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ABSTRACT OF THE THESIS

BRET-based reporter conjugated luminescent nanoparticles
for improved bioluminescence imaging
By
Mahum Tahir
Master of Science in Biomedical Engineering
University of California, Irvine, 2023

Professor Szu-Wen Wang, Chair

The emergence of bright bioluminescent luciferase reporters has enabled versatile
bioimaging applications in vitro and in vivo. However, conventional luciferases such as
nanoluciferase are sub-optimal reporters for bioluminescence imaging (BLI) in vivo due to their
blue-shifted emission which is highly attenuated by tissue, resulting in a dim, less sensitive
signal. To overcome this limitation, Nluc and its substrate furimazine have been further
engineered to produce red-shifted emission. Additionally, Nluc has been fused to fluorescent
proteins, creating reporters with spectrally shifted light emission through bioluminescence
resonance energy transfer (BRET). In this study, we employed two BRET-based fusion reporters,
CeNLuc and LumiScarlet, as they have previously demonstrated improved imaging properties
compared to luciferase-only reporters. We aimed to immobilize CeNLuc and LumiScarlet onto
the E2 nanoparticle surface to develop brighter reporters for BLI. We successfully conjugated
CeNLuc and LumiScarlet onto E2 using the SpyCatcher-SpyTag conjugation, resulting in
CeNLuc-E2 and LumiScarlet-E2 nanoparticles of ~35-nm in size. Furthermore, we were able to
control the number of luminescent proteins per particle and demonstrated that CeNLuc-E2 and

LumiScarlet-E2 underwent efficient BRET. We also evaluated the luminescence of CeNLuc-E2

viil



and LumiScarlet-E2 using BLI. CeNLuc-E2 particles produced approximately 12-fold greater
luminescence than non-immobilized CeNLuc proteins, resulting in a brighter luminescent
reporter. In contrast, LumiScarlet-E2 particles exhibited a greater red-shifted emission than
CeNLuc-E2, which could be advantageous for more sensitive deep-tissue BLI. These findings
demonstrate the potential of CeNLuc-E2 and LumiScarlet-E2 as effective reporters for broad

applications in nanomedicine and bioimaging.
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1. INTRODUCTION AND BACKGROUND

1.1. Introduction

Bioluminescence imaging (BLI) has become a powerful technique for visualizing
biological processes at the cellular, tissue, and organism level. This is primarily attributed to the
advances made in the discovery and optimization of bright bioluminescent reporter systems [1].
Bioluminescence is a result of a chemical reaction between an enzyme called a luciferase and a
substrate called a luciferin [2]. The luciferase catalyzes the oxidation of luciferin, which results
in oxyluciferin and the production of light (Figure 1) [3]. Bioluminescence has many advantages
over other imaging modalities, such as fluorescence, including a better signal-to-noise ratio and
lower background, enabling highly sensitive imaging [4]. Moreover, bioluminescence requires
no excitation light, avoiding concerns related to fluorophore photobleaching or tissue
autofluorescence during imaging [5]. As a result, bioluminescence has become a valuable tool
for noninvasive in vivo imaging applications. Bioluminescent emission can be visualized using
sensitive charge-coupled device (CCD) cameras to monitor processes such as protein-protein
interactions, gene expression, cell migration and biodistribution in vivo [6,7]. However, due to
the dim signal of luciferases, bioluminescence is still limited in imaging deep tissues [8,9]. Thus,
there still exists a need for bioluminescent reporters that are brighter and possess improved tissue
penetration for in vivo imaging. In this section, more background is presented on current
bioluminescent reporters used for in vivo BLI, their limitations in deep tissue imaging and other

strategies being employed to improve bioluminescence detection in vivo.

1.2. Bioluminescence-based reporters for in vivo BLI
Conventional luciferases used in bioimaging include the Firefly luciferase (Fluc) and

Renilla luciferase (Rluc), both of which are commercially available [10,11]. However, these



luciferases can be suboptimal for reporter assays due to their large size (>35 kDa) and their dim
signal, especially in vivo [2]. Furthermore, Fluc requires cofactors such as ATP to activate the
substrate, D-luciferin, which results in metabolic disruption in cells, making it unsuitable to use
in vivo [12]. Rluc, however, does not require ATP to produce light, yet its substrate
coelenterazine (CTZ) is unstable in serum and has poor water solubility, limiting its use in vivo

[10].
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Figure 1. The bioluminescence reaction between Nluc and its substrate furimazine. Nluc is a
smaller and brighter protein compared to other conventional luciferases such as Rluc-CTZ and
Fluc-D-Luciferin. Adapted from Hall 2012 [13].

Recently, the nanoluciferase (Nluc) enzyme has been developed commercially and gained
popularity in bioluminescence applications. Nuc is a small protein (19.1 kDa) that has been
optimized for a substrate called furimazine (FRZ) [13]. The Nluc-FRZ reaction produces
luminescence that is about 150 times greater than Fluc and Rluc, making it one of the brightest
luminescence reporters available (Figure 1) [14]. Nluc has been successfully used for in vivo BLI
applications such as imaging superficial tumors and organs [2]. However, for deep tissue
applications such as imaging deep tumors, tracking tumor progression or cell migration, it has
shown reduced sensitivity and a reduced spatiotemporal resolution in vivo [2]. Although Nluc

produces an intense light output, it has a blue-shifted emission that peaks around 440 to 460 nm



[14]. This blue emission is a drawback of Nluc because short-wavelength light, such as blue and
green light (<600 nm), is highly absorbed by hemoglobin and scattered by tissue [15], limiting
the deep tissue penetration of Nluc bioluminescence. In contrast, red-shifted light, greater than
600 nm, is less attenuated by tissue and can penetrate through increased tissue depths [16]. To
enhance the performance of Nluc-FRZ for in vivo imaging, attempts have been made to modulate
the substrate to produce red-shifted emission, yet this often results in a reduced Nluc intensity
[12]. As a result, Nluc has also been engineered to produce brighter luminescence when paired
with other substrates.

More recently, Nluc has been mutated to create teLLuc, which has been modulated for a
CTZ analog called diphenylterazine (DTZ) [9]. The teLuc-DTZ reaction produces about 2.6-fold
greater luminescence than Nluc-FRZ, with an emission peak around 502 nm. Furthermore,
teLuc-DTZ demonstrated about 7.5-fold greater intensity than Nluc-FRZ for in vivo BLI, owing
to its enhanced luminescence and less blue-shifted emission [9]. However, FRZ, DTZ, and CTZ
are known to have low solubility at high concentrations in vivo, so small animals can tolerate
only small volumes of substrate injection [12]. To address this, DTZ was chemically modified to
improve its water solubility, resulting in 8pyDTZ. In solubility assays, 8pyDTZ demonstrated
~13-fold enhanced solubility than DTZ [12]. The teLuc luciferase was further modified to
LumiLuc, to optimize it for increased luminescence with the 8pyDTZ substrate [12].
LumiLuc-8pyDTZ produced an emission around 525 nm and displayed bright signals in vitro as
well as high-sensitivity in an in vivo tumor model [12]. Furthermore, the red-shifted
luminescence of LumiLuc and high solubility of 8pyDTZ, could make LumiLuc-8pyDTZ a more

ideal bioluminescent reporter than Nluc-FRZ for in vivo BLI.



1.3. BRET-based luminescent reporters for more enhanced in vivo BLI

Another strategy to develop brighter or more red-shifted bioluminescent reporters for in
vivo BLI is through bioluminescence resonance energy transfer (BRET) [17,18]. BRET involves
the transfer of non-radiative energy from a luminescent donor molecule to a fluorescent acceptor
molecule [19]. The luciferase-luciferin reaction results in the production of bioluminescence,
which serves as an excitation source for a fluorophore molecule to emit light at its emission
wavelength [20,21]. This process only occurs if the two molecules are in close proximity (<10
nm) to each other [21] (Figure 2). The efficiency of BRET is affected by several factors,
including the distance between the donor and acceptor, the quantum yield of the donor molecule,
and the spectral overlap between the donor emission and acceptor excitation [21,22]. Luciferases
have been directly fused to fluorophores to create reporters that luminesce through BRET due to
their close proximity [5,23,24]. Moreover, the emission of these BRET-based reporters can be
spectrally tuned by pairing luciferases to fluorophores of differing emission wavelengths [5].
Therefore, different combinations of luminescent and fluorescent proteins have been engineered

and assayed to find the most efficient BRET-fusion pairs.

>10nm

<10nm
A

Figure 2. The process of BRET. BRET from the luciferase to the fluorophore can only occur
when both molecules are within <10 nm of each other. Adapted from Dale 2019.



Nluc and its derivatives make for optimal donors for BRET-based reporters due to their
small size and enhanced light output [17]. Nluc has been fused to a multitude of fluorescent
proteins, resulting in a vast library of BRET-based reporters that undergo efficient energy
transfer and produce signals brighter than Nluc alone. These include reporters such as GpNluc,
GeNL, and CeNLuc [5,25,26]. LumiLuc and teLuc have also been fused to fluorescent proteins
to produce BRET-based reporters that are bright and red-shifted, such as LumiScarlet and
Antares2, respectively [9,12]. BRET-activated reporters have been effectively utilized for in vitro
and in vivo BLI applications, such as monitoring molecular interactions or tracking tumor
progression [14]. Furthermore, BRET-based reporters show greater effectiveness than luciferase

reporters for more sensitive in vivo BLI [12,24].

1.4. Luminescent nanoparticles for in vivo BLI

Bioluminescent and BRET-activated luminescent nanoparticles have also been explored
for in vivo BLI. In addition to bioimaging, luminescent nanoparticles have been utilized for
nanomedicine applications such as monitoring the pharmacokinetics of drug-based nanocarriers
or tracking the biodistribution of particles in vivo [1,27]. Recently, our lab has assembled Nluc
onto a protein nanoparticle platform, E2, to produce luminescent Nluc-E2 nanoparticles for
bioimaging [28]. Studies have shown that immobilizing enzymes onto large protein assemblies
can enhance the overall catalytic activity of enzymes [29]. Increased catalytic activity could be
due to an increase in the localized density of enzymes when they are conjugated to a nanoparticle
surface versus when enzymes are free in solution [30]. Additionally, enzymes could be
conjugated to a surface in a way that orients their substrate binding pocket in an orientation that
is more accessible to substrates increasing their catalytic efficiency [30]. Thus, it was

hypothesized that Nluc-E2 could be an even brighter luminescent reporter than Nluc because



Nluc immobilized on E2 could undergo enhanced luciferase performance than unconjugated
Nluc, thus outputting more light. In fact, Nluc-E2 showed an 11-fold greater luminescence
compared to free Nluc in vitro [28]. Furthermore, the biodistribution of Nluc-E2 was tracked in
vivo and showed higher signal-to-noise ratios than a conventional imaging reporter model of
fluorescently labeled E2, demonstrating Nluc-E2 enables more sensitive in vivo imaging [28].
The Nluc-E2 imaging platform could be further modulated to improve bioimaging by the
assembly of brighter or more red-shifted reporters onto the particle.

As mentioned earlier, Nluc is a sub-optimal reporter for deep tissue imaging as its blue
emission is highly absorbed, limiting its tissue penetration and reducing its spatial resolution.
Thus, BRET has also been utilized to produce BRET-activated luminescent nanoparticles with
red-shifted emission for BLI [1]. More commonly, luciferases have been assembled directly onto
the surface of various quantum dot (QD) nanoparticles that produce light when excited [1,31,32]
(Figure 3). For example, Nluc was conjugated to the red-shifted QD705 to make QD-Nluc. Once
furimazine was administered, Nluc emitted light which then excited QD705 to emit light through
BRET. QD-Nluc was used to image tumors and lymph nodes in vivo and enabled bioimaging
with high signal-to-noise ratios [31]. QD platforms, however, can induce toxicity in cells at high
doses and can aggregate in blood, limiting their use for effective in vivo BLI [33,34]. Luciferases
have also been conjugated to the surfaces of polymer or lipid nanoparticles that are loaded with
fluorescent molecules [1]. These particles can produce BRET-based luminescence that is
red-shifted for bioimaging [35] (Figure 3). Yet, the BRET efficiency can be decreased due to the
increased distance between the luciferases and fluorophores, resulting in the loss of some

luminescence [31].
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Figure 3. BRET-activated luminescent nanoparticle designs. Common BRET-based particles
comprise luciferases conjugated to QD nanoparticles, which emit light when excited by the
luciferase through BRET (left). Another BRET-based particle design comprises luciferases
surface-conjugated to particles internally loaded with fluorescent molecules (right). When the
luciferase bioluminesces, it can transfer energy to nearby fluorophores through BRET, causing
them to emit light. Adapted from Zambito 2021 [1].

Most BRET-activated nanoparticle designs like these are more commonly being used for
in vivo phototherapy or tumor targeting applications and less for imaging and tracking in vivo
[36,37]. Furthermore, there has been little research done on directly immobilizing BRET-based
fusion reporters onto nanoparticles for BLI. BRET-based reporters on nanoparticles could
produce more efficient BRET-based luminescence than using separate luminescent and
fluorescent molecules like current designs. Thus, in this study, we explored the potential of

assembling BRET-based reporters onto the E2 nanoparticle for improved BLI.

1.5. BRET-based reporter conjugated E2 nanoparticle as an enhanced bioimaging reporter
Based on previous work described above that highlighted the improved luminescence
output of Nluc when conjugated to a nanoparticle, we hypothesized that BRET-based

reporters immobilized onto a nanoparticle could produce an enhanced light output



compared to free BRET-based reporters. By being immobilized on a nanoparticle, the
luciferase in the fusion reporter could experience a greater catalytic efficiency and thus produce a
greater light output. This would result in more light energy being available to excite the
fluorophore through BRET and a greater BRET efficiency could result in a greater light signal.
We also hypothesized that we could develop luminescent nanoparticles that were more
red-shifted than Nluc-E2 by choosing a BRET-based fusion reporter with a red-shifted
emission. This strategy of BRET-based reporter conjugated nanoparticles could enable more
sensitive in vivo BLI.

In this thesis work, we immobilized two different BRET-based reporters, CeNLuc and
LumiScarlet, onto the E2 nanoparticle platform to investigate the potential for BRET-based
reporter conjugated nanoparticles (CeNLuc-E2 and LumiScarlet-E2) as enhanced imaging
platforms. E2 is a protein assembly derived from the pyruvate dehydrogenase complex of
Geobacillus stearothermophilus that self-associates into a dodecahedral cage consisting of 60
identical subunits [38]. The E2 protein complex is approximately 24-nm in diameter and can be
engineered at the internal, external, and inter-subunit interfaces [39]. E2 has been recombinantly
fused to SpyTag (ST) yielding ST-E2, to enable the conjugation of SpyCatcher-fused proteins to
the surface of ST-E2 through the SpyCatcher-SpyTag interaction [28]. Thus, CeNLuc and
LumiScarlet were recombinantly fused to SpyCatcher (SC), yielding SC-CeNLuc and
SC-LumiScarlet, for conjugation to ST-E2 (Figure 4b).

CeNLuc and LumiScarlet were chosen for immobilization because they exhibit optimal
imaging properties such as an intense light output or a red-shifted emission [12,26]. CeNLuc
comprises a cyan fluorescent protein, mCerulean3, fused to NLuc with a flexible five amino acid

linker in between (Figure 4a). The mCerulean3 protein was chosen as the BRET acceptor



because it has a high quantum yield, photostability, and pH insensitivity [40]. Furthermore, the
BRET pair demonstrates high BRET efficiency, as the NLuc emission has a high spectral overlap
with the mCerulean3 excitation spectrum [26]. The emission of CeNLuc is centered at 475 nm
and when expressed in cells, CeNLuc showed about 4-fold brighter total light output than Nluc
[26]. Thus, we hypothesized that if we conjugated CeNLuc onto E2, we could produce a brighter
and less blue-shifted luminescent nanoparticle than Nluc-E2.

SC-
e oo R E e | e [
F N

ﬁ\“ Bioluminescent Spacer Linker
(DISGG) protein, Em 460 nm (DISGG)

o SC_

Fluorescent protein, L&, | Spacer l::}er
Em 595 nm K (K)

Figure 4. CeNLuc and LumiScarlet constructs. a) Original genetic constructs [12,26].
b) Constructs fused to SpyCatcher used in this study.

LumiScarlet was chosen as the other reporter to immobilize to E2 because LumiScarlet
exhibits a red-shifted emission around 595 nm [12]. LumiScarlet is a fusion of the mScarletl
fluorescent protein with LumiLuc (Figure 4a). The mScarletl protein was selected as the BRET
acceptor because it is red-shifted, has a high quantum yield and has previously exhibited good
performance as an energy acceptor [41]. LumiLuc was chosen as the luciferase donor because its
emission, centered around 525 nm, has a greater spectral overlap with the excitation spectrum of
mScarletl, making it a more efficient donor for BRET than Nluc [12]. Furthermore, LumiLuc
catalyzes 8pyDTZ substrate, which exhibits high solubility and could be administered at higher
doses in vivo than conventional substrates [12]. Approximately half of the LumiScarlet emission
was found to be longer than 600 nm [12]. In an in vivo study, LumiScarlet showed about 3-fold

higher signals than LumilLuc, demonstrating LumiScarlet’s capacity as a more sensitive reporter



for deep tissue imaging [12]. We hypothesized that immobilizing LumiScarlet onto E2 would

enable a more sensitive reporter with enhanced tissue penetration properties.

1.6. Objectives

The aim of this thesis is to explore the assembly of BRET-based reporters onto the E2

nanoparticle platform to produce brighter, more red-shifted luminescent reporters. This

BRET-based luminescent nanoparticle platform could enable improved BLI for broad in vivo

applications such as tumor tracking or biodistribution studies. Specific objectives are listed as

follows:

1.

Genetically fuse CeNLuc and LumiScarlet genetic constructs to SpyCatcher and express
and purify SpyCatcher recombinant proteins

Conjugate BRET-based recombinant proteins, SC-CeNLuc and SC-LumiScarlet, onto
SpyTag-E2 (ST-E2) nanoparticles and assess different ratios of luminescent proteins to a
nanoparticle and its effect on luminescence

Assess if the luminescent emission produced by CeNLuc-E2 and LumiScarlet-E2 is
resultant from BRET

Evaluate the luminescence of CeNLuc-E2 and LumiScarlet-E2 nanoparticles in
comparison to free CeNLuc and free LumiScarlet in vitro

Evaluate the red-shifted emission of BRET-activated nanoparticles to assess deep tissue

imaging capacity

10



2. MATERIALS AND METHODS

2.1. Materials

All reagents were purchased from Fisher Scientific unless otherwise noted. BRET-based
reporter plasmids were received from Addgene (CeNLuc: cat. no. #135934 and LumiScarlet:
cat. no. #126623). Restriction endonucleases were purchased from New England Biolabs. DNA
oligonucleotides were purchased from Integrated DNA Technologies. The GeneJET Gel
Extraction Kit and Micro BCA Protein Assay Kit were from Thermo Scientific. The QIAprep
Spin Miniprep Kit was from Qiagen. The Nano-Glo™ Luciferase Assay System (N1120) was

purchased from Promega. The 8pyDTZ (HY-135368) was purchased from MedChemExpress.

2.2. Cloning of constructs and genetic fusion of constructs to SpyCatcher

Plasmids for CeNLuc and LumiScarlet were from Addgene and the plasmid maps can be
found in Appendix A. For constructs that were to be ligated to SpyCatcher (SC-CeNLuc,
SC-mCerulean3, SC-LumiScarlet, SC-mScarletl, and SC-LumiLuc), forward primers were
designed with a N-terminal N#el site plus a spacer. For the non-SpyCatcher constructs (CeNLuc,
mCerulean3, LumiScarlet, mScarletl, LumiLuc), primers with a N-terminal Nel site and 6X-His
tag were encoded. Lastly, reverse primers were encoded with a C-terminal BamHI site for all
constructs. All primers used are listed in Appendix B. The genes of interest were amplified
through polymerase chain reaction (PCR) using standard PCR protocol [42]. The amplified
genes were then ligated to the pJET1.2 blunt vector. The vectors were transformed into E. coli
(DH5a) cells and the DNA was purified using the Qiagen miniprep kit. The genetic constructs
were sequenced with Sanger’s sequencing from GeneWiz Azenta and confirmed. Plasmid maps,
DNA sequences, and amino acid sequences of the constructs are presented in Appendix C-E. The

genes and vectors of interest were then digested with Nhel and BamHI and extracted from 0.8%

11



agarose gels using the GeneJET purification kit. The constructs to be fused to SpyCatcher were
ligated overnight to a pET11a-SpyCatcher vector and non-SpyCatcher constructs were ligated
overnight to pET11a (Appendix C). The pET11a ligations were transformed into DH5a cells,
minipreps of the plasmids were made, and a check digest agarose gel was run to confirm the
genes were ligated to the vector. The confirmed purified plasmids were transformed into

chemically competent BL21 (DE3) cells for expression.

2.3. Expression, purification and characterization of luminescent proteins

Small-scale expressions were performed initially to determine the optimal expression
conditions for each protein. Colonies were inoculated into 5 mL LB cultures with 100 pg/ml
ampicillin and incubated overnight at 37°C for 16 hours. The overnight cultures were then
inoculated into fresh 5 mL LB cultures containing 100 pg/ml ampicillin and incubated until the
ODyg, reached 0.6-0.9 [28]. From there, the induction and expression steps were done using
variable conditions for the CeNLuc and LumiScarlet proteins.

CeNLuc and its SC-fusion proteins were induced with ImM IPTG and expressed at 37°C
for 3 hours or at 20°C for 16 hours. Cells were then harvested, resuspended in Tris buffer, and
frozen at -80°C. Cells were lysed using glass beads and the soluble fraction was separated from
the insoluble fraction and both fractions were run on SDS-PAGE gels. More soluble proteins
were observed for proteins expressed at 20°C for 16 hours, and this was the expression condition
used for the large-scale expression of all proteins, except SC-CeNLuc, which was further
optimized (Figure S1). SC-CeNLuc was expressed at 20°C for 16 hours and at 16°C for 24 hours
with final concentrations of IPTG at 1, 0.5, 0.1, and 0.05 mM IPTG. SDS-PAGE of the cell
lysates showed higher soluble protein fractions for proteins expressed at 16°C with 0.1 or 0.05

mM IPTG. The final expression condition for SC-CeNLuc was 16°C with 0.1 mM IPTG.
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For LumiScarlet and its SC-fusion proteins, the initial induction and expression
conditions used were 20°C for 16 hours with 1 mM IPTG. SDS-PAGE of the soluble and
insoluble fractions showed that all proteins expressed half or more proteins in the soluble
fraction, except SC-LumiScarlet, which was further optimized. SC-LumiScarlet was expressed at
20°C for 16 hours and at 16°C for 24 hours using 1 and 0.1 mM IPTG. Proteins expressed at
20°C with 0.1 mM IPTG showed more soluble protein expression and was the final expression
condition used (Figure S2).

For the final expression, colonies were inoculated into 5 mL LB cultures supplemented
with ampicillin and incubated overnight at 37°C for 16-18 hours. Overnight cultures were
inoculated into 200 mL cultures containing ampicillin and incubated until the ODy, reached
0.6-0.8. Cultures were then induced at the conditions optimal to each protein. Cells were
harvested and pellets were frozen at -80°C. Next, cells were broken and the proteins were
purified. Cells were resuspended in breaking buffer, ImM PMSF was added, and cells were
lysed using a french press. 1X HALT protease inhibitor was added to the lysate to further prevent
any protein degradation. The cell lysate was spun in the Optima™ XPN-80 ultracentrifuge
(Beckman Coulter) using the Type 45 Ti Rotor and at a speed of 35,000 xg to separate the
soluble fraction from the insoluble fraction. The soluble fraction was purified using the HisPur
Ni-NTA affinity columns. Columns were washed with imidazole at a range of concentrations
(25, 50, 100, 150, 200, 250 mM imidazole). Samples from all elution steps were run on
SDS-PAGE and fractions containing the protein were pooled together. The purified proteins were
buffer exchanged in phosphate-buffered saline (PBS) (137 mM NacCl, 2.7 mM KCI, 10mM
Na,HPO,, 1.8 mM KH,PO,) to remove the imidazole and then concentrated using an amicon

filter. Purified proteins were aliquoted and stored at -80°C.
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The final proteins were characterized for purity and molecular weight through
SDS-PAGE (Figure S3). Protein concentrations were measured with the Micro BCA protein
assay. However, LumiScarlet, SC-LumiScarlet, mScarlet, and SC-mScarlet protein
concentrations were measured using gel quantification with ImageJ because their absorbance
(Abs 569 nm) overlapped with absorbance of the BCA (Abs 562 nm). Concentrations of proteins
measured with BCA were also confirmed using gel quantification. Nluc, SC-Nluc, and ST-E2

were previously purified and characterized in the lab and stored in the -80°C [28].

2.4. Spectral characterizations of luminescent proteins and luminescent nanoparticles

The fluorescent spectra of proteins were measured using the SpectraMax M2 microplate
reader (Molecular Devices, LLC). Emission spectra were measured from 440-600 nm using 5 nm
increments and an excitation of 433 nm for proteins containing mCerulean3. Proteins containing
mScarletl, were measured from 580 to 650 nm with an excitation of 569 nm. For fluorescent
measurements 100 ul of protein were added to 96-well black opaque plates (Greiner). The final
concentration of proteins containing mCerulean3 was 3 uM and of proteins containing mScarletl
was 10 pM. Samples were diluted in phosphate buffer (SOmM KH,PO,, 100mM NacCl) at pH 7.4,
which also served as the background sample.

Luminescence spectra of the luminescent proteins and luminescent particles were
measured using the SpectraMax M3 microplate reader (Molecular Devices, LLC). Protein or
nanoparticle samples of 50 ul were added to 96-well, white, clear bottom plates (Thermo
Scientific). Right before the measurement, 50 pl of substrate was added to wells. The final
concentration of the luminescent proteins and luminescent nanoparticles was 5 nM of luciferase.
For proteins with Nluc a 1:50 dilution of furimazine (Nano-Glo® Luciferase Assay System,

Promega) was used as the substrate. For proteins with LumiLuc, 8pyDTZ (MedChem Express) at
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a final concentration of 100 uM was used as the substrate. For samples with Nluc, spectra were
measured from 400-600 nm and for samples with LumiLuc spectra were measured from 400-700
nm. Measurements were made in 5 nm increments with 250 ms integration time. Samples were

diluted in phosphate buffer. Phosphate buffer with substrate served as the background sample.

2.5. Conjugation of luminescent proteins to ST-E2 and luminescence of luminescent-E2
particles

To synthesize the luminescent-E2 particles, the SC-luminescent proteins and ST-E2 were
mixed together at specific molar ratios of luminescent protein to ST-E2 monomer. The
components were mixed in phosphate buffer (SOmM KH,PO,, 100mM NacCl) at pH 7.4 and
allowed to react at room temperature for 2 hours on a shaker, followed by incubation at 4°C
overnight. The conjugation reactions were spun down at 18,000 xg for 10 minutes to separate out
any insoluble fraction.

Dynamic light scattering (DLS) (Malvern Zetasizer, Nano ZS) was performed on the
conjugations to determine the hydrodynamic diameter and monodispersity of the particles. The
conjugation ratio of luminescent proteins to ST-E2 subunits was quantified based on
densitometry of SDS-PAGE gels measured using ImagelJ. Concentrations of the conjugated
particles were determined using the BCA protein assay.

SC-CeNLuc was conjugated to ST-E2 particles at varying molar ratios (0.7:1, 0.5:1,
0.35:1, 0.25:1, 0.1:1) of SC-CeNLuc to ST-E2 monomer. Different molar ratios were used to
determine the maximum number of luminescent proteins that could be immobilized without the
presence of excess unconjugated proteins. Luminescence of CeNLuc-E2 particles of varying
molar ratios was measured using the SpectraMax M3 microplate reader. Sample titrations were

made for final in-well concentrations of 15, 7.5, and 3.75 nM of Nluc and 50 ul of sample was
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added to 96-well white, clear bottom plates (Thermo Scientific). Before taking the measurement,
50 ul of a 1:50 dilution of FRZ was added to the samples. Phosphate buffer with FRZ served as

the background. Samples were run in duplicates and total luminescence was measured.

2.6. In vitro luminescence assays

Luminescence of the monomeric proteins and nanoparticle samples was measured using
the IVIS Lumina CCD camera (PerkinElmer). The CCD camera was chilled to -83°C and the
imaging stage was kept at 37°C during the imaging. The excitation was set to block and emission
set to open. For red-shifted measurements the emission filter was set to DsRed. Exposure time
ranged from 0.5 to 2 s, binning was set to medium, field of view was 12.5 cm, and f number was
set to 1. Protein samples were loaded into 96-well black, clear bottom plates (Corning). The
sample volume was 50 ul and the final concentration was 10 nM of luciferase. Before imaging, a
1:50 dilution of furimazine in phosphate buffer (S0mM KH,PO,, 100mM NaCl) was added to
samples containing Nluc. For samples containing LumiLuc, 50 ul of 8pyDTZ with a final
concentration of 100uM was added. For the background measurement, 50 ul of substrate was
added to 50 ul of phosphate buffer. The final in-well volume of all samples was 100 ul. Living
Image Software version 4.1.3 was utilized to select regions of interest after imaging to quantify

the total flux.

2.7. Statistical analysis

The statistical analyses were performed using GraphPad Prism. We utilized one-way
ANOVA with Tukey’s multiple comparison test over the experimental groups. Data were
represented as mean =+ standard error of mean (SEM) for all experiments and n=3 for

experiments, unless stated otherwise. In all cases, p <0.05 is considered statistically significant.
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3. RESULTS AND DISCUSSION

3.1. CeNLuc and LumiScarlet constructs fused to SpyCatcher maintained their spectral
properties

CeNLuc and LumiScarlet were chosen as the BRET-based reporters for immobilization
to SpyTag-E2. To conjugate the proteins onto ST-E2 using the SpyCatcher-SpyTag conjugation
[43,44], recombinant luminescent proteins were made by fusing SpyCatcher (SC) to the
N-terminus of CeNLuc and LumiScarlet, yielding SC-CeNLuc and SC-LumiScarlet. SpyCatcher
fusions were also made for the individual bioluminescent and fluorescent proteins that comprised

the BRET-based fusion constructs, yielding SC-mCerulean3, SC-mScarletl, and SC-LumiLuc.
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Figure 5. Spectral characterizations of CeNluc, SC-CeNLuc, mCerulean3, and SC-mCerulean3.
a,b) The fluorescent emission maximum for CeNLuc, SC-CeNLuc, mCerulean3, and
SC-mCerulean3 was at 475 nm. ¢) The luminescent emission of CeNLuc and SC-CeNLuc was
centered at 475 nm. Data was normalized to the emission maximum of each peak. Spectra were
measured in duplicates and representative images are shown.
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All SC-fusion proteins were successfully expressed and purified. In addition to the
SC-fusion proteins, non-SC proteins for all BRET, fluorescent, and bioluminescent proteins were
purified as well (CeNLuc, LumiScarlet, mCerulean3, mScarletl, LumiLuc). All the luminescent
proteins used in this study are summarized in Table 1. Final purified proteins were run on
SDS-PAGE and their molecular weights were confirmed (Figure S3, Table 1). Fluorescent and
luminescent spectral characterizations were also performed to confirm that fusion to SC did not
affect the spectral signature of the proteins (Figure 5, 6). There was no change to the emission

profiles or to the emission wavelengths of the SC-proteins compared to the non-SC proteins.
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Figure 6. Spectral characterizations of mScarletl, SC-mScarletl, LumiScarlet, SC-LumiScarlet,
LumiLuc, and SC-LumiLuc. a,b) The fluorescent emission peak for mScarletl, SC-mScarletl,
LumiScarlet, SC-LumiScarlet was at 595 nm. c¢) For LumiLuc and SC-LumiLuc, the
bioluminescent emission was at 515 nm. d) The luminescent emission of LumiScarlet and
SC-LumiScarlet displayed a bimodal spectrum, with an emission peak at 595 nm and a second
peak at 515 nm. Data was normalized to the emission maximum of each peak. Measurements
were performed in triplicates and representative images are shown.
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Table 1. Descriptions of proteins used in this study

Protein Molecular Representation Description
Weight (kDa)
303 - Assembly of 60 ST-E2
ST-E2 (mon(;mer) . monomers; SpyTag fused onto
’ the N-terminus of E2 (D381C)
0 BRET-fusion of mCerulean3
CeNLuc 46.9 = fused to N-terminus of Nluc
& SC fused to N-terminus of
SC-CeNLuc 62.2 P CeNLuc
mCerulean3 273 a“; Cerulean blue ﬂuorescent
o protein
SC-mCerulean3 427 5 SC fused to N-terminus of
mCerulean3
Nluc 19.9 ’ NanoLuc luciferase
SC-Nluc 35.1 ‘ SC fused to N-terminus of Nluc
) BRET-fusion of mScarlet]l fused
LumiScarlet 45.1 ‘ to N-terminus of Lumiluc
SC-LumiScarlet 60.3 g SC fused to 'N-termlnus of
LumiScarlet
mScarlet] 26.3 ° Scarlet red fluorescent protein
SC-mScarletl 415 q SC fused to N-terminus of
mScarletl
LumilLuc 19.6 LumilLuc luciferase
SC-LumiLuc 34.8 SC fused to N-terminus of

LumilLuc
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3.2. Conjugation of CeNLuc and LumiScarlet onto E2 resulted in monodisperse

CeNLuc-E2 and LumiScarlet-E2 nanoparticles of approximately 35-nm in size

SC-CeNLuc and SC-LumiScarlet were conjugated to ST-E2 using the SC-ST approach
[43,44]. A pilot study was run to determine the optimal ratio of BRET-based protein to ST-E2
monomer that would result in the complete conjugation of the luminescent proteins without any
unconjugated proteins present. SC-CeNLuc was conjugated to ST-E2 at molar ratios of 0.7, 0.5,
and 0.25 moles of SC-CeNLuc to 1 mole of ST-E2 subunit, resulting in CeNLuc-E2
nanoparticles with varying amounts of luminescent proteins conjugated to the exterior of E2.
SDS-PAGE showed that the CeNLuc-E2 monomers were at the expected molecular weights of
91 kDa (Figure S4). However, the 0.7:1 and 0.5:1 molar ratio conditions showed excess
unconjugated SC-CeNLuc, whereas the 0.25:1 molar ratio showed complete conjugation of
SC-CeNLuc to ST-E2. The conjugation of CeNLuc to the nanoparticle maxed out around 30
SC-CeNLuc proteins per 1 ST-E2 nanoparticle. Although the ST-E2 nanoparticle is composed of
60 monomers, the conjugation of CeNLuc reached a maximum at half of the monomers
conjugated. This could be due to the large size of the SC-CeNLuc proteins (~60 kDa) relative to
the ST-E2 monomer (~30 kDa) resulting in steric hindrance and preventing more proteins from
conjugating to the monomers.

It was decided that a molar ratio of less than 0.5:1 SC-CeNLuc to ST-E2 monomer would
be ideal to use to eliminate the chance of unconjugated proteins being present in the conjugation
reaction. Ratios lower than 0.5:1 were tested, which included 0.35:1 and 0.1:1. These
conjugation ratios also resulted in complete conjugation of SC-CeNLuc to the nanoparticle. A
luminescence assay was performed to assess whether the number of luminescent proteins

conjugated to a nanoparticle would affect the luminescence of CeNLuc-E2 nanoparticles
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containing equimolar amounts of Nluc. The luminescence of particles conjugated with 0.5:1,
0.35:1, and 0.25:1 moles of SC-CeNLuc to ST-E2 was measured after the addition of furimazine
substrate. No significant difference was observed in luminescence, whether particles had more or
less CeNLuc immobilized on the surface (Figure 7). CeNLuc-E2 with a conjugation ratio of
0.25:1 was chosen for subsequent studies. Each CeNLuc-E2 nanoparticle had 12.8 = 0.6 CeNLuc
proteins conjugated to its surface (Table 2, construct 2). CeNLuc-E2 was measured to be 36.3 +
1.5 nm in diameter, slightly larger than ST-E2 particles which were found to be 29.3 + 0.3 nm

(Table 2, construct 1), indicating conjugation of CeNLuc to the E2 surface.
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Figure 7. Mean luminescence of different conjugation ratios of SC-CeNLuc to ST-E2. Molar
ratios of 0.35:1, 0.25:1, and 0.1:1 CeNLuc to E2 monomer were tested. Samples contained
equimolar concentrations of Nluc and FRZ was used as the substrate. Data are represented as
mean + SEM of n=3 independent experiments, with background (phosphate buffer+ FRZ)
subtracted. One-way ANOVA with Tukey’s multiple comparison test were performed and ns= no
significance between the different ratios at a given Nluc concentration.

As mentioned earlier, most BRET-activated nanoparticle designs have not directly
utilized BRET-based fusion reporters on nanoparticles [31,35,36]. Instead, they immobilize
luciferases onto fluorescent particles or fluorophore loaded particles to produce BRET-based
emission. We hypothesized that conjugation of BRET-fusion reporters on particles would
produce more efficient BRET-based emission than separately conjugating luminescent and

fluorescent proteins onto particles. This is due to the fact that the efficiency of BRET between
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luciferase donors and fluorophore acceptors is high when both are within <10 nm of each other
[14]. In addition to CeNLuc-E2 (Table 2, construct 2), we tested two additional nanoparticle
designs to model BRET. The (mCerulean3+Nluc)-E2 nanoparticle (Table 2, construct 3) consists
of nanoparticles conjugated with equimolar amounts of mCerulean3 fluorescent protein and Nluc
protein on the surface. The other design comprised Nluc conjugated particles, Nluc-E2 (Table 2,
construct 5), mixed with mCerulean3 conjugated nanoparticles, mCerulean3-E2 (Table 2,
construct 4), at equimolar amounts of luminescent protein. Particles were conjugated with the
same 0.25:1 molar ratio of protein to E2 subunit, so that equal ratios of fluorescent and
bioluminescent proteins were conjugated to the nanoparticles in comparison to CeNLuc-E2.
Since the maximum conjugation of luminescent proteins to a nanoparticle was
determined to be about 30 proteins, a higher molar conjugation ratio was not chosen for studies
because a ratio higher than 0.25:1 would require more than 30 proteins for the
(mCerulean3+Nluc)-E2 nanoparticle (Table 2, construct 3). With a 0.25:1 ratio, the
(mCerulean3+Nluc)-E2 nanoparticle had about 14 fluorescent proteins and 14 bioluminescent
proteins conjugated for a total of about 28 proteins conjugated to the nanoparticle (Table 2,
construct 3). So although a slightly higher ratio such as 0.35:1 could have been used for
CeNLuc-E2, it would have required more than 30 of the fluorescent and bioluminescent proteins
to conjugate to E2 to observe the equivalent conjugation ratio, which could have resulted in
excess unconjugated proteins for the (mCerulean3+Nluc)-E2 nanoparticle. Successful
conjugations were observed for the (mCerulean3+Nluc)-E2 (Table 2, construct 3),
mCerulean3-E2 (Table 2, construct 4), and Nluc-E2 (Table 2, construct 5) nanoparticles using the
0.25:1 molar conjugation ratio. Conjugations were confirmed to be at the expected molecular

weights based on SDS-PAGE (Figure S5).
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Table 2. Characterizations of luminescent nanoparticles

Conjugation
Ratio Proteins per | Hydrodynamic
Construct Representation | (Moles Protein: Nanoparticle | Diameter (nm)
Mole ST-E2 (n=3) (n=3)
subunit)
#1 .
_ — 3+0.
ST-E2 5 29-3%0.3
#2
12.8 £0.6
: % ==l I8
CeNLuc-E2 025 CeNLuc: | CeNLuc 0315
#3 0.25 mCerulean3 13.9+1.0
.25 mCerulean3: mCer.
(mCerulean3 + 0.25 Nluc: 1 344£0.5
Nluc)- E2 13.9+ 0.3 Nluc
#4
0.25 mCerulean3: 122+0.8 329405
mCerulean3-E2 1 mCer. ’ ’
#5
Nluc-E2 0.25 Nluc: 1 12.6 £ 0.2 Nluc 32.2+0.5
#6 .
0.25 LumiScarlet: 13.1+£1.6 350+ 0.6
LumiScarlet-E2 1 LumiScarlet ’ '
- 11.1+2.0
0.25 mScarletl: mScar.
(mScarletl + 0.25 LumiLuc: 1 342+1.2
LumiLuc)-E2 ' ' 10.6+1.4
LumiLuc
#8
122+2.1
mScarletl-E2 0.25 mScarletl: 1 mScar. 32.0+0.2
#9
. 10.6 £2.5
LumiLuc-E2 0.25 LumiLuc: 1 LumiLuc 31.6£0.7
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The same conjugation ratio of 0.25:1 was used for LumiScarlet-E2 and the other
LumiScarlet-based particles. LumiScarlet-E2 (Table 2, construct 6), (mScarletl+LumiLuc)-E2
(Table 2, construct 7), mScarletl-E2 (Table 2, construct 8), and LumiLuc-E2 (Table 2, construct
9) were successfully conjugated and their molecular weights were confirmed on SDS-PAGE
(Figure S6). For each LumiScarlet-E2 nanoparticle, there were ~13 SC-LumiScarlet proteins
conjugated. LumiScarlet-E2 was found to be 35-nm in size, comparable to the size of
CeNLuc-E2 and slightly larger than ST-E2. Characterizations of size and the number of proteins

conjugated per particle for all the particle constructs are listed in Table 2.

3.3. CeNLuc-E2 and LumiScarlet-E2 particles produced BRET-based luminescence

To evaluate whether BRET was occurring between the bioluminescent donors and
fluorescent acceptors on the nanoparticles, spectral analysis of the nanoparticle emission profiles
was performed (Figure 8). BRET between the donor and acceptor would result in an emission
peak appearing at the emission of the fluorescent protein [45]. CeNLuc-E2 demonstrated an
emission peak at 475 nm comparable to the emission maximum of mCerulean3, indicating that
energy transfer occurred from Nluc to mCerulean3 (Figure 8a) [26]. Compared to Nluc-E2,
which had an emission peak of 440 nm, the emission of CeNLuc-E2 was 35 nm less blue-shifted.
This shift in emission could show some benefits over Nluc-E2 for in vivo imaging applications as
more blue-shifted light is highly absorbed and scattered by tissue [25]. The other conditions, the
(mCerulean3+Nluc)-E2 and mCerulean3-E2 + Nluc-E2 nanoparticles, produced emission peaks
at 440 nm, with an emission profile comparable to Nluc-E2. This indicated that a majority of the
light output of these particles was being produced from the Nluc and that there was little to no
resonance energy transfer from Nluc to mCerulean3. The emission peak of

(mCerulean3+Nluc)-E2 and mCerulean3-E2 + Nluc-E2 particles did exhibit a small shoulder
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around 475 nm, which suggests that some BRET could have possibly occurred between some of

the Nluc and mCerulean3 proteins on the particles (Figure 8a).
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Figure 8. Luminescent spectral profiles of conjugated nanoparticles. a) Emission spectra of
Nluc-based nanoparticles measured after the addition of FRZ. b) Emission spectra of
LumiLuc-based particles after the addition of 8pyDTZ. Data is normalized to the emission
maximum of each particle. Measurements were performed in triplicates and representative data
are shown.

Assessing the emission of LumiScarlet-E2, the spectral profile displayed a bimodal
spectrum with an emission peak at 595 nm and an additional smaller peak at 515 nm (Figure 8b).
The LumiScarlet-E2 emission was 80 nm more red-shifted from the LumiLuc-E2 emission,
which was centered at 515 nm. The LumiScarlet-E2 emission was produced by BRET from
LumiLuc to mScarletI of the LumiScarlet fusion protein, as evidenced by the LumiScarlet-E2
emission (Em 595 nm) peaking at the emission of mScarletl (Em 595 nm). The other
BRET-based particles, (mScarletl+LumiLuc)-E2 and mScarletl-E2 + LumiLuc-E2, exhibited
emission peaks centered at 515 nm similar to LumiLuc-E2 (Figure 8b). Their emission profiles
were also comparable to the LumiLuc-E2 profile. This indicated that these two conditions, with
separately conjugated LumiLuc donors and mScarletl acceptors, were likely unable to undergo
BRET as there was no other emission peak observed around 595 nm nor any shift in emission

profile observed compared to LumiLuc-E2 (Figure 8b).
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Figure 9. Luminescence using IVIS of BRET-based particle designs compared to
bioluminescent, luciferase-only particles. a) Luminescence of BRET-based particles using Nluc
as the BRET donor, measured after the addition of FRZ. b) Luminescence of BRET-based
particles using LumiLuc as the BRET donor, measured after the addition of 8pyDTZ. All
measurements were performed in triplicates and data are represented as mean = SEM with
background (phosphate buffer + substrate) subtracted. One-way ANOVA with Tukey’s multiple
comparison test were performed (*p <0.05, **p <0.01).

In addition to the spectral characterizations, the total luminescence intensity of all the
BRET-modeling nanoparticles was also measured to compare the total light output of particles
directly conjugated with BRET-fusion proteins versus particles conjugated with separate
bioluminescent and fluorescent proteins. In luminescence assays of particle samples containing
equimolar amounts of Nluc, the CeNLuc-E2 nanoparticles showed significantly greater total flux
compared to the other two BRET-based nanoparticles (Figure 9a). CeNLuc-E2 exhibited at least
2-fold higher luminescence than the (mCerulean3+Nluc)-E2 and mCerulean3-E2 + Nluc-E2
particles (Figure 9a). Even if BRET didn’t occur for the (mCerulean3+Nluc)-E2 and
mCerulean3-E2 + Nluc-E2 particles, they were expected to produce luminescence at least
comparable to Nluc-E2, as all the particle conditions contained equal concentrations of Nluc.
However, the luminescence of these particle conditions was lower. Signal quenching could not
be a possibility, as CeNLuc-E2 didn’t exhibit a reduced signal. Comparing all the

LumiLuc-containing nanoparticles, LumiScarlet-E2 exhibited a higher flux (Figure 9b). In
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addition, the (mScarletl+LumilLuc)-E2 and mScarletl-E2 + LumiLuc-E2 particles produced
comparable luminescence to LumiLuc-E2 (Figure 9b).

Analyzing all three BRET-based particle designs, only the particles conjugated with the
BRET-fusion proteins were able to exhibit BRET-based luminescence. The lack of BRET
observed for the (mCerulean3+Nluc)-E2 and (mScarletl+LumiLuc)-E2 particles could possibly
be attributed to a majority of the SC-fluorescent proteins and SC-bioluminescent proteins being
conjugated farther apart from each other on the particle. The conjugation is a random process
thus the localization of the fluorescent and bioluminescent proteins relative to each other can not
be controlled. As such, there could be less BRET pairs that are within <10 nm apart for efficient
BRET to occur. A recent study provided a method to calculate the estimated distance between
the chromophores of BRET-fusion pairs [21]. Based on this method, we estimate the
chromophores of the BRET pairs in CeNLuc to be ~4.2 nm apart and in LumiScarlet to be ~3.9
nm apart. Thus, if the fluorophore and luciferase are separately conjugated to E2, they are
expected to be farther apart than when fused together.

We used the protein structures of E2, SpyCatcher, the fluorescent proteins, and the
bioluminescent proteins to estimate the relative distances of the luminescent proteins when
conjugated to E2. The E2 dodecahedron assembly comprises 20 trimers, so the closest
conjugated E2 monomers would be located on the same trimer [46]. The (mCerulean3+Nluc)-E2
and (mScarletl+LumiLuc)-E2 particles were conjugated with an estimated 25 total fluorescent
and bioluminescent proteins, which would suggest that if at least one luminescent protein
conjugated to each trimer, there would be 5 trimers that could contain both a fluorescent and
bioluminescent protein. We estimated that the closest distance between the SCs on a trimer

would be around 3 nm where SC binds to ST (Figure S7). The SC-fluorescent protein and
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SC-luminescent are expected to conjugate to ST-E2 at an outwards angle, so we estimated that
the chromophores of the fluorescent protein and bioluminescent protein would be at least 5 nm
apart (Figure S7). This would suggest that the small proportion of proteins that did conjugate on
the same trimer, could potentially undergo BRET, yet it didn’t seem to be observed. Assessing
the distance between SCs on monomers of different trimers, the closest distance on neighboring
trimers was estimated to be around 6 to 8 nm, thus the luminescent proteins conjugated would be
even farther apart. The efficiency of energy transfer is known to sharply decrease as the distance
between the BRET pairs increases. Since the SC-fluorescent protein and SC-bioluminescent
protein were estimated to be more spatially separated than the BRET-fusions there is a reduced
chance of them producing BRET-based emission. The specific BRET working distances of
CeNLuc and LumiScarlet that produce the most efficient energy transfer have not been
characterized, so it could be possible that larger separation distances result in little to no energy
transfer for CeNLuc and LumiScarlet [21]. In addition to their spatial separation, the relative
angular orientation of the electromagnetic dipoles of the acceptor and donor affects the efficiency
of BRET [47,48]. As the fluorescent and bioluminescent proteins are fused to SC they could also
be sterically hindered from optimally orienting relative to each other to induce efficient energy
transfer while in proximity to each other, resulting in little to no BRET [47].

Similarly, for the BRET-based particle design that comprised bioluminescent-only
particles mixed with fluorescent-only particles, even fewer proteins, approximately 10-12, were
conjugated to individual particles (Table 2). As a result, the proteins on the mCerulean3-E2,
Nluc-E2, mScarletl-E2, and LumiLuc-E2 particles would have a greater chance of assembling
more dispersed around the particle. For BRET to occur between the mixed particles, specifically

mCerulean3-E2 + Nluc-E2 and mScarletl-E2 + LumilLuc-E2, the luciferases on the
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bioluminescent particle would have to come in close proximity to the fluorophores on the
fluorescent particle. We predicted the likelihood of this interaction occurring would be lower

than when the luciferase and fluorophore are fused together or on the same particle.

3.4. CeNLuc-E2 produced approximately 12-fold greater luminescence than unconjugated
CeNLuc and produced a light output comparable to Nluc-E2

Next, we assessed whether immobilizing BRET-based reporters to the E2 nanoparticle
enhanced their luminescent performance compared to reporters that were not immobilized. The
luminescence of CeNLuc-E2, Nluc-E2, and the free luminescent proteins was observed under
IVIS upon addition of furimazine (Figure 10a-b). All samples contained equimolar amounts of
Nluc conjugated or unconjugated. Immobilizing CeNLuc onto E2 resulted in an enhancement of
CeNLuc luminescence. Moreover, the luminescence of free SC-CeNLuc was lower than free
CeNLuc, yet when it was conjugated to ST-E2 it produced a light output significantly greater
than either of the free proteins. CeNLuc-E2 luminescence was approximately 12-fold greater
than CeNLuc and ~18-fold greater than SC-CeNLuc (Figure 10a). The lower light output of
SC-CeNLuc versus CeNLuc could be due to the fusion of SC to the fluorescent protein
preventing it from folding in the most optimal conformation for efficient light production. The
mCerulean3 protein forms a barrel structure with an intrinsic chromophore [40]. The first 10
amino acids of the N-terminal region are not involved in the barrel formation [49]. However, this
segment has shown to be an integral part of one end of the protein and is thought to be essential
in folding and in protecting the chromophore [49]. Although extensions to the N-terminus should
not affect the barrel formation, modifications to the protein could result in the loss of
fluorescence intensity [49], which could explain why SC-CeNLuc exhibits a lower light output

than CeNLuc.
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Figure 10. Total luminescence of conjugated versus unconjugated CeNLuc using IVIS. a)
Luminescence of CeNLuc-E2, Nluc-E2, and the unconjugated luminescent proteins right after
the addition of FRZ. Data are represented as mean = SEM of n=3 independent experiments with
background (phosphate buffer + FRZ) subtracted. One-way ANOVA with Tukey’s multiple
comparison test were performed (****p <0.0001). b) IVIS luminescence imaging of
representative CeNLuc-E2 and Nluc-E2 particles along with unconjugated luminescent proteins
after addition of FRZ.

When comparing the luminescence intensity of CeNLuc-E2 to Nluc-E2, no significant
difference was observed (Figure 10a). We hypothesized that CeNLuc-E2 would be brighter than
Nluc-E2 based on a previous study that showed CeNLuc was ~4-fold brighter than Nluc at
equimolar concentrations [26]. However, in our studies we observed that CeNLuc luminescence
was ~3-fold lower than Nluc (Figure 10a). One explanation for this difference could be that the
previous study observed the luminescence of CeNLuc and Nluc proteins expressed in transiently
transfected mammalian cells [26], whereas all our luminescence assays were performed with
proteins expressed and purified from E. coli. The difference in microenvironment of the
luciferase in cells versus in buffer could affect the luminescence output of the luciferase. Studies
have shown that the polarity and even pH of the microenvironment can alter the binding
interactions between luciferins and luciferases, affecting their emission properties [7,50].

Microenvironment changes would also affect the efficiency of the BRET interaction between the
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luciferase and fluorescent protein because the luciferase activity is altered [50,51]. Based on the
luminescence emission spectra of CeNLuc and SC-CeNLuc, it was evident that BRET transfer
was occurring between the Nluc and mCerulean3 because the emission peak was centered
around the emission of mCerulean3 (475 nm) (Figure 5c). The lower total intensity of CeNLuc
could be due to a lower emission of Nluc in the CeNLuc fusion protein, affecting the efficiency
of energy transfer from Nluc to mCerulean3. Although SC-CeNLuc luminescence was about
2-fold lower than SC-Nluc, when conjugated to the E2 nanoparticle, the luminescence of
CeNLuc-E2 was comparable to Nluc-E2 (Figure 10a). Immobilizing CeNLuc onto E2 did not
result in a luminescent reporter that was brighter than Nluc-E2. One advantage however was that
the emission of CeNLuc-E2 was 35 nm less blue-shifted than Nluc-E2 and could exhibit a better
tissue penetration depth than Nluc-E2 (Figure 8a). Yet, the emission of CeNLuc-E2 was still in

the range of blue emission so a red-shifted luminescent nanoparticle was investigated next.

3.5. LumiScarlet conjugated to E2 (LumiScarlet-E2) retained its bioluminescence

To address the challenge of reduced signal sensitivity from luciferases in vivo, we looked
at immobilizing a red-shifted BRET-based reporter, LumiScarlet, onto E2 as red-shifted emission
displays enhanced deep tissue penetration. The luciferase in LumiScarlet is LumiLuc, which is
an evolved version of Nluc that has been optimized for a substrate named 8pyDTZ to produce
more red-shifted light than Nluc. LumiScarlet and LumilLuc were conjugated onto E2 to assay
the luminescence intensity of LumiScarlet-E2 and LumiLuc-E2 in comparison to the
unconjugated luminescent proteins after addition of 8pyDTZ (Figure 11). LumiScarlet-E2
produced luminescence comparable to free LumiScarlet and SC-LumiScarlet, suggesting that
conjugation onto the nanoparticle assembly did not improve the luminescence of LumiScarlet

(Figure 11a-b). LumiLuc-E2 also performed comparably to LumiScarlet-E2 and did not show
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increased luminescence compared to unconjugated LumiLuc or SC-LumiLuc (Figure 11a). This
trend was unlike what was observed for CeNLuc-E2 and Nluc-E2 and suggests that

immobilizing LumiLuc or LumiScarlet onto E2 did not enhance the light output of the luciferase.
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Figure 11. Total luminescence of conjugated versus unconjugated LumiScarlet and LumiLuc
using IVIS. a) Luminescence of LumiScarlet-E2, LumiLuc-E2, and unconjugated luminescent
proteins right after the addition of 8pyDTZ substrate. Data are represented as mean + SEM of
n=3 independent experiments with background (phosphate buffer + 8pyDTZ) subtracted.
One-way ANOVA with Tukey’s multiple comparison test were performed. b) IVIS luminescence
imaging of representative LumiScarlet-E2 and LumiLuc-E2 particles along with unconjugated
luminescent proteins after addition of 8pyDTZ.

Analyzing the protein structure of LumiLuc, the substrate binding site of the luciferase is
comparable to the binding site of Nluc [12]. It faces outwards and away from the N-terminus of
the protein where the SpyCatcher protein is fused. This suggests that the binding site of
SC-LumiLuc and SC-LumiScarlet, when conjugated to ST-E2, should be oriented outward in a
direction favorable for substrate binding. One possibility for why no enhanced luciferase
performance was observed could be that when the SC-LumiLuc and SC-LumiScarlet proteins
were bound to the ST-E2, the luciferase protein conformation was slightly altered. In addition to
the substrate binding site, other residues on the LumiLuc such as residue G4 at the N-terminus

and H164 at the C-terminus of LumiLuc were shown to play a role in the enhanced light output
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of LumiLuc-8pyDTZ [12]. Since the N-terminus of LumiLuc is fused to SpyCatcher and the
C-terminus of LumiLuc is also oriented near the N-terminus, the presence of the SpyCatcher
could affect the intermolecular binding interactions of the luciferase when conjugated to ST-E2.

The immobilization of LumiScarlet onto E2 resulted in red-shifted bioluminescent
nanoparticles that can be used for bioimaging to better visualize nanoparticle pharmacokinetics
and biodistribution in vivo. Conventional bioimaging techniques to assay pharmacological
behavior of nanoparticles for drug delivery and therapeutics utilize fluorescent particles and
fluorescent imaging [52,53,54]. Yet, the tendency of fluorophores to undergo photobleaching and
for tissues to produce autofluorescence limits the sensitivity of fluorescence imaging and can
affect the interpretation of results, even when using red-shifted fluorophores [52]. In a study that
assessed the in vivo bioimaging performance of fluorescent E2 particles loaded with
conventional red fluorescent molecules compared to bioluminescent Nluc-E2 particles, the
fluorescent E2 particles produced high background and much lower signal-to-noise ratios
compared to Nluc-E2 [28]. In contrast to the red fluorescent E2, LumiScarlet-E2 could serve as a
more sensitive red-shifted nanoparticle for bioimaging, as bioluminescence-based emission

produces low background with high signal-to-noise ratios [4].

3.6. LumiScarlet-E2 exhibited the most red-shifted emission compared to CeNLuc-E2,
LumiLuc-E2, and Nluc-E2

Next, we compared the luminescent properties of CeNLuc-E2, Nluc-E2, LumiScarlet-E2,
and LumiLuc-E2. In addition to measuring the total luminescence of all the particles (Figure
12a), we concurrently measured their red-shifted luminescence (Figure 12b). The DsRed filter,
which measures red-shifted emission from 575-650 nm, was used with IVIS to assess the

particles’ deep tissue penetration capacity as more red-shifted wavelengths exhibit improved
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tissue penetration [16]. First, comparing the total luminescence of CeNLuc-E2, Nluc-E2,
LumiScarlet-E2, and LumiLuc-E2 particles, both the LumiScarlet-E2 and LumiLuc-E2 particles
exhibited a significantly lower flux than both CeNLuc-E2 and Nluc-E2 (Figure 12a). This was in
contrast to the soluble LumiScarlet and LumiLuc proteins, which both displayed a total
luminescence that was comparable to Nluc (Figure S8). LumiScarlet also exhibited a
significantly greater total luminescence than CeNLuc (Figure S8). Comparing the BRET-based
nanoparticles, CeNLuc-E2 was 3.5-fold brighter than LumiScarlet-E2 and comparing the
luciferase-only nanoparticles, Nluc-E2 was 4.6-fold brighter than LumiLuc-E2 (Figure 12a).

In contrast, when analyzing the red-shifted emissions of all the particles using the DsRed
filter, LumiScarlet-E2 exhibited significantly greater emission than CeNLuc-E2, Nluc-E2, and
LumiLuc-E2 (Figure 12b). Similarly, unconjugated LumiScarlet and SC-LumiScarlet displayed
the greatest red-shifted emission out of all the luminescent proteins (Figure S9). LumiScarlet-E2
exhibited the most red-shifted spectral profile of all the particles, peaking at 595 nm (Figure 7b).
As a result, a significantly greater proportion of the LumiScarlet-E2 emission consisted of
emission in the red-shifted range compared to the rest of the luminescent particles (Figure 12c).

Comparing the BRET-based nanoparticles, LumiScarlet-E2 produced a 4-fold greater
flux than CeNLuc-E2 using the DsRed filter (Figure 12b). Although the total luminescence of
LumiScarlet-E2 is still lower than CeNLuc-E2 (Figure 12a), the luminescence output between
the two could vary in vivo because red wavelength light penetrates more readily through tissues
than blue light [16,55]. In studies assessing the effect of tissue absorption on the emission of
luciferases expressed in cells and expressed in vivo at different tissue depths, luciferases with
red-shifted emissions displayed bioluminescent signals that were less absorbed by mammalian

tissue than luciferases with blue-shifted emissions [16,56]. Therefore, LumiScarlet-E2 could
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exhibit increased tissue penetration than CeNLuc-E2.
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Figure 12. Comparison of BRET-fusion reporter conjugated particles and luciferase conjugated
particles. a) Total luminescence of CeNLuc-E2, Nluc-E2, LumiScarlet-E2, and LumiLuc-E2.
CeNLuc-E2 and Nluc-E2 received FRZ substrate and LumiScarlet-E2 and LumiLuc-E2 received
8pyDTZ b) Red-shifted luminescence of particles using the DsRed filter (Em 575- 650 nm). ¢)
Quantification of the proportion of total emission that is red-shifted. All data is represented as
mean + SEM of n=3 independent experiments, with background subtracted. One-way ANOVA
with Tukey’s multiple comparison test were performed (***p < .001,****p <0.0001).

Similarly, although LumiLuc-E2 was less bright than Nluc-E2, it consisted of a greater
proportion of red-shifted emission and could exhibit improved tissue penetration than Nluc-E2
(Figure 12c¢). Furthermore, LumiLuc-E2 and LumiScarlet-E2 utilize 8pyDTZ substrate which has

enhanced water solubility compared to conventional substrates and can be administered at high

doses in vivo, which make them more advantageous for in vivo use [12]. Collectively, these
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factors suggest that LumiScarlet-E2 and LumiLuc-E2 can still serve as effective bioimaging
reporters for in vivo applications. However, the in vivo luminescence of the luminescent particles
remains to be assayed to more accurately determine the deep tissue penetration capacity of the

particles.
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4. CONCLUSIONS

The aim of this study was to develop brighter and more red-shifted bioluminescent
reporters to address the challenges of reduced signal intensity and sensitivity in in vivo BLI. We
conjugated BRET-based fusion reporters, namely CeNLuc and LumiScarlet, directly to the
surface of E2 nanoparticles to produce an effective imaging platform that luminesced as a result
of efficient bioluminescence resonance energy transfer between the donor and acceptor
molecules of the fusion reporters. We demonstrated that CeNLuc and LumiScarlet could be
successfully immobilized onto the E2 nanoparticle surface using the SpyCatcher-SpyTag
conjugation method. Moreover, we could control the ratio of luminescent proteins conjugated to
a nanoparticle.

Our luminescence assays revealed that CeNLuc-E2 produced an enhanced luminescence
output compared to unconjugated CeNLuc proteins, suggesting that immobilizing CeNLuc onto
E2 improved luminescence, resulting in a brighter reporter. We also designed bioluminescent E2
nanoparticles that produced a red-shifted emission through BRET to address the need for
reporters that can enable more sensitive deep tissue imaging. LumiScarlet-E2 exhibited
substantially better luminescent properties in the red-shifted spectrum than CeNLuc-E2,
demonstrating LumiScarlet-E2’s potential for improved deep tissue penetration.

Since this study only assessed the in vitro luminescence performance of CeNLuc-E2 and
LumiScarlet-E2, the in vivo performance of the BRET-based particles remains to be elucidated to
more accurately assess the particles’ deep tissue imaging capacity. Nonetheless, the optimal
imaging properties displayed by CeNLuc-E2 and LumiScarlet-E2 demonstrate their potential as
sensitive imaging reporters that can be utilized for broad in vivo applications such as

biodistribution or tracking studies.
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5. FUTURE WORK

In this thesis work, the luminescence of CeNLuc-E2 and LumiScarlet-E2 was assessed
through in vitro protein-based assays. However, to evaluate the imaging properties of the
particles for in vivo BLI with more accuracy, it would be advantageous to observe luminescence
of the particles in an in vivo model. We can better visualize whether the red-shifted
LumiScarlet-E2 exhibits improved emission compared to the blue-shifted CeNLuc-E2 in vivo.
Although the in vitro luminescence of LumiScarlet-E2 was lower than CeNLuc-E2, the in vivo
luminescence could yield different results as red-shifted light is less attenuated by tissue and has
shown improved in vivo bioimaging [16]. For instance, in a study comparing the luminescence of
LumiLuc to LumiScarlet, no significant difference was observed in vitro, however in vivo, the
signal of LumiScarlet was significantly greater than LumiLuc due to its more red-shifted
emission [12]. Furthermore, Nluc-E2 has already shown efficient imaging properties in vivo,
producing sensitive signals with high signal-to-noise ratios. LumiScarlet-E2 could potentially
enhance the signal sensitivity, as its more red-shifted emission would be less absorbed and
scattered by tissue. Therefore, assaying the in vivo performance would help better determine the

capability of CeNLuc-E2 and LumiScarlet-E2 as improved bioimaging reporters.
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APPENDICES

Appendix A. Plasmid maps of original CeNLuc and LumiScarlet plasmids

pWXLd-RIEP-CeNLuc

5

12,166 bp g
-

&

£

Figure Al. Original plasmid containing CeNLuc gene (Addgene plasmid #135934).

pcDNA3-LumiScarlet

6563 bp

Figure A2. Original plasmid containing LumiScarlet gene (Addgene plasmid #126623).
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Appendix B. Oligonucleotides used in this study

Primer Name

Oligonucleotide Sequence (5’ to 3°)

Nhel-spacer-mScarlet] F

GCTAGCGGT TCA GGA ACA GCA GGT GGT GGG TCA
GGT TCC GTG AGC AAG GGC GAG GCA

BamHI-stop-mScarlet] R

GGATCCTTA TCC GGT GGA GTG GCG G

Nhel-spacer-LumiLuc F

GCTAGC GGT TCA GGA ACA GCA GGT GGT GGG TCA
GGT TCC ACT CTC GGG GAT TTT GTT GGG G

BamHI-stop-LumiLuc R

GGATCCTTA CGC CAG AAT GCG TTC ATG CAG

Nhel-start-6x His Tag- mScarlet] F

GCTAGC ATG CAT CAT CAC CAT CAC CAC GTG AGC
AAG GGC GAG GCA

Nhel-start- 6x His Tag- LumiLuc F

GCTAGC ATG CAT CAT CAC CAT CAC CAC ACT CTC
GGG GAT TTT GTT GGG G

Nhel-spacer- mCerulean3 F

GCTAGC GGT TCA GGA ACA GCA GGT GGT GGG TCA
GGT TCC GTG AGC AAG GGC GAG GAG C

BamHI-stop-mCerulean3 R

GGATCC TTA CTT GTA CAG CTC GTC CAT GCC G

BamHI-stop-Nluc R

GGATCC TTA CGC CAG AAT GCG TTC GCA CAG

Nhel-6x His Tag- mCerulean3 F

GGATCC TTA CTT GTA CAG CTC GTC CAT GCC G
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Appendix C. Plasmid maps of cloned CeNLuc and LumiScarlet constructs

g His

mCerulean
717 bp)

gpace’ mCerulean

Nhel &% wis

wnet “\-\a\

Lumiluec
(504 bp)

mScarletl e\
(675 bp) W

Bamtl

6xHis LumilLuc
pJET1.2
(3496 bp)

mScarletl

pJET1.2
(3667 bp)

502 ey

mScarlet| e space’ LumiLuc

(675 bp)

mScarletl LumilLuc

pJET1.2
(3682 bp)

pJET1.2
(3511 bp)

Figure C1. Plasmid maps of constructs in pJET1.2 vector.

50

mCerulean
(717 bp)

BxHis pamti! Hl ‘
mCerulean mCerulean Bam C?E)I‘(‘JHL‘SC
pJET1.2 pJET1.2 pJET1 2
(3727 bp) (3701 bp) (4258 bp)

pamt!

mCerulean

space’
Nhel (717 bp)

CeNLuc
(with spacer)
NanolLuc pJET1.2 NanoLuc
(516 bp) (4264 bp) (516 bp)
BamHI| BamH|
el Gxtis mScarlet

wo (675 bp)

bxHis

LumiScarlet LumiL
pJET1.2 umiluc
{4174 bp) (504 bp)
BamHI
gpacel mScarletl
el (675 bp)
LumiScarlet
pJET1.2 Lumiluc
(4189 bp) (504bp)
BamHI



&X 5C by bx
) ox  SC " mCerulean - mCerulean
wistag (348 bph)lhel Ndel HisTag (348 bp) Nhet HIST38 05 ) Nhe! HiT38 (717 bp)

Nhel

Ndel

mCerulean

(717 bp) mCerulean

(717 bp)

Nanolue
(516 bp)

_ NanoL BamHI
SPC):’CS:_ChET (;.lrg‘b:; SpyCatcher- CeNLuc BamH mCerulean
peI:‘I'1 }IJ: mCerulean pET11a pET11a
pET11a (6922 bp) 6391h
pers (7314 bp) Bamd! (6786 bp) e
P

&x sC
HisTag (348 bp)
, Nhel

6 SC 6 SC
Ndey HisTag (348 bp) Nde| HisTag (348 bp)
Nhel

Ndel

mScarletl

(675 bp) mScarlet!

(675 bp)

Lumiluc BamHI

(504 bp) SpyCatcher-

mScarlet
pET11a
(6727 bp)

SpyCatcher-
LumiScarlet
PET11a
(7237 bp)

SpyCatcher-
LumiLuc
pET11a
(6559 bp)

BamHI
pET11a am

(5644 bp)

& ox mScarlet! ox Lumilue

i mScarletl . ;
Nhel HIET28 g7e7 0y Nhel H5T28 (75 bp) Nhel Hi5Ta8 (504 bp)

Lumiluc

(504 bp)

BamHI mScarlet

pET11a LumilLuc

LumiScarlet
pET11a

(6859 bp)

pET11a

(6349 bp) (6181 bp)

Figure C2. Constructs in pET11-SpyCatcher or pET11a vector.
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Appendix D. DNA sequences of cloned constructs

Construct Sequence (5’ to 3’)
6x HisTag- CATCATCACCATCACCACGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGT
CeNLuc GCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGT

CCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATC
TGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGAG
CTGGGGCGTGCAGTGCTTCGCCCGCTACCCCGACCACATGAAGCAGCACGACT
TCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCA
AGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACAC
CCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAAC
ATCCTGGGGCACAAGCTGGAGTACAACGCCATCCACGGCAACGTCTATATCACC
GCCGACAAGCAGAAGAACGGCATCAAGGCCAACTTCGGCCTCAACTGCAACAT
CGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCG
GCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCAAG
CTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGT
GACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGGATATCTCCGG
AGGTATGGTCTTCACACTCGAAGATTTCGTTGGGGACTGGCGACAGACAGCCG
GCTACAACCTGGACCAAGTCCTTGAACAGGGAGGTGTGTCCAGTTTGTTTCAG
AATCTCGGGGTGTCCGTAACTCCGATCCAAAGGATTGTCCTGAGCGGTGAAAAT
GGGCTGAAGATCGACATCCATGTCATCATCCCGTATGAAGGTCTGAGCGGCGAC
CAAATGGGCCAGATCGAAAAAATTTTTAAGGTGGTGTACCCTGTGGATGATCAT
CACTTTAAGGTGATCCTGCACTATGGCACACTGGTAATCGACGGGGTTACGCCG
AACATGATCGACTATTTCGGACGGCCGTATGAAGGCATCGCCGTGTTCGACGGC
AAAAAGATCACTGTAACAGGGACCCTGTGGAACGGCAACAAAATTATCGACGA
GCGCCTGATCAACCCCGACGGCTCCCTGCTGTTCCGAGTAACCATCAACGGAG
TGACCGGCTGGCGGCTGTGCGAACGCATTCTGGCGTAA

Spacer-CeNLuc

GGTTCAGGAACAGCAGGTGGTGGGTCAGGTTCCGTGAGCAAGGGCGAGGAGC
TGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGC
CACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCT
GACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCC
TCGTGACCACCCTGAGCTGGGGCGTGCAGTGCTTCGCCCGCTACCCCGACCAC
ATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGA
GCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGA
AGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTC
AAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACGCCATCCACG
GCAACGTCTATATCACCGCCGACAAGCAGAAGAACGGCATCAAGGCCAACTTC
GGCCTCAACTGCAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCA
GCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACC
TGAGCACCCAGTCCAAGCTGAGCAAAGACCCCAACGAGAAGCGCGATCACAT
GGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGC
TGTACAAGGATATCTCCGGAGGTATGGTCTTCACACTCGAAGATTTCGTTGGGG
ACTGGCGACAGACAGCCGGCTACAACCTGGACCAAGTCCTTGAACAGGGAGG
TGTGTCCAGTTTGTTTCAGAATCTCGGGGTGTCCGTAACTCCGATCCAAAGGAT
TGTCCTGAGCGGTGAAAATGGGCTGAAGATCGACATCCATGTCATCATCCCGTA
TGAAGGTCTGAGCGGCGACCAAATGGGCCAGATCGAAAAAATTTTTAAGGTGG
TGTACCCTGTGGATGATCATCACTTTAAGGTGATCCTGCACTATGGCACACTGGT
AATCGACGGGGTTACGCCGAACATGATCGACTATTTCGGACGGCCGTATGAAGG
CATCGCCGTGTTCGACGGCAAAAAGATCACTGTAACAGGGACCCTGTGGAACG
GCAACAAAATTATCGACGAGCGCCTGATCAACCCCGACGGCTCCCTGCTGTTCC
GAGTAACCATCAACGGAGTGACCGGCTGGCGGCTGTGCGAACGCATTCTGGCG
TAA
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6x HisTag-
mCerulean3

CATCATCACCATCACCACGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGT
GCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGT
CCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATC
TGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGAG
CTGGGGCGTGCAGTGCTTCGCCCGCTACCCCGACCACATGAAGCAGCACGACT
TCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCA
AGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACAC
CCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAAC
ATCCTGGGGCACAAGCTGGAGTACAACGCCATCCACGGCAACGTCTATATCACC
GCCGACAAGCAGAAGAACGGCATCAAGGCCAACTTCGGCCTCAACTGCAACAT
CGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCG
GCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCAAG
CTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGT
GACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAG

Spacer-
mCerulean3

GGTTCAGGAACAGCAGGTGGTGGGTCAGGTTCCGTGAGCAAGGGCGAGGAGC
TGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGC
CACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCT
GACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCC
TCGTGACCACCCTGAGCTGGGGCGTGCAGTGCTTCGCCCGCTACCCCGACCAC
ATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGA
GCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGA
AGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTC
AAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACGCCATCCACG
GCAACGTCTATATCACCGCCGACAAGCAGAAGAACGGCATCAAGGCCAACTTC
GGCCTCAACTGCAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCA
GCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACC
TGAGCACCCAGTCCAAGCTGAGCAAAGACCCCAACGAGAAGCGCGATCACAT
GGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGC
TGTACAAGTAA

6x HisTag-
LumiScarlet

ATGCATCATCACCATCACCACGTGAGCAAGGGCGAGGCAGTGATCAAGGAGTT
CATGCGGTTCAAGGTGCACATGGAGGGCTCCATGAACGGCCACGAGTTCGAGA
TCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACNCAGACCGCCAAGCT
GAAGGTGACCAAGGGTGGCCCCCTGCCCTTCTCCTGGGACATCCTGTCCCCTC
AGTTCATGTACGGCTCCAGGGCCTTCATCAAGCACCCCGCCGACATCCCCGACT
ACTATAAGCAGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTC
GAGGACGGCGGCGCCGTGACCGTGACCCAGGACACCTCCCTGGAGGACGGCA
CCCTGATCTACAAGGTGAAGCTCCGCGGCACCAACTTCCCTCCTGACGGCCCC
GTAATGCAGAAGAAGACAATGGGCTGGGAAGCGTCCACCGAGCGGTTGTACCC
CGAGGACGGCGTGCTGAAGGGCGACATTAAGATGGCCCTGCGCCTGAAGGAC
GGCGGCCGCTACCTGGCGGACTTCAAGACCACCTACAAGGCCAAGAAGCCCGT
GCAGATGCCCGGCGCCTACAACGTCGACCGCAAGTTGGACATCACCTCCCACA
ACGAGGACTACACCGTGGTGGAACAGTACGAACGCTCCGAGGGCCGCCACTCC
ACCGGAAAGACTCTCGGGGATTTTGTTGGGGACTGGCGACAGACAGCCGGCTA
CAACCAGGCTCAAGTCCTTGAACAGGGAGGTTTGACCAGTTTGTTTCAGAACC
TCGGGGTGTCCGTAACTCCAATCCAAAGGATTGTCCTGAGCGGTGAAAATGGG
CTGAAGATCGATATCCATGTCATCATCCCGTATGAAGGTCTGAGCTGCGACCAA
ATGGCCCAGATCGAAAAAATTTTTAAGGTGGTATACCCTGTGGATGATCATCACT
TTAAGGCGATCCTGCACTATGGCACACTGGTAATCGACGGGGTTACGCCGAACA
TGATCGACTATTTCGGACAGCCGTATGAAGGCATCGCCAAGTTCGACGGCAAAA
AGATCACAGTAACAGGGACCCTGTGGAACGGCAACACAATTATCGACGAGCGC
CTGATCAACCCCGACGGCTCCCTGCTGTTCCGAGTAACCATTAACGGAGTGACC
GGCTGGCGTCTGCATGAACGCATTCTGGCGTAA
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6x HisTag-
mScarlet]

ATGCATCATCACCATCACCACGTGAGCAAGGGCGAGGCAGTGATCAAGGAGTT
CATGCGGTTCAAGGTGCACATGGAGGGCTCCATGAACGGCCACGAGTTCGAGA
TCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCT
GAAGGTGACCAAGGGTGGCCCCCTGCCCTTCTCCTGGGACATCCTGTCCCCTC
AGTTCATGTACGGCTCCAGGGCCTTCATCAAGCACCCCGCCGACATCCCCGACT
ACTATAAGCAGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTC
GAGGACGGCGGCGCCGTGACCGTGACCCAGGACACCTCCCTGGAGGACGGCA
CCCTGATCTACAAGGTGAAGCTCCGCGGCACCAACTTCCCTCCTGACGGCCCC
GTAATGCAGAAGAAGACAATGGGCTGGGAAGCGTCCACCGAGCGGTTGTACCC
CGAGGACGGCGTGCTGAAGGGCGACATTAAGATGGCCCTGCGCCTGAAGGAC
GGCGGCCGCTACCTGGCGGACTTCAAGACCACCTACAAGGCCAAGAAGCCCGT
GCAGATGCCCGGCGCCTACAACGTCGACCGCAAGTTGGACATCACCTCCCACA
ACGAGGACTACACCGTGGTGGAACAGTACGAACGCTCCGAGGGCCGCCACTCC
ACCGGATAA

6x HisTag-
LumiLuc

ATGCATCATCACCATCACCACACTCTCGGGGATTTTGTTGGGGACTGGCGACAG
ACAGCCGGCTACAACCAGGCTCAAGTCCTTGAACAGGGAGGTTTGACCAGTTT
GTTTCAGAACCTCGGGGTGTCCGTAACTCCAATCCAAAGGATTGTCCTGAGCG
GTGAAAATGGGCTGAAGATCGATATCCATGTCATCATCCCGTATGAAGGTCTGA
GCTGCGACCAAATGGCCCAGATCGAAAAAATTTTTAAGGTGGTATACCCTGTGG
ATGATCATCACTTTAAGGCGATCCTGCACTATGGCACACTGGTAATCGACGGGG
TTACGCCGAACATGATCGACTATTTCGGACAGCCGTATGAAGGCATCGCCAAGT
TCGACGGCAAAAAGATCACAGTAACAGGGACCCTGTGGAACGGCAACACAAT
TATCGACGAGCGCCTGATCAACCCCGACGGCTCCCTGCTGTTCCGAGTAACCAT
TAACGGAGTGACCGGCTGGCGTCTGCATGAACGCATTCTGGCGTAA

Spacer-
LumiScarlet

GGTTCAGGAACAGCAGGTGGTGGGTCAGGTTCCGTGAGCAAGGGCGAGGCAG
TGATCAAGGAGTTCATGCGGTTCAAGGTGCACATGGAGGGCTCCATGAACGGC
CACGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCC
AGACCGCCAAGCTGAAGGTGACCAAGGGTGGCCCCCTGCCCTTCTCCTGGGAC
ATCCTGTCCCCTCAGTTCATGTACGGCTCCAGGGCCTTCATCAAGCACCCCGCC
GACATCCCCGACTACTATAAGCAGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGC
GTGATGAACTTCGAGGACGGCGGCGCCGTGACCGTGACCCAGGACACCTCCCT
GGAGGACGGCACCCTGATCTACAAGGTGAAGCTCCGCGGCACCAACTTCCCTC
CTGACGGCCCCGTAATGCAGAAGAAGACAATGGGCTGGGAAGCGTCCACCGA
GCGGTTGTACCCCGAGGACGGCGTGCTGAAGGGCGACATTAAGATGGCCCTGC
GCCTGAAGGACGGCGGCCGCTACCTGGCGGACTTCAAGACCACCTACAAGGCC
AAGAAGCCCGTGCAGATGCCCGGCGCCTACAACGTCGACCGCAAGTTGGACAT
CACCTCCCACAACGAGGACTACACCGTGGTGGAACAGTACGAACGCTCCGAGG
GCCGCCACTCCACCGGAAAGACTCTCGGGGATTTTGTTGGGGACTGGCGACAG
ACAGCCGGCTACAACCAGGCTCAAGTCCTTGAACAGGGAGGTTTGACCAGTTT
GTTTCAGAACCTCGGGGTGTCCGTAACTCCAATCCAAAGGATTGTCCTGAGCG
GTGAAAATGGGCTGAAGATCGATATCCATGTCATCATCCCGTATGAAGGTCTGA
GCTGCGACCAAATGGCCCAGATCGAAAAAATTTTTAAGGTGGTATACCCTGTGG
ATGATCATCACTTTAAGGCGATCCTGCACTATGGCACACTGGTAATCGACGGGG
TTACGCCGAACATGATCGACTATTTCGGACAGCCGTATGAAGGCATCGCCAAGT
TCGACGGCAAAAAGATCACAGTAACAGGGACCCTGTGGAACGGCAACACAAT
TATCGACGAGCGCCTGATCAACCCCGACGGCTCCCTGCTGTTCCGAGTAACCAT
TAACGGAGTGACCGGCTGGCGTCTGCATGAACGCATTCTGGCGTAA
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Spacer-
mScarlet]

GGTTCAGGAACAGCAGGTGGTGGGTCAGGTTCCGTGAGCAAGGGCGAGGCAG
TGATCAAGGAGTTCATGCGGTTCAAGGTGCACATGGAGGGCTCCATGAACGGC
CACGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCC
AGACCGCCAAGCTGAAGGTGACCAAGGGTGGCCCCCTGCCCTTCTCCTGGGAC
ATCCTGTCCCCTCAGTTCATGTACGGCTCCAGGGCCTTCATCAAGCACCCCGCC
GACATCCCCGACTACTATAAGCAGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGC
GTGATGAACTTCGAGGACGGCGGCGCCGTGACCGTGACCCAGGACACCTCCCT
GGAGGACGGCACCCTGATCTACAAGGTGAAGCTCCGCGGCACCAACTTCCCTC
CTGACGGCCCCGTAATGCAGAAGAAGACAATGGGCTGGGAAGCGTCCACCGA
GCGGTTGTACCCCGAGGACGGCGTGCTGAAGGGCGACATTAAGATGGCCCTGC
GCCTGAAGGACGGCGGCCGCTACCTGGCGGACTTCAAGACCACCTACAAGGCC
AAGAAGCCCGTGCAGATGCCCGGCGCCTACAACGTCGACCGCAAGTTGGACAT
CACCTCCCACAACGAGGACTACACCGTGGTGGAACAGTACGAACGCTCCGAGG
GCCGCCACTCCACCGGATAA

Spacer-
LumiLuc

GGTTCAGGAACAGCAGGTGGTGGGTCAGGTTCCAAGACTCTCGGGGATTTTGT
TGGGGACTGGCGACAGACAGCCGGCTACAACCAGGCTCAAGTCCTTGAACAG
GGAGGTTTGACCAGTTTGTTTCAGAACCTCGGGGTGTCCGTAACTCCAATCCAA
AGGATTGTCCTGAGCGGTGAAAATGGGCTGAAGATCGATATCCATGTCATCATC
CCGTATGAAGGTCTGAGCTGCGACCAAATGGCCCAGATCGAAAAAATTTTTAAG
GTGGTATACCCTGTGGATGATCATCACTTTAAGGCGATCCTGCACTATGGCACAC
TGGTAATCGACGGGGTTACGCCGAACATGATCGACTATTTCGGACAGCCGTATG
AAGGCATCGCCAAGTTCGACGGCAAAAAGATCACAGTAACAGGGACCCTGTG
GAACGGCAACACAATTATCGACGAGCGCCTGATCAACCCCGACGGCTCCCTGC
TGTTCCGAGTAACCATTAACGGAGTGACCGGCTGGCGTCTGCATGAACGCATTC
TGGCGTAA
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Appendix E. Amino acid sequences of cloned constructs

6x HisTag-CeNLuc
MHHHHHHVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGK
LPVPWPTLVTTLSWGVQCFARYPDHMKQHDFFKSAMPEGY VQERTIFFKDDGNYKTRA
EVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNAIHGNVYITADKQKNGIKANFGLNCN
IEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSKLSKDPNEKRDHMVLLEFVTAAGI
TLGMDELYKDISGGMVFTLEDFVGDWRQTAGYNLDQVLEQGGVSSLFQNLGVSVTPIQ
RIVLSGENGLKIDIHVIIPYEGLSGDQMGQIEKIFKVVYPVDDHHFKVILHYGTLVIDGVT
PNMIDYFGRPYEGIAVFDGKKITVTGTLWNGNKIIDERLINPDGSLLFRVTINGVTGWRLC
ERILA

Spacer-CeNluc
GSGTAGGGSGSVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATY GKLTLKFICT
TGKLPVPWPTLVTTLSWGVQCFARYPDHMKQHDFFKSAMPEGY VQERTIFFKDDGNYK
TRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNAIHGNVYITADKQKNGIKANFGL
NCNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSKLSKDPNEKRDHMVLLEFVTA
AGITLGMDELYKDISGGMVFTLEDFVGDWRQTAGYNLDQVLEQGGVSSLFQNLGVSVT
PIQRIVLSGENGLKIDIHVIIPYEGLSGDQMGQIEKIFKVVYPVDDHHFKVILHYGTLVIDG
VTPNMIDYFGRPYEGIAVFDGKKITVTGTLWNGNKIIDERLINPDGSLLFRVTINGVTGWR
LCERILA

6x His Tag- mCerulean?
HHHHHHVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKL
PVPWPTLVTTLSWGVQCFARYPDHMKQHDFFKSAMPEGY VQERTIFFKDDGNYKTRAE
VKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNAIHGNVYITADKQKNGIKANFGLNCNI
EDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSKLSKDPNEKRDHMVLLEFVTAAGIT
LGMDELYK

Spacer-mCeruleans
GSGTAGGGSGSVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICT
TGKLPVPWPTLVTTLSWGVQCFARYPDHMKQHDFFKSAMPEGY VQERTIFFKDDGNYK
TRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNAIHGNVYITADKQKNGIKANFGL
NCNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSKLSKDPNEKRDHMVLLEFVTA
AGITLGMDELYK
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6x His Tag-LumiScarlet
MHHHHHHVSKGEAVIKEFMRFKVHMEGSMNGHEFEIEGEGEGRPYEGTQTAKLKVTK
GGPLPFSWDILSPQFMYGSRAFIKHPADIPDY YKQSFPEGFKWERVMNFEDGGAVTVTQ
DTSLEDGTLIYKVKLRGTNFPPDGPVMQKKTMGWEASTERLYPEDGVLKGDIKMALRL
KDGGRYLADFKTTYKAKKPVQMPGAYNVDRKLDITSHNEDYTVVEQYERSEGRHSTG
KTLGDFVGDWRQTAGYNQAQVLEQGGLTSLFQNLGVSVTPIQRIVLSGENGLKIDIHVII
PYEGLSCDQMAQIEKIFKVVYPVDDHHFKAILHYGTLVIDGVTPNMIDYFGQPYEGIAKF
DGKKITVTGTLWNGNTIIDERLINPDGSLLFRVTINGVTGWRLHERILA

6x His Tag-L.umil.uc
MHHHHHHTLGDFVGDWRQTAGYNQAQVLEQGGLTSLFQNLGVSVTPIQRIVLSGENGL
KIDIHVIIPYEGLSCDQMAQIEKIFKVVYPVDDHHFKAILHYGTLVIDGVTPNMIDYFGQP
YEGIAKFDGKKITVTGTLWNGNTIIDERLINPDGSLLFRVTINGVTGWRLHERILA

6x His Tag-mScarlet]
MHHHHHHVSKGEAVIKEFMRFKVHMEGSMNGHEFEIEGEGEGRPYEGTQTAKLKVTK
GGPLPFSWDILSPQFMYGSRAFIKHPADIPDY YKQSFPEGFKWERVMNFEDGGAVTVTQ
DTSLEDGTLIYKVKLRGTNFPPDGPVMQKKTMGWEASTERLYPEDGVLKGDIKMALRL
KDGGRYLADFKTTYKAKKPVQMPGAYNVDRKLDITSHNEDYTVVEQYERSEGRHSTG

Spacer-LumiScarlet
GSGTAGGGSGSVSKGEAVIKEFMRFKVHMEGSMNGHEFEIEGEGEGRPYEGTQTAKLKV
TKGGPLPFSWDILSPQFMY GSRAFIKHPADIPDY YKQSFPEGFKWERVMNFEDGGAVTVT
QDTSLEDGTLIYKVKLRGTNFPPDGPVMQKKTMGWEASTERLYPEDGVLKGDIKMALR
LKDGGRYLADFKTTYKAKKPVQMPGAYNVDRKLDITSHNEDYTVVEQYERSEGRHSTG
KTLGDFVGDWRQTAGYNQAQVLEQGGLTSLFQNLGVSVTPIQRIVLSGENGLKIDIHVII
PYEGLSCDQMAQIEKIFKVVYPVDDHHFKAILHYGTLVIDGVTPNMIDYFGQPYEGIAKF
DGKKITVTGTLWNGNTIIDERLINPDGSLLFRVTINGVTGWRLHERILA

Spacer-L.umiluc
GSGTAGGGSGSTLGDFVGDWRQTAGYNQAQVLEQGGLTSLFQNLGVSVTPIQRIVLSGE
NGLKIDIHVIIPYEGLSCDQMAQIEKIFKVVYPVDDHHFKAILHYGTLVIDGVTPNMIDYF
GQPYEGIAKFDGKKITVTGTLWNGNTIDERLINPDGSLLFRVTINGVTGWRLHERILA

Spacer- mScarletl

GSGTAGGGSGSVSKGEAVIKEFMRFKVHMEGSMNGHEFEIEGEGEGRPYEGTQTAKLKV
TKGGPLPFSWDILSPQFMY GSRAFIKHPADIPDY YKQSFPEGFKWERVMNFEDGGAVTVT
QDTSLEDGTLIYKVKLRGTNFPPDGPVMQKKTMGWEASTERLYPEDGVLKGDIKMALR
LKDGGRYLADFKTTYKAKKPVQMPGAYNVDRKLDITSHNEDYTVVEQYERSEGRHSTG
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Appendix F. Supplementary figures

Figure S1. Expression of SC-CeNLuc, CeNLuc, SC-mCerulean, and mCerulean at incubation

temperatures of 37°C for 3 hours or 20°C for 16 hours with ImM IPTG. Soluble and insoluble

fractions of cell lysates were run. SC-Nluc, which was previously expressed in the lab, was run
as a control.

Figure S2. SC-LumiScarlet expression optimization. Expression was induced at incubation
conditions of 16 or 20°C with 0.1 or ImM IPTG and after expression cells were collected. Cell
lysates were separated for soluble and insoluble fractions and all fractions were run on
SDS-PAGE. More soluble fraction was observed for protein expressed at 20°C incubation
induced with 0.1 mM IPTG.
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Figure S3. Final Purified Proteins. The purified proteins were run on SDS-PAGE and molecular
weights were confirmed to align with the expected weights of the proteins.
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Figure S4. CeNLuc-E2 conjugation at conjugation ratios of 0.7:1, 0.5:1, and 0.25:1 SC-CeNLuc
to ST-E2 subunit. For the particles, bands around 30 kDa indicate unconjugated ST-E2
monomers and bands around 90 kDa indicate monomers conjugated with SC-CeNLuc.
Additionally, for particles with incomplete conjugation of SC-CeNLuc, a third band is present
around 60 kDa.
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Figure S5. SDS-PAGE of CeNLuc-E2, (mCerulean3+Nluc)-E2, mCerulean3-E2, and Nluc-E2
conjugations. A conjugation ratio of 0.25 moles luminescent protein to 1 mole ST-E2 subunit
was used. For the conjugated particles, bands around 30 kDa indicate unconjugated ST-E2
monomors, and bands greater than 30 kDa indiciate ST-E2 monomors conjugated with
luminescent protein. Lane 2 contains two bands greater than 30 kDa indicating the conjugation
of both SC-mCerulean3 and SC-Nluc.

Figure S6. SDS-PAGE of LumiScarlet-E2, (mScarletl+LumilLuc)-E2, mScarletl-E2,
LumiLuc-E2 conjugations. A conjugation ratio of 0.25 moles luminescent protein to 1 mole
ST-E2 subunit was used. For the conjugated particles, bands around 30 kDa indicate
unconjugated ST-E2 monomors, and bands greater than 30 kDa indiciated ST-E2 monomors
conjugated with luminescent protein. Lane 2 contains two bands greater than 30 kDa indicating
the conjugation of both SC-mScarletl and SC-LumiLuc.
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Figure S7. Rendering of the closest distance a SC-fluorescent protein and SC-bioluminescent
protein can conjugate on a trimer of ST-E2. The closest distance between the SpyCatcher
proteins is around 3 nm, while the closest distance between the chromophores of the fluorescent
and bioluminescent protein is estimated to be greater than 5 nm. Components drawn to scale and
based on published protein structures. Protein Data Bank ID codes 1B5S (E2), 4MLI
(SpyCatcher), 4EN1 (mCerulean3), 5SLK4 (mScarletl), 5SIBO (Nluc).
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Figure S8. Comparison of the total luminescence of all soluble luminescent proteins containing
Nluc or LumiLuc. Measurements were performed in triplicates and data are represented as
meant+ SEM with background subtracted. One-way ANOVA with Tukey’s multiple comparison
test were performed (*p < 0.05).
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Figure S9. Comparison of the DsRed emission of all soluble luminescent proteins containing
Nluc or LumiLuc. Measurements were performed in triplicates and data are represented as
mean+ SEM with background subtracted.
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