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ABSTRACT OF THE DISSERTATION

Expanding the bioluminescent toolkit for in vivo imaging
By
Krysten Ann Jones
Doctor of Philosophy in Biological Sciences
University of California, Irvine, 2017
Associate Professor Jennifer A. Prescher, Chair
Imaging tools have revolutionized our understanding of living systems by allowing
researchers to visualize biological features in real time. Among the most popular imaging agents
of this sort are the bioluminescent proteins (luciferases). These probes catalyze the oxidation of
small molecule substrates (luciferins), releasing non-toxic, non-perturbing visible light in the
process. Bioluminescence imaging (BLI) with luciferase-luciferin pairs is well suited for use in
tissues and small animals. Since no excitation light is required, there is virtually no background
signal. Indeed, BLI has been used to track numerous biological phenomena in vivo, including
immune cell homing, tumor cell proliferation, and pathogen egress. Despite its remarkable
versatility, bioluminescence lacks the spatial resolution necessary to monitor cell-cell
interactions. Furthermore, BLI has been historically limited to monitoring one cell type or
biological feature at a time. To address these issues, this dissertation involves engineering new
luciferase tools and comprised two main goals: (1) engineering contact-dependent
bioluminescent probes to report on cellular communication and (2) generating novel luciferase-
luciferin pairs via directed enzyme evolution. Collectively, these tools will enable new studies of
immune cell function, host-pathogen dynamics, and numerous other multi-cellular networks in

Vivo.

XVi



CHAPTER 1: Optical tools for studying

biological processes in living systems

1.1 Introduction

A complete understanding of organismal biology requires methods to monitor dynamic
cellular movements and interactions in vivo. Immune function, pathogen clearance, and cell
migration involve multicellular networks, which are influenced by spatial and environmental
cues (1-3). These dynamic conditions are challenging to reproduce in cultured cells or excised
tissue models but are necessary to provide a complete picture of biological processes as they
occur in living systems. Thus, researchers must often turn to rodents or other living organisms to
capture the complexity of the underlying biology. Such models present several challenges for
studies, owing to tissue heterogeneity, the depth of biological tissues, and the need for models
that closely recapitulate human disease (4, 5).

In recent years, a set of optical imaging technologies has emerged that enables the real-time
observation of cellular movements in whole organisms (5-8). These tools produce non-toxic,
non-perturbing visible light that can provide readouts on cell movements and other functions (8,
9). Among the most popular imaging tools are the fluorescent and bioluminescent probes (8, 10-
12). This chapter introduces these probes and how they have been utilized to understand basic
biology and disease mechanisms. I first highlight the utility of fluorescent probes for microscale
observations of interacting cells and their limitations for in vivo imaging. | then discuss
bioluminescence imaging, highlighting commonly used luciferase-luciferin pairs and their utility

for visualizing cells at the macroscopic scale. Lastly, | describe existing challenges of



bioluminescence imaging that are not yet addressed with the currently available bioluminescent

probes.

1.2 Visualizing cells with combinations of fluorescent probes

One class of imaging tools comprises fluorescent probes. Fluorescence is a process in which
an external light source excites a fluorophore to a higher energy state and subsequent emission at
a longer wavelength is detected (Figure 1-1A) (5). Fluorescent probes can be divided into two
groups: small molecules fluorophores and fluorescent proteins (13-16). Fluorophores commonly
contain extended m-systems that dictate their emission wavelength (Figure 1-1B). As such, a
wide range of fluorophores has been developed with different colors and properties for cell
labeling (17-19). Some fluorophores can selectively label target organelles, such as the
mitochondria, Golgi apparatus, or nucleus. DAPI and Hoechst 33258 are two such examples for
nuclear staining, both of which fluoresce when bound to DNA (20, 21). Additionally, many
fluorophores (DiR, Dil, Atto dyes) can be appended to cell surfaces (22). Cell-targeting probes
with antibody-fluorophore conjugates have also been utilized for in vivo brain and tumor
imaging (23-25). While fluorophores are broadly applicable to labeling and tracking any cell

type, they are only useful for short-term imaging (19).
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Figure 1-1. Fluorescent probes for imaging. (A) Fluorescence requires light to excite electrons in
the probe. Relaxation to the ground state results in the emission of a photon of light. (B)
Examples of common fluorophores for biomedical imaging. (C) Examples of chromophore
mutations to generate GFP-like fluorescent proteins. For (C), image reproduced with permission
from (Chudakov et al. Physiol Rev. 2010, 90, 1103-63).

For long-term, serial tracking of cells, genetically encoded probes, such as fluorescent

proteins, are more desirable (26). Green fluorescent protein (GFP) was the first described fully

genetically encodable fluorescent label (27). The ability of GFP to label and track cells in living

systems spurred engineering efforts to develop GFP mutants with enhanced spectral

characteristics and properties. By targeting the three native amino acids that form the internal



chromophore of GFP during protein folding, a palette of fluorescent proteins was developed
(Figure 1-1C) (28). While GFP-like reporters and the related coral fluorescent proteins have been
limited to emission maxima <610 nm, new discovery and directed evolution efforts have
generated far-red fluorescent proteins useful for in vivo imaging (29-31).

Combinations of these fluorescent probes have been widely employed at the microscopic
scale to visualize intricate cellular events and interactions. For example, the Condeelis group has
examined the interactions between tumor cells, macrophages, and endothelial cells with in vitro
models of intravasation (32). They first formed endothelial monolayers with primary human
microvascular endothelial cells (DAPI-labeled). After confirming intact monolayers, they added
the metastatic breast cancer line, MDA-MB-231 (GFP-labeled), and the BAC1.2F5 murine
macrophage cell line (CMPTX-labeled) and analyzed cellular interactions (Figure 1-2A). This
study found that macrophages and tumor cells physically interact at the endothelium (Figure 1-
2B). These interactions influenced migration, as tumor cells underwent preferentially

transendothelial migration at sites where macrophages were present (Figure 1-2C).
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Figure 1-2. Fluorescent probes can be used to monitor cellular interactions during
transendothelial migration. (A) Strategy for visualizing tumor cell-macrophage interactions
during endothelial cell migration. (B) Physical interactions between tumor cells (MDA-MB-231,
green) and macrophages (CMPTX-labeled, red) at the endothelium (blue). (C) Still images from
live imaging of tumor cell transmigration. Endothelial cell edges are shown with white dashed
lines. Image reproduced with permission from (Roh-Johnson et al. Oncogene. 2014, 33, 4203-
12).

Fluorescent probes have also been integral in revealing new mechanistic insights in host-
pathogen interactions (33, 34). For example, the Ghannoum group evaluated the role of
peripheral blood mononuclear cells (PBMCs) in the ability of C. albicans to form biofilms (35).
When they cultured GFP-expressing C. albicans in the presence of PBMCs (stained with
Mitotracker Deep Red 633 dye), the fungal cells formed thicker biofilms (Figure 1-3A-C). The
PBMCs were primarily present in the basal and middle layers of the biofilm and phagocytosis of

C. albicans was not observed. In similar models with planktonic (free-floating) C. albicans, the

fungal cells were phagocytosed by the PBMCs (Figure 1-3D)



Figure 1-3. Confocal microscopy analysis of biofilm architecture. (A) The upper layer and (B)
basal/middle layers of GFP-tagged C. albicans biofilms and PBMCs (Mitotracker Deep Red 633
dye, red) were imaged. Biofilms formed in the presence of PBMCs are thicker (426 uM) than
(C) those formed without PBMCs (190 uM). (D) Planktonic C. albicans are phagocytosed by
PBMCs (top) but phagocytosis is not observed in biofilms. Image reproduced with permission
from (Chandra et al. Infect. Immun. 2007, 75, 2612-2620).

Fluorescent probes can further be used for in vivo imaging applications. In vivo imaging
presents additional challenges as endogenous chromophores in tissues and blood can absorb and
scatter light (5, 36). This results in fewer photons being detected and broadening of the area of
detectable signal, respectively. This can be circumvented by installing “windows” into tissue to

allow close placement of the microscope objective (37, 38). Thus, intravital microscopy and

other techniques have revolutionized our understanding of cellular communication in many cases



(7, 39-41). In cancer biology, Beerling and co-workers used intravital microscopy to visualize
motile tumor cells within the primary tumor mass (42). To determine if these cells could enter
vasculature and play a role in cancer progression, they monitored a C26 colorectal tumor cell
mass over time. A tumor cell (Dendra2-labeled, green) within the tumor mass is shown to enter
tumor-associated vasculature and is subsequently transported by the blood (Figure 1-4). The
study found that cells within the tumor mass, not just tumor cells at the invasive front of the

tumor, could contribute to metastatic disease and poor prognosis.

Time Ormin
-

»

nto tumor-associated vessel

Intravasation

Figure 1-4. Motile intratumoral cells can enter tumor-associated vessels. Intravital microscopy
imaging with GFP-labeled C26 colorectal tumor cells monitors a tumor cell over time to
visualize intravasation into a tumor-associated vessel. At 30 min (middle), the tumor cell is
observed in the vessel and is transported in the blood (and out of sight) at 60 min (right).
Vasculature is outlined with dashed lines and collagen fibers are shown in purple. Scale bars: 10
pm. Image reproduced with permission from (Beerling et al. J. Cell Sci. 2011, 124, 299-310).
Despite the remarkable level of spatial detail obtained with fluorescence imaging as
showcased in the above examples, these techniques require invasive surgeries and are often not
readily accessible to all users. Additionally, the level of resolution often comes at the expense of
surveying only small, previously selected areas. It is therefore difficult to utilize conventional
fluorescence techniques without knowing “when and where” to look. Furthermore, the excitation
light required for fluorescence microscopy typically results in poor signal-to-noise ratios,

limiting one’s ability to analyze cell interactions and migration over extended distances and

7



times (5, 43). While this is beginning to change due to new optical imaging approaches, such as
light sheet microscopy and adaptive optics, these techniques are not yet readily accessible to the

non-specialist (44-47).

1.3 Imaging cells at the macroscale with bioluminescent proteins

A complementary optical imaging modality, bioluminescence, is well suited for imaging
cells noninvasively and on a macroscopic scale. Bioluminescence relies on enzymes (luciferases)
that generate light via the chemical oxidation of small molecule substrates (luciferins) (Figure 1-
5) (8, 11). When luciferase-expressing cells are exposed to luciferin, the photons produced can
penetrate tissues and small organisms and be captured by sensitive cameras (11, 12). No
excitation light source is required, and since mammalian tissues do not produce large numbers of
photons, there is virtually no background signal. In fact, as few as one to ten luciferase-
expressing cells can be observed subcutaneously in live animals (48, 49). Luciferase-expressing
cells can also be serially imaged in live animals, enabling biological processes to be monitored

noninvasively over both long time and length scales (8, 11).

Luciferin Light

O,

_ (additional cofactors)
Luciferase

Figure 1-5. Mechanism of bioluminescent light production. All characterized luciferase enzymes
utilize a common reaction mechanism to generate light. The substrates and additional co-factors
vary based on the luciferase.



Luciferase enzymes have been identified in a wide variety of organisms, including terrestrial
and aquatic variants (Table 1-1) (8, 11). Insect luciferases, such as the North American firefly
(Fluc) and the click beetle (CBluc) oxidize D-luciferin with molecular oxygen and ATP. The
ATP-dependency of Fluc and CBluc has primarily limited their use to intracellular imaging. In
contrast, marine luciferases, such as Gaussia princeps (Gluc) and NanoLuc (Nluc), catalyze the
oxidation of coelenterazine or the designer substrate, furimazine (50-52). Marine luciferases only
require molecular oxygen as a co-factor and are therefore routinely utilized in extracellular
environments. The different luciferase-luciferin pairs emit light at varying wavelengths and the
emission wavelength is influenced by enzyme residues and the luciferin structure (8, 11). All
insect luciferases utilize the same substrate and subsequently all emit red light. In contrast,
aquatic luciferases emit blue-green light (460-480 nm) (11, 51, 53). For in vivo imaging, red light
(>600 nm) is most readily transmitted through blood and overlying tissue while blue-green light
is readily absorbed by hemoglobin and other chromophores (8, 11, 54). Fluc and CBluc emit the
largest percentage of red light and are preferred for in vivo applications requiring high
sensitivity. While the peak emission of Gluc and Nluc are 460 and 480 nm, their broad emission
spectra include wavelengths >600 nm and are therefore still useful for bioluminescence imaging.

(8, 11).



Table 1-1. Characteristics of commonly used luciferase-luciferin pairs.

Maximum
Luciferase Luciferin Size (kDa) emission A
(nm)
Firefly luciferase (Fluc) 61 580
N S
\>_<
click beetle green (CB green) HOQS \Nj\,ﬁrorq 61 540
D-Luciferin ~ ©
click beetle red (CB red) --uctrerin 61 615

o ;_< >_ou
Renillareniformis (Rluc) Q\ 36 480
@’E |
N
H
HO

Gaussiaprinceps (Gluc) 19.9 480
Coelenterazine

o A
Nanoluc (Nluc) NN
I
(Engineered from Q/(ﬁ 19 460
Oplophorus gracilirosttis)
Furimazine

Bioavailability and stability of the luciferin substrates are also important factors when
selecting a luciferase-luciferin pair for in vivo imaging. D-Luciferin is relatively stable and can
diffuse through most cell types and tissues (11, 55). These properties afford long-lived
luminescent signal in the presence of luciferase-labeled cells. In comparison, coelenterazine is
less bioavailable and is more prone to nonspecific oxidation. Coelenterazine is therefore
routinely administered via intravenous injection to reach its in vivo targets (56, 57). D-Luciferin
can be delivered through intraperitoneal injections, which is beneficial for long-term imaging

studies and ease of use (58). These collective biochemical properties of bioluminescence have
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thus enabled numerous studies of biological phenomena in truly in vivo environments, including
cell homing, tumor cell proliferation, and pathogen egress.

Recently, the Palese lab examined influenza A virus viral replication in vivo and evaluated
antiviral therapies (59). The authors developed a fully infectious influenza virus that encodes
Gluc (PR8-Gluc, Figure 1-6A) and monitored the dynamics of viral infection and spread in real
time (Figure 1-6B). Having established a model for visualizing influenza viral infection in living
animals, they extended the tool to evaluate novel therapeutic monoclonal antibodies. The
antibodies (or an isotype control, 1gG) were administered and the mice were subsequently
challenged with PR8-Gluc. The study found the monoclonal antibodies can protect from disease
and correlated with a significant reduction in viral replication as determined by imaging analysis

(Figure 1-6C).
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A FMDV

5UTR KDEL 3UTR

H P82 ORF Psl GLuc

Figure 1-6. Luciferase-reporter influenza viruses can be used to monitor viral infection and
evaluate antiviral therapies. (A) Gluc was inserted at the C terminus of the viral protein
polymerase PB2. (B) Mice were infected with 10° plaque forming units of PR8-Gluc and imaged
over time. (C) Antibody therapies result in reduced PR8-Gluc replication in vivo. Reduction of
luciferase signal strength and area were observed for antibody treatment groups (6F12, GG3, and
KB2) as compared to an isotype control (IgG). Image reproduced with permission from (Heaton
etal. J. Virol. 2013, 87, 8272-8281).

The ability to sensitively visualize biological processes over time has similarly proved to
be useful to studies of cancer development and progression (60-62). For example, the Gambhir
group examined circulating tumor cells (CTCs) in a mouse model of breast cancer metastasis

(63). CTCs in the bloodstream are associated with poor patient prognosis but little is known
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about CTC numbers during cancer progression. The authors implanted Fluc-expressing 4T1 cells
in the murine mammary fat pad and simultaneously monitored for breast tumor growth (Figure
1-7A), lung metastases (Figure 1-7B), and CTCs over 24 days. The sensitivity of this approach
allowed for detection of nine CTCs in whole blood, an important criterion since CTCs are rare
events. The study found that CTCs increased from day 9 to day 20 after tumor implantation
(Figure 1-7C). Furthermore, the timing of CTC detection correlated with the detection of lung

metastasis (Figure 1-7D).

Jité

Day4 Day12 Day20 Day4 Day12 Day 20

C D - Lung metastasis detected

§ 500- - CTCs detected
% = 4004 13 1004 |
E’é 3001 o ¥ 9 .g
$ gzw e 5
g 1004
- 0 T T u T J 0 T v T T Y

0 5§ 10 15 20 25 0 5 10 15 20 25

Day Day
Labels: estimated average # CTCs
Background blood

Figure 1-7. Bioluminescence imaging of multiple aspects of cancer progression. (A) Primary
tumor growth and (B) metastases in the upper body (lung) were imaged after implantation of 2 x
107 Fluc-labeled 4T1 cells. (C) Blood draws were performed to monitor CTCs dynamics. Blood
samples were imaged and quantification is shown. (D) The detection of CTCs correlates with
lung metastasis. Image reproduced with permission from (Sasportas et al. PLoS One 2014, 9,
e105079).
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1.4 Future challenges and applications of bioluminescence imaging

Despite its versatility, bioluminescence, as with all macroscopic imaging techniques,
suffers from low resolution. While fluorescence imaging can visualize cell movements and
interacting cells, the area visualized is confined to a preselected, sub-region of the whole
organism. Thus, it remains difficult to monitor spontaneous cell-cell interactions relevant to
organismal biology and disease. To address these issues and combine the resolution of
fluorescence with the scale of bioluminescence, the Prescher group recently developed a
bioluminescent strategy to report on cell-cell proximity in whole animals (64). In this approach, a
non-functional luciferin is enzymatically cleaved by “activator” cells resulting in a functional
luciferin. Neighboring “reporter” cells can then utilize the luciferin to produce light. In this
scenario, the signal thus correlates with the proximity of these two cell populations. This strategy
was further employed for visualizing and identifying areas of early metastatic disease. While this
approach enabled cell-cell proximity to be readily visualized, it provides only a transient readout
on cellular interactions and requires access to a custom synthetic luciferin. Furthermore, while
the spatial resolution of this technology (~5mm) is applicable for visualizing global metastatic
events, it is insufficient for monitoring direct cell-cell contacts. Thus, there are no general
toolsets for the long-term visualization of tumor cell contacts with stromal cells, immune cells,
and at metastatic sites.

Additionally, bioluminescence imaging has historically been limited to monitoring one
cell type or biological feature at a time. Unlike the large palette of fluorescent proteins, there
only a handful of distinct luciferase-luciferin pairs that have been optimized for bioluminescence
imaging. Although these probes emit light with different emission profiles, they are challenging

to distinguish in living systems. While spectral resolution can be difficult to achieve, substrate
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resolution is well established with native luciferase-luciferin pairs. The different classes of
luciferases (terrestrial vs. aquatic) catalyze light emission by oxidizing chemically distinct
substrates. These pairs are more readily discerned and have even been used in tandem. For
example, T cells expressing both Gluc and CD19-targeted chimeric antigen receptor were shown
to traffic to and eradicate Fluc-expressing tumors (65). Sequential administration of
coelenterazine and D-luciferin enabled T cell trafficking and tumor burden to be monitored
simultaneously. Similar terrestrial-aquatic bioluminescent pairs have been used to monitor
metastatic processes, T regulatory and effector T cell functions, TGFp signal transduction and
drug targeting, and host-pathogen interactions with Aspergillis and Candida fungal infections
(66-72). While informative, these studies are still technically demanding (due to coelenterazine

administration) and are limited to monitoring two cell types or biological processes at a time.

1.5 Objectives of this study
Imaging technologies have revolutionized our understanding of living systems by
allowing researchers to visualize biological features in real time. Many of the advances in optical
imaging have come in the fluorescence realm but the equivalent tools and methods are limited or
nonexistent for bioluminescence. To address these issues, my thesis work involved engineering
new luciferase tools directed at expanding the bioluminescence toolkit.
| aimed to:
1. Develop genetically encodable bioluminescent probes for visualizing interacting cells.
2. Engineer novel luciferase-luciferin pairs for multi-component imaging via directed
enzyme evolution.

3. Apply these tools to in vivo imaging models.
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CHAPTER 2: Visualizing cell proximity with

genetically encoded bioluminescent reporters

2.1 Introduction

Complex cell—cell interactions regulate diverse facets of human biology, including organ
development and immune function (1). Breakdowns in cellular communication also underlie
numerous disease states, including cancer metastases (2-4). Given the importance of cell—cell
contacts to health and disease, it is surprising that few practical methods exist to globally assay
such networks in live organisms. Bioluminescence imaging can be used to track cells across
whole tissues and animals, but can only approximate cell locations and interactions owing to its
low spatial resolution (5, 6). Cell-to-cell contacts can be directly visualized using histology or
intravital microscopy (7-9). However, these methods require invasive procedures and offer only
microscopic—and in some cases static—views of biology (10, 11). To monitor cell—cell
interactions in real time and across larger length scales, we are developing technologies that
blend the exquisite spatial resolution and anatomical detail of microscopic techniques with the
broad dynamic range and noninvasive features of bioluminescence. Such methods will be
applicable to monitoring cell—cell interactions in tissues and rodent models, including those
involved in tumor metastases, cellular immunotherapy, and host—pathogen interactions (12-15).

As noted in chapter 1, bioluminescence is well suited for imaging cells noninvasively and
on a macroscopic scale. However, most applications of the technique focus on single populations
of cells, rather than their interactions (16-18). When luciferase-expressing cells are exposed to

luciferin, the photons produced can penetrate tissues and small organisms and be captured by
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sensitive cameras. Luciferase-expressing cells can also be serially imaged in live animals,
enabling biological processes to be monitored noninvasively over both long time and length
scales (5). While ideal for global cell tracking, traditional bioluminescence imaging lacks the
spatial resolution to image cell contacts (6). Interacting cells, in theory, could be visualized using
unique luciferase—luciferin pairs to selectively illuminate the distinct cell types. In practice,
though, these probes cannot be readily distinguished on time scales relevant to most cellular
contacts (<days) (5, 6). To retool bioluminescence technology for visualizing cell—cell
interactions, we recently reported a method to “turn on” photon production when one cell
population interacts with a distinct, second population (Figure 2-1A). This strategy relies on the
local release and diffusion of luciferin by “activator” cells and its use by neighboring luciferase-
expressing (i.e., “reporter”) cells (19). While suitable for some applications, this approach

requires access to custom luciferins and provides only a transient readout on cell proximity.
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Figure 2-1. Imaging cell-cell interactions with bioluminescent probes. (A) Robust signal is
observed only when the two distinct cell types are in close proximity. (B) Strategy for visualizing
cell-cell interactions with split Gluc. Fos-Jun dimerization drives the assembly of secreted Gluc
fragments when cells are in close contact. Complemented Gluc catalyzes light emission with the
small molecule coelenterazine.

We aimed to develop a complementary and more accessible method for visualizing cell—
cell interactions using bioluminescent protein complementation. Complementation strategies
exploit “split” reporters—fragments of proteins or enzymes that assemble and produce signal
only when brought into contact (20, 21). Split reporters, including split luciferases, are routinely
used to visualize intracellular protein—protein interactions, and some have been adapted for use
in live animals (22-24). Here, we show that split versions of a secreted luciferase can associate
(complement) in the extracellular environment and provide a readout on cell—cell interactions.
This strategy employs commercially available reagents and is suitable for imaging over both
short and long time scales. Thus, the split probes are applicable to examining a broad range of

cell—cell communications relevant to basic biology and disease.
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2.2 Design of “split” forms of luciferase

The reporter that we selected for visualizing cell—cell interactions was Gaussia luciferase
(Gluc). As noted in chapter 1, Gluc does not require ATP for the light-emitting reaction and has
been shown to function in the extracellular space, important characteristics for imaging cell-cell
interactions. (Figure 2-1B) (25). Gluc is also among the brightest and most stable luciferases
known, making it attractive for imaging small numbers of cells (26, 27). Indeed, Gluc-antibody
conjugates and Gluc-CD8 fusions have enabled sensitive imaging of tumor cells and T cells,
respectively, in mouse models (28-31). Split versions of Gluc have also been generated and used
to visualize protein—protein interactions, including chemokine receptor—ligand binding and
amyloid aggregation (32-36).

To adapt Gluc complementation for visualizing cell—cell interactions, we required
modular and generalizable protein domains to aid in assembly of the split fragments. Both halves
of Gluc fold and remain soluble independent of one another but do not readily associate on their
own (24). Thus, tight-binding domains are necessary to bring the fragments into proximity, drive
complementation, and ultimately stabilize the assembled product. While several protein pairs can
be envisioned for this purpose, we initially focused on the nuclear proteins Fos and Jun. These
proteins form a stable, coiled-coil complex (K4 ~ 54 nM) that normally binds DNA. However,
Fos—Jun dimerization has been exploited in numerous other contexts, including the assembly of
split GFP and other proteins (37-39). Fos-Jun binding affinities can be further tuned via

electrostatic modification or other alterations to the coils (40).
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Figure 2-2. Fos and Jun facilitate the stable assembly of Gluc. (A) DNA constructs comprising
Gluc halves tethered to For or Jun (via GaS linkers) and a FLAG affinity tag (Jun-Ngiuc, Fos-
Coaiuc) were prepared. Control constructs with either no Jun (Ngiuc) or no Fos (Ceiuc) Were also
generated. (B) Fos and Jun are required for split Gluc complementation. HEK293 cells were
engineered to express on of the constructs in (A), and the cells were mixed (1:1) as indicated.
Supernatants were collected from the cocultures 24 h (gray) or 48 h (black) postplating and
imaged with coelenterazine. Photon flux measurements were acquired using a cooled CCD
camera. (C) Complemented Gluc is stable over time. HEK293 cells stably secreting Jun-Ngiuc Or
Fos-Caiuc Were mixed together. Media samples from the cocultures were collected and imaged
over time (black line). In some cases, the media samples were added to HEK293 cells (5 x 103
cells) and imaged (gray line). For B and C, error bars represent the standard error of the mean for
n=3(B) or n =4 (C) experiments.

2.3 “Split” forms of luciferase can reassemble in the extracellular space to enable sensitive
imaging of collections of interacting cells

To examine whether Fos—Jun dimerization could facilitate split Gluc complementation,
we generated HEK?293 cells that stably secrete an N-terminal- or C-terminal fragment of Gluc
fused to Jun or Fos (Jun-Ngiuc and Fos-Ceiuc, respectively, Figure 2-2A). Combinations of these

cells or control cells were cultured together, and media samples were assayed for Gluc activity

using bioluminescence imaging. As shown in Figure 2-2B, robust light emission was observed in

26



samples containing both Jun-Ngiuc and Fos-Caiue. NO signal was observed in the absence of Jun

or Fos, confirming that the coils play an essential role in extracellular Gluc assembly.
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Figure 2-3. Cys-to-Ser mutations in Jun provide enhanced bioluminescent signal. HEK293 cells
were transfected with plasmids encoding Jun(Cys)-Naiuc, Jun-Ngiuc, Or Naiuec and mixed with cells
secreting Fos-Ceiue. Supernatants were collected and imaged 24 h post-plating. The fold
inductions in bioluminescent signal versus the control (Neiuc) are plotted. Error bars represent the
standard error of the mean for n = 3 experiments, *p < 0.01.

In previous studies, high levels of Jun were found to promote self-dimerization (due to
disulfide bond formation) (41, 42). Such homodimerization would inhibit functional Gluc
formation and reduce light emission in our case. To mitigate against Jun—Jun binding, and favor
Fos—Jun heterodimerization, we engineered a Cys-to-Ser mutation along the Jun coil. When this
fusion was evaluated with Fos-Ceicin coculture assays, an ~5-fold enhancement in
bioluminescence was observed (Figure 2-3 and 2-4). Complemented Gluc formed via mutant Jun
binding to Fos was also long-lived. HEK293 cells secreting mutant Jun-Ngiuc Were cultured with
cells secreting Fos-Caiue, and media samples were collected. The aliquots (containing assembled
Gluc) were diluted with additional media and assayed for light emission over time. As shown in
Figure 2-2C and Figure 2-5, robust bioluminescence was observed for over 1 week, even in

dilute solution. Similar light emission trends were observed when complemented Gluc was
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incubated in the presence of live cells. These data underscore the remarkable stability of Gluc,

consistent with previous reports (27, 43). The mutant form of Jun was also used in all subsequent

studies.
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Figure 2-4. Gluc fragments are expressed at comparable levels. HEK293 cells stably expressing
either the FLAG-tagged Fos/Jun-Gluc fragments or control constructs were fixed, permeabilized,
stained with Cy3-anti-FLAG, and analyzed by flow cytometry.
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Figure 2-5. Native Gluc is stable over time (A) Media samples from Gluc-secreting cells were
assayed for bioluminescence activity. The samples were imaged directly (black line), or in some
cases, added to HEK293 cells (5 x 10° cells) and imaged (gray line). (B) Gluc degradation is
observed in the presence of high concentrations of serum. Jun-Ngiuc and Fos-Caiuc-secreting cells
were mixed (1:1 ratio). Media samples were collected and incubated with FBS and imaged
(black line). Media samples from cells secreting holo Gluc were similarly collected, incubated
with FBS, and imaged (gray line). For (A)-(B), error bars represent the standard error of the

mean for n = 4 (A) or n = 3 (B) experiments.
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Figure 2-6. Gluc complementation provides a rapid and sensitive readout on cell-cell
interactions. (A) HEK293 cells stably secreting Jun-Ngiue, FOS-Ceciue, Naiuec only, or Ceiuc only
were mixed in 96-well round-bottom plates (1:1, 5 x 10* total cells). Supernatants from the
cocultures were collected 0-24 h postplating and imaged with coelenterazine. The fold inductions
in bioluminescent signal for coplates of Jun-Ngiuc and Fos-Ceiuc-secreting cells versus Ngiue- and
Caiuc-secreting cells (control cells) are plotted. Samples images for the mixtures of Jun-Ngiuc-
and Fos-Ceiuc-secreting cells (at each time point) are also shown. (B) HEK293 cells stably
secreting Jun-Ngiuc and Fos-Ceiuc Were plated together (1:1, 500-100000 cells total) in round-
bottom plates. After 24 h, supernatants from the cocultures were incubated with coelenterazine
and imaged (black). Supernatants from mixtures of control cells were similarly collected and
imaged (gray). For A and B, error bars represent the standard error of the mean for n = 4
experiments.

We next examined whether Gluc complementation could provide a fast and sensitive
readout on collections of interacting cells. Cells secreting either Jun-Ngiyc or Fos-Cgiuc Were
plated together (50 000 cells total), and media samples were assayed for light emission over time.
Photon production was observed 15 min postplating and increased exponentially over a 24-h

period as complemented Gluc accumulated in the media (Figure 2-6A). Prolonged coculture also

enabled smaller numbers of interacting cells to be detected (Figure 2-6B and 2-7).
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Figure 2-7. Small numbers of cultured cells can be visualized using split Gluc fragments.
Combinations of HEK293 cells stably secreting Jun-Ngiuc, FOS-Caiuc, Naiue, Or Ceiuc Were plated
(2:1) in round-bottom plates. After 24 h, media samples from the co-cultures were incubated
with coelenterazine and imaged. As few as 3500 total Jun-Ngiuc- and Fos-Caiuc-Secreting cells
could be detected. Error bars represent the standard error of the mean for n = 4 experiments., **
p <0.001

Similar trends were observed across a variety of cell types (Figure 2-8), indicating that
split Gluc assembly is applicable to monitoring a broad range of cell—cell interactions. Stronger
bioluminescent outputs were also achieved using smaller volumes of media in the coculture
assays (Figure 2-9). Reduced volumes increase the local concentrations of the split fragments
and, thus, drive Gluc assembly. It should be noted, though, that high concentrations of Jun-
Neiuc diminish bioluminescent output, presumably due to Jun homodimerization (Figure 2-10).
Conversely, signal reduction is not observed with increasing concentrations of Fos-Cgiue. While
careful pairing of the split fragments and cell types is necessary to ensure maximum light
production, our experiments suggest that the split reporters will be suitable for imaging long-

lived cell interactions (e.g., T-cell priming by infected cells or cancer cell outgrowth in

Metastatic sites), along with “permanent” cell—cell interactions (e.g., fusion events) (44-49).
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Figure 2-8. Split Gluc technology is generalizable (A) 4T1-Luc2 cells and (B) Jurkat cells
transiently expressing Fos-Caiuc, Jun-Ngiuc, Caluc, OF Naiue Were generated. (C) DB7 cells and (D)
MDA-MB-231 cells stably expressing Fos-Caiue, Jun-Naiue, Caiue, OF Naiue Were also generated.
For (A)-(D), equivalent expression levels were confirmed by flow cytometry. Combinations of
the cells were plated together in round-bottom plates (1:1, 5 x 10* cells total). After 24 or 48 h,
media samples from the co-cultures were collected and imaged. The fold inductions in
bioluminescence signal for Jun-Ngic:Fos-Ceiie co-plates versus the control co-plates
(Naiue:Caluc) are plotted. For (A)-(D), error bars represent the standard error of the mean forn =3
experiments.
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Figure 2-9. Increased bioluminescent signal is observed with smaller volumes. Combinations of
HEK?293 cells stably secreting Fos-Caluc, Jun-Noiue, Caliue, OF Neiue Were placed in round-bottom
plates (1:1, 5 x 104 cells total) containing either 30 pL (black) or 100 pL (gray) of media. Equal
volumes of media from the co-cultures were then collected and imaged with coelenterazine. The
fold inductions in bioluminescent signal for Jun-Ngiuc:Fos-Caiue CO-plates versus the control co-
plates (Nciuc:Ceiuc) are plotted. Error bars represent the standard error of the mean for n = 3

experiments.
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Figure 2-10. Larger numbers of Jun-Ngiuc-Secreting cells decrease bioluminescent signal.
HEK?293 cells stably secreting Jun-Ngiuc or Fos-Caiuc Were plated together in varying ratios (1:0—
20:1, 2 x 10° cells total). After 24 h, media samples from the co-cultures were incubated with
coelenterazine and imaged. The fold inductions in bioluminescent signal for JunNgiuc:F0s-Caiuc
or Fos-Caiuc:Jun-Ngiuc co-plates versus the control co-plates (Neiuc:Caliuc) are plotted. Error bars
represent the standard error of the mean for n = 3 experiments.
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2.4 “Split” luciferase fragments enable facile imaging of cell-cell proximity in cultured
models

Since Gluc assembly is dependent on the concentrations of the split fragments, we
reasoned that luciferase complementation could provide a direct readout on the distance between
two distinct cell populations. The local concentrations of Jun-Ngiyc and Fos-Caiuc are greatest
near the cells secreting them; thus, more complemented protein should form as the cell types
draw near one another. To test this hypothesis, we patterned Fos-Cgiuc and Jun-Ngiuc-secreting
cells at defined positions using biocompatible stencils (prepared by David J. Li, Hui lab, UCI)
(Figure 2-11A) (50). Cells were seeded in the cutouts and allowed to adhere prior to stencil
removal and imaging. As shown in Figure 2-11B, bioluminescent signal increased as the distance
between the cells decreased. Millimeter spacings could be readily resolved, and the distant-
dependent nature of light emission persisted over time, highlighting the robustness of the strategy
(Figure 2-12). Complemented Gluc also formed when media was flowed across the cocultures to
mimic an in vivo environment (Figure 2-13A). In these cases, the distance-dependent nature of
photon production was even more pronounced (Figure 2-13B), suggesting that the probes will
provide a faithful readout on direct cell-cell interactions even in more stringent physiological
environments. In control experiments, Fos-Caiuc-Secreting cells and Jun-Ngiuc-secreting cells
were plated together in each stencil cutout. In these cases, equivalent levels of bioluminescent

signal were observed regardless of the distances between the cutouts (Figure 2-11C and 2-13B).
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Figure 2-11. Gluc complementation is distance dependent and can report on cell migration. (A)
Representative PDMS stencil used to plate cells at defined distances. (B) Cells expressing Jun-
Nciuc Were plated 1-30 mm apart from Fos-Caiuc-expressing cells or control cells (expressing
Coaliuc Only) using stencils from A. The total volume of media in each cutout was 30 pL. After 24
h, fresh media was added to cover the surface of each stencil and enable the supernatants to mix.
Media aliquots were then collected and imaged as in Figure 2. The fold inductions in
bioluminescent signal for the Jun-Naiu/Fos-Caiuc Samples versus the control samples are plotted.
Sample bioluminescence images for the Jun-Ngiuc/Fos-Caiuc pairings at each distance are also
shown. (C) Cells expressing Jun-Ngiyc were plated in a 1:1 ratio with Fos-Caiuc-expressing cells
or control cells in each cutout (two per stencil). The samples were imaged as in B, and the fold
inductions in bioluminescent signal for the Jun-Ngiu/Fos-Celuie Samples versus the control
samples are plotted. (D) Cells expressing Jun-Ngiuc were plated 3 or 30 mm apart from Fos-Cgiuc-
expressing cells (5.0 x 10* cells/stencil cutout). After 24 h, the stencils were removed, and fresh
media (2 mL) was added to each culture. Cells were allowed to migrate over time and media was
replaced every 24 h to prevent the buildup of complemented Gluc. Sample bright-field images of
the 3 mm separated cells are shown at different time points. Cells were initially seeded in the
dashed boxes. Scale bar: 500 pm, 4x magnification. (E) Light emission correlates with the
proximity between the two cell populations. The samples in D were imaged, and the fold
inductions in bioluminescent signal for Jun-Ngiuc-expressing cells plated 3 mm (black) or 30 mm
apart (gray) from Fos-Cciuc samples versus control cells are shown. For B and C, error bars
represent the standard error of the mean for n = 6 experiments. For E, error bars represent the
standard error of the mean for n = 3 replicates. The data are representative of four independent
experiments.
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Figure 2-12. Distance-dependent light emission is maintained over time. HEK293 cells stably
secreting Fos-Caiuc, Jun-Ngiuce, Caiue, OF Neiue Were plated separately in each stencil cutout. Media
was added 24 h after plating to allow the supernatants from each cutout to mix. Media samples
from these cultures were then collected 48 h (A) and 72 h (B) after plating and imaged. (C)—(D)
Cells secreting Jun-Ngiuc or Fos-Cgiuc Were plated (1:1 ratio) in the same cutout. Additional
media was added 24 h after plating to allow the supernatants from each cutout to mix. Media
samples were then collected 48 (C) and 72 h (D) after plating and imaged. For (A)—(D), the fold
inductions in bioluminescent signal for Jun-Ngiuc:Fos-Caiue mixtures versus the control mixtures

(Noiuc:Caiuc) are plotted. Error bars represent the standard error of the mean for n = 6
experiments.

Encouraged by these results, we examined whether the split probes could be used to
monitor cell proximity over time. Such assays have immediate relevance to immune cell
migration, cancer metastases, and other cell movements. Traditional assays of cell migration

employ transwell devices—porous membranes that cells can traverse in response to various

stimuli (including other cells). Cells that migrate across the membranes are ultimately detected
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using microscopy or other counting methods (51). While well established, such assays rely on
static, end-point analyses and cannot capture the dynamic nature of cell migration. Moreover,
they are not well suited for monitoring cell migration across larger, macroscopic distances (>2
cm). We envisioned using Gluc complementation to monitor cellular movements in real time.
Such assays would enable changes in cell proximity to be detected from media aliquots, without
perturbing the cells themselves. Toward this end, we patterned cells secreting either Jun-Ngiyc or
Fos-Caiyc at different distances (3 or 30 mm) using the stencils pictured in Figure 2-11A. Upon
adherence and stencil removal, cell migration was monitored over time via media sampling and
bioluminescence imaging (Figure 2-11D and Figure 2-14). Media was also replaced every 24 h
to prevent the buildup of complemented Gluc. Excitingly, as the distance between the cells
decreased, a corresponding increase in bioluminescence signal was observed (Figure 2-11E and
Figure 2-14). Maximal signal was achieved when the cell populations completely merged.
Notably, even though the number of cells increased via cell division throughout these studies,
equivalent numbers were present in both the 3- and 30 mm cultures and no cell death was
observed. Thus, bioluminescent signal (and split Gluc assembly) could provide a direct readout

on the relative distance between two cell populations over time.
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Figure 2-13. Gluc complementation is observed under flow. (A) DB7 cells stably secreting Jun-
Naiuc or Fos-Caiuc Were plated in the same cutout (1:1 ratio, 1 x 105 cells/stencil cutout). Control
cells expressing Naiuc or Ceiuc Were also plated in separate cutouts. The cultures were incubated
with no agitation (still, gray) or subjected to shaking (black) and imaged every 24 h. After 72 h,
all samples were allowed to stand for 24 h prior to imaging (“recovery”). (B) Cells secreting Jun-
Naiuc or Fos-Caiue Were plated together (white), 1 mm apart (black), or 3 mm apart (gray) and
incubated with shaking. The cultures were imaged every 24 h as in (A). After 72 h, all samples
were allowed to stand for 24 h prior to imaging (“recovery”). For (A)—(B), the fold inductions in
bioluminescent signal for Jun-Ngiuc:Fos-Celuc mixtures versus the control (Naiuc:Caluc) mixtures
are plotted. Error bars represent the standard error of the mean for samples analyzed in triplicate.
Data are representative of three replicate experiments.
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Figure 2-14. In vitro cell migration model. Cells stably secreting Jun-Ngiue, FOSCaluc, Ngiuc, Or
Coic Were plated (5 x 10* cells/stencil cutout). Stencils were removed 24 h post plating.
Additional media was also added to allow secreted fragments from each cell population to mix.
Media was replaced every 24 h to avoid the buildup of complemented Gluc. (A)
Bioluminescence data from three experiments are shown. Cells were plated 3 mm (black) or 30
mm (gray) apart and allowed to migrate over time. The fold inductions in bioluminescent signal
for Jun-Ngie and Fos-Ceiue mixtures versus control mixtures (Neiuc:Coiuc) are plotted. Light
emission correlates with the proximity between the two cell populations. (B) Bioluminescence
data for three experiments where cells were plated together in each stencil cutout and allowed to
migrate over time. The fold inductions in bioluminescent signal for Jun-Ngiwc and Fos-Caiuc
mixtures versus control mixtures (Neiuc:Ceiuc) are plotted. (C) Bright-field images of the cells
patterned at 3 mm and (D) 30 mm to monitor changes in distance over time (Magnification: 4x).
Cells were initially seeded in the dashed boxes (Scale bar: 500 um). For (A)—(B), error bars
represent the standard error of the mean for experiments performed in triplicate.
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2.5 Conclusions and future directions

In conclusion, we developed a strategy for visualizing cell-cell proximity using
engineered bioluminescent probes. These tools comprise split versions of an extracellular
luciferase (Gluc) that assemble and form a functional, light-emitting enzyme when cells are in
close proximity. Both large numbers of interacting cells and small intercellular distances provide
robust bioluminescence in the current approach; these parameters are difficult to distinguish in a
single imaging session but can be decoupled in serial imaging studies. Thus, the tools will be
immediately applicable to studies of cell-cell interactions that are difficult to observe with
conventional toolsets, including prolonged tumor—immune cell contacts and cell fusion events,
among others (44, 46, 52, 53). Transient cell contacts cannot be reliably imaged with the current
probes, although split reporters with faster folding rates or improved photon outputs could
potentially capture such interactions. Intriguingly, since Gluc is long-lived in the extracellular
environment, the complemented probe should enable the direct detection of cell—cell interactions
in locations that are distinct from, and perhaps far removed from, the actual site of cell—cell
interaction in vivo (e.g., in the bloodstream). We are currently evaluating this possibility in
mouse models. We also envision imaging direct cell-cell contacts by anchoring the Gluc
fragments to distinct cell membranes or antibody targets. Collectively, such tools will provide a
unique vantage point for visualizing cell-cell communication and, as such, improve our

mechanistic understanding of biology and disease.

2.6 Methods and materials

2.6a Split Gluc constructs
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Construction of secreted Jun/Fos Gaussia luciferase fusion vectors. Previously described N-
terminal (Ngiuc) and C-terminal (Ceiuc) fragments of Gluc (24) were fused to Jun(Cys) or Fos
through a (GaS)2 linker and were inserted into the pBMNpuro vector (courtesy of Nolan

laboratory, Stanford). Overlap PCR was used to generate Jun-Ngiuc.

Cysteine to serine mutations were generated by overlap PCR with the following primers:
5’-cctcgatcctecctttatc-3’ and 5°- ctgccgecgctatgeatcttg-3” for PCR 1

5°- caagatgcatagcggcggeag-3° and 5°-gcggaatttacgtagegg-3° for PCR2

Construction of secreted controls. Secreted, unfused Ngiyc and Caciuc Were prepared by overlap

PCR to delete either Jun or Fos from the reporter constructs.

Fos and Jun deletions were generated by deletion overlap PCR with the following primers:
5’-cctcgatccteectttatc-3’ and 5°-caccacgegtatgcatcttg-3” for PCR 1

5°-caagatgcatacgcgtggtg-3’ and 5°-gcggaatttacgtagcgg-3° for PCR2

2.6b Cell culture

HEK293 cells (American Type Cell Culture), DB7 cells (courtesy of Contag laboratory,
Stanford), and 4T1-luc2 cells (Caliper LifeSciences, now Perkin-Elmer) 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). Jurkat cells were cultured in RPMI media
(Corning) supplemented with 10% (v/v) FBS, penicillin (100 U/mL), and streptomycin (100

pug/mL). Cells were maintained in a 5% CO2, water-saturated incubator at 37 °C. Transient
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transfections of the reporter (Jun-Ngiuwe and Fos-Ceiuc) and control (Neie and Caiuc) constructs
were performed with cationic lipids (Lipofectamine 2000; Invitrogen). DB7 cells stably
expressing the fusion protein were selected with puromycin (10 pg/mL; Corning). HEK293 cells
were were transduced with amphotropic retrovirus (Phoenix packaging system) as previously

described,(54) followed by selection with puromycin (10 pg/mL)

2.6¢ Flow cytometry

Cells transiently or stably expressing the Gluc fragments were trypsinized and washed in FACS
buffer (1% BSA, PBS). Cells were fixed with a freshly prepared mixture of methanol:acetone
(1:1) treating for 1 min at room temperature for total expression levels. Cells were then washed
with FACS buffer (3 x 200 pL) and incubated with monoclonal a-FLAG M2-Cy3 antibody
(Sigma Aldrich) at a final concentration of 10 pg/mL on ice for 1 h. Cells were then pelleted and
washed (3 x 200 pL) prior to analysis on a BD Biosciences LSRII. For each sample, 10,000 cells

were analyzed and cellular fluorescence data was analyzed using FloJo software (Tree Star, Inc.).

2.6d Cellular co-culture assays

Gluc complementation assay. Equal numbers of cells expressing Jun(Cys)-Ngiuc and Fos-Caiuc,
Jun-Ngiue and Fos-Caiue or Neiue and Ceiue Were added to round bottom 96-well plates (5 x 10*
cells per well). Media harvested from each sample at 24 and 48 h post-plating was transferred to
black-wall 96-well plates (10 pL/well) for bioluminescence imaging. Native coelenterazine
(Nanolight Technology) was reconstituted as a stock solution of 5 mg/mL in ethanol and diluted

in DMEM (1000-fold dilution, 3 pL/well) and bioluminescent emission was measured using an
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IVIS Lumina Il (Xenogen) instrument. Coelenterazine was added to Ngiuc and Ceiue Samples and
imaged prior to addition to Jun-Ngiuc and Fos-Caiuc for imaging.

Gluc stability assay. Equal numbers of cells expressing Jun-Ngiuc and Fos-Ceiuc Or Noiue and
Caliuc Were added to round bottom 96-well plates (5 x 10* cells per well). Media was harvested 24
h after plating and transferred to a 1.5 mL centrifuge tube or to a 96-well plate containing
HEK?293 cells (5 x 10° cells per well). Media was imaged daily as above. In some cases, the

media samples were combined with FBS (1:1 v/v) and imaged hourly.

Time-dependent induction assay. Reporter and control cells were added to round bottom 96-well
plates (5 x 10* cells per well) at a 1:1 ratio for 0-48 h at 37 °C. The media was transferred to a

black-wall 96-well plate and imaged as above.

Cell dose-response assay. Reporter and control cells were added to a round bottom 96-well plate
(3.125 x 103-1 x 10° cells per well) at a 1:1 ratio for 24 h at 37 °C. Media (10 pL/well) was

transferred to a black-wall 96-well plate and imaged as above.

Cell ratio assay. Cells expressing Jun-Ngiye and Fos-Ceue Were added to 24-well plates at
various ratios (2 x 10° total cells per well). Media harvested from each sample at 24 h post-

plating was transferred to black-wall 96-well plates for bioluminescence imaging as above.

2.6e Distance dependency of Gluc assembly
Stencils were cut from 250 um thick Polydimethysiloxane (PDMS) membranes (Rogers Corp.)

using a carbon dioxide laser (VersaLaser VLS-2.30, Universal Laser Systems Inc.) to provide
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two chambers separated by distances of 3, 5, 7, 10, 20, and 30 mm. Adhesion of PDMS
membranes to the surface of tissue culture plastic is sufficient to block liquid flow and allow
pools of media to be seeded in isolation in a single chamber. Stencils were rinsed in 70% ethanol
and seeded in tissue culture dishes (12-well plates or 6 cm? dishes) for 24 h. Cells were then
plated (5 x 10% or 1.5 x 10° cells per stencil chamber) and allowed to adhere (24 h) before the
media was removed. Fresh DMEM (1 or 3 mL) was added over the entire surface area. Media

aliquots (100 uL) were then harvested after 24-72 h and analyzed for Gluc activity as above.

2.6f In vitro migration model

Stencils cut to 3 and 7 mm were seeded in 6 cm? tissue cultures dishes as above. For 30 mm
distances, two 7 mm stencils were seeded at the edges of the 6 cm? tissue culture dishes. Cells
were then plated (2.5 x 10* cells per stencil chamber) and allowed to adhere (24 h) before the
media was removed. Fresh DMEM (2 mL) was added over the entire surface area. Every 24 h
the cells and media were imaged as above. After imaging, the media was removed and new
DMEM (2 mL) was added. Bright-field micrographs of the plates were acquired on a Nikon
Eclipse TE200 microscope through a 4x objective. Images were collected using the open source
microscopy software Micro-Manager (http://valelab.ucsf.edu/~MM/MMwiki/) with a QIClick
CCD camera (Qimaging). Images were analyzed using ImageJ software (National Institutes of

Health) and Adobe Photoshop CS5.

2.69 Statistical analyses

Data were analyzed using unpaired t-tests (GraphPad Prism 4).
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CHAPTER 3: Generalizable split reporters for

Improved visualization of cell-cell interactions

3.1 Introduction

As described in chapter 2, we developed an approach to image cell-cell interactions
utilizing “split” fragments of a luciferase reporter. When we fused known dimerization domains
(i.e., Jun and Fos) to the Gluc fragments robust complementation was observed. Light emission
was also detected when cells engineered to secrete either Jun- or Fos-labeled fusions were
cultured together.

While our previous studies provided important proof-of-principle for detecting cell-cell
interactions, the light emission values remained low. The light emission observed from Fos/Jun-
complemented Gluc was ~100-fold below that of the native enzyme. Similar reductions in light
emission were observed with Gluc fragments used to monitor intracellular protein-protein
interactions (1). While sufficient for imaging cell-cell interactions in excised tissues and other
complex environments, such photon outputs would likely require at least 2.5 x 10° total
interacting cells to produce detectable signal at surface sites in vivo (2, 3). Even a 10-fold
improvement in total light output could allow for the detection of deep tissue signals, such as
tumor-stromal cell interactions in lung or liver models (4, 5).

We thus set out to investigate whether modifications to the split reporter could improve
fragment assembly and boost overall photon production. In parallel, we investigated whether
interfacing the split reporters to designer luciferases or fluorescent proteins could similarly

increase photon counts (Figure 3-1). These latter fusions would also have the potential to red-
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shift light emission via resonance energy transfer, making the tools more desirable for
applications in whole tissues and animals. The modularity and generalizability of split reporters

would also have important ramifications for visualizing a broad range of cellular interactions.

* Altered linkers and coils
cell via * Resonance energy transfer
* “Designer” luciferases

Figure 3-1. Imaging cell-cell interactions with split luciferase probes. Strategies for optimizing
luciferase complementation were explored, including linker lengths, coil affinity, and local
avidity. The split reporters were also interfaced with fluorescent proteins and “designer”
luciferases.

3.2 Fragment assembly is robust but underperforms native Gluc

To quantify the efficiency of photon outputs from the Jun/Fos-split Gluc pairs, we first
investigated the assembly of purified fragments. The original constructs comprised Gluc
fragments (cut between Gly-93 and Gluc-94) from a previously reported optimal cut site (1). Jun
and Fos were fused to N- and C-terminal Gluc fragments, respectively, separated by two GaS
repeats (Jun-(GaS)2-Naiuc and Fos-(G4S)2-Caiuc). We expressed and purified Jun-(GaS)2-Ngiuc and
F0s-(G4S)2-Ceiuc from E. coli cells. When mixed, the purified fragments complemented and had
strong enough affinities to survive electrophoresis as evidenced by light emission in acrylamide
gels (Figure 3-2A, top and 3-3). Increased amounts of Fos did not increase light production,
suggesting that full complementation was achieved at equimolar amounts of the split reporter. As
expected, though, complementation was disrupted under reducing conditions (Figure 3-2A,
bottom). Quantitative analysis of the light output suggested that the complemented enzyme

possessed ~1% of the activity of an equimolar amount of holo Gluc (Figure 3-2B and 3-4). These
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results suggested that fragment assembly remained suboptimal, and perhaps improved light

outputs could be obtained with alternate linkers or luciferase domains.
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Figure 3-2. Gluc complementation is robust and detectable in gel. (A) Native (top) and SDS
(bottom) gel of Jun-(GaS)2-Naiuc, FOS-(G4S)2-Caiuc, mixed (1:1 and 1:2) split reporters, and Gluc.
Native gel was rinsed and soaked in coelenterazine (1 pg/mL) prior to imaging. (B)
Quantification of bioluminescent signal from native gel in A. Gels and quantification are
representative of n > 4 experiments.
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Figure 3-3. Whole gel analysis of Gluc complementation. (A) Native and (B) SDS gel of
recombinant Jun-(GaS)2-Ngiuc, FOS-(G4S)2-Coiue, mixed (1:1 and 1:2) split reporters, and Gluc.
Native gel was rinsed and soaked in coelenterazine (1 pg/mL) prior to imaging. (C) After
imaging, the native gel was rinsed and stained with Coomassie blue.
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Figure 3-4. Complemented Gluc light output is decreased as compared to holo Gluc. (A) 1 nM
or (B) 10 pM of mixed Ngiuc + Caiuc, Jun-(GaS)2-Ngiue + F0s-(GaS)2-Coiue, Or Gluc were imaged
over time (white 5 min, gray 15 min, black 30 min) post mixing. The solid line represents the
average background for each split protein sample alone. For A-B, error bars represent the
standard error of the mean of n = 3 experiments.
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3.3 Orientation and linker length influence Gluc complementation

Our first attempts to improve photon output focused on positioning of the Gluc domains.
It was possible that the two split fragments were not properly positioned to fully reassemble. To
investigate alternative orientations, we fused each Gluc half to the N terminus of Jun and Fos
(Ngluc-(G4S)2-Jun and Caiuc-(GaS)2-Fos and compared their activity to C-terminal fusions (Jun-
(G4S)2-Ngiue and Fos-(GaS)2-Caiuc). The relevant constructs were transiently expressed in
HEK293 cells and media was imaged after co-culturing. Fusions to the C terminus of Jun or Fos
were found to have the greatest bioluminescence and were selected for further studies (Figure 3-
5). We also investigated whether longer linkers could improve Jun-Fos driven Gluc assembly.
Toward this end, we generated split reporters with varying numbers of G4S repeats (1, 2, 5, or
10). These reporters were transiently expressed in HEK293 cells. Cells expressing fragments of
matched or varying linker lengths were cultured together. Media samples were then assayed for
complemented Gluc activity via bioluminescence imaging. While light emission was observed
for all combinations tested, Gluc fragments comprising (G4S)s repeats provided the greatest
levels of light emission (Figure 3-6A and 3-6B). Both shorter and longer linker lengths (1 and 10
repeats, respectively) resulted in decreased levels of light emission. These data suggest that the
linker needs to be sufficiently long to enable the dimerization domains to assemble, but not so
long as to be entropically disfavored.

The (G4S)s constructs further enabled fast and sensitive readouts on interacting cells.
Fragments with (G4S)2 or (G4S)s repeats were transiently expressed in HEK293 cells. Cells
secreting complementary split probes (with matched linkers) were then cultured together, and
media samples were assayed for Gluc activity. As shown in Figure 3-6C, bioluminescent signal

was detected 30 min post-plating for cells expressing reporters with the (G4S)s linker. Compared
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to the first-generation linker, these probes enabled faster readouts on interacting cells.
Additionally, the longer linkers improved overall sensitivity. A smaller number of total cells
could also be detected with the (GaS)s probes compared to the (Ga4S). set (Figure 3-6D).
Collectively, these data suggest optimal linker lengths can enable more sensitive detection of

cell-cell interactions.
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Figure 3-5. Gluc fragments fused to the carboxy terminus of Jun or Fos are the optimal
orientation for light emission. Constructs were transiently expressed in HEK293 cells and cells
were mixed (1:1, 5 x 10* total cells) as indicated. Supernatants were collected 24 h post-plating
and imaged with coelenterazine. Bioluminescent signal was normalized to expression levels as
determined by flow cytometry. The normalized fold inductions in bioluminescent signal for each
condition versus Negiuc- and Ceiuc-Secretin cells (control cells) are plotted. Dotted line represents
average normalized fold induction for mixed Jun-(GsS)2-Ngiuie and Fos-(G4S)2-Caiue Secreting
cells. Error bars represent the standard error of the mean for n > 3 experiments.
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Figure 3-6. Linker length influences Gluc complementation. (A) Jun and Fos tethered to Gluc
fragments via G4S linker repeats (Jun-(GaS)x-Ngiuc or Fos-(GaS)x-Caiuc) or (B) varying linker
lengths (Jun-(G4S)x-Neiuc or Fos-(G4S)y-Caiuc) Were transiently expressed in HEK293 cells. Cells
were mixed in 96-well round bottom plates (1:1, 5 x 10* total cells). Supernatants were collected
from the cocultures 24 h post-plating and imaged with coelenterazine. (C) HEK293 cells
transiently expressing Gluc fragments comprising (G4S)2 or (G4S)s repeats were plated as above.
Supernatants were collected 0-6 h postplating and incubated with coelenterazine prior to
imaging. (D) HEK293 cells transiently secreting Gluc fragments with (G4S)2 or (GaS)s were
plated together (1:1, 775-50000 cells total) in round bottom plates. After 24 h, supernatants from
the cocultures were collected and imaged with coelenterazine. The normalized fold inductions
(A-C) or total flux (D) in bioluminescent signal for each condition versus control mixtures
(Neiuc:Caiuc) are plotted. For B, the dotted line represents the average normalized fold induction
for mixed Jun-(GaS)2-Naiue and Fos-(GaS)2-Caiic secreting cells. For A-D, error bars represent
the standard error of the mean for n > 3 experiments, **p < 0.001, ***p < 0.0001.

3.4 Alternative dimerization domain motifs and variable repeats
Beyond the length of the interacting domains, we reasoned that alterations to the coils
themselves could be advantageous for examining transient cell-cell interactions. Several

engineered domains have been reported to have faster assembly rates, including E and K coils (6-
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8). The coil motifs comprise a valine and leucine hydrophobic core to prevent homodimerization
and promote the formation of heterodimeric coiled-coils. Because of these features, E and K coil
form a ~1000-fold more stable complex (Kq~60 pM) than Jun and Fos. To investigate their
utility for Gluc complementation, E/K coil coils were fused to Ngiuc or Caiuc (using various linker
lengths), and the resulting constructs were expressed in HEK293 cells. After 24 h, media
samples were collected and imaged. Surprisingly, photon outputs from E/K-coil split reporters
separated by (GaS). repeats were markedly reduced compared to the analogous Jun and Fos
probes (Figure 3-7). This could be due to the slight change in overall length of the leucine
zippers. Photon production could be recovered with longer linkers, though, supporting our
previous findings that linker lengths are important for fragment assembly. However, the overall

photon output was not significantly greater than the original dimerization domains.

| tag |Ecoil | (G,S), | Noo |
| tag [Kecoil | (G,8), | €. |
300+

200+ -|_ -|_
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Normalized fold induction
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Figure 3-7. Engineered coiled-coils enable Gluc assembly. E coil and K coil tethered to split
Gluc fragments via G4S linker repeats (E coil-(G4S)x-Naiuc, K coil-(G4S)y-Caiuc) Were transiently
expressed in HEK293 cells. Cells were mixed (1:1, 5 x 10* total cells) and supernatants were
imaged with coelenterazine 24 h post-plating. The normalized fold inductions in bioluminescent
signal for each condition versus control cells (Neiuc:Caliuc) are plotted. The dotted line represents
the average normalized fold induction for mixed Jun-(Ga4S)2-Ngiuc and Fos-(G4S)2-Caiuc Secreting
cells. Error bars represent the standard error of the mean for n > 3 experiments.
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We next attempted to improve photon output by targeting repeats of the Fos domain.
Complementation strategies routinely employ multiple dimerization domains to increase the
avidity of the domains and ultimately drive split protein assembly (9, 10). For instance, multiple
copies of FK506-binding protein have previously been utilized to increase the likelihood of
dimerization with FKBP12-rapamyicn-binding protein (11). Based on this precedent, we
reasoned that constructs with multiple repeats of the Fos or Jun domains could increase the
likelihood of dimerization. Multiple repeats of the Fos domain were transiently expressed in
HEK293 cells and decreased light emission was observed upon media imaging (Figure 3-8A).
Reduced photon output was also detected with reporters containing multiple Gluc fragments
(Figure 3-8B). These results suggest additional domains could interfere with productive

interactions for Gluc reassembly.
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Figure 3-8. Variable repeats result in decreased light emission. (A) Multiple Fos domains or (B)
Gluc fragment repeats were examine by transient expression in HEK293 cells. Cells were
coplated (1:1, 5 x 10* total cells) and supernatants were collected 24 h post-plating for imaging.
For A-B, the normalized fold inductions in bioluminescent signal for each condition versus
control cells (Neiuc:Caciuc) are plotted. The dotted line represents the average normalized fold
induction for mixed Jun-(G4S)2-Neiue and Fos-(GaS)2-Ceiue Secreting cells. Error bars represent
the standard error of the mean for n > 3 experiments.

3.5 Analyzing split reporters linked to fluorescent proteins or “designer” luciferases
Improvements in split Gluc assembly were observed by systematically modifying our
construct design. While fewer numbers of interacting cells could be detected, the total photon
output was surprisingly only enhanced 5-fold. This suggested more dramatic design alternations
were required to improve total photon output. To determine whether a more significant
enhancement in light emission could be achieved, we interfaced the split reporters with designer

luciferases or fluorescent proteins. One of the most well-established methods for improving
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detection sensitivity in the context of whole cells and tissues is bioluminescence resonance
energy transfer (BRET) (12-14). Red-shifted light can more easily penetrate tissues, making
these wavelengths more desirable for in vivo imaging. By matching our split reporter with Venus
fluorescent protein (VFP) as a BRET pair, we could red-shift emission by 48 nm (15-17). We
generated the desired split Gluc-VFP fusions (Jun-Ngiue-Venus or Fos-Cgiue-Venus) and
transiently expressed the constructs in HEK293 cells (Figure 3-9A). Cells secreting the fusions
were cultured with cells secreting the complementary split reporter (Fos-(G4S)2-Ceiuc Or Jun-
(G4S)2-Naiue), and media samples were collected. The aliquots were imaged and bioluminescent
light was collected with and without filters to discern red-shifted emission. Without filters, all
mixed cultures resulted in comparable light emission to our original split reporters indicating
complementation is not affected by the fluorescent protein fusion (Figure 3-9B). With band-pass
filters (515-575 nm or 575-650 nm), the greatest light emission (as compared to no filters) was
observed for Venus fusions (Figure 3-9C and Figure 3-10). The fusions resulted in a 30%
improvement as compared to the first-generation probes (Jun-(GsS)2-Ngiuc and Fos-(G4S)2-Caiuc)
when imaged with the 515-575 nm filter. This highlights the utility of linking split reporters with

fluorescent proteins for sensitively detecting cell-cell interactions in vivo.
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Figure 3-9. Fluorescent protein fusions facilitate red-shifted light emission upon Gluc
complementation. (A) Diagram for BRET system involving split Gluc and Venus fluorescent
protein to visualize cell-cell interactions. (B) Split Gluc-Venus fluorescent protein fusions, Jun-
(G4S)2-Naiue, and Fos-(GaS)2-Caiuc Were transiently expressed in HEK293 cells and were mixed
(1:1, 5 x 10* total cells) as indicated. After 24 h, supernatants were collected from the cocultures
and imaged with coelenterazine. Light emission was detected with no filter or (C) GFP bandpass
(515-575 nm) filter. The normalized fold inductions in bioluminescent signal for each condition
versus control cells (Neciuc:Celiuc) are plotted. For B and C, error bars represent the standard error
of the mean for n = 3 experiments.

59



50x107
open
1.0 107
Radiance
(pfafcmiisn

)
@
0
@
Q.

O
e
S

-
@
)

=
=]
1

Normalized DsRed/Open (%)
n

JunNg,  -Venus
+FosCgye +JunNg,,. + FosCg,-Venus +FosCgye
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fluorescent protein fusions, Jun-(G4S)2-Naiue, and Fos-(GaS)2-Caiuc Were transiently expressed in
HEK?293 cells and were mixed (1:1, 5 x 10 total cells) as indicated. After 24 h, supernatants
were collected from the cocultures and imaged with coelenterazine. Light emission was detected
with no filter or DsRed bandpass (575-650 nm) filter. The normalized fold inductions in
bioluminescent signal for each condition versus control cells (Neiuc:Caiuc) are plotted. Error bars
represent the standard error of the mean for n = 3 experiments.

FosCg, -Venus JunNg -Venus JunNg,

In addition to BRET pairs, we hypothesized designer luciferases could afford enhanced
light emission. One such luciferase is NanoLuc (Nluc) which was engineered for both bright and
sustained luminescence (18). Important to our approach, optimized split versions of Nluc
(NanoBIT) with varying affinities were recently developed (19). NanoBiT fusions to FRB/FKBP
expressed in cells could accurately report on complex association over a range of reporter
concentrations. To take advantage of these properties for visualizing cell-cell interactions, we
designed two sets of split reporters: one comprising Nluc fragments with low affinity (Kp 190
pM) fused to Jun or Fos (Jun-11Snie and Fos-114nic), and one comprising high affinity (Kp 3.4
nM) fragments (11Snic and 78niuc). HEK293 cells transiently expressing the split Nluc probes
were cultured together and media samples were assayed for bioluminescence. No signal was
observed in media samples containing the high affinity fragments (Figure 3-11A). We reasoned
signal was not detectable due to inefficient secretion of 78nic. Photon production was restored

when the synthetic peptide of 78w (Synthesized by Zach Reinert, Prescher lab) was added to
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media from cells secreting Jun-11Sniuc Or 11Snie. This was further confirmed by transiently co-
expressing 11Snie and 78niwc. IMaging of supernatant from these cells showed significant signal
over background (Figure 3-11B).

Robust light emission was observed in samples containing Jun-11Sniuc and Fos-114nic,
with a ~25-fold enhancement in bioluminescence over comparable split Gluc reporters (Figure 3-
11C). This increased signal is likely due to more efficient assembly of designer Nluc fragments
and not due to increased turnover of Nluc compared to Gluc. Indeed, when Gluc or Nluc
expressing cells are cultured under the same conditions and normalized for protein expression
levels, comparable total photon production is observed (Figure 3-11D). Regardless, such tools
would be broadly useful for imaging cellular interactions relevant to cancer progression, immune

function, and numerous other biological processes.
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Figure 3-11. Nluc complementation reports on cell-cell interactions. (A) High affinity Nluc
splits were transiently expressed in HEK293 cells and plated (1:1, 5 x 10* total cells).
Supernatants were collected from the cultures 24 h post-plating and imaged. 78niuc peptide was
also mixed with Jun-(G4S)2-11Sniyc Or 11Snie Supernatants and imaged. (B) Split Gluc or Nluc
constructs were co-expressed in HEK293 cells and plated (5 x 10* total cells). Supernatants were
imaged as above. (C) Jun and Fos tethered to split Nluc via matched (Ga4S). linker repeats were
transiently expressed in HEK293 cells. Cells were plated and media was imaged as above. (D)
Representative bioluminescent images of split reporters and native enzyme. Gluc and Nluc were
expressed in HEK293 cells and plated as above. Supernatants were collected 24 h post-plating
and imaged. (For A-C, error bars represent the standard error of the mean for n = 3 experiments,
***p < 0.0001.

3.6 Conclusions and future directions

In this work, we modified split bioluminescent reporters to sensitively image cell-cell
interactions. Multiple design approaches were investigated in the context of our first-generation
reporters. While modulating linker length resulted in increased photon outputs, the most
significant enhancements were obtained with BRET or Nluc reporters. These improvements are

likely to facilitate the imaging of transient cell contacts, such as those involved in the immune

response. Additionally, the BRET or split Nluc reporters may aid in the development of in vivo
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imaging models of interacting cells relevant to early metastatic events. Collectively, these
toolsets can inform researchers “when and where” to look for cellular interactions and are likely
to be broadly applicable to numerous aspects of biology and disease.

A majority of the design modifications we have described were amenable to monitoring
interacting cells. We are currently investigating this generalizability to develop split probes
based on Fluc. The red-shifted emission of Fluc is beneficial for sensitive detection of cell-cell
interactions in vivo but its ATP-dependency presents a challenge for extracellular use. We
believe this requirement can be advantageous for visualizing cell proximity in disease models
with enhanced extracellular ATP levels, such as cancer and graft-versus-host disease (20-22).

In addition, we envision utilizing recombinant protein sources of holo and split
luciferases (as described in section 3.2) to exogenously label cells. These tools, much like
fluorescent dyes, could be especially useful for monitoring primary cells and stem cells. General
labeling strategies can also be implemented to generate luciferase-antibody conjugates. Current
efforts in the lab are aimed at chemically appending a luciferase to affibodies to enable cell

specific labeling in vivo.

3.7 Materials and methods

3.7a General cloning materials

Split reporters were amplified from previously reported Gluc/Nluc fusions (19, 23) using
DreamTaq DNA polymerase and reaction buffer (ThermoFisher) with 0.2 mM dNTPs
(ThermoFisher). PCR reactions were analyzed using agarose gel electrophoresis with ethidium

bromide staining. The amplified inserts were isolated and ultimately inserted into pPBMN-iPuro
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(courtesy of the Nolan laboratory, Stanford) or pcDNA3.1 using T4 DNA ligase (New England

Biolabs) or circular polymerase extension cloning with Q5 polymerase (New England Biolabs).

3.7b Split reporter constructs

pBMN and pcDNA expression vectors

DNA sequences encoding flexible (G4S)x linkers were ligated to sequences encoding FLAG-Jun-
Ngiuie or FLAG-Fos-Cgiuc in pBMN-iPuro (courtesy of the Nolan laboratory, Stanford). The
linkers were constructed using PCR with the following primers:
5°-ggcggaggegggtctgggggcggaggctctggtggeggtggtic-3” and
5’actgectectecaccgetteccaccecegecgetacegeegeca-3’ for PCR 1 to generate (GaS)e
5’-ataacgcgtggaggtggaggctcagggggcggaggcageggeggaggceggg-3 and
5’-atactcgagactcccgecgcectccagaaccteegeccccactgectectecac-3 for PCR 2 to generate (G4S)1o
5’-atcgacgcgtggaggtggaggctcaggg-3’ and 5°-atcgctcgagggaaccaccgccaccaga-3’ to generate
(GaS)s

To generate a G4S linker the following primers were mixed 1:1, heated to 85 °C and cooled to
room temperature in a heat block before ligating to sequences as above.
5’-ataacgcgtggtggcggtggttcecctcgagata-3°

5’-atactcgagggaaccaccgccaccacgcgtata-3’

DNA sequences encoding E coil and K coil leucine zippers were ligated to sequences encoding
FLAG-Ngiye or FLAG-Ceiie in pBMN-iPuro. The leucine zippers were constructed using
sequential overlap PCR with the following primers:

5’ gagcgccttggaaaaggaagtgagegecttggaaaagacgegtggtggeg-3° and

5’-gcggaatttacgtagcgg-3’ for PCR 1
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5’-gaagtgagcgccttggaaaaggaagtgagegecttggaaaag-3’ and 5°-gcggaatttacgtagcgg-3’ for PCR 2
5’-ggaaaaggaagtgagcgccttggaaaaggaagtgagegecttgg-3’ and 5°-gcggaatttacgtagegg-3° for PCR 3
5’-ataatgcatgaagtgagcgccttggaaaaggaagtgageg-3” and 5°-gecggaatttacgtagegg-3” for PCR 4
Sequenced inserts from PCR 4 were then amplified with:
5’-gaggtgagcgccectcgagaagacgegtggtggeg-3° and

5’-cttctcgagggcegctcacctccttttccaaggegcte-3’ to ultimately generate E coil
5’-cgccttgaaggaaaaggtgagegecttgaaggaaacgcegtggtggeg-3° and 5°-geggaatttacgtagegg-3° for
PCR 1

5’-ggtgagcgccttgaaggaaaaggtgagegecttgaaggaaaagg-3’ and 5°-gcggaatttacgtagegg-3’ for PCR 2
5’-ggaaaaggtgagcgccttgaaggaaaaggtgagegcecttgaag-3’ and 5°-gcggaatttacgtagegg-3° for PCR 3
5’-ataatgcataaggtgagcgccttgaaggaaaaggtgagcgec-3” and 5°-gcggaatttacgtagcgg-3° for PCR 4
Sequenced inserts from PCR 4 were then amplified with:
5’-aggtctccgetctgaaggaaaaagtgagegececte-3° and  5°-ttccttcagagcggagaccttttecttcaaggegete-3° to

ultimately generate K coil

DNA sequences encoding Fos-(G4S). were ligated to sequences encoding FLAG-Cgiuc. The
leucine zipper repeats were constructed using the following primers:
5’-tataatgcatggcggcctgaccg-3’ and 5’°-ataattaattaagctaccgecgecac-3’

5’- atattaattaatggcggcctgaccg-3° and 5°- atatggccggecgctaccgecgecac-3°

5’- ataggccggccaggcggcctgaccg-3’ and 5°- atactcgaggctaccgecgecacc-3’

DNA sequences encoding Neiuc-(G4S)2-Jun or Ceiuc-(GaS)2-Fos were ligated to sequences
encoding a FLAG tag in pBMN-iPuro. The altered orientation inserts were constructed using the

following primers:

65



5’-ataatgcataagcccaccgagaacaacg-3’ and 5°-atagcggcecgcttagtagttcatcaccttctgcttcag-3°

5’-ataatgcatgaggcgatcgtcgagattc-3” and 5°-atagcggcecgcttagtaggeggecaggatgaac-3°

DNA sequences encoding variable repeats of Neiuc or Celuc Were ligated to sequences encoding
FLAG-Jun-(G4S)2-Naiuc of FLAG-F0s-(G4S)2-Coiuc in pPBMN-iPuro. The Ngiue or Coluc inserts
were constructed using the following primers:

5’-ataggccggcctaageccaccgagaacaacg-3’ and 5’-atactcgaggctaccgecgecace-3’
5’-ataggccggcctgaggcegatcgtcgacatte-3° and 5°-atactcgaggctaccgecgecace-3°
5’-ataatgcataagcccaccgagaacaacg-3’ and 5°-atatggccggecgctaccgecgecac-3’

5’-ataatgcatgaggcgatcgtcgagattc-3° and 5°-atatggccggecgctaccgecgecac-3’

DNA sequences encoding Venus fused to split Gluc reporters were ligated to sequences
encoding GIlucA-(Ga4S)2-Ngiue, GlucB-(G4S)2-Caliue, Jun-(GaS)2-Ngiue, 0Or F0s-(G4S)2-Caiue in
pcDNA. The Venus inserts were constructed using the following primers:
5’-atagaattcgtgagcaagggcgaggag-3’ and 5’-ataggtacccceggeggeggte-3°

5’-ataggtaccgtgagcaagggcgaggag-3’ and 5’°-atatctagaattattacttgtacagctcgtceatgec-3°

DNA sequences encoding Naiue, Coluc, Jun-(GaS)2-Naiue, F0S-(G4S)2-Coiue, Noluc-(G4S)2-Jun,
Coaluc-(GaS)2-Fos or Gluc were generated using the following primers:
5’-cttaagcttggcaatccggtactgttggtaaagccaccatggccttaccagtgaccgee-3’
5’-gaggggcggatcccgggctctagaattattagcctatgccgecectgtg-3°
5’-gaggggcggatcccgggctctagaattattagtcaccaccggceccc-3’

5’-gaggggcggatcccgggctctagaattattagtagttcatcaccttctgcttcagcetg-3°
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5’-gaggggcggatccecgggctctagaattattagtaggecggecaggatgaactce-3’

The sequences were combined with linear pcDNA3.1-IRES-GFP via circular polymerase
extension cloning (CPEC). The pcDNA3.1-IRES-GFP was linearized with the following
primers:

5’-taataattctagagcccgggatcegecectg-3° and 5°-catggtggctttaccaacagtaccggattgccaagettaag-3°

DNA sequences encoding (G4S)2-11Sniuc and (G4S)2-114nie Were generated using the following
primers:

5’-ggtggcggeggtagectcgaggtcttcacactcgaagatttcgttggg-3’ and
5’-gaggggcggatcccgggctctagaattattagetgttgatggttactcggaacagea-3’
5’-ggtggcggcggtagectcgaggtgaccggcetaceggcetgttc-3” and
5’-gaggggcggatcccgggctctagaattattagagaatctcctcgaacageeggtag-3’

The sequences were combined with linear pcDNA3.1-IRES-GFP via CPEC. The pcDNA3.1-
IRES-GFP encoding either Jun or Fos was linearized with the following primers:

5°-taataattctagagcccgggatcegecectg-3° and 5°-getaccgecgecaccggaac-3°

DNA sequences encoding CD8 leader sequence-11Sniwc and CD8 leader sequence-78niuc Were
generated using the following primers:

5’-cgccgecaggcecggaattegtcttcacactcgaagatttegttggg-3” and
5’-gaggggcggatcccgggctctagaattattagctgttgatggttactcggaacagca-3’
5’-cgccgecaggcecggaattcaatgtatcgggetggegcettg-3° and

5’-gaggggcggatcccgggctctagaattattagttactaattttcttaaacaagcgcca-3’
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The sequences were combined with linear pcDNA3.1-IRES-GFP via CPEC. The pcDNA3.1-
IRES-GFP encoding CD8 leader sequence was linearized with EcoRI and Xbal (New England

Biolabs)

pCold expression vectors

DNA sequences encoding Ngiwe, Coiuc, Jun-(GaS)2-Ngiue, F0s-(G4S)2-Ceiue, and Gluc were
amplified from E. coli codon-optimized Gluc (a gift from G.K. Walkup, Astra Zeneca). All
inserts were generated by overlapping PCR to encode reporters with a C-terminal Hiss affinity
tag using the following primers:

Naluc

5’-ATTAAGAGGTAATACACCATGAATCACAAAGTGcatatgaaaccgaccgaaaacaacg-3’
5’-CCGGTTTCTGGAAGggatccGCCTTGAAAATAAAGATTTTCaccgataccaccctgcgcea-3’
5’-ctatctagaCTAGTGATGGTGATGGTGATGgaattcACCGCCGGTTTCTGGAAGggatce-3°

5’-ctgtgcttttaagcagagattacctatctagaCTAGTGATGGTGATGGTGATGQ-3°

Coluc

5> ATTAAGAGGTAATACACCATGAATCACAAAGTGcatatggaagcgatcgttgacatcecg

5> CCGGTTTCTGGAAGggatccGCCTTGAAAATAAAGATTTTCgtcaccacccgeacctttg 3°
5’ ctatctagaCTAGTGATGGTGATGGTGATGgaattc ACCGCCGGTTTCTGGAAGggatce 3°

5’ ctgtgcttttaagcagagattacctatctagaCTAGTGATGGTGATGGTGATGg 3°

Jun-(G4S)2-Naiuc

From GlucA
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5’-ctgtgcttttaagcagagattacctatctagaCTAGTGATGGTGATGGTGATGg-3’
5’-tgatgaactatggcggeggtggcageggtggeggeggtagcaaaccgaccgaaaacaacg-3’
5’-aacatgctgcgcgaacaggttgcgcagctgaaacagaaagtgatgaactatggeggeggt-3°
5’-aaaccctgaaagcgcagaactctgaactggcgagceaccgceccaacatgetgcgegaacagg-3’
5’-ctggcggccgtattgcgegectggaagaaaaagtgaaaaccctgaaagegcagaactetg-3’
5’-attaagaggtaatacaccatgaatcacaaagtgcatgttctggcggecgtattgeg-3°
Fos-(G4S)2-Caluc
5’-ctgtgcttttaagcagagattacctatctagaCTAGTGATGGTGATGGTGATGQ-3°
5’-gcegegtacggeggeggtggeageggtggeggeggtagegaagegategttgacateeeg-3’
5’-attgccaacctgctgaaagaaaaagaaaaactggaatttatcctggeegegtacggegge-3’
5’-gctggaagataaaaaaagcgcecctgcagaccgaaattgccaacctgctgaaagaaaaaga-3’
5’-gcggtctgaccgacaccctgcaggcggaaaccgatcagetggaagataaaaaaagcgece-3’
5’-attaagaggtaatacaccatgaatcacaaagtgcatatgggcggtctgaccgacacct-3’
Fos-(G4S)2-LVPRGS-Caluc

5> AGCCTGGTTCCGCGCGGTAGCgaagcgatcgttgacatcccggaaatcecg 3°

5’ ttcGCTACCGCGCGGAACCAGGCTACCGCCGCCACCGCTGCC 3’

All sequences were combined with linear pCold via CPEC. The pCold vector was linearized with
the following primers:
5" CACTTTGTGATTCATGGTGTATTACCTCTTAATAATTAAGTGTGC 3’ and

5" TCTAGATAGGTAATCTCTGCTTAAAAGCACAGAATCTAAGATC 3’

3.7c Protein expression and purification
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The plasmids were transformed into BL21-DE3 cells. A single colony was grown overnight in
LB medium containing ampicillin (50 pg/ml) at 37 °C. This seed culture was transferred into a 1
L culture and incubated until the ODeoo reached 0.6 — 0.7. The culture was chilled in an ice water
bath for 1 h before induction with 1 mM IPTG. The induced cultured was grown for 24 h at 15
°C. The bacteria were harvested by centrifugation and lysed in 50 mM Tris-HCI pH 8.7, 150 mM
NaCl, 10 mM imidazole, 1% NP-40 by sonication. The lysate was purified by centrifugation and
filtered before binding to nickel-affinity resin (BioRad). The column was washed with 50 mM
Tris-HCI, pH 8.7, 150 mM NacCl, and 20 mM imidazole, and the protein was eluted with 50 mM
Tris-HCI, pH 8.7, 150 mM NaCl, and 250 mM imidazole. The imidazole was removed by
dialysis against 50 mM Tris-HCI, pH 8.7 and 150 mM NaCl. To obtain Cgiuc, F0S-(G4S)2-
LVPRGS-Caciuc Was expressed and purified as above and cleaved using Thrombin CleanCleave

Kit (Sigma Aldrich). After cleavage, the Caiuc fragment was re-purified as above.

3.8d Peptide synthesis

A lab member, Zach Reinert, synthesized the 78nic peptide. 78niuc (H-NVSGWRLFKKISN-
NH.) was synthesized on Nova PEG Rink Amide (0.05 mmol) resin via standard Fmoc solid-
phase peptide synthesis techniques. Briefly, couplings were performed at room temperature for
30 min with 4 eq of protected Fmoc-amino acid and HCTU and 6 eq of DIPEA. Deprotections
were carried out at room temperature with 2 mL of 20 % piperidine in DMF for 15 minutes.
Resin was drained and washed three times with DMF after coupling and deprotection reactions.
After deprotection of the final residue, the resin was washed three times with DMF, three times
with DCM, and three times with MeOH before being dried under vacuum for 20 min. Cleavage

of the peptide from resin was accomplished with 5 mL of cleavage cocktail (95% TFA, 2.5%
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H20, 2.5% triisopropylsilane) for 3 hours. The solution was filtered and 40 mL cold diethyl ether
was added. After centrifugation, the ether was decanted and the peptide was dissolved in 5 mL
H2>O. After sonication for 30 min, the peptide was purified via RP-HPLC using gradients
between 0.1% TFA in H20 and 0.1% TFA in acetonitrile. Peptide was isolated as a mixture of
full-length peptide and a Phe-deletion mutant (~ 30:70). Peptide identities were confirmed by

MALDI-TOF mass spectrometry.

3.7e Cell culture

HEK293 (ATCC) cells were cultured in DMEM (Corning) supplemented with 10% (vol/vol)
fetal bovine serum (FBS, Life Technologies), penicillin (100 U/mL), and streptomycin (100
pug/mL). Cells were maintained in a 5% CO, water-saturated incubator at 37 °C. Transient
transfections were performed using cationic lipid formulations (Lipofectamine 2000; Invitrogen).

Cells were plated for imaging analysis or analyzed for expression 24 — 36 h post transfection.

3.7f Flow cytometry

Split reporter expression was verified in transiently transfected cells via flow cytometry. For split
reporters expressed from pBMN-iPuro constructs, cells were fixed with a freshly prepared
solution of methanol:acetone (1:1, 1 min, on ice). Cells were washed with FACS buffer (PBS
with 1% BSA) and incubated with FITC-a-FLAG M2 (Sigma Aldrich, 10 pg/mL) on ice for 1 h.
Cells were washed (3 x 200 uL) prior to analysis on a BD Biosciences LSRII. For split reporters
expressed from pcDNAS3.1-IRES-GFP, cells were trypsinized and washed in FACS buffer prior
to analysis. For each sample, 10,000 cells were collected and data were analyzed by FloJo

software (Tree Star, Inc.).
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3.8g Cellular co-culture assays

Combinations of cells expressing complementary split reporters were added to round bottom 96-
well plates (5 x 10* cells per well). Media aliquots (10 pL/well) were harvested 24 h after plating
and transferred to black 96-well plates for imaging. For Gluc reporters, a stock solution of
coelenterazine (Nanolight Technology, 5 mg/mL in ethanol) was diluted 1000-fold in PBS and
added to each well (3 pL/well) prior to imaging. For Nluc reporters, a stock solution of Nano-
Glo Luciferase Assay Substrate (Promega) was diluted 50-fold in PBS and added to each well
(10 pL/well) prior to imaging. Plates were imaged in a light-proof chamber with an IVIS Lumina
(Xenogen) CCD camera chilled to -90 °C. The camera was controlled using Living Image

software. All data were analyzed using unpaired t-tests (GraphPad Prism 4).

BRET assay. Combinations of cells (1:1) expressing split reporters with N-terminal Venus
fusions, Jun-(G4S)2-Ngiuc, or F0s-(G4S)2-Caiuc Were added to round bottom 96-well plates (5 x
10* cells per well) in PBS + 10% FBS. Additionally, combinations of cells expressing split
reporters with C-terminal Venus fusions, Neiuc-(G4S)2-Jun, or Ceiuc-(G4S)2-Fos cells were plated
as above. Samples were collected 24 h post-plating, transferred to black 96-well plates (10

pL/well), and imaged.

Time-dependent complementation assay. Combinations of cells (1:1) expressing Jun-(GaS)2-
Nalue, F0S-(G4S)2-Caluc, Jun-(G4S)s-Naiue, F0S-(G4S)s-Caluc, Naiue, Or Caiuc Were added to round
bottom 96-well plates (5 x 10* cells per well) and incubated at 37 °C. Media samples were

collected 0 — 6 h post-plating, transferred to black 96-well plates (10 pL/well), and imaged.
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Dose-response assay. Combinations of cells (1:1) expressing Jun-(G4S)2-Ngiue, F05-(G4S)2-Caluc,

Jun-(Ga4S)s-Naiue, F0s-(G4S)s-Caiue, Naiue, Or Coiuc Were added to round bottom 96-well plates

(7.75 x 10% — 5 x 10* cells per well). Cells were incubated for 24 h at 37 °C. Media samples were

transferred to black 96-well plates (10 puL/well) and imaged.
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CHAPTER 4. Membrane bound split reporters for

localizing zones of cell contact

4.1 Introduction

The studies performed with the secreted reporter system (described in Chapter 3)
provided proof-of-principle for reporting on cell proximity with split bioluminescent probes.
With the successes realized in cultured cell models, | set my sights on translating our system into
mouse models. Direct visualization of cell-cell interactions in vivo would require the assembled
Gluc to remain localized to the sites of production. In the first generation of these tools, both
fragments were secreted and culture supernatants were visualized, as compared to the cells
themselves, to detect cellular interactions. While certain applications, such as imaging immune
cell interactions in the lymph node, could help retain the secreted reporters to a defined location,
diffusibility of the split probes could limit the utility of the approach. Thus, we also set out to
investigate strategies to tether the Gluc fragments to cell surfaces. By appending one fragment of
the luciferase to the cell surface, light emission would be localized to this cell population only
when split luciferase-secreting cells are in close proximity (Figure 4-1). In addition to localizing
the light emission, combinations of cell surface anchored and secreted reporters could maintain

the sensitivity of our approach while also increasing the spatial resolution of the tools.
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Figure 4-1. Strategy for cell surface localized light emission. Bioluminescence is observed when
cells secreting one half of the split reporter (gray) interact with cells expressing the
complementary split fragment tethered to the cell surface (blue).

4.2 Evaluating cell proximity reporters in vivo

In the in vitro model described in Chapter 2, the complemented Gluc signal could
sensitively detect interacting cells that correlated with the distance between two cell populations.
The level of sensitivity achieved suggested that cell-cell interactions could be detected in vivo.
To evaluate whether Gluc complementation behaved similarly in vivo, we aimed to transition the
split reporters into mouse models. In live animals, blood flow and interstitial pressures could
distribute the split reporter fragments to regions distant from the sites of cellular interactions.
This would make it difficult to detect and distinguish the locations of interacting cells.

To determine if two populations of cells expressing each secreted fragment could be
detected in vivo, | implanted a mixed population of Jun-Ngiyc and Fos-Caiuc expressing DB7 cells
in the upper flank of FVB/NJ mice. These coinjected regions contained different ratios (10:1,
1:1, and 0.1:1) of Fos-Caiuc and Jun-Nagiuc cells (totaling 6 x 107 — 6 x 10%:6 x 10° cells per graft).
The control group contained mixed Ngiie and Ceciuc expressing DB7 cells at a 1:1 ratio. To
determine if Gluc complementation correlates with distance between two cell populations in
Vivo, Jun-Neiue or Fos-Caiuc expressing cells alone (8 x 10° cells per graft) were implanted at

opposite lower flanks of the mice (Figure 4-2A). Mice were imaged immediately after
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intravenous injection of coelenterazine. For all mice, no bioluminescent signal was detected at
the sites of implantation (Figure 4-2B). It is therefore likely that interstitial pressures and blood
flow resulted in diffusion of the split reporter fragments and complemented Gluc away from the

site of origin.
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Figure 4-2. Diffusion of the split reporter fragments is observed in vivo. (A) Diagram for mice
inoculations with mixed (left) or separate (right) subcutaneous injections of DB7 cells expressing
Jun-Naiuc (gray circles), Fos-Caiuc (red circles), or coinjected cells expressing Jun-Ngiyc and Fos-
Coaluc (blue circles). The control group contained a 1:1 ratio of DB7 cells expressing Ngiue and
Coaliuc Or no injected cells. (B) Mice were imaged after intravenous injection of coelenterazine. No
signal was detected at sites of implantation for mixed or separate cell injection conditions.

While the fully secreted split reporter system precluded our ability to image cells in
defined locations, we reasoned the stability of complemented Gluc should allow for detection of
cell-cell interaction in the blood. In fact, secreted forms of Gluc have previously been monitored
in blood samples for tumor growth and response to cancer therapeutics (1, 2). When we sampled
blood one day post-engraftment, bioluminescence signal was indeed detected in mice bearing 1:1
and 10:1 ratios of Fos-Caiuc to Jun-Ngiuc expressing cells (Figure 4-3A). Photon production was
maintained over the three day imaging period. Excitingly, when split reporter expressing cells
were engrafted separately, no significant signal was observed (Figure 4-3B). This suggests in

vivo Gluc complementation is occurring preferentially at sites of direct cell-cell interactions and
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not at more distant sites (e.g., in the blood stream). These tools could be useful for determining

relative cell-cell interactions from a simple blood draw.
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Figure 4-3. Gluc complementation can report on cell-cell interactions in vivo. Serum samples
from blood draws were adjusted to 10 pl final volume with phosphate buffered saline and imaged
with coelenterazine. Quantification of bioluminescence from serum samples on (B) day 1 and
(C) for 3 d post-cell implantation. All error bars represent the standard error of the mean for n =
3 mice, *p <0.01, **p < 0.001.
4.3 Transmembrane domains can anchor split luciferase fragments to cell surfaces

To develop a tool in which the signal does remain localized, | aimed to tether the split
Gluc fragments to cell surfaces using transmembrane domains. The initial design was based on
work from Santos and colleagues (3). In their work, the CD8 transmembrane domain was used to
append full-length Gluc to the surface of mouse and human T cells. The small size of a single
transmembrane domain (such as CD8) was beneficial for expression levels but was also unable
to completely retain the enzyme at the cell surface. In hopes of improving cell retention while
still maintaining high expression levels, | was drawn to a truncated version of the T cell protein
CD4 (residues 25-242) (4). This fragment of CD4 comprised the transmembrane domain, seven
amino acids on the cytosolic tail, and two (of the four) immunoglobulin domains on the

extracellular face. Important to split Gluc assembly, the CD4 transmembrane domain has

previously been used to tether split fragments of GFP to the surface of distinct neuronal cell
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populations. This strategy enabled synaptic connections to be visualized at distances less than
100 nm (5, 6).

To capitalize on these features, | engineered the addition of the truncated CD4 to the C-
termini of Cgiuc-Fos, Neic-Jun, and Gluc (Figure 4-4A). As with the previously developed
secreted reporters, the Gluc fragments were fused to Jun or Fos through a (G4S)2 linker. Standard
molecular biology procedures were used to assemble the fragments. An additional linker N-
terminal to the CD4 domain was also installed to enable more facile Jun/Fos dimerization (4).

To verify the Gluc-CD4 fusions could anchor the luciferase probes, | expressed the constructs in
HEK?293 cells and analyzed CD4 surface expression via flow cytometry (Figure 4-4B). Robust
expression was observed, indicating CD4 was present at the cell surface. |1 next examined
whether the CD4 transmembrane domain was sufficient to retain the reporters at the cell surface.
I cultured cells expressing Gluc-TM and assayed the media and cells for bioluminescence
activity. Approximately 10-fold greater signal was detected at the cell surface than in the media
(Figure 4-4C). As compared to the Gluc-CD8 fusion, the CD4 transmembrane domain resulted in
~15% better retention at the cell surface, likely due to the larger size of the CD4 domain.
Encouraged by these results, 1 co-plated cells expressing Ngiuc-Jun-TM or Cgiuc-F0s-TM with
cells secreting the complementary split reporter and assayed as above (Figure 4-4D). No signal
was observed in samples collected from the media, indicating the transmembrane domain
sufficiently retained the split reporters to prevent complementation in the cellular supernatant.
Instead, signal was exclusively observed at the cell surface. It was also noted that cells
expressing Neiuc-Jun-TM resulted in decreased overall photon output, likely due to Jun self-

dimerization at the cell surface. We therefore selected Cgiuc-F0s-TM for subsequent studies.
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While Fos and Jun were still able to drive Gluc complementation, the bioluminescent
signal significantly decreased as compared to the secreted reporters. This suggests with secreted
and anchored reporters, Fos and Jun are not able to dimerize as efficiently as in the secreted only
case. Based on the signal we obtained with our system, we would likely require approximately
2.5 x 10° cells implanted subcutaneously to detect signal in vivo (3, 7). Therefore, | aimed to

improve the sensitivity of this approach.
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Figure 4-4. CD4 transmembrane domain can anchor luciferase to the cell surface. (A) DNA
constructs for localizing reporters to the cell membrane consist of Ngiuc-Jun, Ceiuc-Fos, and Gluc
attached to a truncated CD4 protein. (B) Gluc fragments are localized to the cell surface.
HEK?293 cells stably expressing constructs in (A) were stained with PE-anti-CD4 and analyzed
by flow cytometry. (C) HEK293 cells expressing Gluc-TM were plated in 96-well round bottom
plates (5 x 10* cells). Media from the cultures were collected 24 h after plating and imaged with
coelenterazine. Cells were similarly imaged. Sample images from the cell and media imaging are
shown. (D) HEK293 cells expressing Caiuc-F0S-TM or Ngiuc-Jun-TM were mixed with cells
secreting the complementary split reporter. Media and cells were imaged as in (B). Fold
inductions were normalized to expression levels based on flow cytometry analysis and the
bioluminescent signal versus control cells secreting Naiuc or Ceiuc are plotted. For C and D, error
bars represent the standard error of the mean for n = 3 experiments.

80



4.4 Split reporter transmembrane modifications improve Gluc assembly

Modifications to the anchored constructs could facilitate improved Gluc assembly to
provide a more sensitive readout on interacting cells. If the transmembrane split reporters are too
close to the cell surface, other receptors, glycan structures and proteins could be “masking” the
reporter fragments and reducing the probability of interactions. To improve the accessibility of
the split reporter at the cell surface, | investigated the orientation of the transmembrane reporter
and the linker region adjacent to the transmembrane domain.

Our first attempts to improve photon output focused on the orientation of the split
reporters at the cell surface. By altering the orientations to encode Fos at the N-terminus (Fos-
Coluc-TM), the dimerization domains could be more accessible to drive Gluc complementation.
The constructs were transiently expressed in HEK293 cells and co-cultured with cells secreting
Jun-Ngiue. After 24 h, the media and cells were imaged. The overall photon output was not
significantly greater than the original orientation (Figure 4-5A). We therefore selected to
continue optimization with the Fos-Cgiue-TM construct as this orientation was optimal for the

secreted reporters.
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Figure 4-5. Gluc assembly is improved by split reporter transmembrane modifications. (A)
Orientation of the transmembrane domain constructs does not affect complementation. HEK293
cells expressing Caiuc-Fos TM (black) or Fos-Ceiue-TM (gray) were coplated with cells secreting
Jun-Ngiue. After 24 h, media aliquots and cells were imaged with coelenterazine. (B-C) HEK293
cells expressing Fos-Caiuc tethered to the CD4 domain via varying (B) G4S linker repeats (10
(white), 30 (light gray), 60 (dark gray), 90 (black)) or (C) Pro linker repeats (10 (white), 20
(gray), 30 (black)) were mixed with cells secreting Jun-Ngiuwc. Media and cells were imaged 24 h
after coculture. Sample images from cell imaging are shown. (D) CD4 transmembrane approach
is not generalizable. MDA-MB-231 cells (left) or DB7 cells (right) expressing Fos-Cgiuc-(G4S)s0-
TM were cultured with Jun-Ngiue secreting cells. After 24 h, cells and media were imaged as
above. For A-D, fold inductions were normalized to expression levels based on flow cytometry
analysis and the bioluminescent signal versus control cells secreting Ngiuc or Ceiuc are plotted.
Error bars represent the standard error of the mean for n > 3 experiments.

| also investigated whether longer linkers adjacent to the CD4 domain could enhance
Gluc assembly. Increasing the linker length by 150-500 amino acids should recapitulate the CD4
structure and allow cell interactions beyond the cell surface to be detected. The original design
encoded for Fos-Caiuc-(GaS)-TM and | generated new reporters with varying numbers of G4S

repeats (comprising 10, 30, 60, and 90 repeats) adjacent to the CD4 domain (Fos-Cagluc-(G4S)x-

TM). These reporters were transiently expressed in HEK293 cells and cultured with cells
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secreting Jun-Ngie. Media and cell samples were then assayed for Gluc assembly via
bioluminescence imaging. With longer linkers, the light emission at the cell surface increased
(Figure 4-5B). The transmembrane reporters were still sufficiently held at the cell surface as no
significant signal was detected in the media. Unfortunately, the (G4S)so linker was observed to
affect cell growth and morphology. Therefore, longer G4S linkers were not investigated further.
However, we rationalized that shorter, rigid proline linkers could provide the same, if not better,
improvements to photon outputs. To investigate their utility for Gluc complementation, a panel
of proline linkers (comprising 10, 20, and 30 repeats) was generated (FOS-Cgluc-Prox-TM). The
resulting constructs were expressed in HEK293 cells and the cells were mixed with Jun-Ngiuc
secreting cells. After 24 h, cells and media samples were imaged. Transmembrane reporters
comprising Proio repeats provided a 2-fold enhancement in signal as compared to reporters with
(GaS)2 repeats. As with G4S linkers, longer proline linkers also resulted in increased levels of
light emission (Figure 4-5C). The (GsS)eo linker was subsequently examined in a variety of cell
types (DB7 and MDA-MB-231) but similar trends in light emission were not observed (Figure 4-
5D). These cells are more mucinous than HEK293 cells and the thicker glycocalyx is likely to
preclude Gluc fragment assembly. While the tools did not translate across a variety of cell lines,
these studies did provide important proof of concept for localizing split Gluc bioluminescent

signal to the cell surface.

4.5 Ligand-receptor binding can facilitate Gluc assembly for imaging interacting cells
We aimed to improve Gluc complementation at the cell surface for higher overall signal.
Our collective studies with CD4 anchored split reporters suggested a large impediment to Gluc

complementation was limited accessibility of the split reporter at the cell surface. We therefore
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envisioned utilizing naturally occurring ligand-receptor interactions to drive Gluc assembly and
monitor interacting cells (Figure 4-6A). Indeed, Luker and coworkers have previously monitored
ligand-receptor binding in a mouse model of breast cancer with split Gluc appended to CXCL12
and CXCR4 (8). These studies utilized 1 x 10° total cells in mixed populations for visualization.
Improved total photon outputs, and thus more sensitive visualization of interacting cells, is likely
to be achieved with a higher affinity ligand-receptor pair. To test this hypothesis, | selected two
ligand-receptor pairs from the tumor necrosis factor superfamily: B-cell activating factor (BAFF)
ligand and receptor and CD40 ligand and receptor. The BAFF complex (Kp 0.14 nM) is
approximately an order of magnitude higher affinity than CXCL12-CXCR4, while the CD40
system (Kp 5.2 nM) is on par with the CXC complex (9, 10). Important to our approach, the
Wajant group determined these affinities via full length-Gluc ligand fusions and cell surface
expressed receptors. This suggested split Gluc-ligand and Gluc-receptor fusions should not

significantly interfere with binding and can be readily expressed in mammalian cells.
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Figure 4-6. Ligand-receptor binding facilitates the assembly of Gluc. (A) Strategy for cell
surface localized light emission via ligand-receptor binding. (B) DNA constructs comprising
Gluc halves tethered to BAFFL or CD40L (via G4S) linkers in various orientations were
prepared. Ngiuc and Ceiyc attached to BAFFR or CD40R were also generated. (C-D) N-terminal
Gluc-ligand fusions are optimal for Gluc complementation. HEK293 cells transiently expressing
various orientations of (C) split Gluc-BAFFL and -BAFFR reporters or (D) split Gluc-CD40L
and -CD40R reporters were cocultured in 96-well round bottom plates as indicated. After 24 h,
media aliquots from the co-cultures and cells were imaged with coelenterazine. For C and D,
expression levels were normalized based on flow cytometry analysis and the fold inductions in
bioluminescent signal versus control cells secreting Ngie or Cocie are plotted. Error bars
represent the standard error of the mean for n = 3 experiments.

To identify the optimal orientation of the fusion proteins, we fused Ngiyc Or Caiuc Via a
(G4S)2 linker to the C and N terminus of either BAFF ligand (Neic-BAFFL, Cecuc-BAFFL,
BAFFL-Ngiu, and BAFFL-Cgiyc) or CD40 ligand (Ngiue-CD40L, Ceiuc-CD40L, CD40L-Nagiyc,
and CD40L-Cagiuc). Split Gluc fragments were only fused to the N terminus of the receptors
(Neie-BAFFR, Colue-BAFFR, Ngiuie-CD40R, and Ceie-CD40R) to position Gluc in the
extracellular space (Figure 4-6B). We transiently expressed each split reporter in HEK293 cells

and co-cultured complementary pairs of cells. Cells and media were assayed for bioluminescence

after 24 h. For both systems, no significant signal was detected in the media samples suggesting
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the receptors were sufficiently retaining the split Gluc at the cell surface. Robust signal was
observed when the cells were imaged. N-terminal Gluc ligand fusions provided the greatest
levels of light emission for both BAFF and CD40 systems (Figure 4-6C and 4-6D). Surprisingly,
the optimal CD40 ligand-receptor pairing (Celuc-CD40L and Negiuc-CD40L) generated the largest
total photon production, with a ~10-fold enhancement in bioluminescence over the optimal
BAFF ligand-receptor pair (Nciue-BAFFL and Ceiuc-BAFFR). This suggests that binding affinity
alone does not predict the total light emission. It is likely that intracellular ligand-receptor
association, rates of membrane turnover, or the overall receptor size are likely to influence
photon outputs.

To determine if the split reporters could be utilized for reporting on small numbers of
interacting cells, | analyzed the time- and dose-dependency of Gluc complementation with Cgiyc-
CD40L secreting cells and Ngiuc-CD40R expressing cells. Combinations of the cells were
cultured together and media samples from the cultures were assayed at various time points post
plating. Signal was detected within 30 min of co-culturing, suggesting cellular interactions could
be imaged rapidly (Figure 4-7A). Co-culture studies with different cell densities revealed that as
few as 6250 total interacting cells could be detected (Figure 4-7B). These data demonstrate the

utility of the reporters for visualizing sensitive cell-cell interactions.
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Figure 4-7. CDA40 split reporters enable sensitive imaging of interacting cells. (A) HEK293 cells
stably expressing Ccgluc-CD40L, Ngiue-CD40R, or Cgiie Were mixed in 96-well round bottom
plates (1:1 5 x 10* total cells). Supernatants from the cocultures were removed and cells were
imaged with coelenterazine 0-6 h post-plating. The fold inductions in bioluminescent signal for
Coiuc-CD40L and Ngiuc-CD40R versus Ceiue and Neiue-CD40R (control cells) are plotted. (B)
HEK?293 cells stably expressing Cgluc-CD40L and Neiuc-CD40R were plated together (1:1 750-
100000 cells total) in 96-well round bottom plates. After 24 h, supernatant from the cocultures
was removed and cells were imaged (black). Mixtures of control cells (gray) were similarly
imaged. For A and B, error bars represent the standard error of the mean for n = 2 experiments.
The CD40 ligand-receptor system is advantageous for imaging interacting cells, as it
should localize signal to one distinct cell population. Ngic.-CD40R expressing cells located
further away from Ceiuc-CD40L secreting cells should remain dark due to insufficient quantities
of the split Gluc-ligand from reaching distant areas. Ngiuc-CD40R- and Cgiuc-CD40L-expressing
cells were plated at increasing distances and signal was only detected where receptor-expressing
cells were patterned (Figure 4-8). Importantly, light emission also correlated with the distance

between the two cell populations. This spatial resolution is likely to be applicable to visualizing

events relevant to host-pathogen interactions and metastatic disease.
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Figure 4-8. Split Gluc-CD40 system localizes signal to cell surface in a distance-dependent
manner. (A) Fabricated stencils (top) were used to separate (left) or mix (right) Cgiuc-CD40L
(gray) and Ngiuc-CD40R (blue) expressing cells. Media was added 24 h after plating to allow
supernatants from each cell population to mix. After 24 h, wells were imaged with
coelenterazine. Representative images from three replicate experiments are shown. (B)
Quantification of Celuc-CD40L (gray) and Neiuc-CD40R (black) expressing cells separated by 3,
5, and 7 mm. (C) Quantification of mixed Cgiuc-CD40L and Neiuc-CD40R expressing cells. For
B and C, regions of interest were defined by the stencil chambers. Error bars represent the
standard error of the mean for n = 3 experiments.
4.6 Conclusions and future directions

In our initial attempts to detect interacting cells with split Gluc reporters in vivo, we were
not able to visualize cells in a defined location. However, when we assayed for complemented
Gluc via blood draws, signal was detected only when cells were mixed prior to engraftment. This
suggests sites of direct cell-cell interactions can be preferentially monitored with this approach.
To address the need for localized signal, we utilized transmembrane domains to tether split-Gluc
to the cell surface. Our initial anchoring strategy with CD4 provided readouts on interacting cells

and retained the signal at the surface. Subsequent optimization studies with longer linkers
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enhanced light emission and suggested pushing the luciferase further from the membrane
facilitates fragment assembly. Indeed, split Gluc fusions to the CD40 ligand and receptor provide
robust signal while maintaining distant-dependent light emission.

The sensitivity of the ligand-receptor approach suggests these tools are capable of
detecting interacting cells in vivo. Initial studies are aimed at detecting and spatially resolving
two distinct cell populations. Based on these findings, these imaging tools could be used to
generate metastasis-specific animal models. These models could enable experiments aimed at
identifying how metastatic cells escape primary tumors and infiltrate secondary tissues.
Additionally, the CD40 system suggests native interacting transmembrane proteins are good

candidates for driving Gluc assembly to visualize direct cell-cell interactions.

4.7 Materials and methods

4.7a General cloning materials

Split reporters were amplified from previously generated Gluc fusions (Chapter 2 and 3) using
DreamTaq DNA polymerase and reaction buffer (ThermoFisher) or Q5 hot start high fidelity
DNA polymerase and reaction buffer (New England Biolabs). dNTPs were purchased from
ThermoFisher. All primers were generated by Integrated DNA Technologies. Amplified PCR
products were restriction enzyme digested (New England Biolabs) and inserted into the
pBMNpuro vector (courtesy of Nolan laboratory, Stanford) or pcDNA3.1-IRES-GFP vector
using T4 DNA ligase (New England Biolabs). Plasmid construction was confirmed by DNA

sequencing.
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4.7b Split Gluc CD4 transmembrane domain constructs
DNA sequences encoding CD4 were amplified from pDEST-HemmarG (a gift from Yuh-Nung
Jan, Addgene plasmid #31221) using the following primers:

5’-ctcgagttccagaaggcectccag-3’ and 5°-atagcggecgcttagegecttcggtgec-3°
DNA sequences encoding Ngiuc-(GaS)2-Jun-(GaS)2, Coaluc-(GaS)2-Fos-(G4S)2, or Gluc-(GaS)2

were generated using overlap PCR the following primers:

5’-atagaattcaagcccaccgagaac-3’ and 5’-gccgccaccggaaccaccgcecaccattaattaagectatgecgece-3’
5’-ggtggttccggtggcggeggtageatgeatagegge-3° and 5°-ggecttctggaactcgaggcetaccgeegee-3’
5’-atagaattcgaggcgatcgtcgac and 5°-gccgecaccggaaccaccgcecaccattaattaagtcaccaccgge-3’
5’-ggtggttccggtggeggeggtageatgeatggegge-3’ and 5°-ggccttctggaactcgaggetaccgecgee-3°
5’-atagaattcaagcccaccgagaac-3’ and 5’-gccgcecaccggaaccaccgecaccattaattaagtcaccacegge-3’

The Gluc reporters and CD4 products were fused using overlap PCR and were ligated to

sequences containing CD8 leader sequence-FLAG in pBMN iPuro.

DNA sequences encoding Fos-(G4S)2 and Caluc-(G4S)2 were simultaneously ligated to sequences
encoding the CD4 domain in pBMN-iPuro. The reporter Fos and Cegiyc inserts were constructed

using the following primers:
5’-atagaattcggcggcectgaccgac-3 and 5’-ataatgcatgctaccgecgecacc-3’

5’-ataatgcatgaggcgatcgtcgagattc-3” and 5’-atactcgaggctaccgecgecacc-3’

DNA sequences encoding (G4S)10 were ligated to sequences encoding Fos-(GaS)2-Caiuc-CD4 or
Coluc-(GaS)2-Fos-CD4 in pBMN-iPuro. The linkers were generated by overlap PCR using (G4S):

as a template using the following primers:

5°-ggcggaggcegggtetgggggeggagyctetggtggeggtggttc-3” and 5°-

actgcctectccaccgcttccacceecgecgetaccgecgeca-3°
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5’-atattaattaatggaggtggaggctcagggggcggaggeageggeggaggeggg-3° and 5°-
atactcgagactcccgccgcctccagaacctccgcccccactgcctcctccac-3 ’
5’-ataacgcgtggaggtggaggetcagggggeggaggeageggeggaggeggg-3° and 57

atactcgagactcccgccgcctccagaacctcecgeccccactgectcctecac-3’

To generate (G4S)20 and (G4S)3o linkers, DNA sequences encoding (G4S)10 were simultaneously
ligated to sequences encoding Fos-(G4S)2-Coiue-CD4 or Coiuc-(G4S)2-Fos-CD4 in pBMN-iPuro.
The linkers were generated by overlap PCR using (Ga4S)10 as a template using the following

primers:

5’-ataggccggcecaggaggtggagge-3’ and
5’-atactcgagactcccgecgectccagaacctcegeccccactgectectecac-3”
5’-atattaattaatggaggtggaggctcagggggeggaggeageggeggaggeggg and
5’-atatggccggccactccecgecgectc-3°

5’-ataagcgctggaggtggaggce and 5’-atactcgagactccecgecgectccagaacctceegeccccactgectectecac-3’
5’-ataggccggcecaggaggtggagge and 5°-ataagegctactccecgecgecte-3’

To generate (GaS)eo and (GaS)go linkers, DNA sequences encoding (G4S)s0 were simultaneously
ligated to sequences encoding Fos-(G4S)2-Cagluc-CD4 or Cegluc-(G4S)2-Fos-CD4 in pBMN-iPuro.
The linkers were generated by overlap PCR using (GaS)z0 as a template using the following

primers:

5’-ataatgcatgaggcgatcgtcgagattc-3’ and 5’-atatggcgcgcecactcccgecgectc-3’

5’-ataatgcatgaggcgatcgtcgagattc-3° and 5°-atatgtttaaacactcccgeegecte-3°

5’-ataggcgcgcecaggaggtggaggctcagg-3’ and 5’-atagcggccgcttagegecttcggtgece-3°

5’-atagtttaaacaggaggtggaggctcagg-3’ and 5’-atagcggccgcttagcgcecttcggtgece-3°

91



DNA sequences encoding Fos-(G4S).-(Pro)io and Ceiuc-(G4S)2-(Pro)1o were ligated to sequences
encoding Celue-CD4 or Fos-CD4 in pBMN iPuro. The inserts were generated with the following
primers:

5°- tataatgcatggcggcectgaccg-3° and

5’-atactcgagtggagggggtggcggaggtgggggagggggagegctgetaccgecgeeace-3’

5’-ataatgcatgaggcgatcgtcgagattc-3° and

5°-atactcgagtggagggggtogcggaggtgggggagggggagegctgctaccgecgecace-3°

DNA sequences encoding (Pro)2o and (Pro)so linkers were ligated to sequences encoding Caiuc-

CD4 or Fos-CD4 in pBMN iPuro. The inserts were generated with the following primers:

5’-ataagcgctccaccgccaccacctccccectcecccacce-3’
5’-atactcgagtggcgggggaggcggtggagggggtggeg-3’
5’-ataagcgctccgectccacccccgecaccgcecaccaccteecectececcacc-3’
5’-atactcgagcggtggaggaggceggtggegggggaggcggtggagggggtggeg-3-

5’-ataagcgctcccccccctcecccgectccacccccgecacc-3’

5’-atactcgagtggcggaggtgggggcggtggaggaggeggtggegg-3-

4.7¢ Split Gluc tumor necrosis factor superfamily constructs

DNA sequences encoding BAFFR and BAFFL (Rual Genome Res 2004) and CD40R and
CD40L were obtained from DNASU (Rual Genome Res 2004). DNA sequences encoding
CD40R and CD40L (Ramachandran Science 2004) were obtained from DNASU Plasmid

Repository.
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DNA sequences encoding chicken tenascin C (TNC) fused to BAFFL and CD40L were ligated
to sequences encoding CD8LS-Ngiuc-(G4S)2, CD8LS-Cagluc-(GaS)2, CD8LS-(G4S)2-Ngiue, and
CDB8LS-(G4S)2-Caliuc in pcDNA3.1-IRES-GFP. The inserts were generated with the following
primers:

5’-ggtctggtgtccagectgagagagcagGGCGCGCCAggtgatcagaatcctcaattgeg-3°
5’-cgacatcaaggatctgctgagcagactggaggagetggagggtcetggtgtecagectgag-3°
5’-ataGGCCGGCCAgcctgtggetgegecgecgeccccgacatcaaggatctgetgage-3°
5’-ataATTAATTAAGAGTTTGAGTAAGCCAAAGGACGTG-3°
5’-ataTCTAGAattattaGAGTTTGAGTAAGCCAAAGGACGTG-3’
5’-ggtctggtgtccagectgagagagcagGGCGCGCCAggtccagaagaaacagtcactcaa-3’
5’-ataATTAATTAACAGCAGTTTCAATGCACCAAAAA-3’
5’-ataTCTAGAattattaCAGCAGTTTCAATGCACCAAAAA-3°

DNA sequences encoding BAFFR and CD40R were ligated to sequences encoding Ngiuc-(GaS)2
and Coiuc-(G4S)2 in pcDNA3.1-IRES-GFP. The inserts were generated with the following
primers:

5’-ataggccggcecagaaccacccactgcatgcag-3’and 5°-ataTCTAGAattattactgtctctcctgcactgagatge-3’
5’-ataggccggcecaaggegagggeccecggagectg-3’ and 5’-atatctagaattattattgttgctcagggecggecgtett-3°
DNA sequences encoding CD8LS-Ngiuc-(G4S)2-TNC-CD40L, CDB8LS-Cagiuc-(GaS)2-TNC-
CD40L, CD8LS-TNC-CD40L-(G4S)2-Noiue, and CD8LS-TNC-CD40L-(G4S)2-Caiuc Were ligated
in pPBMN-IRES-GFP iPuro. The inserts were generated with the following primers:
5’-gactgccggatccaccatggccttaccagtgaccg-3’

5’-ATGCATttattagcctatgccgcecctgtge-3°

5’-ATGCATttattagtcaccaccggccccc-3’
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5’-ATGCATtattaGAGTTTGAGTAAGCCAAAGGACGTGA-3’

DNA sequences encoding (G4S).-CD40R-IRES-GFP were ligated to sequences encoding
CD8LS-Ngiuc or CD8LS-Ceiuc in pPBMN-IRES-GFP iPuro. The insert was generated with the
following primers:

5’-atattaattaatggtggcggtggttcegg-3° and 5°-tacgeggcecgctttacttgtacagetegtecatge-3°

4.7d Cell culture

HEK293 cells (American Type Cell Culture) and MDA-MB-231 cells were cultured in DMEM
(Corning) supplemented with 10% (vol/vol) fetal bovine serum (FBS, Life Technologies),
penicillin (100 U/mL), and streptomycin (100 pg/mL). Cells were maintained in a 5% COg,
water-saturated incubator at 37 °C. Transient transfections of the reporter constructs were
performed with cationic lipids (Lipofectamine 2000; Invitrogen). HEK293 cells were transduced

with amphotropic retrovirus followed by selection with puromycin (10 pg/mL).

4.7e Flow cytometry

Split reporter expression was verified in transiently transfected cells via flow cytometry. Cells
expressing split-CD4 reporters were incubated with PE-a-CD4 (Biolegend, 5 pL/1 x 10° cells)
on ice for 1 h. Cells were washed (3 x 200 pL) prior to analysis on a BD Biosciences LSRII. For
split reporters expressed from pcDNA3.1-IRES-GFP or pBMN-IRES-GFP, cells were
trypsinized and washed in FACS buffer prior to analysis. For each sample, 10,000 cells were

collected and data were analyzed by FloJo software (Tree Star, Inc.).

4.7f Cellular co-culture assays
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Combinations of cells expressing complementary secreted and transmembrane split reporters
were added to round bottom 96-well plates (5 x 10* cells per well). Media aliquots (10 pL/well)
were harvested 24 h after plating and transferred to black 96-well plates for imaging. A stock
solution of coelenterazine (Nanolight Technology, 5 mg/mL in ethanol) was diluted 1000-fold in
PBS and added to each well (3 pL/well) prior to imaging. Plates were imaged in a light-proof
chamber with an IVIS Lumina (Xenogen) CCD camera chilled to -90 °C. The camera was
controlled using Living Image software. All data were analyzed using unpaired t-tests (GraphPad

Prism 4).

Time-dependent complementation assay. Combinations of cells (1:1) expressing Ceiuc-CD40L,
Ngiue-CD40R, or Ceiuc Were added to round bottom 96-well plates (5 x 10* cells per well) and
incubated at 37 °C. Media samples were collected 0 — 24 h post-plating, transferred to black 96-

well plates (10 pL/well), and imaged.

Cell dose-response assay. Combinations of cells (1:1) expressing Cciuc-CD40L, Neiwe-CD40R, or
Caluc Were added to round bottom 96-well plates (7.5 x 10% — 1 x 10° cells per well). Cells were
incubated for 24 h at 37 °C. Media samples were transferred to black 96-well plates (10 pL/well)

and imaged.

4.7g Distance dependency of Gluc assembly

Biocompatible stencils were generated as previously described (11). HEK293 cells expressing

Colue-CD40L, Naiwe-CD40R, or Caiue Were plated (5 x 10* cells per stencil chamber) and allowed
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to adhere (24 h) before the media was removed. Fresh DMEM (750 pL) was added and cells

were analyzed 24 h later for Gluc activity.
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CHAPTER 5: Orthogonal luciferase-luciferin pairs for

bioluminescence imaging*

5.1 Introduction

As mentioned in Chapter 1, bioluminescence has been largely limited to monitoring one
cell type or 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 (Figure 5-1A) (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-luciferin and coelenterazine, respectively),

1 William B. Porterfield, Colin M. Rathbun, David C. McCutcheon, and Miranda A. Paley
contributed to the work presented in this chapter.
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enabling their tandem application in vivo (15, 16). Coelenterazine is less ideal for use in these
environments, though, owing to its suboptimal bioavailability and stability (2, 17). Other
naturally occurring luciferases and 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 less
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 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. A lead set of
“hits” was also biochemically characterized. Importantly, when the lead mutants and analogs

were combined, robust light production was observed when complementary enzyme-substrate
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partners interacted. Sequential administration of substrates enabled unique luciferases to be
illuminated (and thus resolved) within cultured cell models. These tools promise to enable 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.
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Figure 5-1. 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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5.2 Designing and constructing sterically modified luciferins

To expediently identify orthogonal bioluminescence tools, we aimed to screen sterically
perturbed luciferins against libraries of mutant luciferases (Figure 5-1B). 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 bioavailability 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, and
those capable of robust emission with Fluc harbor common features: an electron-donating group
at the 6" position, a carboxylate appendage (for adenylation), and an abstractable proton alpha to
the carboxylate (3, 5, 34-40). Beyond these requirements, Fluc can tolerate a surprisingly large
variety of modified luciferins, including 6”-amino substituents, alkylated and acylated scaffolds,
and even luciferins with non-natural chromophores (4, 19, 21, 33, 38, 39, 41-46).
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).
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D-luciferin

Figure 5-2. 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, methyl morpholino, or methyl morpholino-piperidyl appendage. As the steric bulk
increased, more clashes with f-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).

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 (Figure 5-1C). 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 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 (Figure 5-2).
Generating 4°- and 7"-modified 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-yielding syntheses were
essential, as large quantities of luciferins are required for light emission assays. Fortunately, the

core benzothiazole unit of the desired analogs could be accessed from a common route (Figure 5-

1D) and in multi-gram quantities (32, 36). From a small number of intermediates, we installed
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functional handles at C4” and C7°, to ultimately assemble a panel of luciferins on large scale (1-
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Figure 5-3. Measuring luciferin light emission. (A) Bioluminescence from luciferin analogs (100
puM) incubated with 1 pg of Fluc. Emission intensities are plotted as total photon flux values on a
log scale. Error bars represent the standard error of the mean for n = 3 experiments. (B)
Chemiluminescence 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 > 3 experiments.
5.3 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 (Figure 5-3).
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However, the emission intensities were much weaker than those observed with D-luciferin, the
native substrate. Interestingly, the largest analog (7"-MorPipLuc) was not the weakest emitter,
suggesting that steric modification alone does not dictate luciferin utilization. Consistent with the
observed light outputs, the measured kinetic constants for a subset of tested analogs showed
reduced performance relative to D-luciferin (Table 5-1). For example, the measured Km values
were ~100-fold larger than the native substrate, with the largest analogs (7'-MorphoLuc and 7'-
MorPipLuc) exhibiting the lowest relative binding affinities. Despite their large Kn values, 7'-
DMAMeLuc, 7-MorphoLuc and 7’-MorPipLuc exhibited emission spectra similar to D-luciferin
(Figures 5-4 and 5-5). Only the C4"-modifed analog 4’-MorphoLuc emitted noticeably redshifted
bioluminescent light, likely due to poor Fluc binding in the excited state or the luminophore

being forced into a more polar environment (30, 47).
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Figure 5-4. Fluorescence emission spectra. Fluorescence emission spectra for luciferin solutions
(100 uM in PBS, pH 7.4). An excitation wavelength of 350 nm was used.
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Figure 5-5. Bioluminescence emission spectra. (A)-(E) Luciferin analogs (2-5 mM) were
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were acquired as described in the Materials and Methods section.

5.4 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 (48, 49). If an analog cannot reach S1 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,
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we utilized a previously described chemiluminescence assay (50). This process mimics the
enzymatic reaction itself via formation of an activated ester intermediate, followed by proton
abstraction and subsequent reaction with molecular oxygen (34, 49, 51). When a subset of the
analogs was subjected to the assay, robust light emission was observed (Figure 5-3B). In fact,
photon outputs for some of the weakest bioluminescent emitters (including 7'-MorphoLuc and
4'-MorphoLuc) were on par with D-luciferin. A control compound (6’-deoxyluciferin) 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.

5.5 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,
complicating the selection of residues from static structural or sequence data (31, 52). Moreover,
amino acids known to play key roles in enzyme function have been identified far from the
luciferin binding site; such critical residues are often revealed only by random mutagenesis
approaches (22, 31, 52-54). Screening libraries of completely random mutants was impractical in
our case, though, owing to the large library sizes needed to achieve adequate enzyme coverage
(55). Screening in bulk is also difficult as bioluminescent light emission is too weak to detect on

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

emission with a sensitive camera.
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Figure 5-6. 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 to develop next-generation libraries. (C) “Hits” from next-generation libraries
were subjected to a secondary screen for orthogonality with panel of luciferin analogs.
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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 (56). “Hits” from these smaller, individual libraries could then be
easily combined and assayed in subsequent library generations for improved function. We
initially targeted residues proximal to the active site for mutagenesis (Figure 5-6A). These
selections were partially based on phylogenetic data gathered from across the insect luciferase
family, along with previous biochemical assays (11, 57). Mutations at many 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, 58).

SD218 SD249 SD314
3 5 .f : = TR ST
CHs
.4'
4'“MeLuc
1x 108 4x 108 1x 108 3x 10° 0.2x108 1.2x 108
,7'
CHs
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02x108 0.8 x 108 0.2x 108 1x 108 1x 108 4x 108
s
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L0

= Radiance
1x 104 4x 104 5x 10 4% 104 (p/slcm?sr)

7'-MorphoLuc

Figure 5-7. 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.

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
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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 transformants (59). The final libraries ranged from 19-
19600 members in size, and were constructed using synthetic gene assembly in combination with
circular polymerase extension cloning (CPEC) (60, 61).

The libraries were screened for orthogonal substrate usage using a two-tiered approach.
Library DNA was first introduced into bacteria, and the transformants were arrayed across agar
plates containing embedded luciferins (Figure 5-6B). Light-emitting colonies were easily
identified (Figure 5-7) and, in some cases, the light emission values were on par with native Fluc
and D-luciferin (Figure 5-8). A handful of the corresponding mutants were sequenced. Some
mutations were observed for multiple analogs, suggesting that they might be selective for bulky
luciferins (Figure 5-9). Other mutations were unique to each compound, which is notable, given
the subtle structural differences between some of the analogs. The number of colonies screened

was ~3X the calculated diversity for each library.
A B

Fold over WT

/'%‘«.‘

=49

# @)

SD249 SD314
Figure 5-8. 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 (above), 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 independent experiments.
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Figure 5-9. 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, mutation was only observed once.
The on-plate screen quickly culled non-functional enzymes but 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 (Figure 5-6C). “Hits” from these subsequent generations were

ultimately tested with all luciferin analogs in secondary screens to report on selective substrate

usage (i.e., orthogonality).
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Figure 5-10. A computer script was used to screen all possible enzyme-substrate pairings in
silico. An algorithm analyzed the imaging dataset for substrate resolution of orthogonal
luciferase-luciferin pairs.

Since the entire collection of imaging data for substrate-selective pairs exceeded 800,000
combinations, we wrote a computer script to rapidly examine all pairs in an unbiased fashion.
The algorithm iterated through each possibility and ranked the pairings by orthogonality (Figure
5-10). Orthogonality for each possible pairing was determined by representing each pairing as a
set of normalized vectors. Each set was then symmetrized and compared to the identity matrix
(the ideal case for orthogonality) via root mean square distance (RMSD). Favorable RMSD
scores are obtained when two mutants (e.g., A and B) react with unique substrates (e.g., substrate

1 and 2, respectively), in a mutually exclusive manner. By utilizing this approach, we aimed to
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not only determine the top orthogonal pairings but also identify trends in enzyme-substrate
selectivity.
5.6 Analyzing trends in top orthogonal pairs identified by computer script

To analyze the data for orthogonality trends, we restricted our analysis to the top 5,000
algorithm hits. These hits produced at least 10-fold substrate selectivity with their respective
enzyme. First, we examined the frequency of substrate-substrate pairings among these hits.
Substrates with modifications at the 4’ and 7’ positions were most commonly paired (Figure 5-
11, upper right and lower left quadrants). Matched analogs (i.e., 4'-4' and 7'-7') were less
frequently paired suggesting the screening approach selected for “bump-hole” substrate-enzyme
interactions (62-64). Substrates with a “bump” (i.e, steric bulk) at the 4’ position were rarely
orthogonal to other 4' analogs likely due similar substrate-enzyme interactions in the “hole”
generated on the protein. In contrast, when 4’ and 7'-bumped substrates are paired it is possible
for each substrate to interact differently with the enzyme resulting in orthogonality. These results
are informative for determining substrates for on-plate screens and for future luciferin analog

design.
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Based on these results, we conducted a similar analysis with frequency of enzyme
pairings to determine if certain residues correlate with orthogonality (Figure 5-12). Two distinct
bands were present in the heatmap corresponding to all enzymes from the 240+347 library and
three enzymes from the G3-7Mor (249+314+random mutagenesis) library. These enzymes
showed high pairing frequency to form orthogonal sets with a majority of the enzymes analyzed.
While there are other isolated library-library pairings, the predominance of these two libraries
suggests the enzymes contain important mutations for analog selectivity. Further library design

or mutagenesis at these positions could afford improvements in substrate resolution.
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Figure 5-12. Enzyme-enzyme pairing frequency in the top 5,000 in silico screen hits. Each
square represents a pairing of two enzymes. Certain libraries (240+347 and G3-7Mor) pair
frequently with all other mutants.
5.7 Characterization of a lead orthogonal pair

One top pair identified by the script exhibited selectivity for analogs 4'-MorpholLuc

(mutant A and B) and 7'-DMAMeLuc, 7-MorphoLuc, or 7'-MorPipLuc (mutant C). The

magnitude of each mutant’s preference—defined as the orthogonality quotient—was analyzed.

113



As shown in Figures 5-13A and 5-13B, mutants A and B exhibited nearly a 100-fold preference
for 4’-MorphoLuc over other analogs, while mutant C strongly favored C7° modified analogs.
Similar trends in orthogonal substrate usage were observed using bacterial lysates (Figures 5-14)
and across a range of luciferin concentrations (Figure 5-15 and 5-16). Biochemical analyses
further indicated that the “brightest” mutant enzymes with their matched substrate showed the

most efficient substrate turnover (Table 5-1).
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Figure 5-13. Analyzing orthogonal enzyme-substrate pairs. 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/CT7 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
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Figure 5-14. Orthogonal substrate usage in mutant or Fluc (WT) lysate. (A) Lysates were
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C4’-MorphoLuc. The geometric mean is plotted and the error bars represent the 95% confidence
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Figure 5-15. Bioluminescent photon production from luciferin analogs and luciferase enzymes.
(A)-(D) Luciferin analogs (0.5 — 1000 uM) or (E) D-luciferin were incubated with mutant
luciferases (A-C) 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.
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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 4"-MorphoLuc 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. R218K may slightly enlarge
the active site of the luciferase. This mutation has also been shown to boost activity with bulkier
cyclic aminoluciferin analogs (21). The improved selectivity with 7"-DMAMeLuc, 7°-
MorphoLuc, and 7°-MorPipLuc could be the result of active site positioning. The C7’-
subsitituents could potentially place the luminophore in a more advantageous spot for light

emission.
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Figure 5-16. Comparative analyses of all analogs with mutants A-C and wild type (WT)
luciferase. Analogs (0.5 — 1000 uM) were incubated with mutant luciferase enzymes (A)-(C) or
Fluc (WT), and images were acquired. Orthogonality plots were constructed to compare C4 -
MorphoLuc with the C7” steric analogs. C4/C7 orthogonality quotient (left) C7/C4 orthogonality
(right) indicates preference for C4” or C7” substrates. The geometric mean is plotted and the
error bars represent the 95% confidence interval for n > 4 experiments.
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Table 5-1. Biochemical analyses of orthogonal enzyme-substrate pairs.

1.2+ 0.35
0.92 + 0.17
94+84

0.041 + 0.016
0.013 + 0.004
5.22 + 0.58

NS
HO ’@SHN ]TrOH
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82+22
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?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.

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, G316T, or native Fluc residues) were
then allowed. Imaging analyses of these combinatorial mutants indicated that R218A and F250M
were critical for luciferin discrimination (Figures 5-17 and 5-18). Both mutations should result in
a larger active site, but why they preferentially accommodate 4" -MorphoLuc 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 for
subsequent oxidation. Indeed, when 4-MorphoLuc was incubated with R218A/F250M, light
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emission was maintained (as compared to Fluc, Figure 5-18C). When D-luciferin and the C7-
modified analogs were incubated with this same mutant, though, light emission was drastically
reduced. Interestingly, the R218A/S314T mutant exhibited an opposite trend in analog
selectivity: 7"-DMAMeLuc was preferred to 4"-MorphoLuc (Figure 5-18C). Collectively, these
results suggest that mutant luciferases can be tuned to respond to unique substrates. It 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 5-17. Bioluminescent photon production from luciferin 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.
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Figure 5-18. 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 C4 -MorphoLuc 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 interval for n > 4 experiments.
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5.8 Cellular imaging with orthogonal pairs

As a step toward multi-component imaging applications, we evaluated the orthogonal
enzymes and 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 (Figure 5-19). Cells were then incubated with analogs 7"-DMAMeLuc, 7°-
MorphoLuc, 7 -MorPipLuc, and 4"-MorphoLuc, and photon outputs were measured. As shown
in Figure 5-20, 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 4" -MorphoLuc, while cells with mutant C were only
visible upon treatment with analog 7"-DMAMeLuc, 7°-MorphoLuc, and 7'-MorPipLuc (Figure
5-21 to 5-24). 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
readily detected via sequential administration of the requisite substrates (Figure 5-20). Similar
trends were observed upon imaging HEK?293 cells (Figure 5-25) and co-cultures (Figure 5-26).
These data suggest that cross-reactivity between mutants B and C and their non-orthogonal

substrates is minimal.
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Figure 5-19. 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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Figure 5-20. Imaging cells with orthogonal luciferase-luciferin pairs. (A) Mutant luciferase
expressing DB7 cells were plated (1.5 x 10° cells/well) in 96-well black plates and sequentially
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sterically modified luciferins (750 puM). Representative

bioluminescence images are shown. (B) Quantification of the images from (A) after initial
substrate addition. Error bars represent the standard error of the mean for experiments performed
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Figure 5-21. Luciferase-expressing cells exhibit orthogonality. (A) HEK293 cells (2 x 10°)
expressing wild type or mutant luciferases (A-C) were incubated with 500 uM of luciferin
analogs and the orthogonality quotient was determined as before. The geometric mean is plotted
and the error bars represent the 95% confidence interval for n > 4 experiments. (B) Substrate
selectivity between C4’ and C7° sterically modified luciferins with lead mutants B and C is
maintained in mammalian cells. Error bars represent the standard error of the mean for n > 4
experiments.
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Figure 5-22. Cellular imaging with mutant luciferases and D-luciferin. (A) HEK293 cells
expressing Fluc (WT) or mutant luciferases (A-C) 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 5-23. Cellular imaging with mutant luciferases and luciferin analogs. HEK293 cells
expressing Fluc (WT) or mutant luciferases (A)-(C) were incubated with the indicated luciferin
analogs (500 uM). Representative bioluminescence images are shown.
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Figure 5-24. Cellular bioluminescent photon production is sustained. (A)-(D) HEK293 cells
(200,000 cells/well) expressing mutant luciferases (A)-(C) were incubated with 500 uM of the
indicated luciferin analog. Images were acquired (0-60 min), and light emission was quantified.
Error bars represent the standard error of the mean for n = 3 experiments.
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Figure 5-25. Cellular imaging with orthogonal pairs. (A) HEK293 cells expressing 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 mean for n = 3
experi
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Figure 5-26. 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) =3 and (B) = 2 independent experiments are shown.
5.9 In vivo imaging with orthogonal pairs

The level of orthogonality achieved in our cultured cell models suggested that orthogonal
luciferase-luciferin pairs could be distinguished in vivo. To evaluate mutant B and C for multi-

component imaging we transitioned the orthogonal pairs into mouse models. DB7 cells (5 x 10°

cells per graft) expressing mutant B or C were implanted at opposite lower flanks of FVB/NJ
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mice. Mice were imaged after intraperitoneal injection of analog 4 -MorphoLuc. Photon
production was only observed at the site of mutant C. After 5 h, the mice were imaged to confirm
signal had returned to background levels before administering analog 7"-DMAMeLuc. After
injection of 7-DMAMeLuc, signal was only detected at the site of mutant B. Based on the
number of cells implanted, we estimate that approximately 1 x 10° cells are necessary for
detection of the orthogonal pairs. Orthogonality was maintained over the five day imaging

period, an important criteria for imaging biologically relevant processes.
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Figure 5-27. In vivo imaging with orthogonal pairs. (A) Diagram for mice inoculations with
DB7 cells expressing mutant B (red circles) or mutant C (gray circles). (B) Mice were imaged
immediately after intraperitoneal injection of 7"-DMAMeLuc (100mM, left). After 5 h, mice
were imaged to confim signal had returned to background levels before administration of 4’-
MorphoLuc (100 mM, right). Representative images are shown for imaging at day 5 post-
implantation. (C) Quantification of signal from (B). (D) Orthogonality is maintained over time.
After each compound (top: 7"-DMAMeLuc, bottom: 4"-MorphoLuc) was administered, each cell
implantation site was analyzed for total flux. Error bars represent the standard error of the mean
for n = 3 mice.
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5.10 Conclusions and future directions

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 bioluminescent probes with improved brightness and other optical properties. The
enzyme-substrate “hits” reported here, while 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
luciferins, including analogs with altered chromophores that could provide drastically different
colors of light. 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 void in imaging capabilities. We anticipate that

collections of designer luciferins and luciferases will inspire new discoveries in a variety of
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disciplines, similar to how fluorescent protein technology enabled seminal advancements in

numerous fields.

5.11 Materials and methods

5.11a General biological methods

Fluorescent spectra and assays

All fluorescence spectra were acquired using clear 96-well microplates (BD-Falcon or Grenier-
Bio) and 100 pL 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.

UV-Vis spectra
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Luciferin absorption spectra were acquired on a Thermo-Fisher NanoDrop spectrophotometer
(ND-2000c). Each sample (100 pM) was prepared by dissolving the luciferin 50 mM PBS pH
7.4. Absorbance data were analyzed using Microsoft Excel.

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 IVIS 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.

General chemiluminescence procedure

Carried out as described previously (50).

5-11b Mutant luciferase library design
Table S1: 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. (54-56).

Conservation designations based on 13 aligned insect luciferase sequences (11).

Nucleic Amino
Library | Residue | Conserved Codon set Acid Acid
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
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G316 mod-high 22c-trick
SD218 R218 high All besides WT | 19 19

Table S2: Definition of codon sets from Table S8.

Name Codons used Total Total Reference
codons | amino
acids
22c-trick NDT, VHG, TGG 22 20 Kille et al.(3)
NDT NDT 12 12 Reetz et al.(7)
Hydrophobic* | GBC, WTK 7 7 Pines et al.(8)
All — Phe* TGK, VBC, ATG, NAW | 20 19 Pines et al.(8)
All — Arg* KGG, WKT, VHG, NAT | 19 19 Pines et al.(8)

*|dentified using algorithm provided by Pines et al. (59)

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 S1) and R1-R0 to R1-R119 (reverse primers, Table S2).
The R2 region comprises amino acids 275-346 and was assembled with primers R1-FO to F264
(forward) and R1-RO to R228 (reverse). The gene assembly primers were designed using

gene2oligo to identify desirable Tr, values (see Tables S3 and S4) (2).

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
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protocol) (55). Libraries were assembled and all PCR reactions were run using Q5 Hot-start

DNA polymerase (New England BioLabs).

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 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 (5). 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 (6) using the following
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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 uL. 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 uL of the reaction). A portion of each product (2.5 uL)
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.

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) for all

primers. Bases highlighted in red denote sites targeted for saturation mutagenesis.

Table S3: Region 1 (R1, wild type luc2 primers). Lower case letters denote non-
luciferase sequences included for maintaining proper Tm’s and do not appear in the

final assembled gene.

Forward primers

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

F235 cagcgactgtacagggc

Reverse primers

RO GGGCAATCCGGTGGATCC

R18 ACAAGCGGTGCGGTGCGGTAGGGCTACGCCCTT

R51 GCCGAAGATGGGGTCGCGGGCATGACTGAATCGGAC
R87 CCACGCTGAGGATAGCGGTGTCGGGGATGATCTGGTT
R124 CGTGGTGAACATGCCGAAGCCGTGGTGAAATGGCA
R159 AGCACGACCCGAAAGCCGCAGATCAAGTAGCCCAG

cgAAGCTTCGCAAGAATAGCTCCTCCTCGAAGCGGTACAT
R194 G

Table S4: Region 2 (R2, wild-type luc2 primers) Lower case letters denote non-
luciferase sequences included for maintaining proper Tm’s and do not appear in the

final assembled gene.

Forward primers

FO acacatCGAGGAGGAGCTATTCTTGCGAAGCTTGCA

F36 AGACTATAAGATTCAATCTGCCCTGCTGGTGCCCACAC

TATTTAGCTTCTTCGCTAAGAGCACTCTCATCGACAAGT
F74 ACGAC

F117 CTAAGCAACTTGCACGAGATCGCCAGCGGCGGG
F150 GCGCCGCTCAGCAAGGAGGTAGGTGAGGCC

F181 GTGGCCAAACGCTTCCACCTACCAGGCATCCG

F213 CCAGGGCTACGGCCTGACAGAAACAACTAGTGCCA
F248 TTCTGATCACCCCCgtcgcctccggaggaga

F264 tctcctccggaggeg

Reverse primers

RO TAGCTCCTCCTCGatgtgt

GGGCAGATTGAATCTTATAGTCTTGCAAGCTTCGCAAGA
R19 A

R59 GCTCTTAGCGAAGAAGCTAAATAGTGTGGGCACCAGCA
R97 TCGTGCAAGTTGCTTAGGTCGTACTTGTCGATGAGAGT
R135 TTGCTGAGCGGCGCCCCGCCGCTGGCGATC

R165 GGAAGCGTTTGGCCACGGCCTCACCTACCTCC

R197 AGGCCGTAGCCCTGGCGGATGCCTGGTAGGT

R228 aCGGGGGTGATCAGAATGGCACTAGTTGTTTCTGTC

137




Table S5-S13: Primers used to construct site-directed libraries. The bases highlighted in red

denote sites targeted for saturation mutagenesis.

Table S5: 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

Table S6: SD227 primers

Forward primers

SD227-F1 GCGACCCCATCTGKGGCAACCAGATCATCCCCGACA

SD227-F2 GCGACCCCATCVBCGGCAACCAGATCATCCCCGACA

SD227-F3 GCGACCCCATCATGGGCAACCAGATCATCCCCGACA

SD227-F4 GCGACCCCATCNAWGGCAACCAGATCATCCCCGACA
Reverse primers

SD227-R1 GCCMCAGATGGGGTCGCGGGCATGACTGAATCGGAC
SD227-R2 GCCGVBGATGGGGTCGCGGGCATGACTGAATCGGAC
SD227-R3 GCCCATGATGGGGTCGCGGGCATGACTGAATCGGAC

SD227-R4 GCCWTNGATGGGGTCGCGGGCATGACTGAATCGGAC

Table S7: 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
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SD240-F9

NDTGGCATGTTCACCACGCTGGGCTACTTGATCTGCG

SD240-F10

VHGGGCATGTTCACCACGCTGGGCTACTTGATCTGCG

SD240-F11

TGGGGCATGTTCACCACGCTGGGCTACTTGATCTGCG

Reverse primers

GVCGVCGCTGAGGATAGCGGTGTCGGGGATGATCTGGT

SD240-R1 T
MAWMAWGCTGAGGATAGCGGTGTCGGGGATGATCTG
SD240-R2 GTT
MAWGVCGCTGAGGATAGCGGTGTCGGGGATGATCTGG
SD240-R3 TT
GVCMAWGCTGAGGATAGCGGTGTCGGGGATGATCTGG
SD240-R4 TT
SD240-R5 CGTGGTGAACATGCCAHNGCCGTGGTGGVCTGG
SD240-R6 CGTGGTGAACATGCCCDBGCCGTGGTGGVCTGG
SD240-R7 CGTGGTGAACATGCCCCAGCCGTGGTGGVCTGG
SD240-R8 CGTGGTGAACATGCCAHNGCCGTGGTGMAWTGG
SD240-R9 CGTGGTGAACATGCCCDBGCCGTGGTGMAWTGG
SD240-R10 CGTGGTGAACATGCCCCAGCCGTGGTGMAWTGG

Table S8: SD249 primers

Forward primers

CACGGCTTCGGCGBCNDTNDTACGCTGGGCTACTTGAT

SD249-F1 CTGCGG
CACGGCTTCGGCGBCNDTVHGACGCTGGGCTACTTGAT
SD249-F2 CTGCGG
CACGGCTTCGGCGBCNDTTGGACGCTGGGCTACTTGAT
SD249-F3 CTGCGG
CACGGCTTCGGCGBCVHGNDTACGCTGGGCTACTTGAT
SD249-F4 CTGCGG
CACGGCTTCGGCGBCVHGVHGACGCTGGGCTACTTGAT
SD249-F5 CTGCGG
CACGGCTTCGGCGBCVHGTGGACGCTGGGCTACTTGAT
SD249-F6 CTGCGG
CACGGCTTCGGCGBCTGGNDTACGCTGGGCTACTTGAT
SD249-F7 CTGCGG
CACGGCTTCGGCGBCTGGVHGACGCTGGGCTACTTGAT
SD249-F8 CTGCGG
CACGGCTTCGGCGBCTGGTGGACGCTGGGCTACTTGAT
SD249-F9 CTGCGG
CACGGCTTCGGCWTKNDTNDTACGCTGGGCTACTTGAT
SD249-F10 CTGCGG

SD249-F11

CACGGCTTCGGCWTKNDTVHGACGCTGGGCTACTTGAT
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CTGCGG

CACGGCTTCGGCWTKNDTTGGACGCTGGGCTACTTGAT

SD249-F12 CTGCGG
CACGGCTTCGGCWTKVHGNDTACGCTGGGCTACTTGAT
SD249-F13 CTGCGG
CACGGCTTCGGCWTKVHGVHGACGCTGGGCTACTTGAT
SD249-F14 CTGCGG
CACGGCTTCGGCWTKVHGTGGACGCTGGGCTACTTGAT
SD249-F15 CTGCGG
CACGGCTTCGGCWTKTGGNDTACGCTGGGCTACTTGAT
SD249-F16 CTGCGG
CACGGCTTCGGCWTKTGGVHGACGCTGGGCTACTTGAT
SD249-F17 CTGCGG
CACGGCTTCGGCWTKTGGTGGACGCTGGGCTACTTGAT
SD249-F18 CTGCGG

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

Table S9: SD255 primers

Forward primers

SD255-F1 TTCGGCATGTTCACCACGCTGGGCNDTNDTNDTTGCG
SD255-F2 TTCGGCATGTTCACCACGCTGGGCNDTNDTVHGTGCG
SD255-F3 TTCGGCATGTTCACCACGCTGGGCNDTNDTTGGTGCG

SD255-F4

TTCGGCATGTTCACCACGCTGGGCNDTVHGNDTTGCG

140




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

Table S10: SD286 primers

Forward primers

SD286-F1 AGACTATAAGATTCAATCTGCCGBCGBCGBCCCCACAC
SD286-F2 AGACTATAAGATTCAATCTGCCGBCWTKWTKCCCACAC
SD286-F3 AGACTATAAGATTCAATCTGCCGBCWTKGBCCCCACAC
SD286-F4 AGACTATAAGATTCAATCTGCCGBCGBCWTKCCCACAC
AGACTATAAGATTCAATCTGCCWTKWTKWTKCCCACA
SD286-F5 C
SD286-F6 AGACTATAAGATTCAATCTGCCWTKGBCGBCCCCACAC
SD286-F7 AGACTATAAGATTCAATCTGCCWTKGBCWTKCCCACAC
SD286-F8 AGACTATAAGATTCAATCTGCCWTKWTKGBCCCCACAC

Reverse primers

GCTCTTAGCGAAGAAGCTAAATAGTGTGGGGVCGVCGV

SD286-R1 C
GCTCTTAGCGAAGAAGCTAAATAGTGTGGGMAWMAW
SD286-R2 GVC
GCTCTTAGCGAAGAAGCTAAATAGTGTGGGGVCMAWG
SD286-R3 VC
GCTCTTAGCGAAGAAGCTAAATAGTGTGGGMAWGVCG
SD286-R4 VC
GCTCTTAGCGAAGAAGCTAAATAGTGTGGGMAWMAW
SD286-R5 MAW
GCTCTTAGCGAAGAAGCTAAATAGTGTGGGGVCGVCM
SD286-R6 AW

SD286-R7

GCTCTTAGCGAAGAAGCTAAATAGTGTGGGMAWGVCM
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AW

SD286-R8

GCTCTTAGCGAAGAAGCTAAATAGTGTGGGGVCMAWM
AW

Table S11: 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

Table S12: 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

Reverse primers
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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

Table S13: SD347 primers

Reverse primers

CTTCGGGGGTGATCAGAATAHNAHNAGTTGTTTCTGTC

SD347-R1 AGGCCG
CTTCGGGGGTGATCAGAATAHNCDBAGTTGTTTCTGTCA
SD347-R2 GGCCG
CTTCGGGGGTGATCAGAATAHNCCAAGTTGTTTCTGTCA
SD347-R3 GGCCG
CTTCGGGGGTGATCAGAATCDBAHNAGTTGTTTCTGTCA
SD347-R4 GGCCG
CTTCGGGGGTGATCAGAATCDBCDBAGTTGTTTCTGTCA
SD347-R5 GGCCG
CTTCGGGGGTGATCAGAATCDBCCAAGTTGTTTCTGTCA
SD347-R6 GGCCG
CTTCGGGGGTGATCAGAATCCAAHNAGTTGTTTCTGTCA
SD347-R7 GGCCG
CTTCGGGGGTGATCAGAATCCACDBAGTTGTTTCTGTCA
SD347-R8 GGCCG
CTTCGGGGGTGATCAGAATCCACCAAGTTGTTTCTGTCA
SD347-R9 GGCCG

Table S14: Primers used to create R1 and R2 deletions in pET Luc2

Qutside primers

Nco-Luc2-For

ATACCATGGATGGAAGATGCCAAAAACATTAAGAAG
GG

Luc2-Not-Rev

ATAGGCCGCCACGGCGATC

R1 deletion

R1-deletion-For

GAACAGTAGTGGATCCAAGCTTGCAAGACTATAAGA
TTCAATCTGCCC
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R1-deletion-Rev

TAGTCTTGCAAGCTTGGATCCACTACTGTTCATGATC
AGGGC

R2 deletion

R2-deletion-For

TTCTTGCGAAGCTTACTAGTGCCATTCTGATCACCCC
CG

R2-deletion-Rev

CAGAATGGCACTAGTAAGCTTCGCAAGAATAGCTCC
TCCTCG

Table S15: Primers used to amplify inserts for the R1 or R2 regions, along with the pET vector

backbone.

R1 insert
amplification primers

R1-insert-Fwd

GACAAAACCATCGCCCTGATCATGAACAGTAGTGG
ATCCACCGGATTGCCCAA

R1-insert-Rev

CACCAGCAGGGCAGATTGAATCTTATAGTCTTGCA
AGCTTCGCAAGAATAGCTCCTCCTC

R1- vector
amplification primers

R1-vector-Fwd

ACTACTGTTCATGATCAGGGCGATGGTTTTGTC

R1-vector-Rev

GCAAGACTATAAGATTCAATCTGCCCTGCTGGTG

R2 insert
amplification primers

R2-insert-Fwd

CGAGGAGGAGCTATTCTTGCG

R2-insert-Rev

GGGGGTGATCAGAATGGCACTA

R2- vector
amplification primers

R2-vector-Fwd

TAGTGCCATTCTGATCACCCCC

R2-vector-Rev

CGCAAGAATAGCTCCTCCTCG

5-11c. Screening protocols

Primary screening protocol
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A portion of each library (2.5 — 3.5 pL) was transformed into 50 uL 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 pug/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 uL 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.
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 ug/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 ODeoo reached ~0.8. Rapidly
growing cultures were stored at 4 °C until all cultures reached the desired ODeoo. 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.
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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 TrissHCI,
500 NacCl, 0.5% (v/v) Tween, 5 mM MgCl., pH = 7.4). Lysed bacterial suspensions (90 uL/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). The appropriate
luciferin stock solution (10 uL) was added to each well, 6 wells at a time (final [luciferin] = 100-
500 uM and [ATP] = 1 mM). Images were acquired over 10 min as described above.
Bioluminescene readings acquired 5 min post-luciferin addition were used for most analyses.
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.

5-11d. 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
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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 (Table S9).
The insert and vector were combined by CPEC (as above). A portion of the reaction (2.5 L)
was then utilized directly for transformation into XL1 competent E. coli. Sequencing analysis

confirmed correct mutation and assembly.

5-11e. 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 (9).

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

5’- GACAAAACCATCGCCCTGATCATGAAC-3” and
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 uL) was then utilized directly for
transformation into XL1 competent E. coli. Sequencing analysis confirmed correct mutations and

assembly.

5-11f. 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 pg/mL Kan) to mid-log phase (ODsoo = 0.8 - 1.0), induced with 0.5 mM IPTG,
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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 NaPQO4, 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 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.

5-11g 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 pg),
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 MgSOQa, pH 7.6), totaling 100 uL. For pH
studies, the buffer comprised 20 mM BIS-TRIS propane (with 100 uM MgCl2, 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).

5-11h Bioluminescence kinetic measurements
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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 MgSOs, 2 mM
ATP, 0.1 mM EDTA, 1 mM TCEP, 0.5 mg/mL BSA) were prepared (2 uM - 10 mM analog),
and 50 pL 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. Km and relative kcar values
were determined using nonlinear regression analyses and robust fit outlier removal in GraphPad

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

5-11i Mammalian cell culture and imaging

HEK293 (ATCC) and DB?7 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 pg/mL). Cells were maintained in a
5% CO. water-saturated incubator at 37 °C. Transient transfection 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 — 36 h post transfection.

Flow cytometry
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Cells transiently expressing luciferase were trypsinized and washed in FACS buffer (PBS with
1% BSA) prior to analysis on a BD Biosciences LSRII. For each sample, 10,000 cells were
analyzed and data were analyzed by FloJo software (Tree Star, Inc.).

Bioluminescence imaging with mammalian cells

HEK293 cells transiently expressing Fluc or mutant luciferases were added to black 96-well
plates (2 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. In some cases, though, a second luciferin solution (500 uM final concentration) was
added after the initial imaging session. Bioluminescent-images were then acquired again.
Sequential bioluminescence imaging with patterned cells

Biocompatible stencils were generated and placed in tissue culture dishes as previously described
(10). HEK293 or DBY7 cells expressing mutant B or C were plated (2 x 10° (HEK293) or 3 x 10°
(DBT) per stencil chamber). For HEK293 cells, luciferins 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 addition. Bioluminescent images were acquired

as described above except with 10 min acquisitions.

5-11j 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 modeule prior to docking. SP docking was used to obtain the
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input poses for high-level calculations. XP docking was then performed using flexible ligand

sampling, sampling of nitrogen inversions and ring conformations. Epik state penalities were use

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.
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CHAPTER 6: Conclusions and future directions

Muticellular networks and dynamic cellular movements are crucial for a vast array of
biological processes (1-3). Dysregulated cellular crosstalk potentiates numerous pathologies,
including infection and metastases. While monitoring individual cells with molecular detail are
important to understanding these events, a comprehensive view requires new knowledge at the
whole organism level. In this thesis, | developed new sets of bioluminescent tools for monitoring
biological processes on the macroscale.

Fluorescence imaging, with fluorophores and fluorescent proteins, is among the most
commonly utilized techniques for visualizing cells with remarkable spatial resolution (4-6).
These tools have revolutionized our understanding of fundamental biological processes but
require an external light source. This requirement results in only being able to visualize small,
previously selected areas (7-8). To study cell interactions and migration over longer length times
and distances necessitates new optical instrumentation or the development of new imaging tools.

A complementary imaging technology, bioluminescence, is better suited for macroscale
imaging (9-11). Bioluminescent enzymes (luciferases) emit light through the chemical oxidation
of small molecule luciferins. The emitted light can penetrate tissues and skin in rodent models
and be detected with sensitive cameras. Since an excitation light source is not required and
mammalian tissues do not produce large numbers of photons, there is virtually no background
signal. This sensitivity has made bioluminescence imaging useful for imaging in a number of
areas such tumor cell proliferation, cell homing, and numerous other processes. As with all
macroscale techniques, bioluminescence suffers from low resolution. Additionally,
bioluminescence imaging has been limited to monitoring one cell type or biological feature at a

time.
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| aimed to address both of these limitations by developing new bioluminescence tools by
engineering luciferases. | developed two distinct genetically encodable probes for monitoring
interacting cells. One class comprised secreted split luciferase fragments and the second group
comprised cell surface localized fragments. | also evolved luciferase mutants to enable substrate
resolved, multi-component imaging.

For monitoring cell-cell contacts, | utilized a split reporter strategy with an ATP-
independent marine luciferase from Gaussia princeps. In this method, a given cell population
will express one split reporter, while the other reporter is expressed by a distinct second cell
population. When the two cells associate, a functional luciferase (and thus, light) is generated
through the binding of the split reporter fragments. With our completely secreted system, we
determined split forms of Gluc can assemble in the extracellular space to enable sensitive
imaging of cell proximity (Figure 2-11). While these studies provided proof-of-concept for
monitoring cell-cell interactions, the light emission was ~100-fold below the native enzyme
(Figure 3-2). While these tools are likely to have immediate utility for imaging interacting cells
in excised tissues, in vivo imaging would require at least 2.5 x 10° total interacting cells. This
signal is therefore too weak to monitor processes with rare events, such as earlier metastatic cell-
cell interactions.

We therefore set out to improve fragment assembly to boost photon production. We
assessed a variety of strategies to optimize complementation including linker lengths, resonance
energy transfer, and “designer” luciferases (Figure 3-1). Surprisingly, dramatic design
modifications were needed for the most significant enhancements in light emission. The most

robust light emission was observed when the split reporters were interfaced with an alternative
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luciferase, Nanoluc (Figure 3-11). These improvements are likely to facilitate the visualization of
a broad range of cellular interactions.

With split reporters that are exclusively secreted, we recognized that detecting interacting
cells in vivo would require the complemented Gluc to remain localized to the location of cell-cell
interactions. Therefore, while we evaluated the secreted system in vivo we also aimed to develop
a strategy to localize the reporters to the cell surface. Our initial design tethered a split reporter to
the transmembrane domain from the immune cell surface marker CD4. When cells secreting one
split reporter were cultured with cells expressing the membrane-anchored split reporter, signal
was detected but at much lower levels than the secreted system (Figure 4-4). To improve the
sensitivity of this approach, we aimed to improve the accessibility of the split reporter at the cell
surface. We investigated split reporter orientation and linker design to push the transmembrane
split reporters above receptors or glycan structures at the cell surface. Both longer flexible
linkers and rigid linkers enhanced light emission but the tools did not translate to cancer-relevant
cell lines. The studies provided important design considerations for this approach.

We designed next generation split reporters interfaced with native ligand-receptor
interacting proteins (CD40 ligand and receptor). This resulted in ~20-fold enhancement in signal
over our first-generation transmembrane reporters (Figure 4-6). Importantly, the split Gluc-CD40
system localizes signal to the cell surface and provides a distance-dependent readout on cell-cell
interactions (Figure 4-8). This system is likely applicable to detecting early liver metastases. The
split Gluc-receptor will be tethered to liver cells and the complementary split Gluc-ligand will be
secreted by tumor cells. When metastases to the liver occur, the secreted and tethered Gluc

fragments should be able to assemble to emit light. These tools are also likely to be applicable to
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monitoring many processes involving cell-cell contacts including host-pathogen dynamics and
cell migration.

The second set of tools | developed was aimed at engineering new luciferase-luciferin
probes for multi-component imaging. Since spectral resolution in whole organism imaging is
extremely challenging, we sought to generate distinguishable bioluminescent probes based on
substrate resolution. In this strategy, cells would express a mutant luciferase that can only
oxidize its unique luciferin. Another cells population would utilize an orthogonal luciferase-
luciferin pair thus enabling multi-cellular imaging.

To develop these tools, we required both new luciferin analogs and luciferase enzymes.
Based on structural analysis, we generated 4'- and 7'-modified luciferins with additional steric
bulk at these sites (Figure 5-1). New luciferase enzymes were developed by generating mutant
libraries which targeted residues proximal to the active site (Figure 5-6). With both components
in hand, we developed a two-tiered screening approach. The first step involved an on-plate
screen which allowed us to quickly remove non-functional enzymes from our libraries. This was
followed by a secondary screen in which “hits” could be confirmed to create next-generation
libraries. Secondary screens also allowed us to identify substrate selectivity by screening panels
of mutant enzymes against panels of luciferin analogs.

This screening approach has generated 5,000 orthogonal pairings with at least 10-fold
substrate resolution. Analysis of these large datasets has informed likely substrate-substrate and
library-library pairings. This information is important to our approach as it can guide new library
and analog design efforts. As such, ongoing work in the lab is providing new luciferin analogs
with modified electronic properties and alternative aromatic cores. New libraries based on “hot”

spots in the enzyme are also being generated with combinatorial codon mutagenesis techniques.
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The latest computational analysis of our imaging dataset suggests orthogonality scores improve
with more substrates and enzymes, further validating the need for diverse collections of
bioluminescent probes.

We selected a top “hit” to further characterize (mutant B and C). In purified enzyme,
mutant B exhibited nearly a 100-fold preference with 4"-MorphoLuc and mutant C favored 7’-
DMAMeLuc (Figure 5-13). Additional mutants, based on enzyme B, were analyzed and
discerned critical mutations for selectivity with 4’-MorphoLuc. Targeting these positions in
future libraries could provide improvements to orthogonality.

The orthogonal enzyme-substrate probes were also evaluated in mammalian cell lines and
in mice (Figure 5-20 and 5-27). In both cases, these tools produced light only when
complementary enzyme-substrate partners interacted. Based on their selectivity, these designer
pairs will bolster multi-component imaging and enable the direct interrogation of cell networks
not currently possible with existing tools. Current efforts are aimed at evolving “brighter”
luciferase-luciferin pairs for more sensitive in vivo detection.

In summary, | was able to expand the bioluminescent toolkit to begin to address the
limitations of this imaging technology. | developed new probes relevant to monitoring cell-cell
interactions and for multi-cellular imaging. We anticipate these tools will broaden the scope of
bioluminescence imaging and that they will have utility in tandem for monitoring a wide-range

of biological processes.
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