the
pcDNA3.1 Fluc-NTR construct via cationic lipid transfection (Lipofectamine 2000,
Invitrogen) as above. Cells stably expressing the transgene were selected over 15 d
using G418 (MediaTech Inc., 500 pug/mL). NTR" and Fluc® DB7 cells were prepared via
retroviral transduction (Phoenix-Eco) of pBMN vectors (GFP*) containing the relevant
genes. The cells were sorted via FACS at the CIRM Stem Cell Research Center Flow
Cytometry Core (UCI). Fluc" HEK293 cells were courtesy of the Contag laboratory

(Stanford University).

2.7g NTR expression and purification

The pET-NTR plasmid was transformed into chemically competent E. coli BL21 cells.
Overexpression and purification were performed following the procedure of
Olekhnovich, et al.? The purified protein was dialyzed using 50 mM TrissHCI, 50 mM

NaCl (pH 7.5) buffer and lyophilized prior to storage.

2.7h Fluorescence uncaging assays

Luntr uncaging by recombinant NTR

Luntr (100 uM) was incubated with NADH (150 uM) and purified NTR (2 pg/mL). Assays

were performed in PBS using clear 96-well microplates. All incubations and readings
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were performed at 37 °C. Fluorescence spectra were acquired every 10 min over 170
min. An excitation wavelength of 350 nm was used. Assays were performed in triplicate,
and the data shown in Fig. 2-2B and 2-3C are representative of three independent

experiments. Data were analyzed using Microsoft Excel.

Luntr uncaging by NTR expressing cells

HEK293, NTR" HEK and Fluc-NTR" HEK cells were plated in a 96-well microplate
(100,000 cells/well in PBS containing 5% FBS). Luntr (500 uM) was added to each well
and the fluorescence emission at 525 nm (with an excitation wavelength of 350 nm) was
recorded every 2.5 min over 180 min. The cells were incubated at 37 °C for the duration
of the experiment. Assays were performed in triplicate, and the data shown in Fig. 2-12
are representative of three independent experiments. Data were analyzed using

Microsoft Excel.

2.7i Enzymatic bioluminescent assays

Bioluminescent assays with uncaged Luntr and Fluc® HEK293 cells

Luntr (2.75 mM) was incubated in the presence (+) or absence (-) of NTR (20 ug/mL)
and NADH (3 mM) for 0-90 min. Aliquots were transferred to a black 96-well plate
containing Fluc™ HEK cells (50,000 cells/well) and bioluminescent images were acquired
over 90 min as described above. Assays were performed in triplicate and the data in
Fig. 2-3E are representative of two independent experiments. Data were analyzed using

Microsoft Excel.
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Bioluminescent assays with synthetic luciferin 2.10 and Fluc

Luciferin 2.10 was purified and immediately used for bioluminescent assays. Stocks of
all luciferins (10 mM in PBS) were diluted to the final imaging concentrations of 5, 10,
25, 50 and 100 pyM. Imaging was performed in BLI buffer as described above. Images
were acquired in 96-well black plates six minutes after the addition of Fluc (1 pg/well).
Bioluminescent images were otherwise acquired as above. Assays were performed in

quadruplicate, and the data shown in Fig. 2-7 are representative of three experiments.

2.7j Cell culture bioluminescent assays

PLE® HEK Lucy uncaging assays

HEK PLE" (activator) or HEK293 (control) cells were plated in 96-well black microplates
(500-50,000 cells/well). Lucy was incubated for 0-18 h at 37 °C. Aliquots of media, to
result in a final concentration of 250 uM Lucy, were subsequently transferred to a 96-
well plate containing HEK luc2 reporter cells (50,000 per well) and imaged as described

previously. Images were acquired 3-5 minutes post substrate administration.

NTR" HEK Luntr uncaging assays (media transfer)

NTR" (activator) or HEK293 (control) cells were plated in black 96-well plates or 24-well
clear tissue culture plates (BD Falcon, 500,000 cells/well) and incubated with Luntr (500
puM) for 0-16 h. Aliquots of the media (50 uL) were subsequently transferred to a black
96-well plate containing Fluc® HEK reporter cells (50,000 per well) to a final volume of

100 pL. Images were acquired 5 min post-substrate addition as above. Assays were
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performed in triplicate, and the data shown in Fig. 2-9 are representative of at least

three independent experiments. Data were analyzed using Microsoft Excel.

NTR™ DB7 Luntr stability assay

NTR™ cells were plated in black 96-well plates (50,000 cells/well) and incubated with
Luntr (500 pM) for 0-5 h. Aliquots of the media (50 pL) were subsequently transferred to
a black 96-well plate containing Fluc® DB7 reporter cells (50,000 cells/well). Luntr was
added to a total volume of 100 pL (250 uM Luntr). Images were acquired 5 min post-
substrate addition as above. Assays were performed in triplicate, and the data shown in
Fig. 2-4B are representative of at least three independent experiments. Data were

analyzed using Microsoft Excel.

NTR" HEK lysate Luntr uncaging assays

NTR* HEK (activator) or HEK293 (control) cells were counted, centrifuged and
resuspended in PBS (5% FBS) at 0.5 x 10° cells/mL. NTR" or NTR™ HEK (0.5 x 10°
cells/mL) were lysed by freeze-thaw cycles (3x) and repeated passage through a 30-
gauge syringe. The lysate was then plated (100 yL/well) with or without 1 mM NADH.
Luntr (500 uM) was added and the lysates were incubated for 0-60 min. Media aliquots
of lysate (50 uL) were subsequently transferred to a black 96-well plate containing Fluc”
HEK reporter cells (50,000 per well) and imaged as above. The final volume in each
well was 100 pL (250 pM Luntr). After 60 min, NTR enzyme (10 pg/mL) was added to

the wells and incubated for 15 min prior to image acquisition. All assays were performed
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in triplicate, and the data shown in Fig. 2-11 are representative of at least two

independent experiments. Data were analyzed using Microsoft Excel.

NTR" HEK Luntr uncaging co-culture assays

Fluc® HEK cells were plated in black 96-well plates (50,000 cells/well) with HEK NTR"
HEK or control (HEK293) cells (50,000 cells/well) in a total volume of 100 pL. Luntr was
then added to the relevant wells (final concentration of 250 yM) to a total volume of 110
bL. The plate was then incubated for 0-60 min at 37 °C. Bioluminescent images were
collected as described above. All assays were performed in triplicate, and the data in

Fig. 2-10A are representative of 3 independent experiments.

Fluc-NTR HEK fusion assays

Fluc® HEK cells were plated in black 96-well plates (100,000 cells/well) with NTR" HEK
or HEK293 cells (control, 100,000 cells/well) in a total volume of 100 pyL. HEK Fluc-
NTR" cells (100,000 cells/well) were also plated. Luntr (250 uM) was then added to the
relevant wells (final concentration of 250 uM) to a total volume of 110 pL. Plates were
incubated with Luntr at 37 °C over 60 min and bioluminescent images were acquired as
above. All assays were performed in ftriplicate, and the data in Fig. 2-13 are
representative of two independent experiments. Data were analyzed using Microsoft

Excel.
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Distance-dependent uncaging assay with fabricated stencils

Laser-cut, PDMS stencils were kindly provided by the Hui Lab (UCI). The stencils were
washed in ethanol and placed in a clear 12-well tissue culture plate (BD Falcon). The
stencils were allowed to dry for 24 h in a sterile environment. All cells were plated in the
cutouts at 50,000 cells/cutout in a total volume of 25 pL. The plates were incubated
overnight at 37 °C to allow cells to adhere. For imaging, Luntr in DMEM with 10%
(vol/vol) FBS was flowed over the stencils to a final volume of 850 pyL and final Luntr
concentration of 250 uM. The plates were then incubated at 37 °C and imaged over 0-
90 min as described above. Experiments were performed in duplicate, triplicate or
quadruplicate. The data shown in Fig. 2-10B-C are representative of at least five

independent experiments. Data were analyzed using Microsoft Excel.

Uncaging assay with fabricated stencils immediately post-plating

PDMS stencils were set up as described above. All cells were plated in the cutouts at
50,000 cells/cutout in a total volume of 30 uL per cutout. NTR" cells were plated
separate or mixed with Fluc™ cells. NTR™ (control) cells were also plated separate or
mixed with Fluc” cells. Immediately post-plating Luntr (10 pL in PBS) was added to each
cutout. The final Luntr concentration in each cutout was 250 uM. Care was taken to
avoid overflow or media exchange between wells. The plates were then incubated at 37
°C and imaged over 0-120 min as described above. Assays were performed in triplicate
or quadruplicate. Data shown in Fig. 2-14C are representative of four independent

experiments. Data were analyzed using Microsoft Excel.
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Uncaging assays with varying cell ratios

DB7 Fluc® cells were plated (50,000 cells/well) in a 96 black-well plate in 50 mL of
media. DB7 NTR" or NTR™ cells were then added to the wells in varying ratios, 0.5:1
(25,000 DB7 NTR" or NTR™ cells), 1:1 (50,000 DB7 NTR" or NTR™ cells), or 2:1
(100,000 DB7 NTR" or NTR™ cells). Additional media was added to bring the total
volume to 100 mL per well. The cells were incubated for 12 h at 37 °C prior to imaging.
Luntr (10 yL) was then added to each well (final concentration of 250 uM). Cells were
incubated for 0-150 min at 37 °C and images were acquired as described above. All
assays were performed in triplicate or quadruplicate, and the data in Fig. 2-14A are
representative of 2 independent experiments. Data were analyzed using Microsoft

Excel.

Cell-cell contact growth experiment

Fabricated PDMS stencils (with 1 mM separations) were rinsed in ethanol, placed in the
wells of a 12-well tissue culture plate and left overnight to dry. The next day, DB7 NTR"
or NTR™ cells (25,000 cells/cutout) were plated 1 mm apart from DB7 Fluc” cells (25,000
cells/cutout). The total volume in each cutout was 30 mL (0.833 x 10° cells/mL). The
cells were left overnight to adhere. The following day, 1 mL of DMEM (10% FBS) was
flowed into the wells. The PDMS stencils were then removed, and the cells were
allowed to grow into each other over 7-10 d. The cells were imaged each day by adding
Luntr (250 mM final concentration) to each well and acquiring photons as above.
Regions of interest (ROI's) were drawn in the initial zone of separation (1 mm) and

photon counts were analyzed. Data depicted in Figure 2-10E, 2-15 were collected in
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triplicate and are representative of three biological replicates. Data were analyzed using

Microsoft Excel.

2.7k Bioluminescence microscopy experiments

Fabricated PDMS stencils (with 2 mm separations) were prepared as described above.
DB7 Fluc® and DB7 NTR", or NTR™ cells were plated 2 mm apart as described above.
The following day, the stencils were removed and 1 mL of media was flowed into the
wells. The cells were then incubated for 6 d. Prior to imaging the media was replaced
with 500 yL PBS (pH 7.4, 8% FBS). Luntr or D-luciferin (250 yM) was added to the well
and the plate was mounted on the stage of an inverted microscope (Zeiss Axio
Observer) set in a custom light-tight black box with the temperature set at 26 °C.
Images were collected by a Zeiss 5x FLUAR objective (NA 0.25) and transmitted
directly to a CCD camera (XR MEGA-10, Stanford Photonics) with a 700 nm short-pass
optical filter mounted on the microscope’s bottom port. Bioluminescence images were
obtained with 10 minute exposures (Luntr, total acquisition time of 10.5 h) or 2 min
exposures (D-luciferin, total acquisition time of 10 min) and 30 fps readouts for
recordings at single cell resolution. Brightfield images were obtained with 9 second
exposures and 30 fps readouts. Images were obtained and processed using the
software Piper (Stanford Photonics) with a cosmic ray filter set to discriminate using the
sum of all pixel values above 800 and reject frames greater than 3 standard deviations
of the running average (~3-7% of frames). The software ImageJ was used for analysis
and stacking (Z project function) of bioluminescence images for each experiment and

for bioluminescence-brightfield overlays.
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2.71 NMR uncaging and stability studies

Luntr uncaging monitored via "H NMR

Luntr (5 mM) and NADH (7.5 mM) were dissolved in deuterated PBS. NTR (2 ug/mL)
was added and the mixture was incubated at 37 °C for 2 h. A synthetic standard of 6-
amino luciferin (S1) was doped in the NMR sample after 2 h. NMR spectra were
obtained prior to NTR addition, 2 h post-NTR addition and directly after addition of 6-
amino luciferin. In Figure 2-3D the spectra are referenced to the furthest downfield
resonance of Luntr (prior to NTR addition). In Figs. 2-4, 2-5, 2-6 the spectra are

referenced to residual solvent.

Doping of synthetic luciferin 2.10 into enzymatic reduction

The enzymatic reduction of Luntr by NTR was performed as described above. After a 3
h incubation at room temperature, a 'H-NMR spectrum was acquired. A solution of
luciferin 2.10 (400 pL of a 10 mM solution in PBS) was then added to 400 pL of the

enzymatic reduction mixture. After mixing, a second "H-NMR spectrum was acquired.

Stability studies with synthetic luciferin 2.10

Luciferin 2.10 was purified via reversed-phase HPLC and dissolved in deuterated PBS
(pH 7.4) to a final concentration of 10 mM. DMSO was then added as a reference
standard. 1H-NMR spectra were acquired at 400 MHz over 23 h. The sample was

incubated in a 37 °C water bath for the duration of the study.
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2.7m General synthetic procedures

All reagents purchased from commercial suppliers were of analytical grade and used
without further purification. Compounds 2.3, 2.8, and 2.9 were prepared as previously
described [12]. Appel’s salt, 4,5-dichloro-1,2,3-dithiazolium chloride (2.7), was prepared
according to literature precedent [12]. Reaction progress was monitored by thin-layer
chromatography (TLC) and preparative TLC performed on EMD 60 F254 plates,
visualized with UV light, ninhydrin or KMnO4 stain. Compounds were purified via flash
column chromatography using Sorbent Technologies 60 A, 230-400 mesh silica gel,
unless otherwise stated. HPLC purifications were performed on a Varian ProStar
equipped with a 325 Dual Wavelength UV-Vis detector. Semi-preparative runs were
performed using an Agilent Prep-C18 Scalar column (9.4 x 150 mm, 5 ym). Anhydrous
solvents (acetonitrile (MeCN), dichloromethane (DCM), methanol (MeOH)) were dried
by passage over neutral alumina. Dimethylformamide (DMF) was passed over activated
molecular sieves and dimethyl sulfoxide (DMSO) was purchased from Acros Organics
in AcroSeal bottles and used without further purification. Reaction vessels were either
flame- or oven-dried prior to use. NMR spectra were acquired with Bruker Advanced
spectrometers. All spectra were acquired at 298 K. 'H-NMR spectra were acquired at
400 MHz or 500 MHz, and "*C-NMR spectra were acquired at 125 MHz. Chemical shifts
are reported in ppm relative to residual non-deuterated NMR solvent, and coupling
constants (J) are provided in Hz. Low and high-resolution electrospray ionization (ESI)
mass spectra were collected at the University of California-lIrvine Mass Spectrometry
Facility. The abbreviations used can be found in the document JOC Standard

Abbreviations and Acronyms, http://pubs.acs.org/paragonplus.
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2.7n Compound syntheses

((2-Cyanobenzo[d]thiazol-6-yl)oxy)methyl 1-

XWO\/O S
0 \C[N/% CN methylcyclopropane-1-carboxylate (2.5). A flame-dried
C14H12N:055 round bottom flask with sodium hydride (0.066 g, 1.7

Mol. Wt. 288.32

mmol of a 60% dispersion in mineral oil) was flushed with N,. Dry DMF (9 mL) was then
added to the flask and the mixture was cooled to 0 °C. 6-Hydroxybenzo[d]thiazole-2-
carbonitrile (3, 0.226 g 1.28 mmol) was dissolved in 1 mL dry DMF and added dropwise
to the mixture. lodomethyl 1-methylcyclopropane-1-carboxylate (4) (0.460 g, 1.92 mmol)
was then added dropwise over 5 min. The reaction was allowed to warm to room
temperature and stirred for 18 h under N». The reaction was then quenched with H,O,
whereupon a precipitate formed. The solids were filtered, dried under vacuum and
reserved. The filtrate was extracted with EtOAc (2 x 30 mL), and the organic fractions
were combined and washed with water (3 x 100 mL) and brine (1 x 100 mL), and dried
with MgSO,4. The organics were then filtered and concentrated in vacuo to afford a
residue, which was purified by flash column chromatography (eluting with 8:2 to 1:1
hexanes:EtOAc). This solid was combined with the reserved precipitate to afford 5 (0.11
g, 29%) as an off-white solid. 'H NMR (400 MHz, CDCl3) 6 8.13 (d, J = 9.1, 1H), 7.56 (d,
J=22,1H),7.34 (dd, J=9.1, 2.4, 1H), 5.84 (s, 2H), 1.31 (s, 3H), 1.27 (app dd, J = 6.8,
4.1, 2H), 0.76 (app dd, J = 6.8, 4.0, 2H); *C (125 MHz, CDCls) & 174.9, 157.4, 148.1,
137.2, 134.8, 126.3, 119.0, 113.1, 106.5, 85.3, 19.3, 18.8, 17.6; HRMS (GC-CIl) m/z

calcd for C14H12N203S [M + H]" 289.0647, found 289.0638.
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(S)-2-(6-(((1-Methylcyclopropane-1

Xﬂ/o\/o s N_COH  carbonyl)oxy)methoxy)benzo[d]thiazol-2-yl)-
© \©iN/ /sj,

4,5-dihydrothiazole-4-carboxylic acid (2.1,

ﬁé{_%ﬁ%gﬁiﬁ Lucy). D-Cysteine hydrochloride monohydrate

(0.0820 g, 0.521 mmol) and potassium carbonate (0.0959 g, 0.694 mmol) were
dissolved in 0.5 mL H,O and added to a 20 mL vial containing a suspension of 2.5
(0.0850 g, 0.295 mmol) in 1.5 mL MeCN. The reaction mixture was stirred under Nz and
monitored for the disappearance of 2.4 by TLC (3:2 hexanes:acetone). After 1.5 h, the
reaction was neutralized to pH 7 with acetic acid, whereupon a light brown precipitate
formed. The precipitate was collected via filtration and rinsed with chilled MeCN. The
filtrate was concentrated in vacuo and purified by reversed phase semi-preparative
HPLC, eluting with a gradient of 0 to 100% MeCN in water (at a flow rate of 5 mL/min).
The precipitate and purified material were combined and concentrated to yield 2.1
(0.050 g, 43%) as a light brown solid. '"H NMR (400 MHz, DMSO) & 8.07 (d, J = 8.9,
1H), 7.87 (d, J = 2.3, 1H), 7.26 (dd, J = 9.0, 2.2, 1H), 5.84 (s, 2H), 4.92 (t app, J = 8.9,
1H), 3.75 (t app, J = 9.3, 1H), 3.50 (t app, J = 10, 1H), 1.23 (s, 3H), 1.13 (m, 2H), 0.79
(m, 2H); *C (125 MHz, CDCls) 5 174.1, 170.0, 160.7, 159.2, 155.2, 148.4, 136.6, 124.7,
117.1, 108.1, 85.3, 83.9, 36.3, 18.7, 18.3, 16.6; HRMS (ESI-TOF) m/z calcd for

C17H16N205S, [M — CO,H]™ 347.0524, found 347.0511.
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O.N s N_ »CO-H (S)-2-(6-Nitrobenzo[d]thiazol-2-yl)-4,5-
LT

S dihydrothiazole-4-carboxylic acid (2.2).
C11H7N30,4S,
Mol. Wt. 309.31 D-Cysteine hydrochloride monohydrate (0.388 g, 2.46

mmol) was dissolved in 5.0 mL H,O and neutralized to pH 7 with 1.5 M KOH. The
solution was added to a round bottom flask containing a suspension of 2.9 (0.500 g,
2.46 mmol) in 10 mL MeCN. The reaction mixture was stirred under N2 and monitored
for the disappearance of 2.9 by TLC (7:3 hexanes:EtOAc). After completion (2.5 h) the
reaction mixture was diluted with PBS (20 mL), the aqueous layer was washed with
EtOAc (2 x 20 mL) and then acidified to pH 3 with 1 M HCI. The aqueous layer was then
extracted with EtOAc (2 x 30 mL). The organic layers were combined, washed with
brine (1 x 50 mL), dried over MgSOQOy, filtered through Celite and concentrated in vacuo
to yield 1 as a light brown solid (0.584 g, 77%). Note: Luntr (2.1) has limited solubility in
most solvents, and in 100% DMSO it changes color rapidly. A mixture of solvents was
used for NMR characterization. '"H NMR (400 MHz, CD30OD:benzene-ds 1:1) 6 8.71 (s,
1H), 8.20 (d, J = 9.0, 1H), 8.03 (d, J = 9.2, 1H), 5.30 (app t, J = 9.0, 1H), 3.81 (app t, J =
9.8, 1H), 3.68 (app t, J = 10.3, 1H); "*C (125 MHz, CD;0D:D,0 1:1) & 177.3, 168.6,
165.5, 157.2, 1471, 137.2, 125.2, 123.2, 120.4, 82.4, 37.7. HRMS (ESI-TOF) m/z calcd

for C19HsN202S2 [M — CO2H]™ 263.9901, found 263.9879.

H 6-(Hydroxyamino)benzo[d]thiazole-2-
o S HoN S

\CEN% CN \CEN% CN carbonitrile (S2), 6-

CgHsN30S CgHsN3S Aminobenzo[d]thiazole-2-carbonitrile

Mol. Wt. 191.21 Mol. Wt. 175.21
(2.11). 6-Nitro-1,3-benzothiazole-2-carbonitrile (2.9, 0.300 g, 1.46 mmol) and zinc
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powder (0.201 g, 3.07 mmol) were added to a 250 mL round bottom flask. The flask
was flushed with N2 and 150 mL of EtOH was added. The mixture was stirred until 5
dissolved. Subsequently, 15 mL of H,O was added to the flask (followed by 1 mL of sat.
NH4ClI solution). The reaction mixture was stirred at room temperature and monitored by
TLC (7:3 hexanes to EtOAc) for appearance of a more polar product (Rf = 0.2) with a
dark purple UV signature. After stirring for 4 h, the reaction was filtered through Celite,
diluted with 50 mL brine and extracted with EtOAc (3 x 100 mL). The organic layers
were combined and washed with H,O (2 x 100 mL) and brine (1 x 100 mL) and dried by
rotary evaporation to yield a yellow solid. The solid was immediately absorbed to silica
gel and isolated via flash column chromatography (eluting with 7:3 to 1:1
hexanes:EtOAc) to remove unreacted starting material (5). A mixture of 2.11 and 2.12
as a yellow-orange solid was isolated. The products were immediately carried on to the

next step without further purification.

(S)-2-(6-(Hydroxyamino)benzo[d]thiazol-2-yl)-4,5-

H
.N S N COZ_ K+
HO v ]’
\@N/ s dihydrothiazole-4-carboxylic acid (2.10). A mixture
C11HgKN303S ; ;
M<1)1I. \?Vt. 35333§45 of 2.11 and 2.12 (0.092 g) was dissolved in 20 mL

MeCN and added to a 100 mL round bottom flask. The flask was flushed with N,. A pH
8 solution (basified with 1.5 M KOH) of D-Cysteine*HCI (0.0928 g, 0.281 mmol) was
made in 2.0 mL H2O and added to the flask containing compounds 2.11 and 2.12. The
reaction mixture was stirred at room temperature and monitored for disappearance of
starting material by TLC (7:3 hexanes:EtOAc). After stirring for 2 h the reaction was

diluted with 20 mL H,O, and the aqueous layer was washed with EtOAc (3 x 20 mL).
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The aqueous layer was then concentrated via rotary evaporation, the resultant bright
yellow solid was dissolved in ~ 5 mL H>O, passed through a 0.2 mm filter and either
stored at -80 °C or immediately HPLC purified (semi preparative, reversed phase,
eluting with a gradient of 0-90% MeOH in H,O at a flow rate of 4.2 mL/min). The
relevant fractions were combined and concentrated in vacuo to produce 2.10 as a
yellow solid (0.018 g, 4% over two steps). Purified 2.10 was immediately used for
experiments after isolation. "H NMR (500 MHz, D,0) 67.78 (d, J=8.8, 1H), 7.57 (d, J =
1.7, 1H), 7.12 (dd, J = 2.1, J = 8.9, 1H), 5.15 (app t, J = 9.0, 1H), 3.76 (app t, J = 10.6,

1H), 3.58 (dd, J = 8.2, 11.2, 1H).

‘ 2-(4-(Cyclohexylidene(4-((5-nitrofuran-2-
| yl)methoxy)phenyl)methyl)phenoxy)-N,N-

O O | dimethylethan-1-amine (2.18).

S 'e) [0 S ZBRN
\ 0 Cyclofen-OH (2.14, 0.048 g, 0.14 mmol),
CagHaoN2Os potassium carbonate (0.022 g, 0.16 mmol),
Mol. Wt. 476.57

and sodium iodide (0.024 g, 0.16 mmol),
were added to a flame-dried flask. The flask was flushed with nitrogen and 10 mL of
acetonitrile was added via syringe. While stirring at room temperature, 2-(bromomethyl)-
5-nitrofuran (2.15) was added (0.033 g, 0.16 mmol) to the reaction mixture after being
dissolved in acetonitrile. The reaction was then heated to 60 °C and stirred for 48 h.
After cooling, the solvent was removed via rotary evaporation. The brown-red solid was
then dissolved in EtOAC (20 mL) and washed with water (1 x 20 mL), dried with MgSOs4,

and the organic phase was evaporated in vacuo. The brown solid was dissolved in

DCM:MeOH (9:1) and purified by preparative TLC (8% MeOH in DCM). The separation
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was performed in 8% MeOH in DCM and the corresponding band was scraped from the

plate and the compound was eluted from the silica with 20% MeOH in DCM. The

solvent was evaporated to yield 0.005 g (8%) of cyclo-NTR (2.16) as a light brown solid.

'H NMR (400 MHz, CD30D), ~66 % estimated purity 5 7.54 (d, J = 3.7, 1H), 7.21 (d, J =

3.7, 1H), 7.05 (app d, J = 8.7, 2H), 6.96 (app d, J = 8.6, 2H), 6.88 (app d, J = 8.5, 2H),

6.68 (app d, J = 8.5, 2H), 4.94 (s, 2H), 4.57 (m, 2H), 3.92 (m, 2H), 3.32 (s, 6H), 2.23 (m,

4H), 1.58 (m, 7H). HRMS (ESI-TOF) m/z calcd for CzsH33sN2Os [M + H]" 477.2390,

found 477.2401.
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Chapter 3: Orthogonal luciferase-luciferin pairs for bioluminescence
imaging
3.1 Introduction

Bioluminescence has two main limitations as mentioned in chapter 1. The lack of
spatial resolution was addressed in chapter 2. The other limitation of bioluminescence is
the inability to monitor more than one biological feature at a time. This is due, in part, to
a lack of distinguishable luciferase-luciferin pairs for in vivo use. The optimal luciferases
(from the insect family) use the same substrate, D-luciferin (Fig. 3-1A) [1-2]. Thus, they
cannot easily discriminate multiple cell types in a single subject. Additionally, unlike
fluorescent protein technologies, a diverse suite of accessible bioluminescent probes
does not yet exist. To address this void, D-luciferin analogs have been engineered to
emit different colors of light [3-5]. However, these substrates are still utilized by the
same luciferases, precluding the distinct genetic tagging of individual cell types. Insect
luciferases have also been engineered to emit different colors of light with D-luciferin [6-
8]. The observed emission spectra are not sufficiently resolved, though, for routine use
in complex tissues or animals. Discriminating among different wavelengths in
bioluminescence (and whole body optical imaging, in general) is exceedingly difficult.

Contrasting with these attempts to achieve spectral resolution, we aimed to
obtain distinguishable bioluminescent probes via substrate resolution. Substrate-
resolved bioluminescence is well precedented in nature, as structurally distinct
luciferase-luciferin pairs have been identified across diverse phyla [9-11]. Some of these
pairs, including those from the firefly and Renilla reniformis have been used extensively

[2,12-14]. Firefly (Fluc) and Renilla luciferase employ chemically unique substrates (D-
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luciferin and coelenterazine, respectively), enabling their tandem application in vivo [15-
16]. Coelenterazine is not ideal for use in these environments, though, owing to its

suboptimal bioavailability and stability [2,17]. Other, naturally occurring luciferases and
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Figure 3-1. Expanding the bioluminescence toolkit with unique enzyme-substrate
pairs. (A) Luciferase-mediated light production proceeds via an adenylation—oxidation
sequence. (B) Strategy to develop orthogonal luciferase-luciferin pairs via substrate
resolution. Genetically engineered luciferases and chemically modified luciferins were
screened to identify novel partners. Only complementary enzyme-substrate pairs
interact to produce light. (C) Model of D-luciferin bound to firefly luciferase (Fluc). (D)
Synthesis of C7” (left) and C4" (right) sterically modified luciferins.
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luciferins can be used in combination with Fluc/D-luciferin or other bioluminescent
systems [16,18]. However, most of these native pairs remain poorly characterized or ill-
suited for routine use.

Artificial (i.e., mutant) luciferases can exhibit altered bioluminescent properties,
including tolerance for chemically modified substrates. Fluc itself has been manipulated
to process analogs of D-luciferin [19]. In elegant work along these lines, Miller and
coworkers prepared a class of non-natural aminoluciferins that were found to be robust
light emitters with Fluc, but the products inhibited the enzymatic reaction [20]. Product
inhibition was relieved using mutated versions of the enzyme [21]. These same
mutations also resulted in sharply reduced emission with D-luciferin, providing key
precedent for the development and utilization of orthogonal pairs [22]. The mutant
enzymes from these studies, though, were not selective for one analog over another
perhaps due to the structural similarities between the luciferin scaffolds. Simultaneous
enzyme-substrate manipulation has also been applied to aequorin (a marine
photoprotein) and the luciferase from the deep-sea shrimp Oplophorus gracilirostris [23-
24]. In both cases, altered bioluminescent outputs (e.g., colors and stabilities) were
achieved, but orthogonal substrate usage was not realized.

Here we report a general strategy for the de novo production of orthogonal
luciferase-luciferin pairs. We synthesized a series of sterically modified luciferins that
were poor emitters with Fluc, but intrinsically capable of robust light production. We then
iteratively screened these analogs with libraries of mutant luciferases and identified
substrate-selective enzymes. The “hits” were also biochemically characterized.

Importantly, when the mutants and analogs were combined, robust light production was
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observed only when complementary enzyme-substrate partners interacted. Sequential
administration of substrates enabled unique luciferases to be illuminated (and thus
resolved) within cultured cell models. These tools promise to bolster a variety of multi-
cellular imaging applications. Importantly, our approach to identifying orthogonal
bioluminescence pairs is also general and should enable rapid diversification of the

bioluminescence toolkit.

3.2 Designing and constructing sterically modified luciferins

To expediently identify orthogonal bioluminescence tools, we aimed to screen
sterically perturbed luciferins against libraries of mutant luciferases (Fig. 3-1B). We used
the Fluc/D-luciferin pair as a starting point for several reasons. First, this duo is the most
widely used in biomedical imaging applications owing to the non-toxicity of the reagents
and bioavailablity of the substrate [25-26]. Second, the Fluc/D-luciferin reaction releases
the highest percentage of tissue-penetrating light among known bioluminescent families
[27]. Thus, new enzymes and substrates based on the firefly pair would be more
applicable to in vivo studies. Third, a wealth of structural and biochemical information on
Fluc could guide our engineering efforts [11,28-31]. Finally, D-luciferin derivatives are
arguably the most synthetically tractable luciferin architectures [32-33].

Generating an expanded set of bioluminescent tools required access to diverse
luciferin scaffolds. A variety of D-luciferin analogs have been synthesized over the past
four decades [3,5,34-38], and those capable of robust emission with Fluc harbor

common features: an electron-donating group at the 6° position, a carboxylate
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D-luciferin

Figure 3-2. Docking studies with sterically modified luciferins. The 7' position of D-
luciferin abuts the Fluc active site. Luciferins in Fluc (PDB: 4G36) were modified to
contain a dimethyl amino methyl (3-2b), methyl morpholino (3-2c¢) or methyl morpholino-
piperidyl (3-2d) appendage. As the steric bulk increased, more clashes with B-sheets
were observed. When analyzed with Maestro software, all three of the analogs shown
failed to dock in any conformation under various Glide conditions (SP, XP, or with
SMARTS constraints).
appendage (for adenylation), and an abstractable proton alpha to the carboxylate [39-
40]. Beyond these requirements, Fluc can tolerate a surprisingly large variety of
modified luciferins [33,35,41], including 6°-amino substituents [19-20,35], alkylated [42-
44], and acylated [45] scaffolds, and even luciferins with non-natural chromophores
[4,46]. Crystallographic analyses have also corroborated these experimental results,
indicating flexibility within the luciferase active site and “space” to accommodate
luciferins with appendages at or near the 6°-position [30-31].

Unlike most efforts to produce luciferin analogs reported to date, we were
attracted to the 4° and 7" positions of the luciferin core. These positions lie in close
proximity to the Fluc backbone (Fig. 3-1C). Substrates with additional steric bulk at

these sites would likely be occluded from the Fluc active site and thus good targets for

orthogonal probe development: while poor emitters with the native enzyme, the

74



molecules could potentially give off light with designer mutants. Indeed, preliminary
docking studies suggested that only analogs with small (e.g., 2-3 atoms) substituents at
C4" and C7’ could effectively access the active site (Fig. 3-2).

Accessing 4°- and 7 -derivatized luciferins presented an early challenge. These
positions have been rarely exploited for analog development, and no prior syntheses
were amenable to preparing libraries or large quantities of these probes. Rapid, high-

Scheme 3-1. (A) Initial synthetic route to C7'-modified luciferin analogs. (B) Hemiacetal

formed from aldehyde intermediate 3-4.
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Scheme 3-3: General procedure for synthesis of Betti bases and C7'-modified

luciferins.
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yielding syntheses were essential, as large quantities of luciferins are required for light
emission assays. Fortunately, the core benzothiazole unit (3-1a-c) of the desired
analogs could be accessed from a common route (Fig. 3-1D) and in multi-gram
quantities [32,37]. From this single intermediate, we envisioned installing functional
handles at C4" and C7°, to rapidly assemble a variety of luciferins. We were initially
drawn to an aldehyde group, owing to its ease of diversification under mild conditions
(e.g., reductive amination) and broad compatibility. Aldehyde installation on 3-1a was
problematic, though, due to formation of a hydrated hemiacetal (Scheme 3-1) [47]. To
circumvent this issue, we turned to more reactive iminium ions. These electrophiles can
be readily trapped by electron-rich aromatics in a Mannich-type reaction [48]. Toward
this end, benzothiazole 3-1a was modified with a series of tertiary benzyl amines via in
situ iminium formation and coupling (Fig. 3-1D and Schemes 3-2 and 3-3). The amino
appendages were selected to enhance the water solubility of the luciferin core.
Importantly, this synthetic approach was modular and amenable to large scale (1-10 g)

syntheses. “Matched” probes with steric modifications at C4" were also prepared (3-3a-
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b). A different synthetic approach was necessary, though, as the 4 position cannot be

selectively targeted with electrophiles (Figs. 3-1D and Scheme 3-4).

Scheme 3-4. A. Synthesis of 4'—methyl luciferin (3-3a). B. Benzylic bromination and
displacement scheme for the synthesis of 4'-[(morpholin-4-yl)methyl] luciferin (3-3b).
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3.3 Analyzing bioluminescent light emission with modified luciferins

With the modified luciferins in hand, we first evaluated their optical properties
with Fluc. All analogs were competent light emitters and could be processed by the
enzyme (Fig. 3-3A and 3-4). However, the emission intensities were much weaker than
those observed with D-luciferin, the native substrate. Interestingly, the largest analog (3-
2d) was not the weakest emitter, suggesting that steric modification alone does not
dictate luciferin utilization. Similar trends in light emission were observed across a

range of physiological pH values (Fig. 3-5).
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Figure 3-3. Measuring luciferin light emission. (A) Bioluminescence from luciferin
analogs (100 pM) incubated with 1 mg of Fluc. Emission intensities are plotted as total
photon flux values on a log scale. Error bars represent the standard deviation of the
mean for n 2 3 experiments. (B) Chemiluminescence observed with luciferin analogs.
Emission intensities are plotted as counts per molar luciferin on a log scale. Error bars
represent the standard error of the mean for n =2 3 experiments.

Consistent with the observed light outputs, the measured kinetic constants for all
analogs showed reduced performance relative to D-luciferin (Table 3-1). For example,
the measured K, values were ~100-fold larger than the native substrate, with the
largest analogs (3-2c and 3-2d) exhibiting the lowest relative binding affinities. Despite
their large K, values, 3-2b-d exhibited emission spectra similar to D-luciferin (Figs. 3-6
and 3-7). Only the C4’-modifed analog 3-3b emitted noticeably red-shifted
bioluminescent light, likely due to poor Fluc binding in the excited state [31] or the

luminophore being forced into a more polar environment [49-50].
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Figure 3-4. Sterically modified luciferin analogs emit light with Fluc. Analogs (0.5-1000
uM) were incubated with Fluc and ATP and light emission was quantified. Error bars
represent standard error of the mean for n = 7 experiments.
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Figure 3-5. Effect of pH on bioluminescent light output with three luciferin analogs.
Analogs (100 uM) were incubated with Fluc, 1mM ATP, and 0.5 mM CoA, at various
pHs and light emission was quantified. Error bars represent the standard deviation of
the mean for n = 3 experiments.
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Table 3-1. Enzymatic and optical parameters.

K, (uM)> A__ (nm) Compound
6.24 + 0.31 560 D-luc
329 + 17 558 3-2b
>750 566 3-2¢
>750 556 3-2d
420 + 112 612 3-3b

? Kinetic constants are apparent values, determined via measurements of initial rates of light emission
over a range of 2 yM to 10 mM. Errors represent the standard error of the mean for n = 3 measurements.

3.4 Measuring the light-emitting potential of luciferin analogs

We attributed the weak bioluminescence of the analogs to poor utilization by
Fluc. It was possible, though, that the luciferins were simply not capable of photon
production upon activation and oxidation in the active site. For productive
bioluminescence, an analog must be able to reach an electronic excited state (S1) and
relax back to the ground state with concomitant photon release [51-52]. If an analog
cannot reach S4 or emit efficiently from that state, reduced photon outputs would be
expected. Such molecules would also be poor candidates for orthogonal probe
development. To ensure that our lead analogs were intrinsically capable of light
emission, we utilized a previously described chemiluminescence assay [53]. This
process mimics the enzymatic reaction itself: formation of an activated ester
intermediate, followed by proton abstraction and subsequent reaction with molecular
oxygen [40,52,54]. When analogs 3-2a-d and 3-3a-b were subjected to the assay,
robust light emission was observed (Fig. 3-3B). In fact, photon outputs for some of the

weakest bioluminescent emitters (including 3-2c and 3-3b) were on par with D-luciferin.
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A control compound (6°-deoxylucifeirn) lacking an electron-dense residue on the
aromatic ring (a key feature of luciferins) exhibited only weak levels of emission. These
results provided assurance that while luciferin scaffolds may be poor substrates for

Fluc, they are still capable of photon production and thus good candidates for

orthogonal tool development.
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Figure 3-6. Bioluminescence emission spectra. (A)-(E) Luciferin analogs (2-5 mM)
were incubated with luciferase enzymes (WT and mutants A-C) in bioluminescence
buffer. Spectra were acquired as described in the Materials and Methods section.
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Figure 3-7. Fluorescence emission spectra. Fluorescence emission spectra for
luciferin solutions (100 uM in PBS, pH 7.4). An excitation wavelength of 350 nm was
used.
3.5 Evolving substrate-specific luciferases

Having prepared candidate orthogonal luciferins, we set out to identify mutant
luciferases that could selectively process the molecules. Predicting enzyme mutations
that confer substrate selectivity or otherwise beneficial properties is challenging. Fluc is
a highly dynamic enzyme [30,55], complicating the selection of residues from static
structural or sequence data. Moreover, amino acids known to play key roles in enzyme
function have been identified far from the luciferin binding site [22]; such critical residues
are often revealed only by random mutagenesis approaches [56-57]. Screening libraries
of completely random mutants was impractical in our case, though, owing to the large
library sizes needed to achieve adequate enzyme coverage [58]. Screening in bulk is

also difficult as bioluminescent light emission is too weak to detect on conventional cell
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Figure 3-8. Generating mutant luciferase libraries and screening for orthogonal
pairs. (A) Amino acids targeted for mutagenesis. These residues were selected based
on their proximity to the 4' and 7' positions of luciferin. (B) Library screening strategy. An
initial on-plate screen identified functional mutants. These “hits” were subjected to a
secondary screen for orthogonality with other mutants and luciferin analogs.

sorters or other high-throughput instruments. Thus, each enzyme-substrate combination
must be physically segregated (to a certain extent) and interrogated for light emission
with a sensitive camera.

Recognizing that manual screening necessitated the use of smaller libraries, we
developed focused, semi-rational libraries where the mutations were confined to regions
known to modulate substrate binding [59]. “Hits” from these smaller, individual libraries
could then be easily combined and assayed in subsequent library generations for
improved function. We initially targeted residues 218, 249-251, and 314-316 for
mutagenesis (Fig. 3-8A). These selections were partially based on phylogenetic data
gathered from across the insect luciferase family [11,60], along with previous
biochemical assays: Arg218 is known to interact with D-luciferin and influence the local
structure of the binding pocket [28]; F250 lies in close proximity (~3 A) to the

benzothiazole ring of D-luciferin; T251 has been shown to potentiate substrate binding

[29]; residues 314-316 line a critical edge near the luciferin phenolate and C7” position.
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Figure 3-9. Representative images of luciferin analogs screened on plate. Mutant
luciferase libraries (SD218, 249, and 314) were introduced into bacteria, and the
transformants were spread on agar plates containing the specified luciferins. The plates
were imaged and light-emitting colonies were selected for further expansion, screening,
and analysis.

Mutations at all of these target sites have been shown to perturb D-luciferin binding (and
thus light emission), while preserving the overall structural integrity of the enzyme
[7,29,61].

Saturation mutagenesis was used to prepare the desired libraries. The degree of
mutation applied at each residue was based on the following considerations: sequence
conservation among the insect luciferase family, the identity of the native residue, and
the location of the residue. For example, non-conserved residues were mutated to a

higher degree compared to conserved residues in the active site. Codon compression

methods were further used to eliminate redundancies and reduce the number of library
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transformants [62]. The libraries were constructed using synthetic gene assembly [63] in
combination with circular polymerase extension cloning (CPEC) [64].
The libraries were screened for orthogonal substrate usage using a two-tiered

approach. Library DNA was first introduced into bacteria, and the transformants were
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Figure 3-10. Some mutant enzymes provide similar or greater photon outputs than
native luciferase. Bacterial colonies expressing mutant enzymes or Fluc (WT) were
selected from the primary screen (Fig. 3-9), expanded, and lysed. Lysates were imaged
with the analogs shown, and photon outputs were normalized to Fluc. Sample data are
provided for transformants originating in the (A) SD249 or (B) SD314 libraries. Error
bars represent the standard error of the mean for n = 3 experiments.
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Figure 3-11. Sequencing analysis of “hits” from site-directed libraries. Unique mutations
identified in libraries (SD218, SD249, and SD314) screened with the methyl luciferin
analogs. Some of the mutations were identified in both compound screens (both). The
frequency of the mutation observed is shown in parentheses. If not specified, the
mutation was only observed once.
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arrayed across agar plates containing embedded luciferins (Fig. 3-6B). Light-emitting
colonies were easily identified (Fig. 3-9) and, in some cases, the light emission values
were on par with native Fluc and D-luciferin (Fig. 3-10). A handful of the corresponding
mutants were sequenced. Some mutations were observed for multiple analogs,
suggesting that they might be selective for bulky luciferins (Fig. 3-11). Other mutations
were unique to each compound, which is notable, given the subtle structural differences
between some of the analogs.

While initial screens revealed functional mutants (and quickly culled non-
functional enzymes), they did not report on selective substrate usage (i.e.,
orthogonality). The on-plate screens also did not control for overall expression levels
and differences in compound transport. To address these parameters, we performed a
secondary screen. Colonies emitting detectable levels of light on-plate were selected
and expanded overnight. These cultures were then lysed and imaged with analogs.
Mutants that provided light emission on par with native Fluc were identified as bona fide
‘hits” and used to create next-generation sequences. This iterative process was
performed to evolve large pools of diverse, but functional enzymes. “Hits” from these
subsequent generations were ultimately tested with all luciferin analogs in secondary
screens.

To mine the entire collection of imaging data for substrate-selective pairs, we first
developed a measure of orthogonality (Fig. 3-12A). The more selective a pair of
enzymes for their cognate substrates, the larger the orthogonality rating. The equation
returns a high number when mutants react well with one compound and not another,

and penalizes pairings that do not have an evenly matched switch in preference. Since
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Figure 3-12. Analyzing orthogonal enzyme-substrate pairs. (A) Representative
emission of luciferase mutants screened against a panel of luciferin analogs. These
data were analyzed with a computer algorithm to determine lead mutants with the
strongest orthogonality. (B) Purified mutants exhibit orthogonality. Enzyme (1 pg) was
incubated with 100 uM of luciferin analogs and emission intensities were used to
determine the orthogonality quotient (the ratio of the total flux for the C4/C7 or C7/C4
pairings). The geometric mean is plotted and the error bars represent the 95%
confidence intervals for n > 4 experiments. (C) Total flux for lead mutants B and C
highlights substrate selectivity between C4’ and C7" sterically modified luciferins. Error
bars represent the standard error of the mean for n > 4 experiments.

the number of potential pairings exceeded 3000 in our dataset, we wrote a computer
script to rapidly examine all pairs in an unbiased fashion. The script iterated through
each possible pairing, calculating the corresponding orthogonality rating for that pairing.
Finally, it ranked all pairs, returning a list of hits with the highest rank (and thus utility for

multi-component imaging).
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The top pairs identified by the script exhibited selectivity for analogs 3-3b (mutant
A and B) and 3-2b-d (mutant C). The magnitude of each mutant’s preference—defined
as the orthogonality quotient—was analyzed. As shown in Figures 4B-C, mutants A and
B exhibited nearly a 100-fold preference for 3-3b over other analogs, while mutant C
strongly favored C7° modified analogs. Similar trends in orthogonal substrate usage
were observed using bacterial lysates (Fig. 3-13) and across a range of luciferin
concentrations (Fig. 3-14, 3-15). Biochemical analyses further indicated that the
“brightest” mutant enzymes were those capable of most efficient substrate turnover

(Table 3-1, 3-2).

3.6 Analyzing the origins of orthogonality

The identities of the mutant “hits” provided some insights into the origins of
substrate orthogonality. Mutant A had a single arginine to alanine mutation at amino
acid 218. Mutant B comprised the same R218A mutation, but harbored additional
mutations at residue 250 (Phe to Met), 314 (Ser to Thr), and 316 (Gly to Thr). These
residues are known to play a role in modulating binding and interaction with the luciferin
substrate. The R218A mutant is especially interesting, as it is known to greatly reduce
light production and red shift emission with D-luciferin [28]. It has been hypothesized that
the smaller Ala group allows more water molecules to access the active site, potentially
quenching light emission [28]. The bulky morpholino substituent of 3-3b could fill this
active site void to retain photon production. The third mutant (mutant C) was more
selective for the C7’-modified luciferins compared to the C4’-modified compound.

Mutant C harbored a single mutation, R218K. The R218K mutation may slightly enlarge
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Figure 3-13. Orthogonal substrate usage in mutant or Fluc (WT) lysate. (A) Lysates
were imaged with the analogs shown and total bioluminescent light emission is plotted.
(B) Orthogonality plots were constructed from data in (A) to compare the indicated
analogs with 3-3b. The geometric mean is plotted and the error bars represent the 95%
confidence intervals for triplicate repeats.

&9



1.0x10%
s A
] s [3]
2 1oa0 L
o
N »*
£ 2 1.0x10¢
I,‘ s
2
1.0%10°
1000 500 100 80 10 1) 1 05
Analog (uM)
1.0x10%
= A
e [ ]
§ 10w e
- o
L S oxtor
D -~ Q%
\N/\l F
k/v = 1.0x10%
°
L
1.0%104
1000 500 100 50 10 5 1 05
Analog (uM)
1.0x10%
s A
B 1.0x10° =36
$ [ [&
- o
1.0x107
e £
[ C
O\ % 1.0x10
Ny
© 2 1.0x10%
=]
[
1.0x104
1000 500 100 50 10 5 1 05
Analog (uM)
D 1.0x10*
- A
B 1.0x10° =6
" S -.c
I7 2 1ox10”
s )
3 1.0x10¢
N
| Z tox100
-
1.0%104
1000 500 100 80 10 1) 1 05
Analog (uM)
E 1.0x10"
- A
@ 1.0x10% (=13
S &
2 1.0x10m.
&
5 1.0x10
=
S 1.0x10
=]
L
1.0x10%¢.
1000 500 100 ) 10 5 1 05
D-uciferin (uM)
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quotient (right) indicates preference for C4" or C7" substrates. The geometric mean is
plotted and the error bars represent the 95% confidence intervals for n > 4 experiments.
the active site of the luciferase. This mutation resulted in improved catalytic activity with
some bulkier cyclic amino luciferin analogs [21]. The improved selectivity of mutant C
with 2b-d could be the result of active site positioning. The C7’-subsitituents could
potentially place the luminophore in a more advantageous position in the active site
compared to 3-3b.

To delve into the origins of selectivity, we prepared a small library of additional
mutants based on enzyme B (R218A, F250M, S314T, G316T). R218A seemed critical

for discriminating the regioisomeric compounds, so this residue was held constant

across the series. All possible combinations of the remaining mutations (F250M, S314T,
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Table 3-2. Biochemical analyses of orthogonal enzyme-substrate pairs.

E % WT light  Normalized Amax - d
nzyme ompoun
¥ emission® keadKn®  (nm) 2
A 124035 | 0.041+0016 | 612
-
B 0.92+017 | 0.013+0.004 | 616 o) o
I
c 94 +84 5224058 | 570 p-luc
019+002 | 0.034+0008 | 614 s
P
0.33+0.09 | 0.050+0.020 | 614 ~°les N
N
17 £ 5.2 50413 574 " 3.2p
A 016 +0.02 | 0.253+0.065 | 614 s
L9 o
B 37+076 | 1.09+036 | 618 0y T
.
@ 16 +£23 82422 600 o 320
047001 | 0121+£0025 | - J\:[:H:] "
) T
081009 | 0.155+0.061 | 604 rr °
22+23 6.0+17 570 | &) 324
A 38+ 13 171+64 622 e
B 200 + 41 83437 628 Neuss i
c 13+2 13157 626 33p &

#Values normalized to each compound’s corresponding emission with WT Fluc. Errors
represent standard error of the mean for n = 3 measurements. ° Kinetic constants are
apparent values, determined via measurements of initial rates of light emission over a range
of 2 uM to 10 mM. Errors represent standard error of the mean for n = 3 measurements. K,
values are relative to each compound’s corresponding value with WT Fluc. Errors represent
standard error of the mean for n = 3 measurements. ° A_ value could not be determined
due to low level of light emission.

G316T, or native Fluc residues) were then allowed. Imaging analyses of these

combinatorial mutants indicated that R218A and F250M were critical for luciferin
discrimination (Figs. 3-16, 3-17). Both mutations should result in a larger active site, but
why they preferentially accommodate 3-3b over other analogs remains unknown. It is
possible that the mutations disrupt critical binding interactions with the luciferin core, but
that steric appendages (e.g., on the C4" side) retain sufficient contacts in the enzyme
for subsequent oxidation. Indeed, when 3-3b was incubated with R218A/F250M, light
emission was maintained (as compared to Fluc, Fig. 3-17C). When D-luciferin and the
C7" modified analogs were incubated with this same mutant, by contrast, light emission
was drastically reduced. Interestingly, the R218A/S314T mutant exhibited an opposite
trend in analog selectivity: 3-2b was preferred to 3-3b (Fig. 3-17C). Collectively, these

results suggest that mutant luciferases can be tuned to respond to unique substrates. It

92



>

1.0%107-
= CA
- : 8
§ 10M0H Il ==r250Mm
& Al Emr2s0m+s314T
S 1.0x1054 @ F250M+S316T
3 | s
5 1.0%104 Hl| =mmG316T
5 | I | Il =ss3141+G316T

1.0x103- 3 3 L J dil. mmc

IS : - r
< " § P
£ @ O\Q v
Analog (500 uM)

B

1.0x101°
é 1.0x1009
S
2 1.0x1000
s
X 1.0x107
-
T 1.0x100
o
-

1.0x1005
A A A
MR N N Y

LY
& ‘9‘{9@“ % "\;\
V Q‘\‘ é‘-’

@

Lysate

Figure 3-16. Bioluminescent photon production from Iluciferin analogs with
combinatorial enzymes. Combinatorial mutants were prepared, in which R218A was
held constant across the library, while the other positions were allowed to code for
mutations from mutant B or native Fluc (WT). (A) Luciferin analogs (500 uM) or (B) D-
luciferin were incubated with lysates expressing mutant luciferases or Fluc (WT) in
bioluminescence buffer. Images were acquired as described in the Materials and
Methods section. Error bars represent the standard error of the mean for n > 4
experiments.

is also possible that enzyme orthogonality is most readily achieved not by improving the

utilization of one substrate, but by diminishing reactivity with all other substrates.
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Figure 3-17. Comparative analyses of combinatorial enzymes and Fluc. (A)-(C)
Luciferin analogs (500 uM) were incubated with lysates expressing the indicated mutant
enzymes. Images were acquired and orthogonality plots were constructed to compare
3b with the C7" steric analogs as described in the Materials and Methods section. The
geometric mean is plotted and the error bars represent the 95% confidence intervals for
n > 4 experiments.
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3.7 Cellular imaging with orthogonal pairs

As a step toward multi-component imaging applications with the orthogonal
enzymes, we evaluated the probes in cultured cell models. Mammalian cell lines
(HEK293 and DB7) were engineered to express orthogonal mutants A-C. Equivalent
expression levels were confirmed using flow cytometry (Fig. 3-18). Cells were then
incubated with analogs 3-2b-d and 3-3b, and photon outputs were measured. As shown
in Figure 3-19, the substrates were able to cross cell membranes and access the
relevant luciferases, resulting in sustained emission. Photon production was also
confined to cells expressing the complementary luciferase for each orthogonal luciferin:
cells with mutant B were only visible upon treatment with analog 3-3b, while cells with
mutant C were only visible upon treatment with analog 2b-d (Figs. 3-20-3.23).
Importantly, the orthogonal pairs could also distinguish unique cell types in a single

imaging session. For example, DB7 cells stably expressing mutants B or C could be

Sample Name Percentexpression (GFP)

\ HEK 0

i‘ \\ A 3343

{4 B 32.31
C 30.09

WT 32.09
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Figure 3-18. Mutant luciferases are expressed at comparable levels in mammalian
cells. (A) HEK293 cells or (B) DB7 cells transiently expressing mutant or wild type
luciferases were rinsed in FACS buffer and analyzed by flow cytometry. GFP
expression was measured. Data shown are representative of (A) n = 6; and (B) n = 2
replicate experiments.
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readily detected via sequential administration of the requisite substrates (Fig. 3-19).

Similar trends were observed upon imaging HEK293 cells (Fig. 3-24) and co-cultures

(Fig. 2-25). This suggests that cross-reactivity between mutants B and C and their non-

orthogonal substrates is minimal. It is also noteworthy that the orthogonal pairs exhibit

bioluminescent emission spectra (Fig. 3-26) that can be resolved in vitro (Fig. 3-27).

Collectively, these data suggest that the enzyme-substrate pairs will be broadly useful

for multicomponent imaging.
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Figure 3-21. Cellular imaging with mutant luciferases and D-luciferin. (A) HEK293 cells
expressing Fluc (WT) or mutant luciferases were incubated with D-luciferin (500 pM).
Representative bioluminescence images are shown. (B) Quantification of the images
provided in (A). Error bars represent the standard error of the mean for n = 4

experiments.
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Figure 3-22. Cellular imaging with mutant luciferases and luciferin analogs. HEK293
cells expressing Fluc (WT) or mutant luciferases were incubated with the indicated
luciferin analogs (500 uM). Representative bioluminescence images are shown.
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Figure 3-23. Cellular bioluminescent photon production is sustained. (A)-(D) HEK293
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Figure 3-24. Cellular imaging with orthogonal pairs.
mutant B or C (or no luciferase) were imaged with the indicated analog over 10 min.
The same cells were then immediately treated with the second orthogonal luciferin and
re-imaged. Sample bioluminescent images from 3 independent experiments are shown.
(B) Quantification of the images provided from (A). Error bars represent the standard
error of the
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Figure 3-25. Cellular imaging with orthogonal pairs patterned with biocompatible
stencils. (A) HEK293 or (B) DB7 cells expressing mutant B or C (or no luciferase) were
plated with biocompatible stencils and imaged with the first analog (as shown). The
same cells were then immediately treated with the second analog and re-imaged.
Sample bioluminescent images from (A) n = 3 and (B) n = 2 independent experiments
are shown.
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Figure 3-27. Orthogonal luciferase-luciferin pairs can be spectrally resolved in vitro and
in cells. (A) Bioluminescent orthogonality plots for 3-2b and 3-3b with purified mutant
enzymes and (B) HEK293 cells expressing mutant B and C. In these experiments,
bioluminescent light was collected with either no filter (left), the GFP filter (middle), or
the Cy5.5 filter (right). Representative images are also shown. Experiments were
performed in triplicate and error bars represent the standard error of the mean for n = 3

experiments.
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3.8 Conclusions

We developed a general strategy to evolve and identify mutant versions of firefly
luciferase that accept distinct, chemically modified luciferins. Bioluminescence has been
largely limited to visualizing one biological feature at a time, as the most advantageous
luciferases and luciferins for whole animal imaging utilize the same substrate and
cannot be distinguished in vivo. To address this void, we generated a family of sterically
modified luciferins that were poor substrates for firefly luciferase, but inherently capable
of producing light. Using an on-plate screen, mutant versions of luciferase were
identified that could also catalyze light emission with other analogs. Pools of these
functional mutants were then further mined for orthogonal pairs. Some of the mutants
could selectively process individual luciferins both in vitro and in cells, setting the stage
for multi-component in vivo imaging.

Future studies will be aimed at generating additional orthogonal pairs and
bioluminescent probes with improved brightness. The enzyme-substrate “hits” reported
here, while orthogonal and immediately useful, are weaker light emitters than native
bioluminescent systems. Improved light outputs can be achieved using additional
rounds of mutagenesis and screening. Previous studies have also demonstrated that
distant mutations can profoundly influence the architecture of the luciferase active site,
and these regions will be incorporated into future libraries. The screening strategy is
also broadly applicable to diverse luciferin analogs, and will enable the rapid expansion
of the bioluminescence toolkit. Our results suggest that enzymes capable of
discriminating even subtle substrate modifications can be readily identified. Such an

outcome bodes well for generating additional orthogonal pairs and filling a long-standing
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void in imaging capabilities. We anticipate that collections of designer luciferins and
luciferases will inspire new discoveries in a variety of disciplines, similar to how

fluorescent protein technology enabled seminal advancements in numerous fields.

3.9 Materials and Methods

3.9a General biological methods

Fluorescent spectra and assays

All fluorescence spectra were acquired using clear 96-well microplates (BD-Falcon or
Grenier-Bio) and 100 yL sample volumes. Measurements were recorded on a Molecular
Devices SpectraMax Gemini XPS microplate reader. Measurements were acquired in

triplicate, and the data were analyzed using Microsoft Excel.

Bioluminescence emission spectra

Emission spectra for all luciferin analogs were recorded on a Horiba Jobin Yvon
FluoroMax-4 spectrometer. Each luciferin (2 mM or 5 mM) was incubated in a 10 mm
path length cuvette with ATP (2 mM or 5 mM), LiCoA (2 mM) and reaction buffer (20
mM Tris-HCI, 0.5 mg/mL BSA, 0.1 mM EDTA, 1 mM TCEP, 2 mM MgSO4, pH 7.6)
totaling 900 pL. Purified luciferase enzyme (10-20 pg) was added immediately prior to
data acquisition. The excitation and emission slit widths were adjusted to 0 and 29.4
nm, respectively. Emission data were collected at 2 nm intervals from 400-750 nm at
ambient temperature. The acquisition times varied from 0.1-10 sec/wavelength
depending on the amount of light produced from each sample. Light emissions were

recorded Relative Luminescence Units (RLU), and the intensities were normalized.
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UV-Vis spectra

Luciferin absorption spectra were acquired on a Thermo-Fisher NanoDrop
spectrophotometer (ND-2000c). Each sample (100 uM) was prepared by dissolving the

luciferin 50 mM PBS pH 7.4. Absorbance data were analyzed using Microsoft Excel.

3.9b General bioluminescence imaging

All analyses were performed in black 96-well plates (Grenier Bio One). Plates
containing luminescent reagents were imaged in a light-proof chamber with an VIS
Lumina (Xenogen) CCD camera chilled to -90 °C. The stage was kept at 37 °C during
the imaging session, and the camera was controlled using Living Image software. For
assays with purified enzymes, exposure times ranged from 0.5-30 s, and data binning
levels were set to small or medium. For assays with bacterial cell lysates, the exposure
times for ranged from 1 s to 5 min, with data binning levels set to small or medium.
Regions of interest were selected for quantification and total flux values were analyzed

using Living Image software.

3.9c General chemiluminescence procedure

Carried out as described previously, in Steinhardt et al. [53].
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3.9d Mutant luciferase library design

Table of site directed libraries: Summary of site-directed library identities, sizes, and
relative phylogenetic conservation at each residue. Codon sets defined as in Reetz, et
al. and Kille, et al. [58-59] Conservation designations based on 13 aligned insect

luciferase sequences [11].

Library Residue Conserved Codon set Nuc_le|c Amd Am_lno A_«md
Diversity Diversity
SD249 M249 moderate Hydrophobic 3388 2800
F250 low 22c-trick
T251 moderate 22c-trick
SD314 S314 moderate 22c-trick 5808 4800
G315 high NDT
G316 mod-high 22c-trick
SD218 R218 high All besides WT 19 19
Definition of codon sets from.
Name Codons used Total Total Reference
codons amino
acids
22c-trick NDT, VHG, TGG 22 20 Kille et al.[59]
NDT NDT 12 12 Reetz et al.[58]
Hydrophobic* GBC, WTK 7 7 Pines et al.[62]
All — Phe* TGK, VBC, ATG, NAW 20 19 Pines et al.[62]
All — Arg* KGG, WKT, VHG, NAT 19 19 Pines et al.[62]

*Identified using algorithm provided by Pines et al. [62]

3.9e Mutant luciferase library generation

Two sections of the luciferase gene (pgl4-luc2), denoted R1 and R2, were targeted for
gene assembly. The R1 region comprises amino acids 199-275 and was assembled
with primers R1-FO to R1-F-235 (forward primers table) and R1-R0 to R1-R119 (reverse

primers table). The R2 region comprises amino acids 275-346 and was assembled with
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primers R1-FO to F264 (forward) and R1-R0O to R228 (reverse). The gene assembly
primers were designed using gene2oligo to identify desirable T, values (see Tables S3

and S4) [65].

To assemble mutant libraries, primers containing the codon(s) of interest (primer tables
S5-7) were used in place of the primer coding for the wild-type sequence. Libraries and
primers are named “SD” (site directed), followed by the number of the first residue
mutated in the library (e.g., SD218 is the library based on R218). Primers with
degenerate codons were mixed in proportion to the number of amino acids encoded by
the primer (See Kille, et al. for a detailed protocol) [59]. Libraries were assembled
according to Bessette, et al. [66] All PCR reactions were run using Q5 Hot-start DNA

polymerase (New England BioLabs).

3.9f Circular polymerase extension cloning (CPEC)

The libraries generated above were ultimately inserted into a vector lacking the R1 and
R2 regions. This deletion vector was generated from pET28a-luc2 using overlapping
PCR. Primers Nco-Luc2-For and R1-deletion Rev (PCR1), along with primers R1-
deletion-For and Luc2-Not-Rev (PCR2) were used to remove R1. The R2 region was
similarly removed using primers Nco-Luc2-For and R2-deletion-Rev (PCR1) and
primers R2-deletion-For and Luc2-Not-Rev (PCR2). The PCR1 and PCR2 products
were assembled using Nco-Luc2-For and Luc2-Not-Rev (Table S8). The resulting gene
products were digested with Ncol-HF and Notl-HF (New England BioLabs) and inserted

into pET28a with T4 ligase (New England BioLabs). The resulting vectors were labeled
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pET28-R1del and pET28-R2del, referring to the R1 and R2 deleted regions,

respectively.

Library DNA was ultimately inserted into pET28-R1del or pET28-R2del [37]. The
pET28-R1del or pET28-R2del were linearized by amplification using primers R1-vector-
Fwd and R1-vector-Rev (for pET28-R1del) or R2-vector-Fwd and R2-vector-Rev for
pET28-R2del (Table S9). Q5 Hot start polymerase (New England BioLabs) was used in
the amplifications. The DNA was then digested with Dpnl for 1 h at 37 °C, and the
products were purified via gel electrophoresis to remove any remaining circular template
DNA. The resulting linear vector (500 ng) was combined in a 1:1 or 2:1 molar ratio with
library insert DNA (targeting region R1 or R2, described above). The insert and vector
were combined via CPEC [64] using the following conditions: 1x Q5 Hot start DNA
polymerase reaction buffer, dNTPs (0.8 mM ), and Q5 Hot start DNA polymerase (1 U)
in a total volume of 50 mL. The following thermal cycling conditions were used: initial
denaturation at 95 °C for 60 s; 5-10 cycles of denaturation (95 °C, 30 s), slow ramp
anneal (72 — 55 °C over 2.5 min), and extension (72 °C, 132 s). The final step involved
extension at 72 °C for 5 min. The PCR products were then analyzed using 1% agarose
gels and ethidium bromide staining (10 mL of the reaction). A portion of each product
(2.5 mL) was utilized directly for transformation into T7 Express lysY competent E. coli
(New England Biolabs) cells. Transformants were plated according to the primary

screening protocol described below.

3.9g Primer lists
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All primers were purchased from Integrated DNA Technologies, Inc. (San Diego, CA)
and are written in the 5¢—3¢ direction. Upper case letters denote bases coding for the
luciferase gene. Lower case letters denote bases added to ensure similar melting
temperatures (Tr) for all primers. Bases highlighted in red denote sites targeted for

saturation mutagenesis.

Primer tables: Region 1 (R1, wild type /uc2 primers). Lower case letters
denote non-luciferase sequences included for maintaining proper Tr's and

do not appear in the final assembled gene.

Forward primers

FO GGATCCACCGGATTGCCCAAGGGCGTAGCCCTACC
F35 GCACCGCACCGCTTGTGTCCGATTCAGTCATGCCC
F70 GCGACCCCATCTTCGGCAACCAGATCATCCCCGACA
F106 CCGCTATCCTCAGCGTGGTGCCATTTCACCACGGC
F141 TTCGGCATGTTCACCACGCTGGGCTACTTGATCTGCG
F178 GCTTTCGGGTCGTGCTCATGTACCGCTTCGAGGAG
F213 GAGCTATTCTTGCGAAGCTTcggccctgtacagtcgetg

F235 cagcgactgtacagggc

Reverse primers

RO GGGCAATCCGGTGGATCC

R18 ACAAGCGGTGCGGTGCGGTAGGGCTACGCCCTT

R51 GCCGAAGATGGGGTCGCGGGCATGACTGAATCGGAC

R87 CCACGCTGAGGATAGCGGTGTCGGGGATGATCTGGTT
R124 CGTGGTGAACATGCCGAAGCCGTGGTGAAATGGCA

R159 AGCACGACCCGAAAGCCGCAGATCAAGTAGCCCAG

R194 cgAAGCTTCGCAAGAATAGCTCCTCCTCGAAGCGGTACATG

Region 2 (R2, wild-type luc2 primers) Lower case letters denote non-
luciferase sequences included for maintaining proper Ty’'s and do not
appear in the final assembled gene.

Forward primers
FO acacatCGAGGAGGAGCTATTCTTGCGAAGCTTGCA
F36 AGACTATAAGATTCAATCTGCCCTGCTGGTGCCCACAC
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F74

TATTTAGCTTCTTCGCTAAGAGCACTCTCATCGACAAGTACGAC

F117 CTAAGCAACTTGCACGAGATCGCCAGCGGCGGG
F150 GCGCCGCTCAGCAAGGAGGTAGGTGAGGCC

F181 GTGGCCAAACGCTTCCACCTACCAGGCATCCG
F213 CCAGGGCTACGGCCTGACAGAAACAACTAGTGCCA
F248 TTCTGATCACCCCCgtcgcctccggaggaga

F264 tctcctccggaggeg

Reverse primers

RO

TAGCTCCTCCTCGatgtgt

R19 GGGCAGATTGAATCTTATAGTCTTGCAAGCTTCGCAAGAA
R59 GCTCTTAGCGAAGAAGCTAAATAGTGTGGGCACCAGCA
R97 TCGTGCAAGTTGCTTAGGTCGTACTTGTCGATGAGAGT
R135 TTGCTGAGCGGCGCCCCGCCGCTGGCGATC

R165 GGAAGCGTTTGGCCACGGCCTCACCTACCTCC

R197 AGGCCGTAGCCCTGGCGGATGCCTGGTAGGT

R228 acGGGGGTGATCAGAATGGCACTAGTTGTTTCTGTC

Primers used to construct site-directed libraries. The bases highlighted in
sites targeted for saturation mutagenesis.

SD218 primers

Forward primers

SD218-F1 GCACCGCACCGCTTGTGTCKGGTTCAGTCATGCCC
SD218-F2 GCACCGCACCGCTTGTGTCWKTTTCAGTCATGCCC
SD218-F3 GCACCGCACCGCTTGTGTCVHGTTCAGTCATGCCC
SD218-F4 GCACCGCACCGCTTGTGTCNATTTCAGTCATGCCC

Reverse primers

SD218-R1 GCCGAAGATGGGGTCGCGGGCATGACTGAACCMGAC
SD218-R2 GCCGAAGATGGGGTCGCGGGCATGACTGAAAMWGAC
SD218-R3 GCCGAAGATGGGGTCGCGGGCATGACTGAACDBGAC
SD218-R4 GCCGAAGATGGGGTCGCGGGCATGACTGAAATNGAC

red denote

SD249 primers

Forward primers

SD249-F1 CACGGCTTCGGCGBCNDTNDTACGCTGGGCTACTTGATCTGCGG
SD249-F2 CACGGCTTCGGCGBCNDTVHGACGCTGGGCTACTTGATCTGCGG
SD249-F3 CACGGCTTCGGCGBCNDTTGGACGCTGGGCTACTTGATCTGCGG
SD249-F4 CACGGCTTCGGCGBCVHGNDTACGCTGGGCTACTTGATCTGCGG
SD249-F5 CACGGCTTCGGCGBCVHGVHGACGCTGGGCTACTTGATCTGCGG
SD249-F6 CACGGCTTCGGCGBCVHGTGGACGCTGGGCTACTTGATCTGCGG
SD249-F7 CACGGCTTCGGCGBCTGGNDTACGCTGGGCTACTTGATCTGCGG
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SD249-F8 CACGGCTTCGGCGBCTGGVHGACGCTGGGCTACTTGATCTGCGG
SD249-F9 CACGGCTTCGGCGBCTGGTGGACGCTGGGCTACTTGATCTGCGG
SD249-F10 CACGGCTTCGGCWTKNDTNDTACGCTGGGCTACTTGATCTGCGG
SD249-F11 CACGGCTTCGGCWTKNDTVHGACGCTGGGCTACTTGATCTGCGG
SD249-F12 CACGGCTTCGGCWTKNDTTGGACGCTGGGCTACTTGATCTGCGG
SD249-F13 CACGGCTTCGGCWTKVHGNDTACGCTGGGCTACTTGATCTGCGG
SD249-F14 CACGGCTTCGGCWTKVHGVHGACGCTGGGCTACTTGATCTGCGG
SD249-F15 CACGGCTTCGGCWTKVHGTGGACGCTGGGCTACTTGATCTGCGG
SD249-F16 CACGGCTTCGGCWTKTGGNDTACGCTGGGCTACTTGATCTGCGG
SD249-F17 CACGGCTTCGGCWTKTGGVHGACGCTGGGCTACTTGATCTGCGG
SD249-F18 CACGGCTTCGGCWTKTGGTGGACGCTGGGCTACTTGATCTGCGG

Reverse primers

SD249-R1 GVCAHNAHNGCCGAAGCCGTGGTGAAATGG
SD249-R2 GVCAHNCDBGCCGAAGCCGTGGTGAAATGG
SD249-R3 GVCAHNCCAGCCGAAGCCGTGGTGAAATGG
SD249-R4 GVCCDBAHNGCCGAAGCCGTGGTGAAATGG
SD249-R5 GVCCDBCDBGCCGAAGCCGTGGTGAAATGG
SD249-R6 GVCCDBCCAGCCGAAGCCGTGGTGAAATGG
SD249-R7 GVCCCAAHNGCCGAAGCCGTGGTGAAATGG
SD249-R8 GVCCCACDBGCCGAAGCCGTGGTGAAATGG
SD249-R9 GVCCCACCAGCCGAAGCCGTGGTGAAATGG
SD249-R10 MAWAHNNDTGCCGAAGCCGTGGTGAAATGG
SD249-R11 MAWAHNCDBGCCGAAGCCGTGGTGAAATGG
SD249-R12 MAWAHNCCAGCCGAAGCCGTGGTGAAATGG
SD249-R13 MAWCDBAHNGCCGAAGCCGTGGTGAAATGG
SD249-R14 MAWCDBCDBGCCGAAGCCGTGGTGAAATGG
SD249-R15 MAWCDBCCAGCCGAAGCCGTGGTGAAATGG
SD249-R16 MAWCCAAHNGCCGAAGCCGTGGTGAAATGG
SD249-R17 MAWCCACDBGCCGAAGCCGTGGTGAAATGG
SD249-R18 MAWCCACCAGCCGAAGCCGTGGTGAAATGG

SD314 primers

Forward primers

SD314-F1 CTAAGCAACTTGCACGAGATCGCCNDTNDTNDT
SD314-F2 CTAAGCAACTTGCACGAGATCGCCNDTNDTVHG
SD314-F3 CTAAGCAACTTGCACGAGATCGCCNDTNDTTGG
SD314-F4 CTAAGCAACTTGCACGAGATCGCCVHGNDTNDT
SD314-F5 CTAAGCAACTTGCACGAGATCGCCVHGNDTVHG
SD314-F6 CTAAGCAACTTGCACGAGATCGCCVHGNDTTGG
SD314-F7 CTAAGCAACTTGCACGAGATCGCCTGGNDTNDT
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SD314-F8 CTAAGCAACTTGCACGAGATCGCCTGGNDTVHG
SD314-F9 CTAAGCAACTTGCACGAGATCGCCTGGNDTTGG
Reverse primers

SD314-R1 TTGCTGAGCGGCGCAHNAHNAHNGGCGATC
SD314-R2 TTGCTGAGCGGCGCCDBAHNAHNGGCGATC
SD314-R3 TTGCTGAGCGGCGCCCAAHNAHNGGCGATC
SD314-R4 TTGCTGAGCGGCGCAHNAHNCDBGGCGATC
SD314-R5 TTGCTGAGCGGCGCCDBAHNCDBGGCGATC
SD314-R6 TTGCTGAGCGGCGCCCAAHNCDBGGCGATC
SD314-R7 TTGCTGAGCGGCGCAHNAHNCCAGGCGATC
SD314-R8 TTGCTGAGCGGCGCCDBAHNCCAGGCGATC
SD314-R9 TTGCTGAGCGGCGCCCAAHNCCAGGCGATC

Primers used to create R1 and R2 deletions in pET Luc2

Outside primers

Nco-Luc2-For ATACCATGGATGGAAGATGCCAAAAACATTAAGAAGGG
Luc2-Not-Rev ATAGGCCGCCACGGCGATC
R1 deletion

GAACAGTAGTGGATCCAAGCTTGCAAGACTATAAGATTCAATCTGCC
R1-deletion-For C

R1-deletion-Rev TAGTCTTGCAAGCTTGGATCCACTACTGTTCATGATCAGGGC
R2 deletion

R2-deletion-For TTCTTGCGAAGCTTACTAGTGCCATTCTGATCACCCCCG
R2-deletion-Rev CAGAATGGCACTAGTAAGCTTCGCAAGAATAGCTCCTCCTCG

Primers used to amplify inserts for the R1 or R2 regions, along with the pET vector
backbone.

R1 insert amplification
primers
GACAAAACCATCGCCCTGATCATGAACAGTAGTGGATCCACCGGAT
R1-insert-Fwd TGCCCAA
CACCAGCAGGGCAGATTGAATCTTATAGTCTTGCAAGCTTCGCAAGA
R1-insert-Rev ATAGCTCCTCCTC
R1- vector amplification
primers
R1-vector-Fwd ACTACTGTTCATGATCAGGGCGATGGTTTTGTC
R1-vector-Rev GCAAGACTATAAGATTCAATCTGCCCTGCTGGTG
R2 insert amplification
primers
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R2-insert-Fwd CGAGGAGGAGCTATTCTTGCG

R2-insert-Rev GGGGGTGATCAGAATGGCACTA

R2- vector amplification

primers
R2-vector-Fwd TAGTGCCATTCTGATCACCCCC
R2-vector-Rev CGCAAGAATAGCTCCTCCTCG

3.9h Primary screening protocol

A portion of each library (2.5 — 3.5 mL) was transformed into 50 mL of T7 Express lysY
competent E. coli (New England Biolabs), according to the manufacturer’'s protocol.
During the 60 min recovery step, a solution of 1X kanamycin (Kan, 40 ug/ml, Fisher
Scientific), 2X IPTG (1 mM, Gold Biotechnology), and 2X luciferin (0.2 mM to 1 mM)
was made and stored in a 42 °C water bath for 10 min. In addition, a pre-made solution
of 2X LB broth, 1X Kan and 0.5X agar was liquefied in a microwave (3 min, 30%
power). This solution was then cooled in a 42 °C water bath. Once the 60 min bacterial
recovery period was complete, the agar and luciferin stocks (1 mL each) were mixed
with 20-250 mL of the transformants. This solution was swirled, and immediately spread
on square, gridded, LB-Kan plates. The plates were left to sit right side up for 15 min
(allowing the agar to solidify), then placed upside down and incubated at 37 °C
overnight. The following day, the plates were imaged using the bioluminescence
imaging system described previously. Acquisition times ranged from 2-10 min per plate.
All colonies emitting detectable levels of light were marked for subsequent analysis in

the secondary screen.
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3.9i Secondary screening of library members

Light-emitting colonies from the agar plates (primary screen) were picked and added to
5 mL of LB broth (containing 40 pg/mL Kan). Colonies expressing wild-type Fluc (or
another luciferase from an earlier round) were also picked for growth and comparative
analysis. At least two colonies (per thirty library members) were picked and grown up
simultaneously, as controls. All culture tubes were shaken and incubated at 37 °C for 2-
5 h until the ODgoo reached ~0.8. Rapidly growing cultures were stored at 4 °C until all
cultures reached the desired ODgg. A portion of each culture (0.5 mL) was reserved
and stored at 4 °C for sequencing analysis. IPTG (0.5 mM) was added to the remainder

of the cultures to induce protein expression for 2 h at 30 °C or for 12 h at 25 °C.

After induction, the cultures were centrifuged for 10 min at 3400 x g (4 °C). The
supernatant was removed, and the pellet was resuspended in 0.4 — 0.6 mL of Fluc lysis
buffer (50 mM TriseHCI, 500 mM NaCl, 0.5% (v/v) Tween, 5§ mM MgCly, pH = 7.4).
Lysed bacterial suspensions (90 mL/well) were added to a 96-well black plate (in
triplicate). The lysed cultures were imaged using a stock solution of 10X luciferin and
10X ATP in PBS (1-5 mM luciferin, 10 mM ATP). [59] Library members emitting light
equivalent to or greater than wild-type Fluc (first round of screening) or the “hits” from
previous rounds (subsequent rounds of screening) were further analyzed. The reserved
cultures for these mutants were added to 3.5 mL of LB-Kan and grown in a shaking
incubator at 37 °C overnight. DNA from the colonies of interest was harvested and

sequenced.
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3.9j Identification of luciferase mutant B selectivity

A series of mutants were constructed holding R218A constant and allowing for all
possible combinations of native Fluc or mutant sequences at the remaining three
residues (F250M, S314T, G316T). The R218A mutation was constructed using overlap
PCR with the following primers:

5-ACCGCTTGTGTCGCGTTCAGTCATGCC-3' and
5-CTTCGGGGGTGATCAGAATGGC-3’ for PCR 1
5-GACAAAACCATCGCCCTGATCATGAAC-3' and

5- GGCATGACTGAACGCGACACAAGCGGT-3’ for PCR 2

Bases highlighted in red denote residue 218 mutated to alanine. The vector backbone
was linearized and amplified from pET28a /luc2 encoding wild-type Fluc or a mutant
(F250M, S314T, and/or G316T) sequence using primers R1-vector-Fwd and R2-vector-
Rev (Primer tables). The insert and vector were combined by CPEC (as above). A
portion of the reaction (2.5 mL) was then utilized directly for transformation into XL1

competent E. coli. Sequencing analysis confirmed correct mutation and assembly.

3.9k Mammalian plasmid construction

To express the mutant luciferases in mammalian cells, the R1-R2 region of the mutant
luciferases was amplified and inserted into pcDNA-Luc2-IRES-GFP[67] or the entire
gene was amplified and inserted into pBMNpuro vector (courtesy of Nolan laboratory,
Stanford).

The R1 and R2 regions of mutants A-C were amplified with the following primers:

5'-GACAAAACCATCGCCCTGATCATGAAC-3 and
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5-CTTCGGGGGTGATCAGAATGGC-3’

Linearized vector was generated with R1 WT primer R18 (Table S3) and R2 WT primer
F181 (Table S4) amplified from pcDNA-Luc2-IRES-GFP. The amplification product was
combined with linear vector by CPEC. A portion of the reaction (2.5 mL) was then
utilized directly for transformation into XL1 competent E. coli. Sequencing analysis
confirmed correct mutations and assembly.

The Luc2 gene of mutants A-C were amplified with the following primers:
5-ATAACGCGTATGGAAGATGCCAAAAACAATAAGA-3 and
5-GAGAGGGATGCATTTATTACACGGCGATCTTGCC-3’

The insert contained Nsil and Mlul restriction sites. The luciferase genes were then

cloned into the pBMN vector upstream of the IRES sequence.

3.91 Recombinant protein expression and purification

The pET-luciferase plasmids (WT, mutants A, B, and C) were transformed into
chemically competent E. coli BL21 cells. Cultures (1 L) were grown in 2 L flasks at 37
°C in LB broth (containing 40 mg/mL Kan) to mid-log phase (ODggo = 0.8 - 1.0), induced
with 0.5 mM IPTG, and incubated at 22 °C for 16 — 18 h. The cells were harvested by
centrifugation at 4 °C and resuspended in 20 mL of a solution of 50 mM NaPOQO,, 300
mM NaCl, 1 mM DTT, and 1 mM PMSF at pH 7.4. Lysozyme (1 mg) was added, and
the cells were sonicated and centrifuged at 10000 x g for 1 h at 4 °C. WT Fluc and
mutant luciferases were purified from clarified supernatants using nickel affinity
chromatography (BioLogic Duo Flow Chromatography System, Bio-Rad). Proteins were

dialyzed into 25 mM Tris-acetate (pH 7.8) buffer containing 1 mM EDTA and 0.2 mM
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ammonium sulfate (4 °C). DTT (1 mM) and 15% glycerol were added to the dialyzed
samples prior to storage at-20 °C. Final protein concentrations were determined using a
standard BCA assay or UV spectroscopy. SDS-PAGE was also performed, and gels

were stained with Coomassie R-250.

3.9m Light emission assays with recombinant luciferase

Bioluminescence assays with all luciferin compounds were carried out in triplicate, using
solid black, flat-bottom, 96-well plates (BD Bioscience). Assay wells contained purified
Fluc (1-2 ug), luciferin substrate (0-1 mM), ATP (Sigma, 0-1 mM), and reaction buffer
(20 mM Tris-HCI, 0.5 mg/mL BSA, 0.1 mM EDTA, 1 mM TCEP, 2 mM MgSO4, pH 7.6),
totaling 100 uL. For pH studies, the buffer comprised 20 mM BIS-TRIS propane (with
100 yM MgCly, 1 mM ATP, 500 uM Coenzyme A). All non-enzyme assay components
were premixed in the wells prior to wid-type or mutant luciferase addition. Images for all
assays were acquired as described above and analyzed with Microsoft Excel or

GraphPad Prism (version 6.0f for Macintosh, GraphPad Software).

3.9n Spectral imaging with purified enzymes

Bioluminescence imaging was performed essentially as described above. Five minutes
post-enzyme addition, sequential images were acquired using an open filter (10 s
exposure), a GFP band pass filter (30 s exposure, 515-575 nm), then a Cy5.5 band
pass filter (30 s exposure, 695-770 nm). Data were exported to Microsoft Excel and

analyzed using GraphPad Prism (version 6.0f for Macintosh, GraphPad Software).
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3.90 Bioluminescence kinetic measurements

Measurements were acquired on a Tecan F200 Pro injection port luminometer with a
neutral density filter. Reactions were performed in black 96-well flat-bottom plates
(Grenier). Solutions of luciferin analog in bioluminescence buffer (20 mM Tris-HCI pH
7.6, 2 mM MgSOy4, 2 mM ATP, 0.1 mM EDTA, 1 mM TCEP, 0.5 mg/mL BSA) were
prepared (2 yM - 10 mM analog), and 50 uL were added to each well. The
luminescence from each well was measured for 1.5 s prior to the addition of Fluc or
mutant in bioluminescence buffer without ATP. For wells containing D-luciferin, a 0.002
mg/mL solution of enzyme was used. For all other compounds, a 0.02 mg/mL solution
of enzyme was administered. Following the addition of enzyme, luminescence was
recorded every 0.1 s over a 13.5 s period. Samples were analyzed in triplicate and three
runs of each compound-enzyme pair were performed. The emission maxima were
determined by averaging the five maximum photon outputs per run. K, and relative kcat
values were determined using nonlinear regression analyses and robust fit outlier

removal in GraphPad Prism (version 6.0f for Macintosh, GraphPad Software).

3.9p Mammalian cell culture

HEK293 (ATCC) and DB7 cells (courtesty of the Contag laboratory, Stanford) were
cultured in DMEM (Corning) supplemented with 10% (vol/vol) fetal bovine serum (FBS,
Life Technologies), penicillin (100 U/mL), and streptomycin (100 ug/mL). Cells were
maintained in a 5% CO, water-saturated incubator at 37 °C. Transient transfections of
mutant or WT Fluc DNA were performed using cationic lipid formulations (Lipofectamine

2000; Invitrogen). Cells were analyzed for expression or used for imaging analysis 24 —
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36 h post transfection. DB7 cells were transduced with ecotropic retrovirus (Phoenix
packaging system) followed by selection with puromycin (10 uM). The cells were sorted

via FACS at the Institute for Immunology Flow Cytometry Core (UCI).

3.9q Flow cytometry
Cells transiently expressing luciferase were trypsinized and washed in FACS buffer
(PBS with 1% BSA) prior to analysis on a BD Biosciences LSRIl. For each sample,

10,000 cells were analyzed and data were analyzed by FloJo software (Tree Star, Inc.).

3.9r Bioluminescence imaging with mammalian cells

HEK293 or DB7 cells transiently expressing Fluc or mutant luciferases were added to
black 96-well plates (2 x 10° cells (HEK293) or 3 x 10° (DB7) per well). A stock solution
of luciferin (5-10 mM in PBS) was added to each well (500 yM (HEK) or 1 mM (DB7)
final concentration). Sequential imaging in black 96-well plates was performed as above
(for HEKs) or with DB7 cells stably expressing mutant luciferases (1.5 x 10° cells per
well). A stock solution of luciferin was added to each well (500 yM (HEK) or 750 uM
(DB7) final concentration) and then a second luciferin solution (500 yM (HEK) or 750
uM  (DB7) final concentration) was added after the initial imaging session.

Bioluminescent-images were then acquired again.

3.9s Sequential bioluminescence imaging with patterned cells
Biocompatible stencils were generated and placed in tissue culture dishes as previously
described [68]. HEK293 or DB7 cells expressing mutant B or C were plated (2 x 10°

(HEK293) or 3 x 10° (DB7) per stencil chamber). For HEK293 cells, luciferins (500 pM)
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were added sequentially to each stencil chamber immediately after plating. For the DB7
cells, the cells were allowed to adhere for 24 h prior to stencil removal and sequential
luciferin (1 mM) addition. Bioluminescent images were acquired as described above

except with 10 min acquisitions.

3.9t Molecular docking studies

Native Fluc (PDB:4G36) was prepared for docking using the protein prep wizard in
Maestro (version 2014-3). The OPLS2005 force field was used for minimization. A
Glide-grid was generated using this minimized structure and DSLA was used to provide
the coordinates for ligand binding. The luciferin analogs were prepared as the AMP
conjugates; their geometries were prepared through the LigPrep module prior to
docking. SP docking was used to obtain the input poses for high-level calculations. XP
docking was then performed using flexible ligand sampling, sampling of nitrogen
inversions and ring conformations. Epik state penalties were used to exclude non-
physiologically relevant protonation states and non-planar amide bonds were also
penalized. An XP descriptor file was written in order to facilitate post-docking analysis.
The docked ligands were evaluated manually via pose-viewer to choose the most
relevant poses as well with XP visualizer to quantify the relative contributions of different

ligand interactions to the assessed GlideScore.

3.9u General synthetic methods

All reagents purchased from commercial suppliers were of analytical grade and used

without further purification. 4,5-Dichloro-1,2,3-dithiazolium chloride, was prepared
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according to literature precedent [32]. Reaction progress was monitored by thin-layer
chromatography on EMD 60 F254 plates, visualized with UV light, ceric ammonium
molybdate (CAM), chloranil, or KMnO4 stain. Compounds were purified via flash column
chromatography using Siliaflash F60 60 A, 230-400 mesh silica gel (Silicycle), unless
otherwise stated. HPLC purifications were performed on a Varian ProStar equipped with
a 325 Dual Wavelength UV-Vis detector. Semi-preparative runs were performed using
an Agilent Prep-C18 Scalar column (9.4 x 150 mm, 5 uym), preparative runs were
performed using an Agilent Eclipse XD8-C18 PrepHT column (21.2 x 250 mm 7 uM).
Anhydrous solvents were dried by passage over neutral alumina with the exception of
DMF, which was passed over activated molecular sieves. Reaction vessels were either
flame or oven dried prior to use. NMR spectra were acquired with Bruker Advanced
spectrometers. All spectra were acquired at 298 K, unless otherwise specified. "H-NMR
spectra were acquired at either 500 or 400 MHz, and ">*C-NMR spectra were acquired at
125 or 100 MHz. Coupling constants (J) are provided in Hz and chemical shifts are
reported in ppm relative to either residual non-deuterated NMR solvent, calculated
reference, or to a methanol external reference. Low and high-resolution electrospray
ionization (ESI) mass spectra were collected at the University of California-lIrvine Mass

Spectrometry Facility.
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3.9v Synthetic Procedures

N 7-Formyl-6-hydroxy-1,3-benzothiazole-2-carbonitrile (3-4).
»>—CN
HO | = S>— Anhydrous MgCl, (1.52 g, 15.9 mmol) and paraformaldehyde
CHO (646 mg, 21.3 mmol) were added to a rigorously dried 1 L flask.
Mol. Wt. 204.20

The reagents were suspended in anhydrous THF (426 mL), and
the vessel was purged with N,. Triethylamine (1.57 mL, 11.2 mmol) was added, and the
reaction stirred at 60 °C until most solids dissolved. Heterocyclic phenol 3-1a (939 mg,
5.33 mmol) was then added, and the resulting mixture was stirred at 60 °C for an
additional 24 h. The reaction was cooled to rt and concentrated in vacuo. The residue
was dissolved in Et,0 (200 mL), then washed with 1 M Na,SO4 (2 x 50 mL), H.O (2 x
100 mL), and brine (50 mL). The organics were then dried over Na,SO,, filtered, and
concentrated in vacuo. The resulting crude material was purified by flash column
chromatography (eluting with 3:1 hexanes:EtOAc) to yield formylated phenol 3-4 as an
off-white solid (566 mg, 52%). "H NMR (400 MHz, acetone-ds) & 10.6 (s, 1H), 8.34 (d, J
= 9.0, 1H), 7.49 (d, J = 9.0, 1H); "*C NMR (125 MHz, acetone-ds) 5 188.1, 164.0, 148.4,
138.7, 135.2, 133.6, 120.8, 117.7, 114.7; HRMS (ESI") calcd for CgH3N20,S [M-H]™ =

202.9915, found 202.9921.

General procedure for synthesis of luciferin analogs (3-2a-d, 3-3a-b)
D-Cysteine hydrochloride monohydrate (0.171 mmol) and 2—cyano benzothiazole (0.163
mmol) were suspended in 4:1 MeCN:H>O (1 mL) in a 20 mL scintillation vial. Potassium

carbonate (0.164 mmol) was then added to the mixture, and the resulting bright yellow-
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green solutions were stirred under N, for 20 min. The potassium salt products were

isolated by filtration or purified via reversed-phase HPLC as specified.

COK 7'-Formyl luciferin (3-5).

> _</

o j’ Following the general procedure, the potassium salt of 3-5
CHO was obtained as a dark green solid (90%) after HPLC
Mol. Wt. 346.42 purification (semi-preparative, reversed phase, using the

following elution protocol: 100% H-O for 5 min, followed by a gradient of 0-95% MeCN
in H20O for 15 min. The flow rate was 5 mL/min). 'H NMR (500 MHz, D20O) 6 10.0 (s, 1H),
7.63 (d, J = 9.2, 1H), 6.71 (d, J = 9.2, 1H), 5.17 (app t, J = 9.0, 1H), 3.78 (app t, J =
10.4, 1H), 3.56 (dd, J = 8.5, J = 10.7 1H); *C NMR (125 MHz, D,O/MeOH) & 189.5,
178.6, 176.1, 166.3, 156.5, 143.3, 135.2, 132.1, 125.4, 117.3, 80.7, 36.8; HRMS (ESI")

calcd for C12H704N2S, [M-K'T™ = 306.9847, found 306.9843.

(Z)-4-Chloro-N-(4-methoxy-3-methylphenyl)-5H-1,2,3-

j@/ w/<N dithiazol-5-imine (3-7).
S-g

C.oHoCIN,OS, Compound 3-7 was synthesized using a previously published
Mol. Wt 272.76 procedure [32], and was isolated as a fluffy, dark orange solid
(7.67 g, 57%). "H NMR (400 MHz, CDCl5) & 7.19-7.16 (m, 2H), 6.90 (d, J = 8, 1H), 3.88
(s, 3H), 2.27 (s, 3H): ®C NMR (125 MHz, acetone-dg) & 157.4, 155.8, 149.1, 143.5,
128.4, 124.4, 119.1, 111.4, 56.0, 16.4; HRMS (ESI") calcd for C1oH1oCIN,OS, [M+H]" =

272.9923, found 272.9913.
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carbonitrile (3-8a) and 6-hydroxy-5-

yZ N N 6-Hydroxy-7-methylbenzo[d]thiazole-2-
I d>—cn t@: S>—CN
HO "8 HO S

CgHeNOS methylbenzo[d]thiazole-2-carbonitrile (3-8b).
Mol. Wt. 190.22

Following the procedure of McCutcheon et al. [32] compounds 3-8a and 3-8b were
isolated as a mixture of white solids (3:1, 3-8b:3-8a, 56 mg, 30%). Characterized as a
mixture of regioisomers, '"H NMR (400 MHz, acetone-ds) 5 9.39 (br s, 0.6H), 7.96 (s,
0.6H), 7.91 (d, J= 8.9, 0.4H), 7.58 (s, 0.6H), 7.32 (d, J = 8.9, 0.4H), 2.44 (s, 1.2H), 2.38
(s, 1.8H); *C NMR (125 MHz, acetone-ds) 6 158.2, 156.3, 147.4, 146.7, 139.6, 135.8,
133.1, 133.0, 129.2, 126.5, 124.0, 118.8, 116.9, 114.4, 114.2, 106.0, 16.8, 15.3; HRMS

(ESI™) calcd for CoHsN2OS [M—-H"] = 189.0123, found 189.0130.

N S
am ] ‘~Methyl luciferin (3-2a).
HO S N ""”/OH
o] Mixture 3-8a + 3-8b (0.020 g, 0.11 mmol) was dissolved in 2

C12H10N20382
Mol. Wt. 294.34 mL MeCN and stirred under N, in a 20 mL vial. D-

Cysteine*HCI-H,O (0.019 g, 0.11 mmol) and K,COs; (0.014 g, 0.11 mmol) were
dissolved in 1.0 mL H>O and added to the reaction. The reaction was stirred for 30 min,
then diluted with H,O (20 mL), and washed with EtOAc (1 x 20 mL). The aqueous layer
was then acidified to pH 3 with 3 M HCI and extracted with EtOAc (2 x 20 mL). The
organic layers were combined and washed with H,O (2 x 20 mL), and brine (1 x 20 mL).
The solution was then dried over MgSQ,, filtered, and concentrated in vacuo. The
resulting yellow solid was dissolved in MeOH and purified via HPLC (semi-preparative,

reversed phase, with the following elution protocol: a gradient of 0-45% MeOH in H,O
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over 5 min, followed by 45% MeOH in H2O for 10 min, the flow rate was 4 mL/min) to
yield 3-2a (0.003 g, 37% calcd from 3:1 3-8b:3-8a starting material) as a bright yellow
solid. Only compound 3-2a was isolated for characterization and biochemical '"H NMR
(400 MHz, CD;0D) &6 7.73 (d, J = 8.9, 1H), 7.05 (d, J = 8.8, 1H), 5.17 (app t, J = 9.4,
1H), 3.73-3.69 (m, 2H), 2.40 (s, 3H); *C NMR (125 MHz, DMSO-ds) 6 171.3, 164.3,
156.3, 154.5, 145.7, 138.1, 122.3, 116.6, 115.7, 78.1, 34.7, 15.1; HRMS (ESI") calcd for

C12H9N203S, [M—-H]™ = 293.0055, found 293.0059.

@HTCN N-(4-Acetoxy-2-methylphenyl)cyanothioformamide (3-12).
AcO S Aniline 3-11 (8.26 g, 50.0 mmol) and Appel’s salt (10.8 g, 52.5
M%ITF\'/\}?.N;S%; mmol) were stirred in 250 mL of anhydrous CH,Cl, under N, for ~1
h (until 3-11 was consumed). The reaction volume was then reduced in half under
vacuum, and the solids were isolated by vacuum filtration. The isolated solids were
resuspended in 2:1 MeCN:THF, and treated with sodium thiosulfate (23.0 g, 145.5
mmol in 80 mL H>O). The reaction was vigorously stirred for 3 h. The mixture was then
filtered to remove elemental sulfur, and the volatiles were removed in vacuo. The
remaining aqueous mixture was filtered to remove residual solids, and the filtrate was
acidified with 1 M NaHSO4. Cyanothioformamide 3-12 precipitated from solution and
was collected by vacuum filtration. The material was washed with additional H,O and
dried to provide 3-12 as a vivid orange solid (10.7 g, 92%). Compound 3-12 was
characterized as a mixture of tautomers. '"H NMR (500 MHz, CDCls) & 7.49-7.37 (m,
1H), 7.06-6.97 (m, 2H), 2.35-2.20 (m, 6H). *C NMR (125 MHz, CDCl3) 5 170.4, 169.6,

167.5, 164.6, 151.0, 150.2, 135.5, 134.8, 133.5, 132.1, 127.0, 126.9, 124.6, 1244,
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120.7, 120.1, 113.4, 111.9, 21.3, 18.2, 18.0; HRMS (ESI") calcd for C11HgN2O>S [M-H]~

= 233.0385, found 233.0388.

6-Acetoxy-4-methyl-1,3-benzothiazole-2-carbonitrile (3-13):

/@:N%CN Palladium chloride (117 mg, 0.639 mmol), Cul (611 mg, 3.20
AcO S

G HaN, 0,5 mmol), TBAB (4.12 g, 12.8 mmol), and 3-12 (1.50 g, 6.39 mmol,)

Mol. Wt. 232.2
ol. Wi 232.26 were suspended in anhydrous 1:1 DMF:DMSO (100 mL). The

resulting red-brown mixture was placed under N, and stirred at 120 °C for 3 h. The
reaction was then diluted with ethyl acetate and washed with H,O (4 x 50 mL). The
organics were then dried over Na;SOy, filtered, and concentrated in vacuo. The crude
product was purified by flash column chromatography (eluting with 5:1 hexanes:EtOAc)
to provide, (3-13) (1.35 g, 91%) as a light beige solid. "H NMR (400 MHz, acetone-ds) &
7.88 (dd, J=2.2,J=0.6, 1H), 7.32 (dd, J = 2.2, J= 0.9, 1H), 2.75 (s, 3H), 2.32 (s, 3H);
C NMR (125 MHz, acetone-ds) & 169.6, 152.0, 150.4, 137.1, 137.0, 136.6, 124.1,
113.9, 113.6, 21.0, 18.1. HRMS (ESI") calcd for C11HsN202SNa [M+Na]" = 255.0204,

found 255.0207.

‘~Methyl luciferin (3-3a)
N S
o S\>—<\Nj Nitrile 3-13 (0.23 g, 1.0 mmol) was was dissolved in
H

““COH

C12H1oN203S,
Mol. Wt. 294.34

CH3CN (4 mL), and a solution of K,CO3; (210 mg, 1.5
mmol) in MeOH (81 pL, 2.0 mmol) and H2O (1 mL) was

added. The mixture was stirred at rt untii TLC (hexanes:EtOAc, 2:1) showed
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consumption of starting material. D-Cysteine*HCI*H,O was added to the reaction, and
the mixture was stirred for an additional 15 min. The reaction was acidified with 1 M
NaHSO,4 and the resulting precipitate was collected by vacuum filtration. The precipitate
was washed with chilled H,O and dried under vacuum to give luciferin 3-3a (270 mg,
92%) as an off-white solid. 'H NMR (500 MHz, D,0) 6 6.92 (d, J = 2.3, 1H), 6.66 (d, J =
1.4, 1H), 5.17 (dd, J = 8.4, 9.7 Hz, 1H), 3.80 (dd, J = 10, 10.5 Hz, 1H), 3.61 (dd, J = 8.5,
11.5 Hz, 1H), 2.40 (s, 3H); *C NMR (125 MHz, DMSO-ds) 5 171.3, 164.5, 157.3, 155.5,
145.9, 137.1, 134.7, 117.3, 104.3, 78.1, 34.7, 17.9; HRMS (ESI") calcd for C12HgN203S;

[M-H]™ = 293.0055, found 293.0069.

General procedure for synthesis of C7" modified luciferin intermediates (3-10a-c)
Paraformaldehyde (64 mg, 2.1 mmol) and various amines (2.1 mmol) were
suspended in anhydrous MeCN (10 mL) and stirred at 80 °C for 1 h. Heterocyclic
phenol 3-1a (350 mg, 2.0 mmol) was dissolved in anhydrous MeCN (6 mL) and flowed
into each reaction. The resulting mixtures were stirred vigorously at 80 °C until TLC
showed complete consumption of starting material (~1-2 h). For products that
precipitated from solution, purification consisted of filtration followed by recrystallization
from warm MeCN. The other reactions were purified by flash column chromatography

(eluting with hexanes:EtOAC).
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N\>—C 7-[(Dimethylamino)methyl]-6-hydroxy-1,3-benzothiazole-2-
N
HO S carbonitrile (3-10a).

| Following the general procedure, benzyl amine 3-10a was isolated
C11H11NSOS . . . .

Mol. Wt. 233.29 as an off-white solid (365 mg, 91%) upon recrystallization from
warm MeCN. 'H NMR (400 MHz, D,0O) &6 8.02 (d, J = 9.1, 1H), 7.32 (d, J = 9.1, 1H),
453 (s, 2H), 2.94 (s, 6H); 3C NMR (125 MHz, D,O) 6 160.0, 147.9, 142.4, 136.2,
130.0, 120.9, 115.4, 110.9, 59.1, 45.5; HRMS (ESI") calcd for C41H12N3OS [M+H]" =

234.0701, found 234.0699.

N\>—CN 6-Hydroxy-7-[(morpholin-4-yl)methyl]-1,3-benzothiazole-2-
HO S carbonitrile (3-10b).
LO Following the general procedure, benzyl amine 3-10b was isolated
Cy3H13N30,S as a pale tan solid (538 mg, 98%) upon recrystallization from warm
Mol. Wt. 275.33

MeCN. "H NMR (500 MHz, CDCl3) & 7.99 (d, J = 8.8, 1H), 7.16 (d, J = 8.8, 1H), 3.91 (s,
2H), 3.81 (bs, 4H), 2.68 (bs, 4H); *C NMR (125 MHz, CDCls) & 158.7, 146.4, 136.8,
132.1, 125.5, 119.7, 113.5, 111.6, 66.7, 61.2, 53.2; HRMS (ESI") calcd for C13H12N30,S

[M=H]™ = 274.0650, found 274.0659.

6-Hydroxy-7-[[4-(morpholin-4-yl)piperidin-1-ylJmethyl]-1,3-

N
S—CN
HO S benzothiazole-2-carbonitrile (3-10c).
'\O\ Following the general procedure, benzyl amine 3-10c was
N
OO isolated as a yellow solid (697 mg, 95%) 'H NMR (500 MHz,
C18H2oN402S CDCls) 5 7.89 (d, J = 9.0, 1H), 7.08 (d, J = 9.0, 1H), 3.83 (s,
Mol. Wt. 358.46
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2H), 3.69-3.67 (m, 4H), 3.06 (app d, J = 11.6, 2H), 2.51 (bs, 4H), 2.21-2.28 (m, 3H),
1.90 (app d, J = 12.8, 2H), 1.61 (q, J = 11.2, 2H); "*C NMR (125 MHz, CDCl3) 5 158.9,
146.0, 136.3, 131.8, 124.9, 119.5, 113.5, 112.3, 67.2, 61.2, 60.5, 52.6, 49.9, 28.1;

HRMS (ESI") calcd for C1gH23N402S [M+H]" = 359.1542, found 359.1551.

N 7'-[(Dimethylamino)methyl] luciferin (3-2b):
S
\> <
HO /(F[s \N ]-,,CO K Following the general procedure, the potassium salt of 3-
2
'Tl/ 2b was isolated as a tan solid (289 mg, 86%) following
C14H14KN303S, recrystallization from MeCN. "H NMR (400 MHz, DMSO-
Mol. Wt. 375.50
ds) 6 7.85 (d, J=8.8, 1H), 7.14 (d, J = 8.8, 1H), 5.37 (app t, J = 9.0, 1H), 3.75-3.62 (m,
4H), 2.27 (s, 6H); °C NMR (125 MHz, DMSO-ds) 5 171.4, 164.4, 158.6, 154.9, 146.6,
135.7, 123.3, 116.8, 116.6, 78.6, 56.1, 44.7, 34.6; HRMS (ESI") calcd for C13H14N30S>

[M—CO2K]™ = calcd 292.0578, found 292.0588.

N S 7'-[(Morpholin-4-yl)methyl] luciferin (3-2c).
—J
HO S N “Co,K Following the general procedure, the potassium salt of 3-
N
&o 2c was isolated as a tan solid (325 mg, 93%) following
C16H16KN304S; recrystallization from MeCN. 'H NMR (400 MHz, D,0) &
Mol. Wt. 417.54

7.54 (d, J=8.9, 1H), 6.94 (d, J = 8.9, 1H), 5.17 (app t, J = 9.2, 1H), 3.89-3.76 (m, 7H),
3.62 (app t, J = 9.9, 1H), 2.81 (s, 4H); "*C NMR (125 MHz, D,O) & 180.2, 167.9, 160.1,
158.6, 148.1, 139.7, 126.5, 120.3, 115.1, 83.0, 68.5, 60.1, 55.0, 39.1; HRMS (ESI")

calcd for C15H16N302S2 [M-CO2K]™ = 334.0684, found 334.0674.
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N S 7'-[[4-(morpholin-4-yl)piperidin-1-yllmethyl]  luciferin

— ]
HO S N7"cox (3-2d).
I\O\ Following the general procedure, the potassium salt of 3-
N/\o 2d was isolated as a tan solid (367 mg, 81%) following
fﬂﬂlﬁﬁ}él\éﬁff HPLC purification (semi-preparative, reversed phase, with

the following elution protocol: 100% H>O for 5 min, followed by 20% MeCN in H>O for 6
min at 5 mL/min). '"H NMR (400 MHz, D,0) 5 7.52 (d, J = 8.8, 1H), 6.88 (d, J = 8.8, 1H),
5.12 (app t, J = 9.3, 1H), 3.94 (dd, J = 34.0, J = 14.1, 2H), 3.85-3.69 (m, 5H), 3.58 (app
t, J=9.9, 1H), 3.30 (app t, J = 12.9, 2H), 2.87-2.55 (m, 7H), 2.09 (br s, 2H), 1.64 (app d,
J = 11.6, 2H); *C NMR (125 MHz, D,0) & 180.1, 167.6, 161.9, 159.0, 147.2, 140.6,
127.4, 121.4, 112.9, 83.0, 68.4, 62.6, 59.2, 54.2, 54.1, 51.6, 39.0, 28.3; HRMS (ESI")

calcd for CogH25N402S2 [M-CO2K]™ = 417.1419, found 417.1412.

Br 6-Acetoxy-4-[bromomethyl]-1,3-benzothiazole-2-carbonitrile
N (3-14).
S—cCN
AcO S Compound 3-13 (1.1 g, 4.9 mmol) was placed in a rigorously dried

C11H7BrN2028 . . )
Mol. Wt. 311.15 vessel and dissolved in freshly degassed dry MeCN. To the stirred

solution was added NBS (1.73 g, 9.75 mmol) and benzoyl peroxide (118 mg, 0.487
mmol). The system was purged with N2 and stirred overnight at 80 °C, in the dark under
N2. The reaction was then diluted with ethyl acetate and washed with H,O (4 x 50 mL).
The organics were then dried over Nax;SOs, filtered, and concentrated in vacuo. The
crude product was purified by flash column chromatography (eluting with 10:1

hexanes:EtOAc) to provide 3-14 (1.5 g, 83%) as a light beige solid. "H NMR (400 MHz,
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acetone-ds) 5 8.07 (d, J = 2.2, 1H), 7.65 (s, J = 2.2, 1H), 5.12, (s, 2H), 2.35 (s, 3H); "°C
NMR (125 MHz, acetone-ds) & 170.0, 152.4, 149.5, 138.6, 138.3, 136.7, 125.2, 117.1,

114.3, 29.1, 21.5. HRMS (ESI") calcd for C41H7;BrN,O,SNa [M+Na]" = 332.9309 found

332.9318.
ﬁo 4'-[(Morpholin-4-yl)methyl] luciferin (3-3b).
N\) Cyanobenzothiazole 3-14 (564 mg, 1.81 mmol) was
N\>_<\S] dissolved in MeCN (11 mL) and stirred at rt. Morpholine
HO S N7"coxk

(330 pL, 3.64 mmol) and K,CO;3; (505 mg, 3.64 mmol)

CygH16KN30,4S5

Mol. Wt. 417.54 were added to the stirred solution. Upon disappearance of
3-14 (~2 h) a solution of D-cysteine (354 mg, 2.00 mmol) in H2O (2 mL) was added and
the reaction stirred at rt under N2 for 1 h. The resulting recipitate was isolated by
vacuum filtration and washed with chilled MeOH. The residual washes and mother
liquor were combined and concentrated in vacuo. The isolated residue was then purified
by reversed-phase HPLC (preparative, reversed phase, with the following elution
protocol: a gradient of 5% MeCN in H2O over 6 min, followed by 40 % MeCN in H,O
over 6 min, at 20 mL/min). The potassium salt of luciferin 3-3b (666 mg, 88%) was
isolated as a greenish solid and stored at —80 °C. "H NMR (500 MHz, D-0) & 7.09 (s,
1H), 6.86 (s, 1H), 5.17 (app t, J = 9.1, 1H), 3.88 (dd, J = 37.6, J = 13.0, 2H), 3.78-3.71
(m, 5H), 3.58 (app t, J = 9.6, 1H), 2.63 (bs, 4H); *C NMR (125 MHz, D,0) & 180.5,
168.7, 161.0, 158.8, 148.1, 140.5, 133.8, 122.2, 109.5, 82.8, 68.6, 60.3, 55.2, 38.9;

HRMS (ESI") calcd for C16H16N304S, [M—K]™ = 378.0582, found 378.0578.
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Chapter 4: A general method for identifying selective luciferase-

luciferin pairs

4.1 Introduction

Based on the work reported in Chapter 3, we continued our engineering of
orthogonal luciferin-luciferase pairs. To realize multi-component imaging in vivo, we
needed to access luciferase-luciferin pairs with improved selectivity, and increased total
photon output. However, only limited attempts to develop completely orthogonal
(substrate-selective) luciferases have been attempted to date [1-2]. Simultaneous
engineering of luciferases and luciferins is a straightforward method to achieve selective
(i.e., orthogonal) bioluminescence probes, although somewhat more difficult than
Fluorescent Protein (FP) engineering based on the requirement for modified proteins
and substrates simultaneously. Accessing enzymes with alternative substrate usage is
well precedented in directed evolution [3-5]. Traditional applications of this technique,
though, have focused on optimizing one enzyme at a time. For example, transcription
factors and catalytic domains have been evolved to recognize new substrates [6-7].
Selectivity for one molecule over another is often realized as a result, but is not typically
the parameter being optimized. In other efforts, engineering tRNA synthetases for non-
canonical amino acid use, negative screens are included to ensure specificity over
native amino acid substrates [8]. Orthogonal synthetases have been identified from
such approaches, but only when beginning with completely different enzyme starting
points [9-10]. Efforts to engineer luciferases for altered substrate usage have resulted in

incomplete mutual orthogonality [11], or pairs with low photon output [1]. A more
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systematic and broad approach is necessary to realize true bioluminescence based
multicomponent imaging.

Here, we present a general and rapid method to engineer orthogonal luciferase-
luciferin pairs. This approach relies on developing an initial pool of functional
luciferases, and evaluating collections of chemically diverse luciferins across this library
(Fig. 4-1A). From these expanded sets of enzymes and small molecules, we developed
an algorithm to identify useful orthogonal probes from this large data set. Collectively,
we screened and generated a candidate list of greater than 800,000 possible pairings

between 157 new mutants and 12 compounds. We also evaluated the selectivity of
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Figure 4-1. General method for accessing novel luciferase-luciferin pairs. (A) Some
name for our method enables rapid search of enzyme and substrate space to find
mutually orthogonal enzyme-substrate pairs. Positive pairs are defined as enzyme-
substrate pairs that effectively turn over to form product. Negative pairs are all other
possible pairings where product formation is reduced. (b) Diverse modifications at the 7°
and 4° positions of luciferin can be generated from common cyanobenzothiazole
intermediates. (c) Residues proximal to the active site were targeted for saturation
mutagenesis. Spheres represent targeted residues. Residues of the same color were
grouped in single libraries.
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many of these pairs in vitro. The selectivities of a subset were further confirmed in
cultured cell and animal models, greatly expanding the number of viable imaging
probes. We also analyzed the principles governing orthogonal substrate usage and how
to identify higher-order sets of selective probes. The methods and algorithms presented
here will accelerate the identification of orthogonal probes for bioluminescence, in
addition to other areas were selective substrate usage is critical. Importantly, like with

other imaging modalities, these new tools will likely spur new discoveries.

4.2 Expanding the pool of candidate luciferins and luciferases

As a starting point for luciferin modification, we focused on derivatives with steric
appendages at the 4" and 7 carbons. These positions lie in close proximity to the Fluc
backbone [12], and preliminary work suggested that steric modifications do not
adversely impact photon emission [1], making them desirable starting points. We also
previously identified a pair of luciferases that could discriminate between luciferins with
modifications at these positions [1]. A luciferase containing a single mutant used a bulky
7"—modified luciferin selectively, compared to a luciferase with 4 mutations that had
preference for a bulky 4’—modified luciferin by screening small library of random
mutants. Interestingly, attempts to optimize these probes using traditional directed
evolution (one-enzyme and one substrate) did not result in improved selectivity (Fig. 4-
2) or provide a starting point for developing new orthogonal probes.

Realizing that screening for selectivity could provide a more rapid route to new
pairs, we focused on diversifying the number of luciferin and luciferase inputs. Large

collections of both new and known [1,13] luciferin analogs were assembled (Fig. 4-1B).
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Figure 4-2. “Brighter” mutants can be evolved but may not be the best leads for
orthogonality. (A) Fold increase in light emission over five generations of evolving for
brightness with 7'—MorphoLuc. (B) Best performing mutant (red box, A) shown in black
bars, compared to WT (gray bars) demonstrates an increase in light emission with both
compounds, but not in selectivity for 7°~MorphoLuc. Imaging was performed in bacterial
lysate (250 uM luciferin analogue).

All analogs were then benchmarked for light emission with Fluc (Fig. 4-3). Although they
varied in terms of their photon outputs, all luciferins were functional light emitters with
Fluc. Some level of enzymatic activity is necessary for successful enzyme evolution. In
fact, weak enzymatic activities are often good starting points for evolving enzymes [3].

In parallel with luciferin diversification, we targeted a broad set of Fluc sequence
space for mutagenesis (Fig. 4-1C). Our goal was to amass a pool of functional
luciferases to screen with the library of luciferin analogs in order to efficiently cover a
broad swath of chemical and sequence space. Initially, a total of 23 residues in and
around the active site were targeted for site-directed mutagenesis in 8 different libraries.
The majority of the resulting mutants were likely to be non-functional, and thus not ideal
starting points. Luciferase light emission is also weak, and does not interface with rapid
identification and segregation, meaning that each mutant-analog pair must be physically

interrogated. To quickly traverse the mutants and eliminate non-functional luciferases

prior to screening with all analogs, we adapted a high-throughput screening
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Figure 4-3. All luciferin compounds were imaged at 100 yM with purified Fluc (1
pg/well). Error bars represent SEM for n = 3 independent experiments.

procedure to identify enzymes that still emitted photons [1]. The 4°/7"—BromoLuc, 4°/7'—
MeLuc, and 7'—MorphoLuc analogues (Figs. 4-1B, 4-4) were used to eliminate non-
functional luciferase mutants. These analogs are the “brightest” and easiest to access in
bulk, as large amounts of compound are required for this task. The luciferins were
added to agar, and the luciferase libraries were quickly screened on plate to remove the
non-functional luciferases (~95-99% of library members). Light emitting colonies were
picked and further assessed in lysate assays and by sequencing. A variety of mutants
(both common and unique to each structure) were identified (Fig. 4-5). The “hits” were

pooled to generate additional libraries (1-3 generations) and further diversify the

functional luciferase pool (Fig. 4-4A).
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substrate selectivity. (A) Mutant luciferase libraries were generated and screened on-
plate with minimally perturbed luciferin analogs. Functional mutants were identified and
analyzed by a secondary screen to determine “hits” for next-generation libraries. These
libraries can undergo further mutagenesis and iterative screening. (B) Alternatively,
functional enzymes can be imaged with a panel of luciferin analogs to report on
substrate selectivity.
4.3 Screening for orthogonal luciferase-luciferin pairs in silico

With expanded collections of functional enzymes and substrates in hand, we
screened luciferases and analogs for selectivity en route to identifying orthogonal pairs.
Testing each combination of two substrates and two mutants would require 829,026
separate experiments—an impractical number (Fig. 4-4B). So, instead we tested each

enriched mutant with each luciferin individually and relied on computation to find lead

pairs that were mutually selective. With 159 enzymes (See methods section 4.8e for list
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Figure 4-5. Percent unique “hits” per compound and library. For example, 60% of the
“hits” from screening the 218 library arose from 7'~MeLuc.

of mutations) and twelve analogs, this resulted in 159 x 12 = 1908 individual data points.
To mine this data set, we initially turned to an algorithm that quantified orthogonality.
This method was not directly applicable, though, to the expanded screening sets. To sift
through a greater range of mutant and compound space and provide more streamlined
approach to identifying multiple pairs, we modified the algorithm for increased efficiency
(Fig. 4-6A). We reasoned that perfect selectivity could be represented by an identity
matrix. “Orthogonality” would be maximal if each enzyme was completely selective for
its cognate substrate (“1”) and non-functional with other luciferins (“0”). An orthogonality
score was then determined by representing each pairing as a square matrix with
enzymes in rows and compounds in columns. Each column was normalized and the
matrix was compared to the identity matrix via root mean square distance (RMSD).
Pairings were sorted by increasing RMSD, with the smallest RMSD value representing
the most orthogonal pair. This algorithm had the added benefit of providing faster

processing via utilization of multiple computer processors simultaneously. We observed
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Figure 4-6. Unique luciferase-luciferin pairings maintain substrate selectivity. (A)
Example of emission profiles from a top luciferase-luciferin pairing. Representative
bioluminescent images are provided. Bacteria expressing mutant enzymes were
expanded, lysed, and split for controlled protein levels. Lysate were imaged with
substrate resolved analogs. (B) Orthogonality scores correlate with ranking from
algorithm analysis. (C) Pairwise enzyme-substrate data was screened in silico for
adequate orthogonal luciferin-luciferase pairs. For B-C, error bars represent the
standard error of the mean for n > 4 experiments.

a large speed improvements when we utilized up to 64 cores on a supercomputing

cluster.

Running the algorithm with the set of mutants and compounds provided a ranked

list of 829,026 members. The highest-ranked pairings comprised a diverse set of
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Figure 4-7. A variety of pairings were reproduced across a range of algorithm rankings.
Plotted at each point is the calculated orthogonality score for the reproduced pair versus
the original rank of the pair as determined by the algorithm. Inset: The same data
plotted on a logarithmic scale shows a clear positive relationship: generally, as ranking
improves, reproduced orthogonality also increases.

enzymes and substrates, greatly expanding the number of known orthogonal luciferase-
luciferin pairs. Importantly, the orthogonality of the predicted pairs could be reliably
reproduced in cell lysates. The top ranked orthogonal set is plotted in figure 4-6B as an
example of the selectivity and photon output. We also analyzed the top ten unique
pairings, along with a handful of others in the data set (every tenth rank of the top 100,
every 100" rank of the top 1000, and every 1000™ rank down to position 5000).
Collectively, the reproduced points in the top 1000 hits reliably provided at least 10-fold

greater photon outputs with their cognate luciferins in head-to-head comparisons.

Diminishments in selectivity were observed farther down the ranked list (past 1000)
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(Fig. 4-6C). These results are important, as the data analyzed by the script can be
collected at any point. The script assumes that all are comparable/normalized relative to
each other. This is a bit of a big assumption, but we have verified that higher rankings in
the script correlate with better reproduced (on the same day/at the same time)
orthogonalities. The rank given by the in silico screen is a good predictor of orthogonal
substrate usage (Fig. 4-6C, 4-7) and has the ability to cull 99.9% (~828,000 of the total

829,026) of the irrelevant enzyme-substrate sets.

4.4 Analyzing trends in orthogonal substrate usage

With several orthogonal luciferases and luciferins identified, we aimed to explore
the origins of selectivity. Interestingly, selectivity was achieved not by markedly
enhanced turnover of a preferred substrate. Rather, selectivity was achieved from
reduced photon production with most other compounds. As shown in Figure 4-8A,
matched enzymes and substrates (or “positive” pairs) are on par with native Fluc in
terms of photon outputs. Unmatched enzymes and substrates, though, (“negative”
pairs), demonstrated activity reductions between 10-1000 fold compared to Fluc. This
overall trend demonstrates that, in a given orthogonal pair, selectivity is more readily
obtained by reducing light emission with a negatively paired compound versus
selectively increasing light emission with the positively paired compound.

Since compound selectivity appears to be achieved by “destroying” enzyme-
substrate interactions, structurally related compounds would be expected to exhibit

similar trends in orthogonality (Fig. 4-9). For example, enzymes paired with bulky
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analogs. (B) Compound-compound pairing frequency in the top 5,000 in silico hits.

7'—compounds tend to use the other compounds in this class in a similar manner (Fig.
4-9A). Mutant 104 and others in this class likely harbor space in the active site to
accommodate steric bulk near the 7’-carbon as all modifications at this position are
tolerated well (Fig. 4-9A). More structurally divergent compounds are also more
frequently paired with one another (e.g. 4—BrLuc is paired with 7'—MeLuc 267 times in
the top 5,000 pairings, Fig. 4-8B). Conversely, matched analogs (i.e., 4'—4" and 77"
pairings) were relatively infrequent. For example, substrates with a modification at the 4~
position were rarely orthogonal to other 4" compounds likely due to similar substrate-
enzyme interactions in the active site. In contrast, when 4" and 7°-modified substrates

are paired it is likely that each substrate interacts differently with the enzyme, making it

easier to achieve orthogonality.
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Figure 4-9. Selectivity of mutant enzymes for panel of synthetic luciferins. A-D Light
emission of each compound is plotted as the fold of the mutant enzyme light emission
over the wild-type Iluciferase light emission with that compound. The
positively/negatively paired compounds are paired in red or blue and are on the left of
the x-axis.

Some compounds also appear to be uniquely suited for developing orthogonality.
For example, 4"—BrLuc is over-represented in the top 5,000 ranked hits, almost twice as
frequently as any other compound (Fig. 4-10). It is unclear why 4°—BrLuc is uniquely
selective. The bromine substituent is the same size as the methyl group on 4'-MeLuc

negating any steric arguments for 4'—BrLuc uniqueness. Heavy halogen atoms are

known to quench the fluorescence of some molecules via increased likelihood of
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Figure 4-10: Frequency of compounds appearing in the top 0.6% (5,000 out of 829,000)
of in silico orthogonal sets.
intersystem crossing raising the possibility that 4'—BrLuc is unique due to its electronic
properties [14]. That is, perhaps most conformations result in internal quenching,
resulting in good negative pairing with most enzymes; ones that can prevent this are
uniquely suited for the task of light emission giving a small number of positive pairs. 4'—
MeOHLuc also pairs with the same compounds (Fig. 4-8B) that 4'—BrLuc does. This
could indicate that a more polarizable substituent at the 4’—position can impart
selectivity

To determine if certain libraries correlated with orthogonality, we conducted a
similar analysis of enzyme pairing frequency across the top 5,000 hits (Fig. 4-11). Two
distinct bands were present in the heat map corresponding to all enzymes from the
240+347 library and three enzymes from the G3-7'—Morpho library. These enzymes
showed high pairing frequency to form orthogonal sets, and likely comprise “hotspot”
residues. Residues present in the 240 + 347 library are known to modulate substrate

binding and light emission spectra with native D-luciferin [15-18]. Other interesting
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Figure 4-11. Enzyme-enzyme pairing frequency in the top 5,000 in silico screen hits.
Each square represents a pairing of two enzymes. While certain libraries are very
present in the top pairings, most contain one or two isolated hits.

bands are present in the library pairings however, less is known about the roles of the
residues in these libraries and their effect on light emission. Further mutagenesis within
these libraries (or surrounding residues) could vyield additional improvements in
orthogonality.

We also analyzed the frequency of positive and negative pairings between

luciferins and individual mutated residues. Compounds with 4 modifications often
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Figure 4-12. Compound-residue pairings frequency in the top 5,000 in silico screen hits.
The heat maps depict the frequency of pairings between luciferase enzyme residues
and the compound with which they have been positively (top) or negatively (bottom)
paired with. In both plots the residues are roughly organized by their location in the
enzyme, and their relative distance to the 4’ or 7’ sides of the luciferin substrate. The
crystal structure shown in figure 4-1B is colored according to these different regions.
paired positively with mutant residues throughout the libraries examined (Fig. 4-12, top).
Residues 240, 247, and 347 seem to prefer 4" modified compounds, in particular 4"—
BrLuc and 4'-MeOHLuc. These residues are negatively paired with most of the 7’
modified compounds, suggesting that they are good candidates for future orthogonal
probe design (Fig 4-12, bottom). Mutations at 218 and 250 are highly selective for 4'—
MorphoLuc, as previously observed [1]. It is interesting to note these residues seem to
prefer 4’—~MorphoLuc only and not other 4’—compounds.

By contrast, the 7° modified compounds were not positively paired with any

residues with high frequency, except residues 314 and 316. The backbone of residues

314-316 are in close proximity to the 7°—carbon of the luciferin [12,19]. These residues
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Figure 4-13. Orthogonality of luciferase-luciferin sets is maintained in mammalian cell
culture. In both A and B 500 uM Luciferin analogue was imaged with 100,000 DB7 cells.
Error bars represent SEM for experiment performed in triplicate, data are representative
of at least two biological replicates.

are positively paired with a variety of sterically large compounds hinting they improve
selectivity for compounds with large steric bulk. With the luciferases examined,
mutations seem to be biased toward selectivity with 4’—modified luciferins while
negatively impacting 7" selectivity. As a consequence, the 7'—modified compounds
required luciferases with multiple mutations (and likely dramatically altered active sites).
The luciferin-binding region on the 7° face primarily comprises amide bonds of the
protein backbone, while the 4" side is comprised of amino acid side chains [12,20].

These differences could account for many of the selectivity differences observed.

Identified “hot spot” residues can be targeted in new libraries for screening.

4.5 Imaging with orthogonal pairs in vivo

Three of the top pairs from the script were further verified in cultured cell (Fig. 4-
13) and animal models (Fig. 4-14). The analogues and luciferase enzymes chosen were
the lead pair from Chapter 3 (4"'—MorphoLuc and enzyme 81, and 7'-DMAMMeLuc and

enzyme 37, see Chapter 4 for mammalian cell data), and two of the top performing pairs
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Figure 4-14. Animal model imaging of top orthogonal sets. For each mutant enzyme, 2

x 10° DB7 cells stably expressing
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the mutant were injected into FVB/NJ mice. Luciferin
injected i.p. 3 days post tumor injection. Images are

representative of three mice for each orthogonal set. Light emission from all mice was
quantified and shown with mean emission represented by black bars and individual
animals represented by black squares or circles.
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identified in this chapter. One set comprised enzyme 87 (R218K, F250Y, S314T,
G316T) positively paired with 7'-MeLuc and enzyme 53 (V240l, V241M, F243M,
F247Y, S347G) positively paired with 4"-BrLuc (Fig. 4-13A). The second set comprised
enzyme 51 (F243M, S347G) positively paired with 4'-BrLuc and enzyme 93 (R218K,
M249L, S314T, G316S) positively paired with D-luciferin (Fig. 4-13B). These pairs were
selected from the top 20 orthogonal enzyme-substrate pairs due to the ease of
accessing the substrates, along with their relative brightness. As demonstrated in Figure
4-13 orthogonality of luciferase-luciferin pairs is maintained in the transition from
bacterial lysate to mammalian cell culture. Moving to more complex in vivo models the
selectivity of the enzymes is again retained while the brightness of the compounds
allows for subcutaneous imaging (Fig. 4-14). We hypothesized some of these sets may
not reproduce in more complex environment due to differences in cell permeability or
pharmokinetics, however this was not the case with any of the luciferase-luciferin pairs
carried on. Collectively, these data show that script analysis using bacteria cell lysate

data is robust enough to transition top orthogonal sets to a variety of biological models.

4.6 Added diversity improves orthogonality

Certain mutants appeared more frequently in the top pairings than others,
suggesting that selectivity that we were observing was due to a subset of “privileged”
enzymes or substrates within the pool. To investigate this possibility, we selected
random subsets of various sizes from the full pool of substrates and enzymes. We re-
ran the algorithm on these random subsets to generate a surface of orthogonality

scores (Fig. 4-15A). We observed that regardless of the identity of the enzymes or
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Figure 4-15. (A) Average orthogonality increases with increasing numbers of
compounds and mutants. Results were simulated using random subsamples of
compounds and mutants from the full dataset. Each point on the surface represents the
average of 5 random subsamples. (B) Imaging of orthogonal triple sets. Bacterial cell
lysates containing the luciferase mutant (different bars) of interest were imaged with 250
MM of luciferin analogue (x-axis). Images shown above graph are representative of
experiments performed in triplicate. Error bars represent SEM for experiments run in
triplicate and are representative of three biological replicates.

substrates in the list, orthogonality increased with both greater numbers of enzymes
(from 2 to 159) and substrates (from 2 to 12). This result implies that we have not
reached a plateau in identifying new luciferase and luciferin pairs. Exploring more
sequence space with mutant luciferases and chemical space with modified luciferins will
increase the orthogonality of the top pairings.

The modified algorithm could be readily adapted to searching for not just two
pairs of orthogonal probes, but also multiple sets. A set of three pairs adds significant
complexity, as three positive pairings, but six negative pairings must be identified. From
our current data set, this would also require sifting through more than 144 million
combinations. We re-evaluated the original dataset in search of three mutually
orthogonal enzyme-substrate pairs. Thirty potential orthogonal sets were identified. The

top triplet set contained two enzyme-substrate pairs we demonstrated in vivo (enzyme

53/4°—BrLuc and enzyme 81/4°-MorphoLuc). The orthogonality of the top 10 unique
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Figure 4-16. Unique sets of three luciferase-luciferin pairs maintain substrate selectivity.
The top 10 unique luciferin triple enzyme-substrate pairs, as determined from the
algorithm analysis, were verified in secondary screens. Bacteria expressing mutant
enzymes were expanded, lysed, and split for controlled protein levels. Lysates were
imaged with substrate resolved analogs and analyzed for orthogonality scores.

triplet sets were verified in bacterial lysate and mammalian cells (Figs. 4-15B, 5.16). All
reproduced sets maintained orthogonality scores (the geometric mean of fold selectivity
for the three luciferase-luciferin pairs) between ~5-20 (Fig. 4-16). The individual light
emission for each luciferase and luciferin in the top orthogonal set is shown in Figure 4-
15B as an example. These sets of three possessed an overall lower orthogonality score
than the top sets of two demonstrated above and would necessitate further evolution to
be viable for multicomponent bioluminescence imaging. However, they represent a

proof-of-concept, and a starting point for development of sets of three mutually

orthogonal luciferin-luciferase pairs.

4.7 Conclusions
We developed a general and rapid method to engineer orthogonal luciferase-

luciferin pairs. This approach relies on developing an initial pool of functional

158



luciferases, and screening this collection with chemically diverse luciferins. We
screened and generated a candidate list of greater than 800,000 possible pairings, and
developed a computer algorithm to rapidly identify candidate orthogonal luciferase-
luciferin pairs. Several of the pairs were translated into cultured cell and animal models,
greatly expanding the number of viable imaging probes. We further analyzed the
principles governing orthogonal substrate usage and how to identify higher-order sets of
selective probes.

It should also be noted that the ranked list of orthogonal probes is a living data
set. As new luciferin analogs are synthesized and luciferase mutants are characterized,
they can be added. Such additions will increase the sequence and chemical space
explored and may result in increased orthogonality. Additionally we show the results of
this method can be used to analyze compound pairings and highlight critical residues.
This information can subsequently guide future library design and synthetic targets.

The methods and algorithms presented here will accelerate the identification of
orthogonal probes for bioluminescence, in addition to other areas were selective
substrate usage is critical. The assay was shown to be robust enough to identify
enzymes in bacterial lysate that maintained the desired activity in vivo. Any quantifiable
enzymatic or protein-based output could be used for an amenable data set. This type of
analysis could be done readily with troves of freezer stocks in directed evolution labs
that work with commonly engineered enzymes and proteins such as P450s, tRNA

synthetases, transcription factors, sortases and others.
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4.8 Methods

4.8a General bioluminescence imaging

All analyses were performed in black 96-well plates (Grenier Bio One). Plates
containing luminescent reagents were imaged in a light-proof chamber with an VIS
Lumina (Xenogen) CCD camera chilled to -90 °C. The stage was kept at 37 °C during
the imaging session, and the camera was controlled using Living Image software. For
assays with bacterial cell lysates, the exposure times for ranged from 1 s to 5 min, with
data binning levels set to small or medium. Regions of interest were selected for

quantification and total flux values were analyzed using Living Image software.

4.8b Construction of luciferase libraries

Two sections of the luciferase gene (pgl4-luc2), denoted R1 and R2, were targeted for
gene assembly as described in Jones et al. [1]. To assemble mutant libraries, primers
containing the codon(s) of interest (primer tables) were used in place of the primer
coding for the wild-type sequence. Other libraries were created using standard quick
change pcr techniques. All PCR reactions were run using Q5 Hot-start DNA polymerase
(New England BiolLabs).

Linearized vector was made from pET28-R1del or pET28-R2del as described in Jones
et al. Insert containing the library was assembled with the linearized pET vector using
Circular Polymerase Extension Cloning (CPEC) as described in Jones et al. or by
Gibson Assembly. For Gibson Assembly 50 ng of Dpnl digested, linearized vector and

insert at 2:1 to 8:1 (insert:vector) were added to 10 pL of Gibson Assembly master mix
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(homemade mix following the Prather recipe on

http://www.openwetware.org/wiki/Gibson_Assembly with all enzymes and components

purchased from New England Biolabs) and incubated at 50 °C for 20-60 min. 1-3 pL of
the reaction mixture was then transformed into chemically competent cells. After
transformation into Top10 or DH5a E. coli, cells were plated until the number of colonies
was equal to or greater than 3 x the library size. Cells were then scraped off of the
plates, combined, pelleted and miniprepped. The miniprepped plasmid DNA was saved

for agar-plate screening.

Primer tables: Primers used to construct site-directed libraries. The bases highlighted in

red denote sites targeted for saturation mutagenesis.

SD218 primers

Forward primers

SD218-F1 GCACCGCACCGCTTGTGTCKGGTTCAGTCATGCCC
SD218-F2 GCACCGCACCGCTTGTGTCWKTTTCAGTCATGCCC
SD218-F3 GCACCGCACCGCTTGTGTCVHGTTCAGTCATGCCC
SD218-F4 GCACCGCACCGCTTGTGTCNATTTCAGTCATGCCC
Reverse primers

SD218-R1 GCCGAAGATGGGGTCGCGGGCATGACTGAACCMGAC
SD218-R2 GCCGAAGATGGGGTCGCGGGCATGACTGAAAMWGAC
SD218-R3 GCCGAAGATGGGGTCGCGGGCATGACTGAACDBGAC
SD218-R4 GCCGAAGATGGGGTCGCGGGCATGACTGAAATNGAC

SD227 primers

Forward primers

SD227-F1 GCGACCCCATCTGKGGCAACCAGATCATCCCCGACA
SD227-F2 GCGACCCCATCVBCGGCAACCAGATCATCCCCGACA
SD227-F3 GCGACCCCATCATGGGCAACCAGATCATCCCCGACA
SD227-F4 GCGACCCCATCNAWGGCAACCAGATCATCCCCGACA

Reverse primers

SD227-R1

GCCMCAGATGGGGTCGCGGGCATGACTGAATCGGAC
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SD227-R2

GCCGVBGATGGGGTCGCGGGCATGACTGAATCGGAC

SD227-R3

GCCCATGATGGGGTCGCGGGCATGACTGAATCGGAC

SD227-R4

GCCWTNGATGGGGTCGCGGGCATGACTGAATCGGAC

SD240 primers

Forward primers

SD240-F1 CCGCTATCCTCAGCGBCGBCCCAGBCCACCACGGC
SD240-F2 CCGCTATCCTCAGCGBCGBCCCAWTKCACCACGGC
SD240-F3 CCGCTATCCTCAGCGBCWTKCCAGBCCACCACGGC
SD240-F4 CCGCTATCCTCAGCWTKGBCCCAGBCCACCACGGC
SD240-F5 CCGCTATCCTCAGCWTKWTKCCAGBCCACCACGGC
SD240-F6 CCGCTATCCTCAGCWTKGBCCCAWTKCACCACGGC
SD240-F7 CCGCTATCCTCAGCGBCWTKCCAWTKCACCACGGC
SD240-F8 CCGCTATCCTCAGCWTKWTKCCAWTKCACCACGGC
SD240-F9 NDTGGCATGTTCACCACGCTGGGCTACTTGATCTGCG
SD240-F10 VHGGGCATGTTCACCACGCTGGGCTACTTGATCTGCG
SD240-F11 TGGGGCATGTTCACCACGCTGGGCTACTTGATCTGCG
Reverse primers

SD240-R1 GVCGVCGCTGAGGATAGCGGTGTCGGGGATGATCTGGTT
SD240-R2 MAWMAWGCTGAGGATAGCGGTGTCGGGGATGATCTGGTT
SD240-R3 MAWGVCGCTGAGGATAGCGGTGTCGGGGATGATCTGGTT
SD240-R4 GVCMAWGCTGAGGATAGCGGTGTCGGGGATGATCTGGTT
SD240-R5 CGTGGTGAACATGCCAHNGCCGTGGTGGVCTGG
SD240-R6 CGTGGTGAACATGCCCDBGCCGTGGTGGVCTGG
SD240-R7 CGTGGTGAACATGCCCCAGCCGTGGTGGVCTGG
SD240-R8 CGTGGTGAACATGCCAHNGCCGTGGTGMAWTGG
SD240-R9 CGTGGTGAACATGCCCDBGCCGTGGTGMAWTGG
SD240-R10 CGTGGTGAACATGCCCCAGCCGTGGTGMAWTGG

SD249 primers

Forward primers

CACGGCTTCGGCGBCNDTNDTACGCTGGGCTACTTGATCTG

SD249-F1 CGG
CACGGCTTCGGCGBCNDTVHGACGCTGGGCTACTTGATCT
SD249-F2 GCGG
CACGGCTTCGGCGBCNDTTGGACGCTGGGCTACTTGATCT
SD249-F3 GCGG
CACGGCTTCGGCGBCVHGNDTACGCTGGGCTACTTGATCT
SD249-F4 GCGG
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CACGGCTTCGGCGBCVHGVHGACGCTGGGCTACTTGATCT

SD249-F5 GCGG
CACGGCTTCGGCGBCVHGTGGACGCTGGGCTACTTGATCT

SD249-F6 GCGG
CACGGCTTCGGCGBCTGGNDTACGCTGGGCTACTTGATCT

SD249-F7 GCGG
CACGGCTTCGGCGBCTGGVHGACGCTGGGCTACTTGATCT

SD249-F8 GCGG
CACGGCTTCGGCGBCTGGTGGACGCTGGGCTACTTGATCT

SD249-F9 GCGG
CACGGCTTCGGCWTKNDTNDTACGCTGGGCTACTTGATCT

SD249-F10 GCGG
CACGGCTTCGGCWTKNDTVHGACGCTGGGCTACTTGATCT

SD249-F11 GCGG
CACGGCTTCGGCWTKNDTTGGACGCTGGGCTACTTGATCT

SD249-F12 GCGG
CACGGCTTCGGCWTKVHGNDTACGCTGGGCTACTTGATCT

SD249-F13 GCGG
CACGGCTTCGGCWTKVHGVHGACGCTGGGCTACTTGATCT

SD249-F14 GCGG
CACGGCTTCGGCWTKVHGTGGACGCTGGGCTACTTGATCT

SD249-F15 GCGG
CACGGCTTCGGCWTKTGGNDTACGCTGGGCTACTTGATCT

SD249-F16 GCGG
CACGGCTTCGGCWTKTGGVHGACGCTGGGCTACTTGATCT

SD249-F17 GCGG
CACGGCTTCGGCWTKTGGTGGACGCTGGGCTACTTGATCT

SD249-F18 GCGG

Reverse primers

SD249-R1 GVCAHNAHNGCCGAAGCCGTGGTGAAATGG

SD249-R2 GVCAHNCDBGCCGAAGCCGTGGTGAAATGG

SD249-R3 GVCAHNCCAGCCGAAGCCGTGGTGAAATGG

SD249-R4 GVCCDBAHNGCCGAAGCCGTGGTGAAATGG

SD249-R5 GVCCDBCDBGCCGAAGCCGTGGTGAAATGG

SD249-R6 GVCCDBCCAGCCGAAGCCGTGGTGAAATGG

SD249-R7 GVCCCAAHNGCCGAAGCCGTGGTGAAATGG

SD249-R8 GVCCCACDBGCCGAAGCCGTGGTGAAATGG

SD249-R9 GVCCCACCAGCCGAAGCCGTGGTGAAATGG

SD249-R10 MAWAHNNDTGCCGAAGCCGTGGTGAAATGG

SD249-R11 MAWAHNCDBGCCGAAGCCGTGGTGAAATGG

SD249-R12 MAWAHNCCAGCCGAAGCCGTGGTGAAATGG

SD249-R13 MAWCDBAHNGCCGAAGCCGTGGTGAAATGG

SD249-R14 MAWCDBCDBGCCGAAGCCGTGGTGAAATGG

SD249-R15 MAWCDBCCAGCCGAAGCCGTGGTGAAATGG

SD249-R16 MAWCCAAHNGCCGAAGCCGTGGTGAAATGG

SD249-R17

MAWCCACDBGCCGAAGCCGTGGTGAAATGG
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SD249-R18

MAWCCACCAGCCGAAGCCGTGGTGAAATGG

SD255 primers

Forward primers

SD255-F1 TTCGGCATGTTCACCACGCTGGGCNDTNDTNDTTGCG
SD255-F2 TTCGGCATGTTCACCACGCTGGGCNDTNDTVHGTGCG
SD255-F3 TTCGGCATGTTCACCACGCTGGGCNDTNDTTGGTGCG
SD255-F4 TTCGGCATGTTCACCACGCTGGGCNDTVHGNDTTGCG
SD255-F5 TTCGGCATGTTCACCACGCTGGGCNDTVHGVHGTGCG
SD255-F6 TTCGGCATGTTCACCACGCTGGGCNDTVHGTGGTGCG
SD255-F7 TTCGGCATGTTCACCACGCTGGGCNDTTGGNDTTGCG
SD255-F8 TTCGGCATGTTCACCACGCTGGGCNDTTGGVHGTGCG
SD255-F9 TTCGGCATGTTCACCACGCTGGGCNDTTGGTGGTGCG
Reverse primers

SD255-R1 AGCACGACCCGAAAGCCGCAAHNAHNAHNGCCCAG
SD255-R2 AGCACGACCCGAAAGCCGCACDBAHNAHNGCCCAG
SD255-R3 AGCACGACCCGAAAGCCGCACCAAHNAHNGCCCAG
SD255-R4 AGCACGACCCGAAAGCCGCAAHNCDBAHNGCCCAG
SD255-R5 AGCACGACCCGAAAGCCGCACDBCDBAHNGCCCAG
SD255-R6 AGCACGACCCGAAAGCCGCACCACDBAHNGCCCAG
SD255-R7 AGCACGACCCGAAAGCCGCAAHNCCAAHNGCCCAG
SD255-R8 AGCACGACCCGAAAGCCGCACDBCCAAHNGCCCAG
SD255-R9 AGCACGACCCGAAAGCCGCACCACCAAHNGCCCAG

SD286 primers

Forward primers

SD286-F1 AGACTATAAGATTCAATCTGCCGBCGBCGBCCCCACAC
SD286-F2 AGACTATAAGATTCAATCTGCCGBCWTKWTKCCCACAC
SD286-F3 AGACTATAAGATTCAATCTGCCGBCWTKGBCCCCACAC
SD286-F4 AGACTATAAGATTCAATCTGCCGBCGBCWTKCCCACAC
SD286-F5 AGACTATAAGATTCAATCTGCCWTKWTKWTKCCCACAC
SD286-F6 AGACTATAAGATTCAATCTGCCWTKGBCGBCCCCACAC
SD286-F7 AGACTATAAGATTCAATCTGCCWTKGBCWTKCCCACAC
SD286-F8 AGACTATAAGATTCAATCTGCCWTKWTKGBCCCCACAC
Reverse primers

SD286-R1 GCTCTTAGCGAAGAAGCTAAATAGTGTGGGGVCGVCGVC
SD286-R2 GCTCTTAGCGAAGAAGCTAAATAGTGTGGGMAWMAWGVC
SD286-R3 GCTCTTAGCGAAGAAGCTAAATAGTGTGGGGVCMAWGVC
SD286-R4 GCTCTTAGCGAAGAAGCTAAATAGTGTGGGMAWGVCGVC
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SD286-R5

GCTCTTAGCGAAGAAGCTAAATAGTGTGGGMAWMAWMAW

SD286-R6 GCTCTTAGCGAAGAAGCTAAATAGTGTGGGGVCGVCMAW
SD286-R7 GCTCTTAGCGAAGAAGCTAAATAGTGTGGGMAWGVCMAW
SD286-R8 GCTCTTAGCGAAGAAGCTAAATAGTGTGGGGVCMAWMAW

SD314 primers

Forward primers

SD314-F1 CTAAGCAACTTGCACGAGATCGCCNDTNDTNDT
SD314-F2 CTAAGCAACTTGCACGAGATCGCCNDTNDTVHG
SD314-F3 CTAAGCAACTTGCACGAGATCGCCNDTNDTTGG
SD314-F4 CTAAGCAACTTGCACGAGATCGCCVHGNDTNDT
SD314-F5 CTAAGCAACTTGCACGAGATCGCCVHGNDTVHG
SD314-F6 CTAAGCAACTTGCACGAGATCGCCVHGNDTTGG
SD314-F7 CTAAGCAACTTGCACGAGATCGCCTGGNDTNDT
SD314-F8 CTAAGCAACTTGCACGAGATCGCCTGGNDTVHG
SD314-F9 CTAAGCAACTTGCACGAGATCGCCTGGNDTTGG
Reverse primers

SD314-R1 TTGCTGAGCGGCGCAHNAHNAHNGGCGATC
SD314-R2 TTGCTGAGCGGCGCCDBAHNAHNGGCGATC
SD314-R3 TTGCTGAGCGGCGCCCAAHNAHNGGCGATC
SD314-R4 TTGCTGAGCGGCGCAHNAHNCDBGGCGATC
SD314-R5 TTGCTGAGCGGCGCCDBAHNCDBGGCGATC
SD314-R6 TTGCTGAGCGGCGCCCAAHNCDBGGCGATC
SD314-R7 TTGCTGAGCGGCGCAHNAHNCCAGGCGATC
SD314-R8 TTGCTGAGCGGCGCCDBAHNCCAGGCGATC
SD314-R9 TTGCTGAGCGGCGCCCAAHNCCAGGCGATC

SD337 primers

Forward primers

SD337-F1 NDTNDTGGCNDTGGCCTGACAGAAACAACTAGTGCCA
SD337-F2 NDTVHGGGCNDTGGCCTGACAGAAACAACTAGTGCCA
SD337-F3 NDTTGGGGCNDTGGCCTGACAGAAACAACTAGTGCCA
SD337-F4 VHGNDTGGCNDTGGCCTGACAGAAACAACTAGTGCCA
SD337-F5 VHGVHGGGCNDTGGCCTGACAGAAACAACTAGTGCCA
SD337-F6 VHGTGGGGCNDTGGCCTGACAGAAACAACTAGTGCCA
SD337-F7 TGGNDTGGCNDTGGCCTGACAGAAACAACTAGTGCCA
SD337-F8 TGGVHGGGCNDTGGCCTGACAGAAACAACTAGTGCCA
SD337-F9 TGGTGGGGCNDTGGCCTGACAGAAACAACTAGTGCCA
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Reverse primers

SD337-R1 AGGCCAHNGCCAHNAHNGATGCCTGGTAGGT
SD337-R2 AGGCCAHNGCCAHNCDBGATGCCTGGTAGGT
SD337-R3 AGGCCAHNGCCAHNCCAGATGCCTGGTAGGT
SD337-R4 AGGCCAHNGCCCDBAHNGATGCCTGGTAGGT
SD337-R5 AGGCCAHNGCCCDBCDBGATGCCTGGTAGGT
SD337-R6 AGGCCAHNGCCCDBCCAGATGCCTGGTAGGT
SD337-R7 AGGCCAHNGCCCCAAHNGATGCCTGGTAGGT
SD337-R8 AGGCCAHNGCCCCACDBGATGCCTGGTAGGT
SD337-R9 AGGCCAHNGCCCCACCAGATGCCTGGTAGGT

SD347 primers

Reverse primers
CTTCGGGGGTGATCAGAATAHNAHNAGTTGTTTCTGTCAGG
SD347-R1 CCG
CTTCGGGGGTGATCAGAATAHNCDBAGTTGTTTCTGTCAGG
SD347-R2 CCG
CTTCGGGGGTGATCAGAATAHNCCAAGTTGTTTCTGTCAGG
SD347-R3 CCG
CTTCGGGGGTGATCAGAATCDBAHNAGTTGTTTCTGTCAGG
SD347-R4 CCG
CTTCGGGGGTGATCAGAATCDBCDBAGTTGTTTCTGTCAGG
SD347-R5 CCG
CTTCGGGGGTGATCAGAATCDBCCAAGTTGTTTCTGTCAGG
SD347-R6 CCG
CTTCGGGGGTGATCAGAATCCAAHNAGTTGTTTCTGTCAGG
SD347-R7 CCG
CTTCGGGGGTGATCAGAATCCACDBAGTTGTTTCTGTCAGG
SD347-R8 CCG
CTTCGGGGGTGATCAGAATCCACCAAGTTGTTTCTGTCAGG
SD347-R9 CCG

4.8c Agar-plate screening of luciferin analogues

Miniprepped library DNA or CPEC/Gibson Assembed DNA was transformed into BL21
or T7 Express LysY (New England Biolabs) and plated following the protocol in Jones et
al. All compounds were added to the top-plating agar to a final concentration of 100 -
200 pM. Light emitting colonies were picked and grown for further investigation following

the protocol described in Jones et al. for secondary screening of library members.
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4.8d Lysate screening of luciferase mutants and selection of functional mutants

See Chapter 3.8i for bacterial lysate imaging protocol.

4.8e List of mutant luciferase enzymes

Mutant
number | Name Sequence
1| 4Me lead F227C, M249L, S314T, A348G
2 | 7Br3C lead R218H, F250T, S314C, Q338C
3 | 7Br3L lead R218H, F250T, S314C, Q338L
4 | 7Br4C lead R218H, F250T, S314C, G316T, Q338C
5| 7Br4V lead R218H, F250T, S314C, G316T, Q338V
13 | G3_7Mor_16 M249F, T252S, F295L, S314T, G316T, A326V, P334S
14 | G3_7Mor_18 M249L, S314V, G316S
15 | G3_7Mor_21 M249L, S314C, G316A
16 | G3_7Mor_24 M249F, Y266H, S293N, S314C, G316A
17 | G3_7Mor_3 M249F, F294S, S314T, G316T
V240A, M249L, M265T, F295L, 1301T, S314T, G316T,
18 | G3_7Mor_36 L321R
19 | G3_7Mor_4 M249L, F294L, D305E, S314T, G316T
20 | G3_7Mor_46 M249L, L267F, S314T, G316T
21 | G3_7Mor_5 M249F, S314T, G316T
22 | G3_7Mor_57 M249F, Y266H, L295F, 1312V
23 | G3_7Mor_58 V240A, M249L, L264F, S314T, G316T, K321R
24 | G3_7Mor_65 M249L, Q283R, S314T, G316T
25 | G3_7Mor_76 1226V, V240A, M249L, 1282T, F295L, S314T, G316T
26 | G3_7Mor_86 1226V, M249F, D279N, S314T, G316T
27 | G3_7Mor_88 1232T, M249L, S314T, G316T
28 | G3_7Mor_89 M249F, 1282V, H310R, S314T, G316T
29 | G5 _7Mor_14 F227W, M249L, L286M, L287V, V288M, S314T, G316T
30 | G5_7Mor_4 F227W, M249L, L287V, V288M, S314T, G316T
31 | G5_7Mor_5 F227W, M249L, L287V, V288L, S314T, G316T
32 | G5_7Mor_7 F227W, M249L, V288L, S314T, G316T
33 | G5_7Mor_8 F227Y, M249L, L286M, L287V, V288L, S314T, G316T
34 | WT WT
35 | R218A R218A
36 | R218H R218H
37 | R218K R218K
38 | rand_4Mor_28 T214A, E269G
39 | rand_4Mor_31 K281E, F295L
40 | rand_4Mor_38 T290A, F294S
41 | rand_4Mor_60 1312V
42 | rand_4Mor_71 H310R
43 | rand_4Mor_83 E269G
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Mutant

number | Name Sequence
44 | SD240+314_7Me_11 V2401, V241A, S314T
45 | SD240+314_7Me_13 V240A, V241A, F247L, S314T
47 | SD240+314_7Me_21 V240A, F243M, S314T
48 | SD240+314_7Me_32 F243M, S314T
49 | SD240+314_7Me_40 V240A, F247Y, S314T
50 | SD240+347 _4Br_1 V240l, F247Y, S347G
51 | SD240+347 _4Br_12 F243M, S347G
52 | SD240+347 _4Br_17 V240A, V241M, F243M, F247Y
53 | SD240+347_4Br_6 V240l1, F243M, F247Y, S347G
54 | SD240+347 _4Me_14 V241A, F247L, S347A
55 | SD240+347 4Me_3 V240L, V241L, F247Y, S347A
56 | SD240+347_4Me_36 V240M, F243M, F247Y, S347A
57 | SD240+347_4Me_39 V240G, F247Y, S347A
58 | SD240+347_4Me_9 F243M, F247Y, S347A
59 | SD249+314_4Br_14 S314C, G316T
60 | SD249+314 _4Br_15 S314T
61 | SD249+314_4Br_16 M249L, S314C, G316S
62 | SD249+314_4Br_18 M249L, F250M, S314C
63 | SD249+314_4Br_22 M249L, S314C, G316A
64 | SD249+314_4Br_3 S314C, G316S
65 | SD249+314_4Br_38 M249L, G316S
66 | SD249+314_4Br_43 M249F, S314C, G316S
67 | SD249+314_4Me_16 F250Y, S314
68 | SD249+314 4Me_2 F250M, S314T, G316T
69 | SD249+314_4Me_21 F250Y, S314T, G316T
70 | SD249+314_4Me_24 M249L, S314C
71 | SD249+314_4Me_47 S314C, G316A
72 | SD249+314_4Me 5 S314A, G316S
73 | SD249+314_4Me_51 F250T, S314T, G316T
74 | SD249+314_7Br_24 F250H, S314C
75 | SD249+314_7Br_3 F250T, S314C
76 | SD249+314_7Br_4 F250T, S314C, G316T
77 | SD249+314_7Me_21 M249L, S314T
78 | SD249+314_7Me_25 M249L, S314V
79 | SD249+314 _7Me_4 M249L, S314T, G316S
80 | SD249+314_7Me_5 M249L, S314T, G316T
81 | SD249+314+218 4Me_1 R218A, F250M, S314T, G316T
82 | SD249+314+218 4Me_13 | R218K, F250M, S314T, G316T
83 | SD249+314+218_4Me_15 | R218K, S314C, G316A
85 | SD249+314+218 4Me_25 | R218K, F250M, S314T, G316T
86 | SD249+314+218_4Me_27 | R218K, M249L, S314C
87 | SD249+314+218 4Me_34 | R218K, F250Y, S314T, G316T
88 | SD249+314+218_4Me_35 | R218K, F250M, S314C
89 | SD249+314+218 4Me_5 | R218K, S314T, G316T
90 | SD249+314+218 4Me_9 | R218K, F250Y, S314C
91 | SD249+314+218 7Me_2 | R218K, M249L, S314T
92 | SD249+314+218 7Me_24 | R218K, M249L, S314T, G316S
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Mutant

number | Name Sequence
93 | SD249+314+218 7Me_27 | R218K, M249L, S314V
94 | SD249+314+218 7Me_30 | R218K, M249L, S314V, G316S
95 | SD249+314+227 4Br_1 F227Y, M249L, F250Y, G316S
96 | SD249+314+227 4Br 2 F227Y, M249L, S314C
97 | SD249+314+227 4Br_3 F227Y, S314C, G316T
98 | SD249+314+227 4Br 5 F227Y, S314T
99 | SD249+314+227 4Br_6 F227Y, S314C, G316A
100 | SD249+314+227 4Br_8 F227Y, M249L, S314C, G316S
101 | SD249+314+227 7Br_1 F227Y, F250H, S314C
102 | SD255+314 _4Br_10 Y255F, L2561, 1257V, S314C
103 | SD255+314 _4Br_11 Y255H, 1257V, S314C
104 | SD255+314_4Br 2 L2561, 1257F, S314T
105 | SD255+314_4Br_27 L2561, I1257F, S314C, G316S
107 | SD255+314 _4Br_40 Y255N, 1257V, S314C, G316T
108 | SD255+314 4Br_42 Y255H, 1257V, S314C
109 | SD255+314 4Br_49 Y255N, 1257V, S314C
110 | SD255+314_4Br 5 S347A
111 | SD255+314_4Br_50 L2561, 1257F, S314C, G316T
112 | SD255+314_4Br_59 not sequenced
113 | SD255+314_4Br_61 Y255H, 1257V, G316S
114 | SD255+314 _4Br_62 Y255F, L256I, 1257V, S314C, G316S
115 | SD255+314_4Br_64 L256M, 1257C, S314C
116 | SD255+314_4Br 9 Y255F, 12571, S314T
117 | SD255+314_4Me_1 1257M, S314T
118 | SD255+314_4Me_10-1 12578, 314V, G315H, G316R
119 | SD255+314_4Me_10-3 Y255H, S314V
120 | SD255+314 _4Me_13 [1257A, S314C
121 | SD255+314 _4Me_18 1257C, S314T, G316T
122 | SD255+314 _4Me 6 L256M, S314V, G316S
123 | SD255+314 _4Me 7 1257S, S314T, G316T
124 | SD255+314_7Br_10 Y255F, 12571, S314C, G316T
125 | SD255+314_7Br_15 Y255F, 12571, S314V, G316T
126 | SD255+314_7Br_3 Y255F, 12571, S314C, G316A
127 | SD255+314_7Br_5 Y255F, 12571, S314C, G316S
128 | SD255+314_7Br_6 Y255F, 12571, S314V, G316S
129 | SD255+314_7Br_8 Y255F, 12571, S314C
130 | SD255+314_7Me_14 I257R, S314T, G316S
131 | SD255+314_7Me_21 Y255H, I1257R, S314C, G316A
132 | SD255+314_7Me_22 Y255H, 1257S, S314V
133 | SD255+314_7Me_25 Y255F, 12571, G316S
134 | SD255+314_7Me_27 not sequenced
135 | SD255+314_7Me_29 Y255F, 1257M, S314C, G316A
136 | SD255+314_7Me_31 Y255H, 12571, S314T, G316T
137 | SD255+314 _7Me_35 Y255F, 1257M, S314V, G316S
138 | SD255+314_7Me_36 Y255F, 12571, S314A, G316S
139 | SD255+314_7Me_37 Y255F, 12571, G316A
140 | SD255+314 _7Me_48 Y255H, 1257R, S314T, G316S
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Mutant
number | Name Sequence
141 | SD255+314_7Me_8 L256M, 1257F, S314T, G316T
142 | SD240+314 _4Br_1 V240L, V241F, F247S, S314C, G316A
143 | SD240+314_4Br_8 V240A, V241A, S314C, G316S
144 | SD240+314_4Me_1 V241A, F247Y, S314T, G316T
145 | SD240+314_4Me 6 V241A, F243L, F247Y, S314C
146 | SD240+314_4Me_15 V241A, F247L, S314T, G316T
147 | SD240+314_7Me 2 V240M, V241M, F247Y, S314V
148 | SD240+314_7Me_5 V240A, V241A, F247L, S314C, G316A
149 | SD240+314_7Me_13 F243M, G316S
150 | SD240+314_7Me_16 F243M
156 | SD255+286 _4Me113 Y255H, L286V, L287M, V288A
157 | SD255+286_4Me143 L2561, 1257M, L286V, V288A
158 | SD255+286_7Me30 L256M, 1257F, L286l, L287V, V288L
159 | SD255+286 7Me31 Y2551, 1257C, L287V, V288A

4.8e Complete analogue/mutant luciferase screen

Functional and sequentially diverse mutants identified in the secondary screen were
retransformed into E. coli BL21 cells and aliquots were stored as glycerol stocks at -80
°C. Luciferin compounds were dissolved at 10 mM in 100 mM Phosphate buffer (pH
7.8), aliquoted and stored -80 °C. These accumulated glycerol stocks were then imaged
in batches across the entire set of luciferin compounds. Glycerol stocks were grown in 5
mL of LB-Kan media to an OD ~0.8, induced with 500 yM IPTG for 2 h at 30 °C, then
pelleted. Cell pellets were lysed in Fluc lysis buffer (60 mM TriseHCI, 500 mM NacCl,
0.5% (v/iv) Tween, 5 mM MgCly, pH = 7.4), 600 uL per pelleted culture tube. This cell
lysate was then spread across six wells (90 yL/well) on six different 96-well black plates.
Wild-type luciferase was always included with each batch as a check on compound
integrity. To each well 10 yL of 10 mM luciferin and 1 mM ATP was added and the plate
was imaged for 1-60 s. This was repeated until all 12 compounds were imaged with all

159 luciferase mutants for a total of 1908 data points.
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4.8f Mammalian plasmid construction

To express the mutant luciferases in mammalian cells, the luciferase gene was
amplified and inserted into pPBMN-IRES-GFP [21].

The luciferase gene from mutant hits were amplified with the following primers:

5’- ataacgcgtatggaagatgccaaaaacattaaga-3’ and
5’-gagagggatgcatttattacacggcgatcttgcc-3’

The insert was restriction enzyme digested with Nsil and Mlul (New England Biolabs)
and was then cloned into the pBMN-IRES-GFP vector with T4 ligase (New England

Biolabs). Sequencing analysis confirmed correct mutations.

4.8g Mammalian cell culture

DB7 cells (courtesty of the Contag laboratory, Stanford) were cultured in DMEM
(Corning) supplemented with 10% (vol/vol) fetal bovine serum (FBS, Life Technologies),
penicillin (100 U/mL), and streptomycin (100 pyg/mL). Cells were maintained in a 5%
CO2 water-saturated incubator at 37 °C. To create stable lines expressing mutant
luciferases DB7 cells were transduced with ecotropic retrovirus (Phoenix packaging
system) as previously described,(Helms Prescher Contag 2010) followed by selection
with puromycin (10 pg/mL). The cells were sorted via FACS at the Institute for

Immunology Flow Cytometry Core (UCI).
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4.8h Mammalian cell imaging with luciferase mutants

DB7 cells stably expressing Fluc or mutant luciferases were added to black 96-well
plates (1 x 10° cells per well). A stock solution of luciferin (5 mM in PBS) was added to
each well (500 uM final concentration). Sequential imaging in black 96-well plates was

performed as above.

4.8i In vivo imaging of orthogonal luciferase-luciferin pairs

FVB/NJ mice (The Jackson Laboratory) received subcutaneous dorsal injections of 2 x
10° or 6.5 x 10° DB7 mutant luciferase expressing cells. After 24 h, animals received an
i.p. injection of luciferin (67 mM or 100 mM, 100 pL per mouse). Mice were anesthetized
(2% isoflurane) and placed on the warmed (37 °C) IVIS stage for imaging.
Bioluminescent photons were quantified for the designated regions of interest. Before
collecting data for the second administered luciferin, mice were imaged for residual
signal from the previous imaging session. Mice were imaged every other day over 5

days.

4.8j General synthetic methods

All reagents purchased from commercial suppliers were of analytical grade and used
without further purification. 4,5-Dichloro-1,2,3-dithiazolium chloride, was prepared
according as previously reported [22]. Reaction progress was monitored by thin-layer
chromatography on EMD 60 F254 plates, visualized with UV light, ceric ammonium

molybdate (CAM), chloranil, or KMnQO, stain. Compounds were purified via flash column

172



chromatography using Siliaflash F60 60 A, 230-400 mesh silica gel (Silicycle), unless
otherwise stated. HPLC purifications were performed on a Varian ProStar equipped with
a 325 Dual Wavelength UV-Vis detector. Semi-preparative runs were performed using
an Agilent Prep-C18 Scalar column (9.4 x 150 mm, 5 uym), preparative runs were
performed using an Agilent Eclipse XD8-C18 PrepHT column (21.2 x 250 mm 7 yM).
Anhydrous solvents were dried by passage over neutral alumina. Reaction vessels were
either flame or oven dried prior to use. NMR spectra were acquired with Bruker
Advanced spectrometers. All spectra were acquired at 298 K. 'H-NMR spectra were
acquired at either 500 or 400 MHz, and "*C-NMR spectra were acquired at 125 MHz.
Coupling constants (J) are provided in Hz and chemical shifts are reported in ppm
relative to either residual non-deuterated NMR solvent, calculated reference, or to a
methanol external reference. Low and high-resolution electrospray ionization (ESI)

mass spectra were collected at the University of California- Irvine Mass Spectrometry

Facility.
HO 6-hydroxy-4-(hydroxymethyl)benzo[d]thiazole-2-carbonitrile.
N Following the procedure of Kulangiappar et al. [23] 6-acetoxy-4-
S»—CN
HO S>_ [bromomethyl]-1,3-benzothiazole-2-carbonitrile  (3-14) (0.150 g,

CoHgN20oS : . . :
Mol. Wt. 206.22 0.482 mmol), was dissolved in MeCN (10 mL) and stirred at rt in a

round bottom flask. Sodium nitrate was dissolved in H,O (10 mL) and added to the
reaction mixture. The flask was flushed with N2 and then stirred at 80 °C for 22 h. The
volatiles were evaporated in vacuo, and the resulting aqueous solution was diluted with

1 M NaHSO,4 (50 mL) and extracted with EtOAC (3 x 50 mL). The organic layers were
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combined, washed with brine (1 x 50 mL), dried over MgSO,4, and concentrated in

vacuo. The resulting white solid was carried on without further purification or

characterization.
HO (S)-2-(6-hydroxy-4-(hydroxymethyl)benzo[d]thiazol-2-
N\: i\S] yl)-4,5-dihydrothiazole-4-carboxylic acid (4'-
HO s N7 OH
(H)/ MeOHLuc).
C1oH1gN204S - 4-
vkl red? The crude product (6-hydroxy-4

(hydroxymethyl)benzo[d]thiazole-2-carbonitrile), was dissolved in MeCN (5 mL) and
added to a scintillation vial and stirred under N2. K2CO3 (0.067 g, 0.49 mmol) and D-
CysteinesHCL-H,0 (0.086 g, 0.49 mmol) were dissolved in H,O (1 ml) then added to the
reaction mixture. Upon disappearance of starting material the volatiles were evaporated
in vacuo. The resulting aqueous solution was diluted with H,O (25 mL), acidified to pH
2, and extracted with EtOAc (5 x 25 mL). The organic layers were combined, dried over
MgSO,, and concentrated in vacuo to provide 4'-MeOHLuc, as a dark orange solid
(0.087 g, 60%). "H NMR (400 MHz, D,0) 5 7.14 (d, J = 2.2, 1H), 6.99 (d, J = 2.2, 1H),
5.20 (dd, J = 8.3, J = 9.7, 1H), 4.93 (app dd, J = 14.0, J = 20.8, 2H), 3.81 (app t, J =
10.6, 1H), 3.61 (dd, J = 8.4, J = 11.2, 2H); "*C NMR (125 MHZ, D,0) & 177.8, 165.9,
157.6, 155.8, 144.0, 137.4, 136.3, 115.0, 105.8, 80.1, 60.4, 36.4. HRMS (ESI") calcd

for C12H9O4N2S2 [M—H]™ = 309.0004, found 308.9994.
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(S)-2-(4-((Dimethylamino)methyl)-6-

N
g hydroxybenzo[d]thiazol-2-yl)-4,5-dihydrothiazole-4-
N S
\>—<\ j carboxylate, potassium salt (4'-DMAMeLuc).
o] To a solution of 6-acetoxy-4-[bromomethyl]-1,3-

C14H14KN303S, _ o
Mol. Wt. 375.50 benzothiazole-2-carbonitrile (3-14) (0.196 g, 0.630 mmol)

in MeCN (2 mL) stirring in a scintillation vial, K2CO3 (0.261 g, 1.89 mmol) in H2O (1 mL),
and dimethylamine (40 wt. % in H20, 0.24 mL, 1.89 mmol) were added. The reaction
was stirred at rt until disappearance of starting material (30 min), followed by addition of
D-cysteine*HCI*H,O (0.111 g, 0.630 mmol) to the reaction mixture. The reaction was
further stirred at rt until disappearance of the intermediate dimethylamine
cyanobenzothiazole. Upon completion the reaction mixture was concentrated in vacuo
to yield the potassium salt as a yellow solid (0.13 g, 54%) following HPLC purification
(preparative, reversed phase, with the following elution protocol: 100% H>O for 5 min,
followed by a gradient of 0-90 % MeOH in H2O for 15 min. The flow rate was 20
mL/min). "H NMR (500 MHz, CD;0D) & 7.24 (s, 1H), 7.04 (s, 1H), 5.16 (t, J = 9.3, 1H),
4.04 (app dd, J = 13.2, J = 20.8, 2H), 3.68 (app pentet, J = 9.1, J = 11, 2H) 2.34 (s, 6H);
*C NMR (125 MHz, CD;0D) & 177.6, 165.8, 159.2, 158.3, 147.7, 139.3, 134.6, 119.1,
106.9, 83.2, 59.6, 45.3, 37.1. HRMS (ESI") calcd for Ci3H14N3OS, [M-COK] =

292.0578, found 292.0573.
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KO3S (S)-2-(6-Hydroxy-4-(sulfonatomethyl)benzo[d]thiazol-

N\: \:Sj 2-yl)-4,5-dihydrothiazole-4-carboxylate  dipotassium
HO S N~ ~OK .
(l)f salt (4'=SO;HLuc).
C12HgKoN206S5 6-Acetoxy-4-[bromomethyl]-1,3-benzothiazole-2-
Mol. Wt. 450.58

carbonitrile (3-14) (0.200 g, 0.643 mmol) was dissolved in acetone (5 mL) and stirred in
a round bottom flask. A solution of sodium sulfite (0.243 g, 1.929 mmol) in H20 (5 mL)
was then added to the flask. The reaction mixture was then stirred at RT for 24 h. The
acetone was removed via rotary evaporation. K,CO3; (0.090, 0.649 mmol) and D-
cysteinesHCL+H,O (0.114 g, 0.649 mmol) were dissolved in H,O (1 ml) then added to
the reaction mixture. The reaction was stirred at RT for 18 h. Upon completion the
reaction mixture was concentrated in vacuo to yield the potassium salt as a yellow solid
(0.13 g, 45%) following HPLC purification (preparative, reversed phase, with the
following elution protocol: 100% H»O for 5 min, followed by a gradient of 0-90 % MeCN
in H20 for 15 min). The flow rate was 20 mL/min. 'H NMR (500 MHz, D,0O) 6 7.29 (d, J
=24,1H),7.11 (d, J= 2.4, 1H), 5.22 (dd, J = 8.2, J = 9.8, 2H), 4.63 (s, 2H), 3.83 (dd, J
=99, J=11.1, 1H), 3.61 (dd, J = 8.2, J = 11.1, 1H). *C NMR (125 MHz, solvent
CD;0D) 6 177.6, 165.7,158.5, 158.2, 148.1, 139.0, 131.3, 119.2, 106.7, 83.1, 53.5,

37.3. HRMS (ESI") caled C12HgN206S3 [M—H]™ = 372.9623, found 372.9619.
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Chapter 5: Pursuing more orthogonal luciferase-luciferin pairs with

improved selectivity

5.1 Introduction

The last chapter highlighted the success of using diverse luciferin structures and
large pools of luciferase mutants to identify orthogonal sets. This approach identified at
least three pairs exhibiting 10-fold substrate resolution in animal models. While exciting,
it would be ideal to have pairs with enhanced selectivity, in order to sufficiently
distinguish cell-types in vivo. Improving the resolution would enable important biological
studies, such as tracking tumor-immune cell interactions.

This chapter describes the development and screening of additional luciferins
that can be used in conjunction with earlier analogues for improved orthogonal imaging.
A total of 8 additional luciferins were synthesized and characterized (Fig. 5-1) and 207
sequentially diverse luciferases were assessed. Collectively, these tools provide a total
of 3.6 million potential orthogonal sets of luciferase-luciferins. All pairs were analyzed
using the cross-compare algorithm described in Chapter 4 to identify interesting
orthogonal sets. From this large comparison, one set caught our eye, as it
demonstrated an approximately 1000-fold difference in substrate usage compared to
native Fluc change from wild-type Fluc preference. This provided an excellent starting

point for evolving a set of luciferase-luciferin pairs with increased orthogonality.
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Figure 5-1. Structures of electronically altered luciferin analogues

5.2 Expanding the compound base

The luciferin analogues described in the previous chapters were mainly limited to
steric modifications. We reasoned that these compounds would maintain light-emitting
capabilities, unlike electronically perturbed compounds [1-2]. Scaffolds with altered
heteroatoms or pi systems electronic modifications could be more likely to shift the
wavelength of emission. However, a variety of electronically modified luciferins have
been synthesized by us [3-5] and others [5-12]. Since we had already established a
robust screening platform, we turned our attention to these more challenging targets.
Many of these molecules (Fig. 5-1) are competent light emitters and present different
binding interactions that can be modified in order to achieve selective binding. For
example, Miller and colleagues demonstrated the cyclic amino luciferin (CycLuc)
scaffold could achieve selective binding with a small number of mutations [12-13].
Combining electronically modified luciferins with sterically modified luciferin analogues
has the potential to increase the selectivity achieved with mutant luciferase enzymes.

We initially prepared luciferins with altered heteroatoms within the benzothiazole
ring, in addition to an analogue based off of the CycLuc structure. Others in the

Prescher lab and | have synthesized 6°'—amino luciferins (5.1, 5.2), benzimidazole
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scaffolds (5.4, 5.4), CycLuc (5.5) and pyrrolo (5.6) scaffolds, and pyridone luciferins
(5.7, 5.8). 6'—Amino luciferin is a well-characterized luciferin [5,14] and a small steric
group, 4'—methyl, was added to increase diversity. The benzimidazole luciferin
comprises a nitrogen atom (in place of a sulfur) in the core ring and has been reported
to be a competent light emitter [3,6]. Other modified aromatic architectures, such as the
pyridones, were also explored. Pyridones are known to have interesting tautomeric and
electronic properties [15-16] and both the 5" and 7°—PyridoneLuc compounds were
accessed from a similar synthetic route. The pyrrolo luciferin (PyrroLuc, 5.6) was also
prepared as we hypothesized the altered aromatic core could also generate unique
colors of bioluminescent light emission [7,9,17]. This compound likely has improved cell
permeability with unsaturated CycLuc core. Also, There is a wealth of chemistries
available to derivatize the indole like motif in this structure [18-19].

To synthesize the target scaffold 5.6, | used the Appel’s salt condensation
method described earlier (Scheme 5.1). The starting indole 5.9 in this case required a
protecting a group on nitrogen to avoid undesired cross-reactivity. Initially, a tosyl group
was explored, but due to difficulties in removing the motif at later stages, this route was

abandoned. | next examined a Boc group due to its relative ease of removal and

Scheme 5-1. Synthetic route to PyrroLuc.
+.S

o & N
NO. Boc,O NO, NH, 5.12
(/\/©/ 2 DMAP (/\/©/ Fe, NH,CI (/\/@/ c’  c
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Figure 5-2. Light emission of PyrroLuc with Fluc (1 pg/well) at varying concentrations

(gray bars) as compared to D-Luciferin (black bars) and no substrate (white bar). Error
bars represent standard error of the mean for data run in triplicate, data are
representative of three independent experiments.

compatibility with nitro group reduction. Addition of the Boc group proceeded smoothly.
The resulting protected nitroindole (5.10) was then reduced with iron and ammonium
chloride to yield the amino indole (5.11) in good yield [20]. With the protected compound
in hand, | condensed the material with 5.12 and fragmented the product to afford 5.13.
Subsequent cyclization and deprotection of this molecule provided a mixture of
regioisomeric cyanobenzathiazoles (5.14a/5.14b). The regioisomers were inseparable
at this stage, but could be isolated via HPLC following cysteine condensation. The
pyrrolo[3,2-f] luciferin regioisomer (5.6) was characterized and evaluated for light
emission with recombinant Fluc. PyrroLuc was found to be a poor light emitter (Fig. 5-
2). We did not use PyrroLuc for screening, but moved forward with the other
electronically modified luciferins. PyrroLuc could potentially serve as a specific

luciferase inhibitor in future studies, or derivatization of PyrroLuc could yield an active

luciferin with a unique structure.
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5.3 Identification and characterization of a selective luciferase-luciferin pair

The construction of eight electronically modified analogues increased the total
number of luciferins in our anlaysis to 20. These analogues were screened against the
same panel of 207 mutant luciferases, resulting in a possible 3.6 million orthogonal sets.
Out of these, the top 1,000 pairs had an average orthogonality score of 50, which
represents an approximate two-fold increase from the data set described in Chapter 4.
One of the most interesting luciferase-luciferin sets comprised 7°—PyridoneLuc (5.7) and
4'—MeOHLuc (5.15) (Fig. 5-3A), positively paired with enzymes 146 and 50,
respectively. Enzyme 50 is a luciferase mutant that demonstrated an impressive 1,000
fold preference for 4'-MeOHLuc over 7°—PyridoneLuc. The 7°—Pyridone analogue
displayed a drastic reduction in light emission with enzyme 50 while 4'-MeOHLuc
essentially maintained wild-type levels (Fig. 5-3B). In the other direction, enzyme 146
demonstrated a slight switched preference for 7°'—PyridoneLuc over 4'-MeOHLuc.
Since the desired outcome was achieved halfway, we reasoned that evolving mutant

146 for more selective processing of 7'—PyridonelLuc was a good strategy.

A B i
A~ N S 108 [ 7-pyridone
| D> s
OIH\/ES \N],/COZH [ C4'-MeOH
7'—PyridoneLuc (5.7) ﬁmﬁ
HO X
N S I
HO S N7coH
4"—MeOHLuc (5.15) 102

RN S °
Figure 5-3. (A) Structures of luciferin analogues discussed in this chapter. (B) Mutant
luciferases work selectively with luciferin analogues. Total photon output shown as
compared to native luciferase (WT) in bacterial cell lysate. All compounds were imaged
at 100 uM concentrations.
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Enzyme 50 is an interesting mutant as it contained a single mutation of serine to
glycine at residue 347. This residue is known to be important for substrate binding and
forms a hydrogen bond with the native substrate (D-luciferin) [11,21]. To further confirm
its remarkable substrate selectivity, the enzyme was purified and light emission was
assessed using various concentrations of 7°—PyridoneLuc, 4'-MeOHLuc (Fig. 5-4A-B),
and D-luciferin. As shown in Figure 5.4, the selectivity of the S347G mutant for 4°—
MeOHLuc was maintained in these assays. The substrate preference ranged between
~200-1,000 fold, depending on the concentration of luciferin (Fig. 5-4B). D-Luciferin also
demonstrated a significant reduction in light emission with the S347G mutant, but not as
drastic as 7'—PyridoneLuc (Fig. 5-4C). The hydrogen bond between 7°—PyridonelLuc
and Ser347 is likely important for light emission and/or substrate binding particularly to
the pyridone luciferin.

Since the S347G mutant with 4'-MeOHLuc maintains light emission similar to
Fluc, we hypothesize that the hydroxymethyl group compensates for the hydrogen bond
function of Ser347. Based on the crystal structure of Fluc, the hydroxyl group of 4'-
MeOHLuc is in an ideal position to fill the void left behind by the S347G mutation (Fig.
5-5B) [22]. This appendage could increase binding affinity to the luciferase active site,
or could replace a hydrogen bond contact to the benzothiazole nitrogen necessary for
robust light emission [13,21,23]. Efforts to further elucidate the role of this mutation are
underway. Others in the lab are attempting to crystallize this mutant with 7°—
PyridoneLuc or 4'-MeOHLuc bound to WT Fluc and the mutated enzyme. Interestingly,
a S347A mutation has been shown to be important for selective light emission with

cyclic amino luciferins over the native D-luciferin [11,13].
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Figure 5-4. Purified enzyme light emission with luciferin analogues. (A) Total flux of 7°—
PyridoneLuc with WT Fluc (light blue), the S347G mutant (dark blue) and 4'-MeOHLuc
with WT Fluc (light red), and S347G (dark red).
MeOHLuc/7'-PyridoneLuc with the S347G (gray) and WT Fluc (white). (C) Light
emission of WT and S347G luciferase enzymes with D-luciferin. Error bars represent
standard error of the mean for three individual experiments.
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Figure 5-5. (A) 7'—PyridoneLuc depicted in the active site of Fluc. S347 shown in green
is in close proximity to the benzothiazole nitrogen of the luciferin analogue. (B) 4'—
MeOHLuc is depicted in the active site of luciferase mutant S347G. The hydroxyl group
is shown potentially replacing the void left by the mutation to glycine. Images generated
by Pymol's mutagenesis function and adapted from crystal structure published by
Sundlov, J.A. et al. [22].
5.4 Directed evolution of a 7'—PyridoneLuc selective luciferase

The S347G mutation provided remarkable selectivity for 4'-MeOHLuc over 7'—
PyridoneLuc. The mutant luciferase identified with the opposite substrate preference
(Fig. 5-3B), enzyme 146, provided a starting point for evolving an enzyme that would
have similar selectively. Enzyme 146 comprised 4 mutations mutations (V241A, F247V
,S314T, G316T), with no obvious steric or electronic interactions with the analogue.

These were located mainly outside of the binding pocket, suggesting that they most

likely restructure the active site to favor 7°-PyridoneLuc [24-25]. New site directed
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mutations were added to this quadruple mutant and the resulting library was screened
for increased selectivity with 7'—PyridonelLuc.

Toward this end residues 284, 311, and 337 were targeted for the library using
22c-trick [26] or NDT codons. Screening identified an additional mutation that
reproducibly improved selectivity for 7'—PyridoneLuc (Fig 5-6). The mutation comprised
a glutamate to cysteine at residue 311 creating mutant G2-75. Residue 311 is known to
be important for a hydrogen bond network in the luciferase active site [27]. However, it
is difficult to speculate on specific interactions impacted by the mutation. While the
E311C mutant exhibited increased preference for 7°—PyridonelLuc, it also provided
decreased total light emission as compared to enzyme 146 (Fig. 5-6). To look for further
improvements, the five mutations in mutant G2-75 were shuffled to eliminate any
unnecessary mutations. These same five mutations were also shuffled with another 5
mutations (M249F, 1257F, F195L, A326V, P334S) found in an enzyme exhibiting

[ 7'—Pyridone lifht emission 4
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Figure 5-6. Mutant G2-75 increases selectivity for 7 -PyridonelLuc (right y-axis, blue
bars), but decreases light emission (left y-axis, gray bars). Error bars represent SEM
and data are representative of n = 3 experiments.
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increased light emission with 7°-PyridoneLuc (identified previously in our lab).
Unfortunately, no combination of mutations with improved light emission and retention
of increased selectivity were found (Fig. 5-7). Additional libraries targeting residues 255-
257, 337, and 347 were then screened. Unfortunately, no significant improvements in
selectively were identified (Fig. 5-7).

We next aimed to use the analyses of positive and negative pairings shown in
Chapter 4 (Fig. 4-12). Narrowing the results to residues that positively pair with 7°—
PyridoneLuc and negatively pair with 4'-MeOHLuc provided the results shown in Figure
5-8. The residues with the most interesting pairing pattern are 286-288 (black arrows).

These positions are known to modulate binding and emission wavelength due to

10° s+ Enzyme 146
Shuffle mutants
A

108 N enzyme G2-75
g A
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7-PyridoneLuc/4’-MeOHLuc light emission

Figure 5-7. Distribution of library hits for the shuffle library. Black triangles represent
replicates of enzyme 146. Blue squares are replicates of G2-75 mutant and red circles
are individual shuffle mutants screened in lysate. All mutants emit less light (y-axis) than
the original G2-75 or are less selective (x-axis).
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increased or decreased packing of the luciferin in the active site [23]. In addition,
residue 311 has been shown to modulate the positioning of residues 286-288 making it
plausible that mutations at these sites could be synergistic with the E311C mutation
found in generation two.

Following this analysis a site directed library targeting these residues was
assembled with 22c-trick codons at site 286, along with NDT codons at sites 287 and
288. These sites were selected based on homology analysis [28]. Screening of the
assembled library resulted in two interesting mutants (G3-48 and G3-87) that increase
light emission while retaining or improving the selectivity shown by mutant G2-75.
Interestingly, G3-48 lost the E311C mutation found in G2-75 but included a single
mutation from leucine to valine at residue 286 (Fig. 5-9A). Mutant G3-87 contained the
E311C mutation and two additional mutations at 287 (Leu to Cys) and 288 (Val to His)
(Fig 5-9B). No steric or electronic interactions are apparent in either mutant, but the

non-conservative mutations L287C and V288H in mutant G3-87 are notable. Light

A
l ll 0 200 400 600
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7'-PyridoneLuc .
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Figure 5-8. The top 5,000 luciferase-luciferin sets out of 3.6 million total were analyzed
for their residue-compound interactions. The heat map is corresponds to the frequency
of mutations at each residue that positively (A) or negatively (B) pair with 7°—
PyridoneLuc or 4'-MeOHLuc. Arrows point out residues 286-288 that show more
positive pairings with 7'—PyridonelLuc and negative pairings with 4'-MeOHLuc.
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emission trends of 7°—PyridoneLuc and 4'-MeOHLuc were reproduced with these
mutants in bacterial lysate. Collectively an 8 fold improvement in light emission (G3-48)
was achieved along wit a 14 fold improvement in selectivity over 3 rounds of
mutagenesis (Fig. 5-10). Additional residues in and around the active site are currently

being targeted along with random mutagenesis in hopes of further improving selectivity.

G1 - S314T, G316T, V241A, F247V, G2 — none G1 - S314T, G316T, V241A, F247V, G2 - E311C
G3 - L286V G3 - L287C, V288H

Figure 5-9. Mutations found in the generation 3 enzymes, G3-48 (A) and G3-87 (B),
with improved selectivity and brightness. Spheres represent residues that are mutated
from WT Fluc. Green spheres are mutations found in the lead enzyme from the cross
compare algorithm. Blue spheres represent mutations found in the second generation.
Mutations found in the third generation are shown in red. Pymol images adapted from
crystal structure in Sundlov et. al [22].
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Figure 5-10. Mutants G3-48 and G3-87 maintain or increase selectivity for 7°-
PyridoneLuc (right y-axis, blue bars), while maintaining or increasing light emission (left
y-axis, gray bars). Error bars represent SEM and data are representative of n = 3
experiments.
5.5 Conclusions

As demonstrated in Chapters 3 and 4, bright and selective luciferase-luciferin
pairs are necessary to enable truly multicomponent bioluminescent imaging. Building
libraries of luciferin analogues and diverse luciferase enzymes is an excellent way to
identify orthogonal sets of luciferin-luciferase pairs. However, to be more selective and
brighter, further evolution of the luciferase enzymes is necessary. In this chapter | have
shown that iterative mutagenesis and screening can lead to improved selectivity and
light emission with the desired compounds. While improvement was made, a mutant
with more selectivity for 7°—PyridoneLuc is desired. In the future, increasing the number
of libraries screened, using computationally guided libraries or increasing the luciferase

diversity through phylogenetic shuffling are all promising strategies to improve the

desired enzymatic activity.
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5.6 Materials and methods

5.6a General bioluminescence imaging

All analyses were performed in black 96-well plates (Grenier Bio One). Plates
containing luminescent reagents were imaged in a light-proof chamber with an VIS
Lumina (Xenogen) CCD camera chilled to -90 °C. The stage was kept at 37 °C during
the imaging session, and the camera was controlled using Living Image software. For
assays with bacterial cell lysates, the exposure times for ranged from 1 s to 5 min, with
data binning levels set to small or medium. Regions of interest were selected for

quantification and total flux values were analyzed using Living Image software.

5.6b Bacterial lysate imaging

See Jones et al. [2] for procedure and section 3.8i in Chapter 3.

5.6c Recombinant protein expression and purification

The pET-luciferase plasmids (WT, 347G mutant) containing an N-terminal Hisg tag were
transformed into chemically competent E. coli BL21 cells. Starter cultures (50 mL) in LB
broth (containing 40 ug/mL Kan) were inoculated and grown for 12 h at 37 °C. Overnight
cultures (15-20 mL) were transferred to 1 L of LB broth (containing 40 pg/L Kan) and
grown in 2 L flasks at 37 °C to mid-log phase (OD600 = 0.8 - 1.0), induced with 0.5 mM
IPTG, and incubated at 22 °C for 16 — 18 h. The cells were harvested by centrifugation
at 4 °C and resuspended in 20 mL of a solution of 50 mM NaPO4, 300 mM NaCl, 1 mM

DTT, and 1 mM PMSF at pH 7.4. Lysozyme (1 mg) was added, and the cells were
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sonicated and centrifuged at 10000 x g for 1 h at 4 °C. WT Fluc and mutant S347G
were purified from clarified supernatants using nickel affinity chromatography (BioLogic
Duo Flow Chromatography System, Bio-Rad). Proteins were dialyzed into 25 mM Tris-
acetate (pH 7.8) buffer containing 1 mM EDTA and 0.2 mM ammonium sulfate (4 °C).
DTT (1 mM) and 15% glycerol were added to the dialyzed samples prior to storage at-
20 °C. Final protein concentrations were determined using UV spectroscopy. SDS-
PAGE was also performed, and gels were stained with Coomassie R-250. Yield of the

S347G mutant was 15 mg/L.

5-6d Light emission assays with recombinant luciferase

Bioluminescence assays with all luciferin compounds were carried out in triplicate, using
solid black, flat-bottom, 96-well plates (BD Bioscience). Assay wells contained purified
Fluc (1-2 ug), luciferin substrate (0-1 mM), ATP (Sigma, 0-1 mM), and reaction buffer
(20 mM Tris-HCI, 0.5 mg/mL BSA, 0.1 mM EDTA, 1 mM TCEP, 2 mM MgSO4, pH 7.6),
totaling 100 uL. For pH studies, the buffer comprised 20 mM BIS-TRIS propane (with
100 yM MgClz, 1 mM ATP, 500 uM coenzyme A). All non-enzyme assay components
were premixed in the wells prior to wld- type or mutant luciferase addition. Images for all
assays were acquired as described above and analyzed with Microsoft Excel or

GraphPad Prism (version 6.0f for Macintosh, GraphPad Software).

5.6e Construction of luciferase libraries
Two sections of the luciferase gene (pgl4-luc2), denoted R1 and R2, were targeted for

gene assembly as described in Jones et al. [2]. Other libraries were created using
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standard quick-change pcr techniques. All PCR reactions were run using Q5 Hot-start
DNA polymerase (New England BioLabs).

Linearized vector was made from pET28-R1del or pET28-R2del as described in Jones
et al. [2]. Insert containing the library was assembled with the linearized pET vector
using circular polymerase extension cloning (CPEC) as described in Jones et al. [2] or
by Gibson assembly. For Gibson assembly 50 ng of Dpnl digested, linearized vector
and insert at 2:1 to 8:1 (insert:vector) were added to 10 pyL of Gibson assembly master

mix (homemade mix following the Prather recipe on

http://www.openwetware.org/wiki/Gibson_Assembly with all enzymes and components
purchased from New England BioLabs) and incubated at 50 °C for 20-60 min. The
reaction mixture (1-3 pL) was then transformed into chemically competent Top10 or
DH5a E. coli, cells were plated until the number of colonies was equal to or greater than
3 x the library size. Cells were then scraped off of the plates, combined, pelleted and
miniprepped. The miniprepped plasmid DNA was saved for agar-plate screening

(below).

5.6f Primer lists

All primers were purchased from Integrated DNA Technologies, Inc. (San Diego, CA)
and are written in the 5’-3’ direction. Upper case letters denote bases coding for the
luciferase gene. Lower case letters denote bases added to ensure similar melting
temperatures (Tm)subscript is off for all primers. Bases highlighted in red denote sites

targeted for saturation mutagenesis.
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Residue 284, 311, 337 library

Residue
Forward primers targeted
G2-146-R2-F36 284 | AGACTATAAGATTCAANDTGCCCTGCTGGTGCCCACAC
G2-146-R2-F117-1 311 | CTAAGCAACTTGCACNDTATCGCCACCGGCACC
G2-146-R2-F117-2 311 | CTAAGCAACTTGCACVHGATCGCCACCGGCACC
G2-146-R2-F117-3 311 | CTAAGCAACTTGCACTGGATCGCCACCGGCACC
G2-146-R2-F337 337 | GCATCNDTCAGGGCTACG
Reverse primers
G2-146-R2-R135-1 311 | TTGCTGAGCGGCGCGGTGCCGGTGGCGATAHNGTG
G2-146-R2-R135-2 311 | TTGCTGAGCGGCGCGGTGCCGGTGGCGATCDBGTG
G2-146-R2-R135-3 311 | TTGCTGAGCGGCGCGGTGCCGGTGGCGATCCAGTG
G2-146-R337 337 | CGTAGCCCTGAHNGATGC
G2-146-R2-R19 284 | GGGCAHNTTGAATCTTATAGTCTTGCAAGCTtCGCAAGAA
G3-shuffle primers

Residue

Forward primers targeted

G3-146-sh-R1-F106 241 CCGCTATCCTCAGCGTGGYCCCATTTCACCACGGC
GARGGCATGTTCACCACGCTGGGCTACTTGWTTTGC
G3-146-sh-R1-F141-1 247-249-257 | G
GARGGCTTCTTCACCACGCTGGGCTACTTGWTTTGC
G3-146-sh-R1-F141-2 | 247-249-257 | G
TATTTAGCTTCYTCGCTAAGAGCACTCTCATCGACAA
G3-146-sh-R2-F74 295 GTACGAC
G3-146-sh-R2-F117-1 311-314-316 | CTAAGCAACTTGCACGAAATCGCCACCGGCACC
G3-146-sh-R2-F117-2 | 311-314-316 | CTAAGCAACTTGCACTGCATCGCCACCGGCACC
G3-146-sh-R2-F150 326 GCGCCGCTCAGCAAGGAGGTAGGTGAGGYC
G3-146-sh-R2-F181 334 GTGGCCAAACGCTTCCACCTAYCTGGCATCCG
Reverse primers
CCACGCTGAGGATAGCGGTGTCGGGGATGATCTGGT
G3-146-sh-R1-R87 241 T
G3-146-sh-R1-R124-1 241-247-249 | CGTGGTGAACATGCCGGARCCGTGGTGAAATGGGR
G3-146-sh-R1-R124-2 | 241-247-249 | CGTGGTGAAGAAGCCGGARCCGTGGTGAAATGGGR
G3-146-sh-R1-R159 257 AGCACGACCCGAAAGCCGCAAAWCAAGTAGCCCAG
GCTCTTAGCGARGAAGCTAAATAGTGTGGGCACCAG
G3-146-sh-R2-R59 295 CA
TTCGTGCAAGTTGCTTAGGTCGTACTTGTCGATGAGA
G3-146-sh-R2-R97-1 311 GT
GCAGTGCAAGTTGCTTAGGTCGTACTTGTCGATGAGA
G3-146-sh-R2-R97-2 311 GT
G3-146-sh-R2-R135 314-316 TTGCTGAGCGGCGCGGTGCCGGTGGCGAT
G3-146-sh-R2-R165 326 GGAAGCGTTTGGCCACGRCCTCACCTACCTCC
G3-146-sh-R2-R197 334 AGGCCGTAGCCCTGGCGGATGCCAGRTAGGT
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G3-286-288 library

Forward primers Residue targeted
TGCAAGACTATAAGATTCAATCTGCCNDTNDTNDTCC
G3-146-286-F-1 286-287-288 CACACTATTTAGCTTCTTCG
TGCAAGACTATAAGATTCAATCTGCCVHGNDTNDTCC
G3-146-286-F-2 286-287-288 CACACTATTTAGCTTCTTCG
TGCAAGACTATAAGATTCAATCTGCCTGGNDTNDTCC
G3-146-286-F-3 286-287-288 CACACTATTTAGCTTCTTCG

Reverse primers

CGAAGAAGCTAAATAGTGTGGGAHNAHNAHNGGCAG

G3-146-286-R-1 286-287-288 ATTGAATCTTATAGTCTTGCA
CGAAGAAGCTAAATAGTGTGGGAHNAHNCDBGGCAG
G3-146-286-R-2 286-287-288 ATTGAATCTTATAGTCTTGCA
CGAAGAAGCTAAATAGTGTGGGAHNAHNCCAGGCAG
G3-146-286-R-3 286-287-288 ATTGAATCTTATAGTCTTGCA

5.6g Screening protocols
Agar plate screening protocol
Plates were screened as described in Jones et al. [2]. See chapter 3.8h for protocol. 7'—

PyridoneLuc was screened on agar plate at a final concentration of 200-400 pM.

Lysate screening of library members

Following the protocol of Studier [29] autoinduction broth (Na;HPO4 (6 g/L), KH2PO4 (3
g/L), tryptone (20 g/L), yeast extract (5 g/L), NaCl (5 g/L)) was made before hand and
stored at rt. Sugar stocks (60% w/v glycerol, 10% w/v glucose, and 8% w/v lactose)
were made deionized water, filtered through 2 uym filters and stored at 4 °C. Prior to use
50 mL aliquots of autoinduction media were prepared by adding premade sugar
solutions (500 pL glycerol, 250 pyL glucose, 1.25 mL lactose), and Kanamycin (to 40

pMg/mL) to 48 mL of premade autoinduction broth.
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Light emitting colonies identified from the agar plate screen were picked
immediately or stored at 4 °C until imaging was performed. These colonies or Fluc/lead
mutant colonies were inoculated into 96-well deep-well plates containing 400 uL/well
autoinduction media. Deep-well plates were covered, shaken at 225 rpm, 30 °C, for 24
h. After induction the plates were centrifuged (3400 rpm, 5 min) and supernatant was
removed. Pellets were either stored at — 20 °C or imaged immediately. To each well 200
uL of lysis buffer (50 mM TriseHCI, 500 mM NaCl, 0.5% (v/v) Tween, 5 mM MgClz, pH =
7.4) was added and the pellets were resuspended using a multichannel pipette. Next 90
uL of lysate from each well was transferred to a 96-well black plate. This step was
repeated in order to have duplicate wells of the same lysate on the imaging plate for
simultaneous imaging of two luciferin compounds. The appropriate luciferin stock
solution (10 yL) was added to each well, 12 wells at a time (final [luciferin] = 100 yM
and [ATP] = 1 mM). Images were acquired over 10 min as described above.
Bioluminescence readings acquired 5 min post-luciferin addition were used for

analyses. Data were analyzed using Microsoft Excel and/or GraphPad Prism.

5.6h General synthetic methods

All reagents purchased from commercial suppliers were of analytical grade and
used without further purification. Appel’s salt, 4,5-dichloro-1,2,3-dithiazolium chloride
(5.12), was prepared according to literature precedent. (Reaction progress was
monitored by thin-layer chromatography on EMD 60 F254 plates and visualized with UV
light). Compounds were purified via flash column chromatography using Sorbent
Technologies 60 A, 230-400 mesh silica gel, unless otherwise stated. HPLC

purifications were performed on a Varian ProStar equipped with 325 Dual Wavelength
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UV-Vis Detector. Semi-preparative runs were performed using an Agilent Prep-C18
Scalar column (9.4 x 150 mm, 5 pm). Anhydrous solvents (acetonitrile (MeCN),
dichloromethane (DCM), methanol (MeOH)) were dried by passage over neutral
alumina, dimethyl formamide (DMF) was passed over activated molecular sieves and
dimethyl sulfoxide (DMSO), which was purchased from Acros Organics in AcroSeal
bottles. Reaction vessels were either flame or oven dried prior to use. NMR spectra
were acquired with Bruker Advanced spectrometers. All spectra were acquired at 298 K.
'H-NMR spectra were acquired at 400 MHz, and "*C-NMR spectra were acquired at 125
MHz. For "*C-NMR data obtained via distortionless enhancement by polarization
transfer (DEPTQ). Chemical shifts are reported in ppm relative to residual non-
deuterated NMR solvent, and coupling constants (J) are provisded in Hz. Low and high-
resolution electrospray ionization (ESI) mass spectra were collected at the University of
California-Irvine Mass Spectrometry Facility. The abbreviations used can be found in
the document JOC Standard Abbreviations and Acronyms,

http://pubs.acs.org/paragonplus.

5.6i Compound syntheses

(/D/Noz tert-butyl 5-Nitro-1H-indole-1-carboxylate (5.10) Following the
N

N

7& and DMAP (0.0754 g, 0.617 mmol) were added to a flame-dried

procedure of Furuya et al. [30], 5-nitroindole 5.9 (1.00 g, 6.17 mmol)

round bottom flask and dissolved in 12 mL of anhydrous MeCN. Di-
C13H14N204

Mol. Wt. 262.26
° tert-butyl dicarbonate (1.7 mL, 7.4 mmol) was then added and the
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mixture was stirred at room temperature for 30 min. The precipitate was collected by
filtration and washed with chilled ethanol to yield 5.10 as a light brown solid (1.5 g,

95%). The NMR spectra were consistent with previous reports [31].

(/\/©/NH2 tert-butyl 5-Nitro-1H-indole-1-carboxylate (5.11). Following the
N procedure of Wissner et al. [20],; iron powder (0.145 g, 2.60 mmol),
o
7& NH4ClI (0.179 g, 3.34 mmol), and 1-Boc-5-nitroindole (5.10, 0.0973
C13H16N205 g, 0.373 mmol) were added to a round bottom flask and suspended
Mol. Wt. 232.28

in 8:2:1 EtOH:H,O:THF (5 mL). The suspension was then stirred
under N, at 70 °C for 40 min. The mixture was cooled and filtered through Celite. The
filtrate was then extracted with EtOAc (2 x 20 mL). The combined extracts were washed
with water (2 x 40 mL) and brine (2 x 40 mL), dried over MgSOy, filtered and
concentrated in vacuo to yield 5.11 as a dark brown oil (0.053 g, 63%). The NMR

spectra were consistent with previous reports [31].

“ cy tert-butyl 5-((Cyanocarbonothioyl)amino)-1H-indole-1-
4 T
(N\/©/ S carboxylate (5.13). 4,5-Dichloro-1,2,3- dithiazole (5.12, 0.614 g,
° o 2.95 mmol) was added to a flame-dried flask and flushed with
% N2. DCM (10 mL) was then added to the flask. In a separate
C15H15N3028
Mol. Wt. 301.36 flask, Boc-protected 5-aminoindole (5.11, 0.684 g, 2.95 mmol)

was dissolved in 11 mL and purged with N». This solution was then transferred to the
solution of 5.12, and the resulting red-brown mixture was stirred under N for 30 min.

The reaction mixture was cooled to 0 °C and DBU (1.3 mL, 8.8 mmol) was added
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dropwise. After 1 h at 0 °C, two additional equivalents of DBU (0.88 mL, 5.9 mmol) were
added and the reaction was warmed to room temperature and stirred for 1 h. The crude
reaction mixture was concentrated in vacuo to remove most of the volatiles. The viscous
dark brown residue was then added directly to a column of silica gel and eluted with
DCM, followed by 4:1 DCM:MeOH. The relevant fractions were combined and
concentrated in vacuo to afford 5.13 (0.59 g, 66%) as a yellow—brown solid. '"H NMR
(400 MHz, acetone-ds, mixture of rotamers) 6 8.40 (d, J = 1.8, 0.75H), 8.26 (d, J = 8.5,
0.25H), 8.22 (d, J =9, 0.75H), 7.83 (d, J = 2.2, 0.25H), 7.79 (d, J = 3.7, 0.25H), 7.75-
7.72 (m, 1.5H), 7.48 (dd, J =8.7, 2.2, 0.25H), 6.77 (d, J = 3.3, 0.25H), 6.74 (d, J = 3.7,
0.75H), 1.70 (app s, 9H); *C (125 MHz, acetone-ds) (mixture of rotamers, not all
carbons distinctly observed) & 167.2, 163.0, 150.0, 135.4, 134.7, 134.2, 133.7, 131.5,
128.9, 128.49, 120.9, 120.30, 117.3, 116.7, 116.3, 116.2, 114.7, 113.6, 108.2, 108.0,
85.2, 85.0, 28.16. HRMS (ESI-TOF) m/z calcd for C15H14N30,S [M — H]™ 300.0807,

found 300.0801.

_(CN 6H-Thiazolo[5,4-e]lindole-2-carbonitrile (5.14a)

N S
(ﬁlt@:s\)_CN (/\/@N and 5H-thiazolo[4,5-flindole-2-carbonitrile
noo1sa N 5.14b). Palladium chloride (0.0110 g, 0.0624

H 150 (5.14b). alladium chloride (0. g, O.
C1oHsN3S mmol), Cul (0.0448 g, 0.310 mmol), TBAB (0.400
Mol. Wt. 199.23

g, 1.24 mmol) and 5.13 were placed in a flame-
dried flask, flushed with N2 and then suspended in 9.5 mL of anhydrous DMF:DMSO

(1:1). The resulting mixture was stirred at 110 °C for 2.5 h under N,. The reaction was

then diluted with EtOAc and washed with H,O (4 x 100 mL) and brine (2 x 100 mL). The
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organic layer was then dried over MgSOQOy, filtered and concentrated in vacuo. The crude
material was purified by flash column chromatography, eluting with 8:2 to 1:1
hexanes:EtOAc to provide a 3:2 mixture of regioisomers (5.14a:5.14b) as a bright
yellow solid (0.12 g, 54%). 'H NMR (400 MHz, acetone-ds) (mixture of isomers) & 11.05
(br s, 0.7H), 10.70 (br s, 1H), 8.45 (s, 1H), 8.21 (s, 1.7H), 7.90 (d, J = 8.9, 0.7H), 7.62
(d, J = 8.9, 0.7H), 7.63-7.60 (m, 1.7H), 6.86 (s app, 0.7H), 6.76 (s app, 1H); "°C (125
MHz, DMSO-ds) & 146.8, 146.1, 137.5, 134.4, 132.5, 130.4, 129.9, 129.7, 129.5, 129.2,
128.1, 127.2, 119.4, 117.0, 115.2, 114.1, 114.0, 109.5, 103.6, 101.7; HRMS (ESI-TOF)

m/z calcd for C1oHsN3S [M — H]™ 198.0126, found 198.0125.

(S)-2-(5H-Thiazolo[4,5-flindol-2-yl)-4,5-

(t@[ >_<\ dihydrothiazole-4-carboxylic acid (5.6, PyrroLuc). A
“CO,H

mixture of 5.14a and 5.14b was suspended in 1.3 mL

C13HgN30,S,

Mol. Wt 303.35 MeOH:acetonitrile (3:1) in a 20 mL vial. D-Cysteine
hydrochloride monohydrate (0.0192 g, 0.122 mmol) and potassium carbonate (0.0167
g, 0.122 mmol) were dissolved in 0.20 mL water and added to the suspension. The
reaction was stirred for 30 min under N2. Upon consumption of 15 as observed by TLC,
the solvent was removed in vacuo to yield a yellow solid. The solid was dissolved in
PBS (1 mL) and purified by reversed phase semi-preparative HPLC, eluting with 18%
MeOH in H,O (at a flow rate of 3 mL/min). The desired fractions were pooled and
concentrated to afford 5.16 as a bright yellow solid (0.018 g, 52%). "H NMR (400 MHz,
CD3OD) & 8.26 (s, 1H), 7.94 (s, 1H), 7.41 (d, J = 3.2, 1H), 6.64 (d, J = 3.2, 1H), 5.20

(app t, J = 9.4, 1H), 3.77-3.69 (m, 2H); "*C (125 MHz, CD;0D) & 177.5, 175.6, 165.6,
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159.6, 148.7, 138.5, 131.6, 130.8, 128.7, 115.5, 103.6, 102.8, 83.3, 37.3; HRMS (ESI-

TOF) miz calcd for C13HgN302S, [M — H] 302.0058, found 302.0061.
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APPENDIX A: NMR spectra
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