Accepted Manuscript
An enhanced chimeric firefly luciferase-inspired enzyme for ATP detection and
bioluminescence reporter and imaging applications

Bruce R. Branchini, Tara L. Southworth, Danielle M. Fontaine, Dawn Kohrt,
Munya Talukder, Elisa Michelini, Luca Cevenini, Aldo Roda, Martha J. Grossel

PII:
DOI:
Reference:

To appear in:

Received Date:

Revised Date:

Accepted Date:

ISSN 0003-2697

Analytical
Biochemistry

Methods in the Biological Sciences

S0003-2697(15)00288-2
http://dx.doi.org/10.1016/j.ab.2015.05.020
YABIO 12094

Analytical Biochemistry

31 March 2015
26 May 2015
29 May 2015

Please cite this article as: B.R. Branchini, T.L. Southworth, D.M. Fontaine, D. Kohrt, M. Talukder, E. Michelini,
L. Cevenini, A. Roda, M.J. Grossel, An enhanced chimeric firefly luciferase-inspired enzyme for ATP detection

and bioluminescence reporter and imaging applications, Analytical Biochemistry (2015), doi: http://dx.doi.org/
10.1016/j.ab.2015.05.020

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers

we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and

review of the resulting proof before it is published in its final form. Please note that during the production process

errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.ab.2015.05.020
http://dx.doi.org/http://dx.doi.org/10.1016/j.ab.2015.05.020
http://dx.doi.org/http://dx.doi.org/10.1016/j.ab.2015.05.020

An enhanced chimeric firefly luciferase-inspired enzyme for ATP detection

and bioluminescence reporter and imaging applications

Bruce R. Branchini,”" Tara L. Southworth, * Danielle M. Fontaine, *
Dawn Kohrt,” Munya Talukder,” Elisa Michelini, ¢ Luca Cevenini Aldo Roda, and

Martha J. Grossel”

* Department of Chemistry, Connecticut College, New London, CT 06320, USA
® Department of Biology, Connecticut College; New London, CT 06320, USA

“Department of Chemistry “G. Ciamician”, University of Bologna, 40126 Bologna, Italy

“To whom correspondence should be addressed: Tel.: + 1 860 439-2479
Fax: + 1 860 439 2477

e-mail: brbra@conncoll.edu.

Short Title: Luciferase for ATP, reporter and imaging assays

Keywords: Bioluminescence; luciferase; ATP; reporter; luc2; imaging

Table of contents category: Enzymatic assays and analyses



Abstract

Firefly luciferases, which emit visible light in a highly specific ATP-dependent process, have
been adapted for a variety of applications including gene reporter assays, whole-cell biosensor
measurements and in vivo imaging. We have previously reported the ~2-fold enhanced activity
and 1.4-greater bioluminescence quantum yield properties of a chimeric enzyme that contains the
N-domain of Photinus pyralis luciferase joined to the C-domain of Luciola italica luciferase.
Subsequently, we identified 5 amino acid changes based on L. ifalica that are the main
determinants of the improved bioluminescence properties. Further engineering to enhance
thermal and pH stability produced a novel luciferase called PLG2. We present here a systematic
comparison of the spectral and physical properties of the new protein with P. pyralis luciferase
and demonstrate the potential of PLG2 for use in assays based on the detection of femtomol
levels of ATP. Additionally, we compared the performance of a mammalian codon-optimized
version of the cDNA for PLG2 with the luc2 gene in HEK293T cells. Using an optimized low-
cost assay system, PLG?2 activity can be monitored in mammalian cell lysates and living cells
with 4.4-fold and ~3-fold greater sensitivity, respectively. PLG2 could be an improved

alternative to Promega’s luc2 for reporter and imaging applications.
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Introduction

Bioluminescence-based methods are firmly established research tools in cell biology, molecular
biology and analytical chemistry [1, 2]. As a result of the pioneering work of McElroy, White
and Seliger [3-5], beetle luciferases, particularly those found in fireflies, are used in numerous
applications that include probes for detecting bacteria and fungi [6-10], whole-cell based
biosensors [11-17] and gene expression assays [18-21]. Firefly luciferases have also been
expressed in live mammals to visualize disease states [22-25], tumor growth and metastasis [26-
29], cell trafficking [30, 31] and genetic regulation [32, 33]. Many of these applications can be
applied in high-throughput screening format in support of drug development [34-39]. One of the
distinctive properties of the beetle luciferases is the highly specific dependence of the Luc'
catalyzed light emission process on ATP (Eqs (1-3)). The Photinus pyralis Luc

Mg2+
Luc + LH, + ATP 5 Luc'LH-AMP + PP; (1)

Luc’LH-AMP + O, — Luc'AMP-Oxyluciferin® + CO, (2)

Luc-AMP'Oxyluciferin*—> Luc + Oxyluciferin + AMP +hv (3)

bioluminescence system is highly efficient with a quantum yield of 41.0 + 7.4% [40].
Bioluminescence is especially advantageous when high sensitivity is required because, unlike
fluorescence systems that need an external light source, there is virtually no non-specific light
production induced in the cellular environment. It has been estimated that attomole levels of
luciferase can be quantified using photomultiplier tubes or charge-coupled devices [41], making

Luc an attractive candidate for bioanalytical uses that demand high sensitivity.



Recently, we reported [42] the ~2-fold enhanced specific activity and 1.4-fold greater
bioluminescence quantum yield properties of PpyLit,” a chimeric enzyme that contains the N-
domain of P. pyralis luciferase joined to the C-domain of L. italica luciferase. In effect, the L.
italica luciferase C-domain sequence introduced 27 changes, 23 amino acid substitutions and 4
deletions, into the full 550 amino acid P.pyralis sequence. Subsequently, we extended our
investigation of PpyLit by identifying 5 amino acids that are the main determinants of the
improved bioluminescence properties. Starting with PLG1?, which contains the 5 amino acid
changes, and building on our experience producing thermostable P. pyralis luciferase variants
with altered emission kinetics [43, 44], we sought to develop a novel enzyme that would provide
improved performance in all applications in which ATP levels are measured and the commercial
luc2 gene is used in a lysed cell format.

We describe here a new luciferase called PLG2 and present a systematic comparison of
the spectral and physical properties of the new protein with PpyWT and demonstrate the
potential of PLG2 for use in assays based on the detection of low levels of ATP. Additionally,
we compared the performance of a codon-optimized version of the cDNA for PLG2 with the
luc2 gene in HEK293T cells. Using optimized low-cost assay systems, PLG2 activity can be
monitored in mammalian cell lysates and living cells offering a potentially improved alternative

to Promega’s luc? for reporter and imaging applications.

Materials and methods



Materials

The following materials were obtained from the sources indicated: ATP (disodium salt
hydrate), MgSO,, and Triton X-100 from Sigma-Aldrich (St. Louis, MO); dithiothreitol (DTT)
from Acros; beetle luciferin (LH;), Bright-Glo™ Luciferase Assay system, Passive Lysis Buffer
(PLB), and pF4Ag containing the /uc2 gene (non-commercial expression vector driven by a
CMV promoter) were from Promega (Madison, WI). A human codon optimized version of the
PLG2 gene” was constructed by modifying the portion corresponding to the N-terminus as
previously described [44] and synthesis of the C-domain by GenScript according to the
OptimumGene™ algorithm. The codon optimized PLG2 gene was prepared by ligation of the 2
optimized domains and cloned into the Sgfl/Pmelsites of the Promega pF4Ag vector.
General methods

Concentrations of purified proteins were determined with the Bio-Rad Protein Assay
system using bovine serum albumin as the standard. Sequences of luciferase genes in the pGEX-
6P-2 and pF4Ag vectors were verified by DNA sequencing at the W. M. Keck Biotechnology
Laboratory (Yale University, New Haven, CT). Methods for mutagenesis, protein expression
and purification, bioluminescence spectra and specific activity were previously reported [42].
ATP detection using PLG2

Assays were performed in triplicate in white 96-well plates (Greiner Bio-One North
America, Inc., Monroe, NC) using a Luminoskan Ascent microplate luminometer (Thermo,
Waltham, MA) equipped with an automatic injector cleaned with 70% aqueous ethanol prior to
use. The Tricine buffer, plasticware and pipet tips were autoclaved prior to use. A stock solution
of ATP (10 mM) in 50 mM Tricine, pH 8 was prepared and serially diluted into the same buffer

producing solutions of ATP with final concentrations of 0.1 uM to 0.1 pM. Aliquots (0.05 ml)



of ATP dilutions corresponding to 1 x 10™" to 1 x 107 mol of ATP were assayed by automatic
injection of 0.05 ml of a single reagent solution (PLG2 assay mix) in 50 mM Tricine, pH 8
containing 2.5-3.3 uM PLG2 enzyme, 0.8 mM LH; and 10 mM MgSO,. Light emission was
recorded for 1 s after a 1 s delay following injection of the reagent. Using this methodology a
representative ATP standard curve (Fig. 2) was constructed using the mean values from 3
independent trials. To detect ATP levels below ~1 x 10 mol, it was necessary to reduce the
bioluminescence background by storing the PLG2 assay mix overnight at 4°C prior to use.

For analysis of ATP content in HEK293T cells, aliquots of cells were washed twice with
phosphate buffered saline (PBS) and then a cell suspension in PBS was counted using a TC10
automated cell counter (Bio-Rad). Triplicate cell suspensions (200,000 cells in 0.1 ml of PBS)
were serially diluted in PBS and lysed by 5 cycles of freezing at -80 °C and thawing at 30 °C.
The lysed cell suspensions were diluted 10-fold in 50 mM Tricine buffer, pH 8 and aliquots (0.05
ml) were assayed in triplicate as described above. An ATP standard curve was generated as
described by preparing the ATP solutions in 50 mM Tricine buffer, pH 8 containing 10% PBS.

For analysis of ATP content in Escherichia coli, a glycerol stock of BL21(DE3)pLysS
cells was used to inoculate duplicate 5 ml cultures in Luria Bertani media (LB) that were
incubated at 37 °C overnight with shaking. Aliquots of each culture were diluted 100-fold in
fresh LB and grown for 2 h at 37 °C with shaking and 1 ml portions were removed and
centrifuged at 4000 x g to pellet the cells. The supernatants were discarded to remove any
extracellular ATP and the cells were suspended in 0.5 ml of fresh LB. The cell suspensions were
serially diluted in LB and a portion of each dilution was plated on LB agar to determine the
number of colony forming units (cfu). The remaining volume (0.45 ml) was centrifuged at 4000

x g to pellet cells, which were suspended in 10 mM Tris-Cl pH 8 containing 1 mM EDTA and



lysed by heating for 5 min at 98 °C in a thermal cycler. After incubation on ice for 5
min, aliquots (0.05 ml) of the cell suspensions were assayed by automatic injection of 0.05 ml
PLG?2 assay mix as described above.
Transfection of HEK293T mammalian cells with luc2 and PLG2
HEK?293T cells were plated in 24 well plates at a density of 250,000 cells/well in

Dulbecco's Modified Eagle's Medium (Corning) + 10% fetal bovine serum. The same day cells
were transfected with 200 ng of each DNA construct (transfection mix included 500 ng total
DNA including empty vector and 1.5 pl Lipofectamine 2000 in 100 pl OptiMEM) and grown
overnight at 37 °C with CO,. The next day, growth media was removed, the cells (~600,000)
were washed with PBS and lysed in 100 pl PLB (Promega). Each construct was transfected in
triplicate and three independent trials were performed. Transfection efficiencies were estimated
by co-transfecting with eCFP and measuring the percentage of fluorescent cells.
Model reporter assays in mammalian cell lysates

Luminescence measurements of soluble cell lysates from HEK293T mammalian cells
(prepared in triplicate) were performed in triplicate assays in white 96-well plates (Greiner Bio-One
North America, Inc., Monroe, NC) using a Luminoskan Ascent microplate luminometer (Thermo
Scientific, Waltham, MA). Each well contained 10 ul of soluble cell lysate diluted (1:10) in PBS
containing 1% Triton. Assays were initiated by automatic injection of 0.1 ml of a solution
containing LH; (0.3 mM), ATP (0.7 mM), MgSO,4 (2.5 mM), and DTT (15 mM) in 50 mM Tricine,
pH 7.6 or alternatively with Bright-Glo™ assay reagent. After a 1 min delay, bioluminescence
signals were integrated for 10 s and recorded. To estimate the concentration of expressed active
enzymes, total protein was estimated from bioluminescence activity using standard curves
generated from purified luciferases and corrected for minor differences in transfection efficiencies.
Model reporter assays in living mammalian cells
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HEK?293T cells were transfected in triplicate with pF4Ag plasmids containing the luc2 or
PLG2 gene. The next day, media was removed and cells were washed with PBS, removed with
trypsin, counted and diluted to 10,000 cells/ml in media. Cells (100 pl) were pipetted in triplicate
into opaque 96-well tissue culture treated plates (Corning Life Sciences, Tewksbury, MA) and
grown overnight at 37 °C with CO,. The next day, 10 mM D-LH, was added to CO, independent
media (Life Technologies, Carlsbad, CA) containing 10% FBS at 37 °C and 100 pul of the mixture
was added to each well. The plate was immediately placed in the Luminoskan luminometer heated
to 37 °C and bioluminescence was monitored.
Statistical analysis

Curve fitting and data analysis were performed using the regression function of the
Analysis ToolPack of Microsoft Excel version 14.0. To detect statistical correlations, Pearson’s
correlation coefficient (r) was calculated between the luciferase activity and moles of ATP or cell
number. The associated probability (p) was determined using the Student t-distribution function of

Excel. Each result is represented as the mean + standard deviation.

Results and Discussion
PLG?2 luciferase

A new firefly luciferase called PLG2* has been developed by incorporating the 5 amino
acid changes of PLG1? that provided ~90% of the activity enhancement of chimeric PpyLit [42]
(Table 1) and similar partial protection against red-shifting of bioluminescence at low pH. The
inclusion of 5 additional mutations, which were previously employed to fortify Luc variants [43],
further improved the stability to heat and pH. Also, extended glow emission kinetics were
engineered into PLG2 (Table 1 and Fig. 1) mainly by the inclusion of the Ile351Val change,

which had been shown to restore activity in a red light-emitting variant of PpyWT [44]. The



specific activities of the purified luciferases shown in Table 1 were determined from
bioluminescence activity measurements using saturating levels of LH, and Mg-ATP. The K,
value of PLG2 for LH;, was ~3-fold higher than the value of PpyWT, while the Mg-ATP values
were very similar. Replacing P. pyralis luciferase with PLG2 in in vitro assays should provide
greater sensitivity based on the ~1.4-fold brighter flash intensity and longer lived signal that
provides an ~4-fold greater integrated signal. The specific activity properties of PLG2 are
remarkable because thermostable Lucs like UltraGlo typically suffer from considerably
decreased bioluminescence activity. Additionally, the lack of emission color change at low pH
(~6.5) and the much greater thermostability of PLG2 compared to PpyWT (24 h versus 20 min at
37 °C) are significant because stability to acidic pH and temperature are important for reliable in
vitro assays, especially for reporter experiments with lysed mammalian cells using
photomultiplier tube-based detection devices.
ATP analysis

We explored the possibility that PLG2 could offer improved sensitivity at lower cost in
applications in which wild-type P. pyralis luciferase is used in: (1) assays based on ATP
detection; (2) specialized applications for detecting very low levels of ATP, e.g. with the
Promega Enlighten System [45]; and (3) genetic reporter applications in mammalian cells in
which luc2 is employed in a lysis format [46, 47]. First, we developed PLG2 assay mix, a
minimal single reagent cocktail comprised of 50 mM Tricine buffer, pH 8.0 containing 2.5-3.3
uM PLG2, 0.8 mM LH», and 10 mM MgSO,. The reagent was typically kept at ambient
temperature without loss of activity over a 6-8 h period. PLG?2 assay mix could be stored at 4 °C
for 48 h without measureable loss of activity and after 2 weeks 85% activity remained.

Additionally, the reagent can be flash frozen in liquid N», lyophilized, and reconstituted with



minimal (< 10%) activity loss that can be compensated for by adding additional enzyme. An
ATP assay method was established with a plate reading luminometer using a single injector.
Reactions were initiated by the addition of either 50 or 100 uL of PLG2 assay mix into equal
volumes of ATP standards and light emission was monitored for 1 s after a 1 s delay. With this
simple rapid method, a standard curve based on 3 independent trials was generated (Fig. 2) that
demonstrated the linearity of the method over 6 orders of magnitude with a detection limit of ~1
x 107" mol of ATP. This result is consistent with the femtomol detection capabilities of the
Promega ENLITEN® kit and represents detection of ATP at a level limited by instrument noise.
The sensitivity improvement that is possible with PLG2 equates to using less enzyme to reach
femtomol detection. However, the enhanced stability of PLG2 should provide performance
advantages compared to currently available standard luciferases. While results in individual labs
may vary, especially depending on the type of light measuring device that is used, the standard
curve presented here illustrates that femtomol detection of ATP is straightforward and feasible
with a stable, inexpensive single assay reagent and a basic detection device.

To demonstrate the potential of PLG2 for practical application, we applied our
methodology to assessing ATP levels in mammalian and bacterial cells. The cell number and
relative light units (RLU) of bioluminescence were proportional over 5 orders of magnitude,
from 1 to 10,000 mammalian cells (Fig. 3A, r=0.999, p<0.001). Using a standard curve similar
to the one 1n Fig. 2 with the buffer described in Materials and methods generated by assaying
ATP dilutions with the PLG2 assay mix, we determined there was also a strong correlation
between cell number and moles of ATP (Fig. 3B) and that there were 5.5 + 0.4 fmol of ATP in a
single HEK293T cell. This value represents the mean and standard deviation from triplicate

experiments. This is in good agreement with the reported value of 2 — 6 fmol ATP per viable
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mammalian cell [48]. With E. coli, the relationships between cell number and both
bioluminescence (Fig. 3A) and ATP content (Fig. 3B) also correlated strongly over 5 orders of
magnitude (r=0.999, p<0.001). We were able to detect as little as 50 cells (Fig. 3A) and
determined the mean level of ATP/cell was 1.6 + (0.3 amol, which is consistent with the literature
values of 0.2 — 2 amol per bacterial cell [49, 50].
Model reporter assays in mammalian cells

We also investigated whether the PLG2 enzyme might provide greater sensitivity than the
widely used luc2, a P. pyralis luciferase containing 2 neutral substitutions, in cell lysis-based
reporter applications using codon optimized genes for PLG2 and luc?2 expressed in mammalian
cells. The proteins were expressed at 37 °C in HEK293T cells, and lysates of equivalent cell
count were prepared and assayed in 96-well format using a Luminoskan instrument. For
convenience, the cells were lysed with PLB: Bioluminescence activity was monitored with a
single solution minimal assay reagent (0.3 mM LH,, 0.7 mM ATP, 2.5 mM MgSO4 and 15 mM
DTT in 50 mM Tricine, pH 7.6) and the relative intensities of the signals produced by PLG2 and
luc2 were 9.2 + 0.6 x 10*and 2.1 + 0.2 x 10" RLU, respectively (Fig. 4) based on 10 s integrals
obtained after a min delay. The 4.4-fold higher activity realized with PLG2 will likely enable
greater sensitivity in reporter applications. We estimated that the basis of the greater signal
produced by PLG?2 is ~2.2-fold higher protein expression yield and ~2-fold greater specific
activity. The daily reproducibility of the method was ~10% and we found that the lysates could
be frozen at -80 °C and assayed 1 day to 3 months later without significant activity loss.

Alternatively, reporter assays with the novel codon-optimized P. Pyralis variant were
conducted conveniently by substituting the Promega Bright-Glo™ assay reagent for our minimal

assay reagent, as evidenced in a second HEK293T cell lysate trial (Fig. 4). Similar to their
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performance in the first model assay, PLG2 and luc2 emitted strong signals with negligible
decay rates over the short duration of the analyses (Fig. 4). However, while the luc2 activity
increased ~1.6 times, the PLG2 activity decreased 1.4-fold in Bright-Glo™. For assays with
equipment lacking an automatic injector creating a situation where long term stability of the
signals is important, Bright-Glo™ is the preferred reagent because the signals decay much more
slowly over a 30 min period.

We also preliminarily evaluated the potential of PLG2 for use in live cell imaging
applications in which bioluminescence is dependent on the cellular availability of ATP and
exogenously added LH,. As demonstrated by the results in Fig. S that were produced by
introducing LH; into live HEK293T cells, the bioluminescence emission signal produced by
PLG2 was ~2.5 to 3.5 times greater than that obtained from luc2. The difference in the relative
bioluminescence in the cell lysate and live cell experiments was not due to transfection,
efficiencies, protein yields or affinities for ATP. Possibly because of limited permeability of the
cells to LHo, the difference is related to the greater affinity of luc2 for LH, based on its 3.5-fold
lower K, value for this substrate.

The results presented here are positive indicators that PLG2 is an excellent candidate for
in vitro ATP analysis and bioanalytical applications in mammalian cells. As luc2 has proven
suitable for dual-reporter and cell-sensor assays, we expect that PLG2 should perform as well or
better because this enzyme produces brighter signals, has similar bioluminescence color that is
resistant to low pH shifting, is much more stable at 37 °C, and appears to express in higher yield
in mammalian cells. Substituting PLG2 for luc2 should provide great benefit to established
applications and new ones such as a promising method for high-throughput drug screening based

on the measurement of intracellular ATP levels with a luciferase containing an appended protein
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transduction domain [51].
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YAbbreviations used: LB, Luria Bertani media; LH,, D-firefly luciferin; Luc, firefly luciferase;
PBS, phosphate-buffered saline containing 40 mM NaCl, 2.7 mM KCI, 10 mM Na,HPOQO,, and
1.8 mM KH,PO, (pH 7.3); PLB, Passive Lysis Buffer; PLG1, PpyWT containing
[le457Val/Ala482Gly/His489Lys/ AlaS03 Asn/Lys543Gln; PLG2, PLGI luciferase containing
Thr214Ala/Ala215Leu/Tle232Ala/ Phe295Leu/lle351Val/Glu354Lys; PLG2 assay mix, a single
reagent solution in 50 mM Tricine, pH 8 containing 2.5-3.3 uM PLG2 enzyme, 0.8 mM LH,,
and 10 mM MgSOy; PpyLit, chimeric protein comprised of PpyWT residues 1-439 and L. italica
luciferase residues 442-548; PpyWT, recombinant P. pyralis luciferase containing the additional

N-terminal peptide GlyProLeuGlySer; and RLU, relative light units.

*The construction, expression, purification and characterization of PpyLit, PLG1 and PLG2 are
described in US provisional patent No. PCT/US2013/042178 where they are referred to as

CCCl1, CCC2 and CCC4, respectively.

Figure legends

Fig. 1. Bioluminescence time course of reactions of PLG2 (solid line) and PpyWT (dashed line).

Reactions (0.4 m1) in 25 mM glycylglycine buffer, pH 7.8 containing 1 pg of protein and 400

uM LH; were initiated by the injection of 0.12 ml of a solution of 9 mM Mg-ATP in the same

buffer.
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Fig. 2. ATP standard curve generated from the bioluminescent signal of the PLG2 enzyme. The
mean relative light units (RLU) for 1 s integrals (from 3 independent experiments) performed as
described in detail (Materials and methods) are plotted as a function of ATP levels and the

standard deviations are indicated by error bars. The correlation coefficient (r) for the portion of

the curve from 1E'°-1E™"! moles of ATP is 0.999 and the associated significance is p<0.001.

Fig. 3. The correlations between the number of HEK293T cells (black lines) or E. coli colony
forming units (CFUs, red lines) and (A) relative activity units (RLU) and (B) the corresponding
moles of ATP. The RLU were determined from bioluminescence assays using the PLG2 assay
mix, as described in the Materials and methods and standard curves (similar to Fig. 2) were used
to calculate the corresponding moles of ATP. The experiments were performed three times and
individual assays were performed in triplicate. Symbols represent mean values, and lines
represent the linear data fit. Error bars indicate the standard deviations among replicates.
Pearson’s correlation coefficient (r) and the associated significance (p) values were: r=0.999,
p<0.001 for the number of HEK293T cells vs. RLU or moles of ATP; r=0.999, p<0.001 for the

number of E. coli CEUs vs. RLU or moles of ATP.

Fig. 4. Relative bioluminescence activities of soluble cell lysates from equivalent numbers of
HEK?293T cells expressing mammalian codon-optimized PLG2 (black) and luc2 (green) at 37
°C. Lysates were diluted 1:10 in PBS containing 2% Triton and 10 pl was assayed using a
Luminoskan Ascent microplate luminometer. Bioluminescence was initiated by the injection of:

(solid lines) 0.1 ml of a solution containing 0.7 mM ATP, 0.3 mM LH,, 15 mM DTT, and 2.5
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mM MgSO, in 50 mM Tricine buffer (pH 7.6); or (dashed lines) 0.1 ml Bright-Glo™ assay

reagent. Data collection began 1 min after the injection of substrates.

Fig. 5. Relative bioluminescence activity and emission spectra of living HEK293T cells
expressing mammalian codon-optimized PLG2 (black) and luc2 (green). (A) Bioluminescence
was initiated by the addition of 0.1 ml of 10 mM LH, to wells containing equivalent numbers of
cells in 0.1 ml of media and then monitored (triplicate assays) at 37 °C. (B) Normalized
bioluminescence spectra of living cells at 37 °C. The spectra were collected 1 min after the

addition of 10 mM LH; (0.25 ml) to a cuvette containing 0.25 ml of cells at 37 °C.
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Table 1. Properties of luciferases®

Relative Specific Activityb K., (uM) Bioluminescence A, (nm) Thermal
Inactivation? (h)
Enzyme  Flash Height Integrated LH, Mg-ATP  pH7.8 pH 6.5 at 37°C
PpyWT 100 =4 100 £2 15+£2 86 +7 560 (70) 609, 560 sh (92) 0.3+0.03
PpyLit 180 =10 200 =12 25+2 53+6 560 (69) 561, 610 sh (90) 0.07£0.02
PLG2 1355 4252 52+6 79£5 559 (67) 561 (71) >24+5

*The data for PpyWT and PpyLit and the methods used to produce the values for PLG2 are described in reference
[42]. bSpeciﬁc activities were obtained at pH 7.8 with LH, (400 pM) and Mg-ATP (2 mM) and are expressed
relative to Ppy WT values, which are defined as 100. Integrated activities are based on total light emission in 15
min. “Bioluminescence emission maxima were obtained from two trials and the standard deviation is + | nm. The
bandwidth at half-maximal intensity is shown in parentheses and sh indicates a shoulder. “Time for the maximum
initial activity to decay to 50% at 37 °C. All activity values were obtained from at least three trials and are reported

as means + standard deviation.
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