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Preface

Luciferases catalyzing oxidation of luciferins are a nearly ideal reporter for bioanalysis and
molecular imaging of intracellular molecular events. Bioluminescent probes fabricated from
luciferases generally allow low backgrounds, high signal-to-noise (S/N) ratios, wider
dynamic ranges of signals, versatility in the molecular design, and suitability in the imaging
of small model animals. Recent studies on bioluminescence-based technologies may be
categorized into three major routes: (i) establishment of new luciferases and synthesis of
novel luciferins; (ii) fabrication of bioluminescent probes with the luciferases and luciferins;
and (iii) practical application of the probes to animal imaging and instrumentations. These
three categories are closely correlated in the technical progression: e.g., if we establish de
novo luciferases with excellent optical properties, it allows fabrication of new optical probes
with a novel strategy. The novel bioluminescent probes should facilitate better optical per-
tormance in visualization of molecular events of interest in living subjects. This book repre-
sents detailed laboratory protocols regarding the three major route technologies from the
establishment of new luciferases, efficient optical probes, to their applications to visualizing
molecular events in living subjects.

I am greatly honored to work with the authors who contributed to this book. They are
all talented in their research subjects in bioluminescence and generously accepted one or
two chapters in this book. I am deeply thankful for Professor John Walker and Dr. Fujii for
their timely advices and encouragement. Finally, I owe a special thank you to Young-Eun,
my wife, and Tae-Yun and Tae-Hun, my children, for their endless support.

I hope that this book will provide a comprehensive guidance to researchers and techni-
cians on how to establish luciferases and to fabricate bioluminescent probes for molecular
imaging.
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Chapter 1

Label-Free Cell Phenotypic Identification of p-Luciferin
as an Agonist for GPR35

Heidi Hu, Huayun Deng, and Ye Fang

Abstract

D-Luciferin (also known as beetle or firefly luciferin) is one of the most widely used bioluminescent
reporters for monitoring in vitro or in vivo luciferase activity. The identification of several natural phenols
and thienol[ 3,2-b]thiophene-2-carboxylic acid derivatives as agonists for GPR35, an orphan G protein-
coupled receptor, had motivated us to examine the pharmacological activity of p-Luciferin, given that it
also contains phenol and carboxylic acid moieties. Here, we describe label-free cell phenotypic assays that
ascertain D-Luciferin as a partial agonist for GPR35. The agonistic activity of D-Luciferin at the GPR35
shall evoke careful interpretation of biological data when p-Luciferin or its analogues are used as probes.

Key words Bioluminescence, Dynamic mass redistribution, G protein-coupled receptor, GPR35,
p-Luciferin, Resonant waveguide grating biosensor

1 Introduction

Luciferase genes from firefly and other beetles are commonly used
as reporter genes to study transcription regulation, and to localize,
track, and quantify a myriad of biological events or functions in
living cells and animals [1-4]. As they produce the brightest form
of bioluminescence, luciferase genes can be used to transfect tumor
cells, stem cells, or infectious species, which are then inoculated
into research animals such as rats or mice. As a natural substrate for
the beetle luciferase reporter systems, D-Luciferin ((S)-2-(6’'-
hydroxy-2’-benzothiazolyl)thiazoline-4-carboxylic acid, see Fig. 1)
is injected into animals so real-time, noninvasive monitoring of dis-
ease progression and/or drug efficacy in animal model systems
using bioluminescence imaging is possible. p-Luciferin is also
commonly used for in vitro luciferase and ATP, gene reporter,
high-throughput screening, and various contamination assays
[5, 6]. Luciferase catalyzes a bioluminescence reaction that uses
luciferin, Mg-ATP, and molecular oxygen to produce a characteristic

Sung-Bae Kim (ed.), Bioluminescence: Methods and Protocols, Methods in Molecular Biology, vol. 1461,
DOI 10.1007/978-1-4939-3813-1_1, © Springer Science+Business Media New York 2016

3



4 Heidi Hu et al.

OH
D-Luciferin

Fig. 1 Chemical structure of p-Luciferin

yellow-green emission, which shifts to red light in vivo at 37 °C
[7-10]. However, little is known about the biological activity of
D-Luciferin.

Using label-free resonant waveguide grating (RWG) biosensor
enabled dynamic mass redistribution (DMR) assays [11-16], we
had previously discovered several thieno[3,2-b]thiophene-2-
carboxylic acid derivatives [17] and natural phenols [18] as ago-
nists for G protein-coupled receptor 35 (GPR35). These findings
had motivated us to search for common fluorescent and biolumi-
nescent probe molecules that contain phenol and/or carboxylic
acid moieties, two of which are important for the activation of
GPR35[17, 18]. GPR35 is an orphan G protein-coupled receptor
(GPCR) whose natural agonist(s) are still controversial [19-22].
Label-free DMR pharmacological profiling of p-Luciferin in
HT-29, a colon cancer cell line endogenously expressing GPR35,
showed that p-Luciferin is a partial agonist for this receptor with
an EC;y of 12.9 pM [23]. Thimm et al. later confirmed using a
radioligand binding assay that p-Luciferin binds to GPR35 with a
K; 0of 9.86 pM [24].

This chapter describes protocols as to how to determine the
pharmacological activity of D-Luciferin acting at the GPR35 using
multiple types of DMR assays. These assays include (1) one-step
agonism assay to detect its agonistic activity, (2) one-step co-
stimulation assay to determine its partial agonistic activity, (3) two-
step antagonism assay to determine its specificity to activate
GPR35, (4) two-step desensitization assay to determine the com-
petitive agonism against known GPR35 agonists.

2 Materials

2.1 Tissue Gulture
Medium and Cell Line

1. Human colorectal adenocarcinoma HT-29 cell line (ATCC®
HTB-38™, American Type Cell Culture, Manassas, VA, USA).

2. Tango™ U20S-GPR35-4/a cell line (Invitrogen, Grand
Island, NY). This cell line stably expresses human GPR35
linked to a TEV protease site and a Gal4-VP16 transcription
factor, as well as a B-arrestin/TEV protease fusion protein and
the p-lactamase reporter gene under the control of a UAS
response element.

3. McCoy’s 5A Medium Modified (Invitrogen).



2.2 Microplates
and Instruments
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4. Dulbecco’s Modified Eagle’s medium (DMEM) (Invitrogen).

10.
11.

12.

. Antibiotic solution 100x: 10,000 U penicillin/mL, 10,000 pg

streptomycin/mL.

. Complete medium for HT-29 cells: McCoy’s 5A Medium

Modified supplemented with 10% fetal bovine serum (FBS),
4.5 g/L glucose, 2 mM glutamine, 50 U/mL penicillin, and
50 pg/mL streptomycin.

. Complete medium for U20S-GPR35-4ia cells: DMEM

medium supplemented with 10 % dialyzed FBS, 0.1 pM NEAA,
25 pM Hepes (pH 7.3), 1 mM sodium pyruvate, 100 U/mL
penicillin, 100 pg/mL streptomycin, 200 pg/mL zeocin,
50 pg/mL hygromycin, and 100 pg/mL geneticin.

. Trypsin/ethylenediaminetetraacetic acid (EDTA) solution

10x: 2.5% Trypsin, 0.2 % 4Na*-EDTA.

. Corning 75 cm? tissue culture-treated polystyrene flask with

vented cap (T-75) (Corning Incorporated, Corning, NY,
USA).

. Corning 384-well polypropylene compound storage plate.
. Corning Epic® 384-well microplate tissue culture-treated.

. 384-well, black-wall, clear bottom assay plates with low fluo-

rescence background (Corning).

. 8-well chamber slide (Nalge Nunc International, Rochester,

NY, USA).

. Matrix 16-channel electronic pipettor (Thermo Fisher

Scientific, Hudson, NH).

. Epic® system (Corning). This reader is a wavelength interroga-

tion reader system tailored for RWG in microplate (384- and
1536-well). This system consists of a temperature-control unit
(26 °C), an optical detection unit, and an on-board liquid han-
dling unit with robotics. The detection unit is centered on
integrated fiber optics, and enables kinetic measures of cellular
responses with a time interval of ~15 s.

. Epic® BT system (Corning). This reader is a small-footprint,

swept wavelength interrogation-based imaging system [25].
This system has a spatial resolution of 90 pm and a temporal
resolution of 3 s.

. BioTek cell plate washer ELx405 (BioTek Instruments Inc.,

Winooski, VT, USA).
1.5 mm thick glass cover-slip (Corning).

Zeiss confocal microscope Axiovert 40 (Carl Zeiss Microscopy
GmbH, Jena, Germany).

Tecan Safire II microplate reader (Tecan, Minnedorf,
Switzerland).
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2.3 Reagents and
DMR Assays

2.4 Data Analysis
Software

1. Pamoic acid and p-Luciferin (Sigma Chemical Co., St. Louis,
MO, USA).

2. Zaprinast (Enzo Life Sciences, Farmingdale, NY, USA).

3. YE210 (6-bromo-3-methylthieno[ 3,2-b]thiophene-2-carboxylic
acid) (Corning).

4. SP05140, SPB05142 (CID2745687; methyl-5-[(tert-
butylcarbamothioyl-hydrazinylidene)-methyl]-1-(2,4-
difluorophenyl)-pyrazole-4-carboxylate), and  SPB05143
(Ryan Scientific, Inc., Mt. Pleasant, SC).

5. Hank’s Balanced Salt Solution (HBSS): 1x with calcium and
magnesium, but no phenol red.

6. HEPES buffer: 1 M HEPES, pH 7.1.

7. Assay buffered vehicle solution: 1x HBSS, 10 mM HEPES,
pH7.1.

8. Anti-GPR35 antibody (T-14, intracellular domain) (Santa
Cruz biotechnology, Santa Cruz, CA, USA).

9. Alexa Fluor® 594-labeled donkey anti-goat IgG (H+L)
(Invitrogen).

1. Microsoft Excel (Microsoft Inc., Seattle, WA, USA).
2. Epic® Offline Viewer (Corning).

3. GraphPad Prism 5 Software (Graph Pad Software Inc., La
Jolla, CA, USA).

4. NIH Image] (http://imagej.nih.gov/ij/).

3 Methods

3.1 Cell Culture

3.1.1  HT-29 Cell Culture
in Biosensor Microplate

This section describes protocols to culture HT-29 cells in biosen-
sor microplates for DMR assays, to culture U20S-GPR35-4/x cells
in cell assay microplates for Tango f-arrestin translocation gene
reporter assay, and to culture HT-29 in 8-well chamber slide for
receptor internalization assay.

1. Passage HT-29 cells in T-75 flasks using 1x trypsin/
EDTA. Generally, cells are split every 5 days, and a 1:10 split is
used to provide maintenance culture. The confluent cells
obtained in one T-75 flask are sufficient for experimental cul-
ture in at least one biosensor microplate. The cells between 3
and 15 passages are preferred for DMR assays (see Note 1 ).

2. Harvest confluent cells using 1x trypsin-EDTA solution.
Centrifuge the cells down, remove the supernatant, and re-
suspend the cell pellet in freshly prepared complete medium
tor HT-29.


http://imagej.nih.gov/ij/

3.1.2 U20S-GPR35-bla
Cell Culture in Microplate

3.1.3 HT-29 Cell Culture
in 8-Well Chamber Slide

3.2 DMR
Agonist Assay
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3. Seed 3.2 x 10* cells freshly suspended in 50 pL of the complete
medium into each well of an Epic® 384-well biosensor micro-
plate using a 16-channel electronic pipettor (see Note 2).

4. Incubate cells in the laminar flow hood for ~20 min at room
temperature to minimize the commonly occurring edge effect.

5. Place the microplate inside an incubator and culture cells for
~24 h at 37 °C under air/5% CO,. After overnight culturing
the cells usually reach ~95 % confluency and are ready for DMR
assays.

1. Passage U20S-GPR35-bla cells in T-75 flasks. The cells
between 3 and 15 passages are used for Tango assay (see below).

2. Harvest confluent cells using 1Ix trypsin-EDTA solution.
Centrifuge the cells down, remove the supernatant, and re-suspend
the cell pellet in the complete medium for this cell line.

3. Seed 10,000 cells in 50 pL of the complete medium /well in
384-well, black-wall, clear bottom assay plates with low fluo-
rescence background using a 16-channel electronic pipettor.

4. Incubate cells in the laminar flow hood for ~20 min at room
temperature.

5. Place the microplate inside an incubator and culture cells for
~24 h at 37 °C under air/5% CO,.

1. Seed 10,000 cells in 100 pL of the complete medium/well
into each well of an 8-well chamber slide using an electronic
pipettor.

2. Place the slide inside an incubator and culture cells for ~24 h
at 37 °C under air/5% CO, for overnight.

This section describes the one-step protocol to detect potential
agonistic activity of ligands in a given cell line. Since the DMR
signal of a ligand is obtained after the cells reach confluency, it
primarily reflects the effect of the ligand on the cells. The confluent
cells typically give rise to a steady baseline during the assay dura-
tion (~hours). A ligand that triggers a detectable DMR is consid-
ered to have an agonistic activity in the cells. Since the DMR signal
is an integrated whole cell response, the similarity in DMR signa-
ture is often useful to hypothesize that two ligands that trigger
similar DMR in a cell line may activate the same pathway, some-
time via the same target [26-29].

Figure 2 compares the dose responses of b-Luciferin with three
known GPR35 agonists, pamoic acid [30], zaprinast [31], and
YE210 [17]. All compounds triggered a dose-dependent DMR
signal that shares similar characteristics; that is, all are biphasic,
consisting of an early positive DMR (P-DMR) event and a
late negative-DMR (N-DMR) event. Based on their P-DMR
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Fig. 2 The DMR characteristics of ligands in HT-29 cells. (a) The dose-dependent kinetic DMR signals of p-
Luciferin; (b) the dose-dependent kinetic DMR signals of pamoic acid; and (¢) the P-DMR amplitudes of four
ligands as a function of ligand dose. All data represent mean+s.d. (n=4, except for n=28 for zaprinast). This
figure is reproduced from ref. 23 through the Creative Commons Attribution License

amplitudes, the DMR dose-responses of all compounds fitted well
with a monophasic sigmoidal curve, leading to an ECs of 0.0024,
0.064, 0.16, and 12.9 uM for pamoic acid, YE210, zaprinast, and
D-Luciferin, respectively.

1.

Prepare 4x compound solutions, each with 14 point 2x dilution
series, by diluting the stored concentrated solutions with the
assay buffered solution (1x HBSS). Prepare 2x dilution series of
buffer solutions containing equal amount of dimethyl sulfoxide
(DMSO) as intra-plate negative controls (see Note 3). Transfer
all solutions into a 384-well polypropylene compound storage
plate using a pipettor to prepare a compound source plate.

. After culture, wash the confluent cells in the biosensor micro-

plate twice with the HBSS using the BioTek washer, and main-
tain in 30 pL. HBSS to prepare a cell assay plate (see Note 4).

. Place the cell assay plate and the compound source plate inside

the hotel of the Epic® system for about 1 h (see Note 5).

. Record the baseline wavelengths of all biosensors in the cell

assay microplate, normalize to zero, and record a 2-5 min
baseline (see Note 6).

. Pause the reader, and transter 10 pL. 4x of compound solutions

from the compound source plate to the cell assay plate using
the on-board liquid handler.

. Run the reader immediately after compound addition (see

Note 7), and record the DMR for about 1 h (se¢ Note 8).

. Background-correct all DMR signals (sec Note 9).
. Plot the maximal DMR response, or the DMR amplitude at

specific time point post stimulation as a function of com-
pounds, or compound doses (see Note 10).

. Calculate the ECsq values of different agonists using nonlinear

activation function of the Prism software.
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3.3 DMR This section describes the one-step protocol to determine the partial

Co-stimulation Assay agonism of D-Luciferin using co-stimulation assay. Here,
concentration-response curves to pamoic acid are performed in the
presence of p-Luciferin at different fixed doses; vice versa, the
concentration-response curves to luciferin are done in the presence
of pamoic acid at different fixed doses. Pamoic acid behaves as a full
agonist in DMR assays using HT-29 cells [23]. Results showed that
the presence of b-Luciferin did not alter the potency of pamoic acid,
but increased the starting signal in a dose-dependent manner (see
Fig. 3a). Conversely, for low doses of pamoic acid (2 and 20 nM),
D-Luciferin dose-dependently led to an increased DMR signal; how-
ever, for pamoic acid at 200 nM (a saturating concentration),
D-Luciferin at high doses reduced the DMR in a dose-dependent
manner (see Fig. 3b). These results suggest that the two compounds
interact at an overlapping binding site, and p-Luciferin is less effica-
cious agonist of GPR35 than pamoic acid.

1. Prepare a series of mixtures consisting of b-Luciferin at a fixed
dose and pamoic acid at 2x dilution dose series by diluting the
stored concentrated solutions of pamoic acid with the bp-
Luciferin solution. p-Luciferin is fixed to 0, 4, 40, or 200 pM
in 1x HBSS.

2. Prepare a series of mixtures consisting of pamoic acid at a fixed
dose and Dp-Luciferin at 2x dilution dose series by diluting
the stored concentrated solutions of D-Luciferin with the
pamoic acid solution. Pamoic acid is fixed at 0, 8, 80, or
800 nM in 1x HBSS.
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Fig. 3 The DMR arising from co-stimulation with two agonists. (a) The dose-dependent responses of pamoic acid
in the absence and presence of p-Luciferin at three different fixed doses; the cell seeding density was 25,000
cells/well; and (b) the dose-dependent response of p-Luciferin in the absence and presence of pamoic acid at
three fixed doses, the cell seeding density was 32,000 cells/well. The ligand P-DMR amplitudes were plotted in
mean=s.d. (n=4). This figure is reproduced from ref. 23 through the Creative Commons Attribution License
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3. Transfer all solutions into a 384-well polypropylene compound
storage plate using a pipettor to prepare a 4x compound source
plate.

4. Repeat the steps 2—7 in Subheading 3.2 to obtain the DMR aris-
ing from pamoic acid in the absence or presence of b-Luciferin at
three different fixed doses, or from p-Luciferin in the absence or
presence of pamoic acid at three different fixed doses.

5. Calculate the P-DMR amplitudes using the Epic® offline
viewer. Fit the dose responses with nonlinear regression activa-
tion model using the Prism software to generate ECs, values.

3.4 DMR This section describes the two-step protocol to determine the
Antagonist Assay competitive nature of p-Luciferin against three GPR35 antago-
nists, SP05140, SP05142, and SP05143. Here, the cells are pre-
treated with a known GPR35 antagonist at different doses for
5 min, followed by stimulation with p-Luciferin at a fixed dose
(typically at its ECgo, or ECjq9). SPB05142 is a known GPR35
antagonist [30], but the antagonistic activity of its analogues,
SPB05140 and SPB05143, is unknown. Figure 4 shows the ability
of three antagonists to block the DMR of 32 pM p-Luciferin. All
three antagonists did not result in any detectable DMR in HT-29
cells, but almost completely blocked the DMR of p-Luciferin (see
Fig. 4a), resulting in an apparent 1Cs, value of 5.0£0.9 pM,
1.5+0.2 pM, and 2.6 0.3 pM (n=4) for SPB05140, SPB05142,
and SPB05143, respectively (see Fig. 4b), suggesting that p-
Luciferin is a GPR35 agonist.
a b 250
250 1 2 =
200 1
200 1 _
£ 1501 § 150
g 2 100 A
2 1004 S
=3 @
8 50 o 501
o« T © SPB05140
04 01 o spBos142
e SPB05143
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0 10 20 30 40 50 -9 -8 -7 -6 -5 -4
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Fig. 4 The inhibition of the DMR of 32 uM p-Luciferin by three GPR35 antagonists in HT-29 cells. (a) The real-
time kinetic response of p-Luciferin after pretreated with SPB05142 at different doses; and (b) the p-Luciferin
P-DMR amplitudes as a function of three antagonist doses. The three GPR35 antagonists were SPB05140,
SPB05142, and SPB05143 (n=4). This figure is reproduced from ref. 23 through the Creative Commons

Attribution License
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. After both cell and compound plates reach equilibrium inside

the reader, pretreat the cells with antagonists at different doses
for 5 min.

. Establish a 2 min baseline.
. Stimulate the cells with p-Luciferin at 32 pM.
. Record DMR for about 1 h.

. Background-correct all DMR signals using intra-plate negative

controls.

. Plot the P-DMR amplitudes of 32 pM p-Luciferin as a func-

tion of antagonist doses to determine their I1C;, values using
nonlinear regression.

This section describes the two-step protocol to detect the ability of
D-Luciferin to desensitize the cells responding to the repeated
stimulation with known GPR35 agonists. This assay is similar to
the antagonist assay, except that the two steps are often separated
by 1 h. Results showed that p-Luciferin dose-dependently caused
HT-29 cells desensitized to the repeated stimulation with 250 nM
zaprinast, leading to an apparent I1Cso of 6.8 pM (see Fig. 5), which
was close to the EC;y of p-Luciferin (12.9 uM). This result sug-
gests that both p-Luciferin and zaprinast activate the same recep-
tor, GPR35.

1.

Prepare cell assay and compound source plates similar to the
steps 1 and 2 in Subheading 3.2.

Incubate cell and compound plates inside the reader for
about 1 h.

T
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Fig. 5 The desensitization of HT-29 to 250 nM zaprinast after 1 h pretreatment with p-Luciferin at different
doses. Only the zaprinast-induced DMR signals were shown: (a) the real-time kinetic response of zaprinast;
and (b) the zaprinast P-DMR amplitudes as a function of o-Luciferin concentration (n=4). This figure is repro-
duced from ref. 23 through the Creative Commons Attribution License
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10.

. Establish a 2 min baseline.
. Pause the reader, and add p-Luciferin dose series solutions.

. Run the reader immediately, and record the DMR of b-

Luciferin for about 1 h.

. Stop the reader, and reestablish a second 2 min baseline.
. Pause the reader, and add solutions of 250 nM zaprinast.

. Run the reader immediately, and record the DMR of zaprinast

for about 1 h.

. Background-correct all DMR signals using intra-plate negative

controls.

Plot the P-DMR amplitudes of 250 nM zaprinast as a function
of pD-Luciferin dose to determine its ICs, to desensitize the
cells responding to zaprinast using nonlinear regression.

3.6 Receptor This section describes the protocol to stain GPR35 to visualize the

Internalization Assay location of GPR35 before and after stimulation with zaprinast or
D-Luciferin. Results showed that similar to zaprinast, b-Luciferin
resulted in remarked internalization of endogenous GPR35 in
HT-29 cells (see Fig. 6).

1. After overnight culture, add agonist solutions to the cells and

2.
3.

incubate at 37 °C for 1 h. Equal amount of DMSO solution is
used as the negative control.

Fix the cells with 4 % formaldehyde in 1x PBS for 15 min.

Permeabilize the cells with a buffer containing 4 % goat serum,
0.1% bovine serum albumin (BSA), 0.1% Triton X100 in 1x
PBS for 2 h. The use of serum and BSA is to block nonspecific
binding of antibody.

Fig. 6 Confocal fluorescence images of HT-29 after different treatments. (a) the assay vehicle containing 0.1 %
DMSO0; (b) 32 pM p-Luciferin; (¢) 10 uM zaprinast. The images were obtained after compound treatment for
1 h, permeabilized, stained with anti-GPR35, followed by fluorescent secondary antibody. Red: GPR35 stains.
Representative images obtained from two independent measurements were used. This figure is reproduced
from ref. 23 through the Creative Commons Attribution License
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4. Wash the cells with PBS for 5 min, and incubate with the
anti-GPR35 (1:500) in 3% BSA /PBS buffer for 24 h (see Note 11).

5. Incubate with the secondary antibody Alexa Fluor® 594 don-
key anti-goat IgG (H+L) (1:500) in 3% BSA/PBS for 1 h at

room temperature.

6. Wash the cells once with PBS, and seal the cells with 1.5 mm
thick glass cover-slip.

7. Store the dried slide at 4 °C until imaging.

8. Perform confocal imaging with Zeiss confocal microscope
Axiovert 40.

9. Analyze the images using NIH Image ] software.

This section describes the protocol to perform Tango p-arrestin
translocation assay using U20S-GPR35-4/a cells. This assay mea-
sures gene reporter activity arising from GPR35 activation. Agonist
binding to GPR35 causes recruitment of protease tagged p-arrestin
to GPR35 at the cell plasma surface. The protease then cleaves a
protease cleavage site that links a transcription factor with the
receptor C-terminus, thus releasing the transcription factor, which
then translocates to the nucleus and activates the expression of
B-lactamase. Results showed that zaprinast, pamoic acid, and
D-Luciferin all led to a dose-dependent response in U20S-GPR35-
bla cells, yielding an EC; 0of 5.0 pM, 9.4 pM, and 277 pM, respec-
tively (see Fig. 7). Interestingly, in this assay zaprinast acted as a full
agonist, pamoic acid a strong partial agonist, D-Luciferin a weak
partial agonist.

1201 o D-luciferin
0 Zaprinast
S 1001 = pamoic acid
()]
s
= 80
8 60 A
£
% 40 A
N
2 20+ j/
0 ari=a ]
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Fig. 7 o-Luciferin caused (3-arrestin translocation via GPR35. The dose-dependent
responses of three ligands as measured using Tango™ p-arrestin translocation
gene reporter assays. The data represents mean +s.d. from two independent
measurements, each in duplicate (n=4). This figure is reproduced from ref. 23
through the Creative Commons Attribution License
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. After overnight culture in 384-well, black-wall, clear bottom

assay plate with low fluorescence background, treat the cells
with ligands for 5 h in a humidified 37 °C/5% CO,.

. Add the cell permeable LiveBLAzer™ FRET B /G substrate to

the cells.

. Incubate for 2 h, and measure the coumarin:fluorescein ratio

using Tecan Safire II microplate reader.

. Background-correct all responses using intra-plate negative

controls.

. Normalize all coumarin:fluorescein ratios to the zaprinast max-

imal responses using an intra-plate referencing protocol; that
is, a dose response of zaprinast is obtained within the same
plate, and a compound response is then normalized to the
maximal response of zaprinast which is set to be 100 %.

. Determine the potency and efficacy of p-Luciferin.

4 Notes

. Cells can undergo genetic drifting during passaging. Given the

high sensitivity of DMR assays, the DMR of a ligand may be
sensitive to passages of cells under culture.

. The biosensor microplate is tissue culture treated and ready to

use. However, aged biosensor microplate may become hydro-
phobic, resulting in air bubbles during cell seeding and possible
cell death. Pre-incubation with the complete medium followed
by one-time rinse often solves this problem. When air bubble is
formed and trapped in the bottoms of the wells, one can use the
pipettor to manually remove air bubble(s) after seeding.

. Many compounds are stored in DMSO. DMSO is a solvent

with dual effects on biosensor cell assays; namely, bulk index
effect due to its high refractive index, and nonspecific effect on
cells due to its biological activity. Thus, it is important to
minimize the DMSO concentration in the final compound
solution (typically <0.1 v/v%).

. Many cell types are sensitive to mechanical disturbance during

the wash. Receptor signaling is also often sensitive to buffer
conditions (e.g., salts, growth factors in medium, pH, etc.).
Thus, it is important to optimize the wash protocol so gentle
and thorough wash is warranted to obtain optimal assays.

. RWG biosensor measures changes in local refractive index

in living cells upon stimulation. Given that refractive index
is sensitive to temperature, any temperature mismatch
between the two solutions could cause noticeable interference.
A pre-equilibrium step is important to minimize the thermal
mismatch effect.
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6. Confluent cells generally give rise to a steady baseline. However,
washing and thermal equilibrium steps may cause baseline
drifting. So, baseline monitoring for a short period of time is
essential to high quality data acquisition. Typically, the drifting
that is <10 picometer (pm in wavelength shift) within 5 min is
considered to be steady and acceptable.

7. The activation of certain receptors may lead to rapid on-set
response. Thus, it is important to minimize the blackout period
between the baseline and the first recording after compound
addition. The blackout period is ideally <1 min.

8. The DMR recording duration is dependent on applications. For
drug pharmacology profiling and receptor biology study, it is typi-
cally about 1 h. For long-term effect of drugs, it can be long as
several days. The temporal resolution of DMR recording can also
be variable and adjustable (typically in the range of 3 s to 1 min).

9. Background could be aroused from multiple sources, such as
temperature mismatch, plate movement, mechanical distur-
bance during compound addition, and buffer composition
mismatch. Most of background signals can be corrected by
using intra-plate negative controls, which contain equal
amount of DMSO used for compound solutions; or DMSO
dose series equal to the compound dose series. Alternative sol-
vents such as ethanol or water can be used if necessary.

10. DMR s a real-time kinetic response, thus enabling the extraction
of multiple kinetic parameters for analyzing drug pharmacology
[32-36]. These parameters include the transition time from one
to another event, and the amplitudes, duration, and kinetics of
each event. For a panel of agonists for the same receptor, multi-
parameter analysis is useful to examine biased agonism.

11. The specificity of anti-GPR35 was confirmed by the control
peptide from the supplier. Staining showed that the control
peptide completely blocked the staining of HT-29 cells with
the anti-GPR35 antibody.
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Chapter 2

Synthetic Bioluminescent Coelenterazine Derivatives

Ryo Nishihara, Daniel Citterio, and Koji Suzuki

Abstract

The development of coelenterazine (CTZ) derivatives resulting in superior optical characteristics is an
efficient method to extend the range of its possible applications. Here, we describe the synthesis of three
C-6 substituted CTZ derivatives retaining the recognition by Renilla luciferase (RLuc) and its derivatives.
The novel derivatives are useful as bright blue-shifted CTZ derivatives, which can be used as an alternative
to hitherto reported compound DeepBlueC™.

Key words Bioluminescence, Coclenterazine (CTZ), Renilin Luciferase (RLuc), DeepBlueC,
Luciferin, Luciferase, Chemiluminescence

1 Introduction

Bioluminescence is emitted by an enzymatic oxidation reaction
involving a bioluminescent substrate (luciferin) and an enzyme
(luciferase). Firefly luciferin, which emits light at a relatively long
wavelength (A,,,=560 nm) in the presence of Mg?* and ATP as
cofactors, is widely used in bioassays. However, the cofactors
potentially lead to complex assay protocols in bioanalysis [1]. In
contrast, marine luciferases such as Renilla luciferase (RLuc) gen-
erate cofactor-free bioluminescence with native coelenterazine
(nCTZ). There is a lot of interest in developing new CTZ deriva-
tives [2-7]. However, the design of novel CTZ derivatives result-
ing in enhanced optical intensity with prolonged bioluminescence
is challenging, because the detailed enzymatic recognition mecha-
nism of the RLuc/CTZ reaction is still mostly unknown [8-10].
In fact, most of the reported CTZ analogs fail to emit biolumines-
cence, since their structural modifications prevent their enzymatic
recognition.

As the bioluminescence capacity of C1Z is due to its imidaz-
opyrazinone backbone, precedent studies have focused on the
effect of substitution at the C-2, C-5, C-6, and C-8 positions of
the backbone [2, 3,7, 11, 12]. Although the substitution effect at

Sung-Bae Kim (ed.), Bioluminescence: Methods and Protocols, Methods in Molecular Biology, vol. 1461,
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the C-2 position on enzymatic recognition is relatively low, most
of the CTZ analogs substituted at C-2 position cannot show
bioluminescence properties superior to those of native CTZ. In
contrast to the C-2 position, the substitution at the C-8 position
resulted in negligibly low bioluminescence in combination with
RLuc [2, 13]. Formation of a bridge between C-5 and C-6 posi-
tions leads to more planar and rigid molecular structures and sacri-
fices chemical stability [14]. Although the C-6 position is an
alternative site for substitution, most of the studies have focused
on the chemiluminescence properties [5, 6, 15, 16].

In this protocol, we introduce the creation of efficient CTZ
derivatives optimized for RLuc and its derivatives, which is the
most widely used marine luciferase [17].

2 Materials

2.1 Gomponents
for Synthesis of CTZ

2.2 Components for
Chemiluminescence
Assay

All solvents and routine reagents for organic synthesis can be pur-
chased from commercial suppliers.
1. 2-Amino-3,5-dibromopyrazine (starting material; store at 5 °C).

2. Benzylmagnesium chloride solution 2.0 M in THF (Grignard
reagent).

Zinc chloride.

Tetrakis(triphenylphosphine)palladium(0) (store at =30 °C).
Trans-2-phenylvinylboronic acid.

. Trans-2-(4-methoxyphenyl )vinylboronic acid (Aldrich Chemical).

Trans-(2-([1,1’-biphenyl]-4-yl)vinyl)boronic acid (Aldrich
Chemical).

8. 1.0 M Boron tribromide dichloromethane solution (Lewis acid).

N oo oo w

9. 4-Hydroxybenzaldehyde (starting material).
10. zert-Butyldimethylchlorosilane.
11. Triethylamine.
12. Sodium tetrahydridoborate (reducing reagent).
13. Methanesulfonyl chloride.
14. Magnesium turnings.
15. Ethyl diethoxyacetate.

All solvents for spectrometry can be purchased from commercial
suppliers.

1. Native CTZ (nCTZ, Biotium) (store at -30 °C) (see Note 1).
2. DeepBlueC™ (Biotium) (store at —30 °C).



2.3 Components for
Bioluminescence
Assay
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. pcDNA3.1(+) (Invitrogen) encoding wild-type Renilla luciferase

(pG1A4.75) (Promega, Madison, W1, USA).

. pcDNA3.1(+) (Invitrogen) encoding RLuc variants (RLuc8

and RLuc8.6-535) (Gambhir lab., Stanford Univ.).

. Native CTZ (nCTZ, NanoLight Technologies, Pinetop, AZ,

USA).

4. TransIT-LT1 transfection reagent (Takara, Osaka, Japan).
. Lysis buffer (E291A) (Promega, Madison, WI, USA).
6. Hanks’ balanced salt solution (HBSS).

3 Methods

3.1 General
Procedure
for Synthesis

3.1.1 Synthesis

of 3-Benzyl-5-
bromopyrazin-2-amine
(See Fig. 1 Compound (2))

. Carry out all moisture-sensitive reactions under an atmosphere

of argon.

. The composition of mixed solvents is given by the volume

ratio (v/V).

. Record 'H-NMR and BC-NMR spectra on an ECA-500

(JEOL Ltd.) or ECA-600 (JEOL Ltd.) spectrometer at room
temperature.

4. The measurement for 'H-NMR is performed at 500 MHz.
. The measurement of 3C-NMR is performed at 125 MHz or

150 MHz.

. All chemical shifts are relative to an internal standard of tetra-

methylsilane (6=0.0 ppm) or solvent residual peaks (CDCls;:
6=7.26 ppm, CD;O0D: §=3.31 ppm, DMSO-ds: 6=2.50 ppm
tor 'H; CDCl;: 6=77.16 ppm, CD;OD: §=49.00 ppm,
DMSO-46: 5=39.52 ppm for '*C), and coupling constants are
given in Hz.

. Conduct flash chromatography separation using a YFLC-

Al-560 chromatograph (Yamazen Co. Ltd.).

. Perform HPLC purification on a reversed-phase column,

Inertsil ODS-3 (30x50 mm) (GL Sciences Inc.), fitted on an
LC-918 recycling preparative HPLC system (Japan Analytical
Industry Co. Ltd.).

. Record high-resolution MS spectra (HR-MS) on a Waters

LCT premier XE with MeOH as the eluent.

. Dissolve zinc chloride (1.62 g, 11.9 mmol, 3.0 eq.) in Et,O

(12 mL) and THF (27 mL) (sec Note 2).

2. Add 2.0 M benzylmagnesium chloride solution (4.4 mL,

8.94 mmol, 2.2 eq.) slowly into the solution at room tempera-
ture under argon (se¢ Note 3).

. Add 3,5-dibromopyrazin-2-amine (1.0 g, 3.96 mmol, 1 eq.)

dissolved in THF (5 mL) into the solution (se¢ Note 4).
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Fig. 1 Synthesis scheme for 6-pi-H-CTZ, 6-pi-Ph-CTZ, and 6-pi-OH-CTZ Compound (2), (3), (8), (9), (10), and
(11) were synthesized according to reported procedure [18—-20]



3.1.2 General Procedure
for Preparations
of Compounds (3) to (5)

3.1.3 Synthesis of
(E)-3-Benzyl-5-
styrylpyrazin-2-amine (See
Fig. 1 Compound (3))

3.1.4  Synthesis of
(E)-3-Benzyl-5-(4-
methoxystyryl)pyrazin-2-
amine (See Fig. 1
Compound (4))
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. After vacuum deaeration, add a catalytic amount of

tetrakis(triphenylphosphine)palladium(0) into the solution,
deaerate the mixture again and stir for 23 h at room tempera-
ture (see Note 5).

. Filter the solution through a Celite pad to remove the palla-

dium catalyst, and evaporate to remove most of solvent.

. Extract the residue with ethyl acetate, and wash the yellow organic

phase with water and brine, dry over Na,SO, and evaporate.

. Purify the resulting residue by flash chromatography (silica

gel, eluent composition: n-hexane/ethyl acetate=80,/20 to
70/30), affording 3-benzyl-5-bromopyrazin-2-amine (2) as
yellow liquid (0.73 g, 69%).

IH-NMR (500 MHz, CDCl;): 5 (ppm)=8.04 (s, 1H), 7.21-

7.38 (m, 5H), 4.37 (s, 2H), 4.08 (s, 2H).

1.

Dissolve 3-benzyl-5-bromopyrazine-2-amine (2) (200 mg,
0.76 mmol, 1 eq.) and (E)-styrylboronic acid derivatives
(1.22 mmol, 1.6 eq.) in toluene (16 mL) and stir at room
temperature.

Add ethanol (2.4 mL) and 1 M Na,COj; aq. (6 mL) into the
reaction mixture.

. After vacuum deaeration, add a catalytic amount of

tetrakis(triphenylphosphine)palladium(0) into the solution,
deaerate the mixture again, and stir for 12 h at 100 °C.

. After cooling to room temperature, filter the solution through

a Celite pad to remove the palladium catalyst.

. Extract the solution with ethyl acetate, and wash the brown organic

phase with water and brine, dry over Na,SO, and evaporate.

. DPurity the resulting residue by flash chromatography (silica

gel, eluent: #-hexane /ethyl acetate).

Yield 67% (yellow solid compound). Eluent composition:
n-hexane/ethyl acetate =67 /33 to 50/50. 'H-NMR (500 MHz,

CDCl;): 8 (ppm)=7.94 (s, 1H), 7.53 (d, J=7.7 Hz, 2H), 7.47 (d,

7=16.0 Hz, 1H), 7.23-7.36 (m, 8H), 7.06 (d, J=16.0 Hz, 1H),
449 (s, 2H), 4.12 (s, 2H). C-NMR (125 MHz, CDCl;): &

(ppm)=41.5, 124.9, 126.8, 127.2, 127.9, 128.6, 128.7, 129.1,
136.7, 137.2,139.6, 141.1, 141.3, 151.8. HR-MS: m/z calcd for
C19H17N3: 2871422, found: 288.1501 [M+I‘I]+

Yield 50% (yellow solid compound). Eluent composition:
n-hexane/ethyl acetate =80,/20 to 50/50. 'H-NMR (500 MHz,
CDCL): 6 (ppm)=7.99 (s, 1H), 7.47 (dd, J=8.6 Hz, 16.0 Hz,
2H), 7.24-7.33 (m, 5H), 6.96 (d, J=16.0 Hz, 1H), 6.90 (d,
J=14.6 Hz, 2H), 4.42 (s, 2H), 4.15 (s, 2H), 3.82 (s, 3H). ¥C-
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3.1.5 Synthesis of
(E)-5-(2-([1,1 -Biphenyl]-
4-ylvinyl)-3-
benzylpyrazin-2-amine
(See Fig. 1 Compound (5))

3.1.6 Synthesis of
(E)-4-(2-(5-Amino-6-
benzylpyrazin-2-yl)vinyl)
phenol (See Fig. 1
Compound (6))

3.1.7 Synthesis

of 4-((tert-
Butyldimethyisilyl)oxy)
benzaldehyde (See Fig. 1
Compound (8))

NMR (125 MHz, CDCL): 6 (ppm)=41.4, 55.4, 114.2, 122.8,
127.1, 128.1, 128.6, 129.1, 129.3, 130.0, 136.8, 139.2, 141.0,
141.7, 151.6, 159.5. HR-MS: m/z caled for C,,H;oN;O:
317.1528, found: 318.1606 [M+H]*.

Yield 24% (yellow solid compound). Eluent composition:
n-hexane/ethyl acetate=80,/20 to 50,/50. '"H-NMR (500 MHz,
CDCL): 6 (ppm)=8.03 (s, 1H), 7.63-7.59 (m, 7H), 7.54 (d,
J=16.0 Hz, 1H), 7.43 (t, J=15.5, 2H), 7.34-7.31 (m, 3H),
7.27-7.24 (m, 3H), 7.14 (d, J=16.0 Hz, 1H), 4.45 (s, 2H), 4.16
(s, 2H). BC-NMR (125 MHz, CDCl;): § (ppm)=41.4, 124.8,
127.0, 127.2, 127.3, 127 .4, 128.6, 128.9, 129.1, 136.3, 136.6,
139.6,140.5,140.7, 141.1, 141.3, 151.8. HR-MS: m/z calcd for
C,sH,1N;: 363.1735, found: 364.1814 [M+H]*.

1. Dissolve (E)-3-benzyl-5-(4-methoxystyryl)pyrazin-2-amine
(4) (202 mg, 0.64 mmol, 1 eq.) in dichloromethane (12 mL)
(see Note 6).

2. Add 1.0 M boron tribromide dichloromethane solution
(12 mL) slowly into the solution at 0 °C, followed by stirring
for 13 h at 40 °C (see Note 7).

3. After cooling to room temperature, add saturated NaHCO;
aq. into the reaction mixture to neutralize, and evaporate to
remove most of the solvent.

4. Extract the residue with ethyl acetate, and wash the yellow organic
phase with water and brine, dry over Na,SO, and evaporate.

5. Purify the resulting residue by flash chromatography (silica
gel, eluent composition: n-hexane/ethyl acetate=50,/50),
affording (E)-4-(2-(5-amino-6-benzylpyrazin-2-yl)vinyl)phe-
nol (6) as a yellow solid (42.7 mg, 22 %).

'H-NMR (500 MHz, CD;OD): § (ppm)=7.93 (s, 1H), 7.37 (d,
J=8.6 Hz,2H), 7.38-7.21 (m, 6H), 6.93 (d, J=16.0 Hz, 1H), 6.77
(d, J=8.6 Hz,2H),4.11 (s, 2H). *C-NMR (125 MHz, DMSO-46):
6 (ppm)=39.2, 116.1, 122.6, 126.7, 127.7, 128.3, 128.7, 128.8,
129.3,138.7,139.3,139.5,141.1,152.9,157.7 HR-MS: m/z calcd
for C,oH,;N3;0: 303.1372, found: 304.1450 [M+H]*.

1. Dissolve 4-hydroxybenzaldehyde (7) (10.0 g, 82.3 mmol,
1 eq.) and tert-butyldimethylsilyl chloride (13.6 g, 90.8 mmol,
1.1 eq.) in dichloromethane (400 mL).

2. Add triethylamine (15 mL) into the solution at 0 °C, followed
by stirring for 18 h at room temperature.

3. Evaporate to remove a part of the solvent and wash the trans-
parent organic phase with water and brine, dry over Na,SOy,
and evaporate.



3.1.8 Synthesis

of (4-((tert-
Butyldimethyisilyl)oxy)
phenyl)methanol (See
Fig. 1 Compound (9))

3.1.9 Synthesis

of tert-Butyl(4-
(chloromethyl)phenoxy)
dimethylsilane (See Fig. 1
Compound (10)) (see
Note 8)

3.1.10 Synthesis of
3-(4-((tert-
Butyldimethyisilyl)oxy)
phenyl)-1,
1-diethoxypropane-2-one
(See Fig. 1 Compound (11))
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. Purify the resulting residue by flash chromatography (silica

gel, eluent composition: n-hexane/ethyl acetate=90,/10),
affording 4-((zert-butyldimethylsilyl)oxy)benzaldehyde (8) as
a water-clear viscous oil (18.5 g, 95%).

TH-NMR (500 MHz, CDCl,): 6 (ppm)=9.89 (s, 1H), 7.99 (d,

J=8.7 Hz, 2H), 6.95 (d, J=8.7 Hz, 2H), 1.00 (s, 9H), 0.25 (s, 6H).

1.

Dissolve  4-((zert-butyldimethylsilyl)oxy)benzaldehyde
(18.9 g, 79.9 mmol, 1 eq.) in methanol (300 mL).

(8)

. Add sodium borohydride (3.7 g, 97.5 mmol, 1.2 eq.) into the

solution, followed by stirring for 30 min at room temperature.

. Evaporate to remove most of the solvent.

. Extract the residue with dichloromethane, and wash the trans-

parent organic phase with water and brine, dry over Na,SOy,
and evaporate, affording (4-((zert-butyldimethylsilyl Joxy)phe-
nyl)methanol (9) as a water-clear viscous oil (21.1 g, 99%).

'H-NMR (500 MHz, CDCl;): § (ppm)=7.24 (d, J=8.4 Hz,

2H), 6.83 (d, J=8.4 Hz, 2H), 4.61 (s, 2H), 0.95 (s, 9H), 0.20
(s, 6H).

1.

Dissolve  (4-((tert-butyldimethylsilyl)oxy)phenyl)methanol
(9) (7.0 g, 29.3 mmol, 1.0 eq.) and triethylamine (8.0 mL,
58.6 mmol, 2.0 eq.) in dichloromethane (150 mL).

. Add methylsulfonyl chloride (3.4 g, 44.6 mmol, 1.5 eq.) dis-

solved in dichloromethane (50 mL) into the solution at 0 °C,
followed by stirring for 3 h at room temperature.

. Evaporate to remove a part of the solvent and wash the trans-

parent organic phase with water and brine, dry over Na,SOy,
and evaporate.

. Purify the resulting residue by flash chromatography (silica

gel, eluent composition: n-hexane/ethyl acetate=95/5),
affording zert-butyl(4-(chloromethyl)phenoxy)dimethylsilane
(10) as a water-clear viscous oil (5.09 g, 68%).

'H-NMR (500 MHz, CDCl;): 6 (ppm)="7.24 (d, J=8.6 Hz,

2H), 6.81 (d, J=8.6 Hz, 2H), 4.55 (s, 2H), 0.98 (s, 9F), 0.20
(s, 6H).

1.

2. Add tert-butyl(4-(chloromethyl)phenoxy)dimethylsilane

Add magnesium turnings (774.5 mg, 31.9 mmol, 2 eq.) into
THEF (10 mL), followed by additional THF (10 mL) and a
catalytic amount of 1,2-dibromoethane (0.4 mL, 0.004 mmol)
under argon to activate magnesium turnings.

(10)
(4.0 g, 15.6 mmol, 1.0 eq.) dissolved in THF (40 mL) slowly into
the solution, followed by stirring for 1 h at 50 °C (se¢ Note 9).
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3.1.11 General
Procedure for Preparation
of Compounds (12) to (14)

3.1.12 Synthesis

of (E)-8-Benzyl-2-(4-
hydroxybenzyl)-6-
styrylimidazo[1,2-a]
pyrazin-3(7H)-one (See
Fig. 1 Compound (12))
(6-pi-H-CT2)

3. After cooling to room temperature, the Grignard reagent is
obtained as dark gray solution.

5. Add ethyl diethoxyacetate (3.2 mL, 17.9 mmol, 0.9 eq.) and
THF (30 mL) into a separate reaction flask, followed by stirring
at -78 °C (acetone / dry ice).

4. Add the Grignard reagent slowly into the solution under argon,
tollowed by stirring for 2 h at -78 °C.

5. Add water into the solution to quench, followed by warming to
room temperature and evaporating to remove most of the
solvent.

6. Extract the residue with ethyl acetate, and wash the transparent
organic phase with water and brine, dry over Na,SO, and
evaporate.

7. Purify the resulting residue by silica gel chromatography (eluent
composition: n-hexane/ethyl acetate =95 /5 to 90,/10), afford-
ing 3-(4-((zert-butyldimethylsilyl Joxy)phenyl)-1,1-diethoxypro-
pane-2-one (11) as a water-clear viscous oil (2.5 g, 47 %).

'H-NMR (500 MHz, CDCl;): 6 (ppm)=7.08-7.06 (m, 2H),
6.79-6.76 (m, 2H), 4.62 (s, 1H), 3.80 (s, 2H), 3.73-3.63 (m,
2H), 3.58-3.48 (m, 2H), 1.24 (t, J=7.1 Hz, 6H), 0.97 (s, 9H),
0.18 (s, 6H).

1. Dissolve corresponding coelenteramines (compounds (3),
(5),0r(6)) (0.10 mmol, 1 eq.) and ketoacetal (11) (76.62 mg,
0.21 mmol, 2 eq.) in ethanol (2.0 mL) and H,O (0.2 mL) and
stir at room temperature (see Note 10).

2. Cool the solution to 0 °C and add HCI (0.1 mL) under nitro-
gen flow.

3. Once the solution reached room temperature, heat it and stir
for 10 h at 70 °C.

4. Evaporate the solvent under vacuum and purify the crude
compound by semi-preparative reversed-phase HPLC.

Yield 22 % (yellow solid compound). Eluent composition: MeCN /
H,0=50/50 with 0.1 % formic acid.

'H-NMR (500 MHz, CD;OD, CDCl;): § (ppm)=7.59 (s,
1H), 7.37-7.21 (m, 10H), 7.15 (d, J=8.6 Hz, 2H), 6.96 (t,
J=16.3 Hz, 1H), 6.69 (d, J=8.6 Hz, 2H), 4.40 (s, 2H), 4.04 (s,
2H). BC-NMR (150 MHz, CD;OD, CDCl;): § (ppm)=33.8,
115.9,127.4,127.9,129.3,129.3, 129.4, 129.5, 130.5, 156.3.
HR-MS: m/z caled for C,sH,3N30,: 433.1790, found: 432.1712
[M-H]-.



3.1.13  Synthesis

of (E)-6-2-([1,7"-
Biphenyl]-4-yl)vinyl)-8-
benzyl-2-(4-hydroxybenzyl)
imidazo [1,2-ajpyrazin-
3(7H)-one (See Fig. 1
Compound (13))
(6-pi-Ph-CT2)

3.1.14  Synthesis of
(E)-8-Benzyl-2-(4-
hydroxybenzyl)-6-(4-
hydroxystyryl)
imidazo[1,2-ajpyrazin-
3(7H)-one (See Fig. 1
Compound (14))
(6-pi-OH-CTZ)

3.2 Chemilumines-
cence Assay of CTZ
Derivatives
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Yield 5% (yellow solid compound). Eluent composition; CH;OH /
H,0=20/1 with 0.1 % formic acid.

'H-NMR (500 MHz, CD;OD): 6 (ppm)=7.62-7.57 (m,
7H), 7.43-7.22 (m, 9H), 7.15 (d, J=8.59 Hz, 2H), 7.05 (d,
J=15.4 Hz, 1H), 6.69 (d, /=8.59 Hz, 2H), 4.39 (s, 2H), 4.03 (s,
2H). B¥C-NMR (150 MHz, CD;OD, CDCl;): § (ppm)=21.4,
116.2, 127.8, 128.3, 128.5, 129.7, 129.9, 130.7, 130.8, 131.3,
136.6, 138.2, 141.7, 142.4, 156.9. HR-MS: m/z calcd for
C;33sH,,N;0,: 509.2103, found: 509.2025 [M-H]-.

Yield 23 % (yellow solid compound). Eluent composition: MeCN /
H,0=33/67 with 0.1 % formic acid.

'H-NMR (500 MHz, CD;OD, CDCl;): § (ppm)=7.52 (s,
1H), 7.41-7.21 (m, 10H), 6.82 (d, J=8.6 Hz, 2H), 6.82 (d,
J=8.6 Hz, 2H), 6.75 (d, J=8.6 Hz, 2H), 6.62 (d, J=16.9 Hz,
1H), 4.37 (s, 2H), 4.09 (s, 2H). *C-NMR (150 MHz, CD;OD,
CDCl,): 6 (ppm)=33.6, 33.8,108.6,115.9,116.4, 127.9,128.9,
129.3,129.4,130.5,137.3,149.9,153.7,156.2, 158.8. HR-MS:
m/ z calcd for CysH,3N303: 449.1739, found: 448.1661 [M-H]-.

1. Add a CH;OH solution of the respective CTZ derivative
(1 mM, 200 pL) to a quartz cell and set in a SREX Fluorolog-3
fluorescence spectrophotometer (Model FL-3-11, Horiba
Jobin Yvon, Kyoto, Japan).

2. Measure the chemiluminescence spectra at a scan rate of
1200 nm/min after injecting 2 mL of DMSO (see Note 11).

Figure 1 shows the chemiluminescence spectra of native CTZ
and the CTZ derivatives (see Fig. 2).

1.2
— CTZ
1 —— 6-pi-OH-CTZ
0.8 — 6-pi-H-CTZ
—— 6-pi-Ph-CTZ

0.6

0.4

0.2

Normalized CL intensity [-]

0
400 450 500 550 600 650 700

Wavelength [nm]

Fig. 2 Chemiluminescence spectra. The chemiluminescence reaction is triggered
by addition of DMSO to stock solution of MeOH. The spectra are normalized to 1
at the peak emission



28 Ryo Nishihara et al.

3.3 Bioluminescence
Assay of CTZ
Derivatives

3.3.1 General Procedure
for Bioluminescence Assay

3.3.2 Bioluminescence
Intensities

3.3.3 Kinetic Profiles of
Bioluminescence

3.3.4 Bioluminescence
Spectra

1.

To determine the bioluminescence properties of the novel
CTZ derivatives, transfect plasmids encoding wild-type Renilla
luciferase (RLuc), and variants RLuc8 and RLuc8.6 separately
into COS-7 cells cultured in a 24-well plate using a
TransIT-LT1 transfection reagent (Takara, Osaka, Japan).

Incubate the cells for 48 h and treat with a lysis buffer (E291A)
(Promega, Madison, WI, USA) according to the manufactur-
er’s protocol.

. To measure bioluminescence intensities, mix an aliquot of the cell

lysate (1 pL) with Hanks’ balanced salt solution (HBSS) (50 nL)
containing 2 pM native CTZ or the respective CTZ derivative in
Rohren polystyrene tubes (Sarstedt, Niimbrecht, Germany).
Measure the bioluminescence intensities of native CTZ and
the derivatives immediately for the first 1 s with a Lumat LB
9507 luminometer (Berthold Technologies, Bad Wildbad,
Germany) (see Fig. 3).

. To measure the kinetic profiles of bioluminescence, continue

signal monitoring for 600 s after mixing.

The reaction conditions are identical to those described in the
previous section (see Table 1).

. For the recording of bioluminescence spectra, mix an aliquot

of the lysate (100 pL) with HBSS (400 pL) containing 20 pM
native CTZ or CTZ derivative in a quartz cell, and measure
the mixture with a F-7000 spectrophotometer (Hitachi,
Tokyo, Japan) at a scan rate of 2400 nm/min.

2
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Fig. 3 Bioluminescence intensity. The intensities are normalized to intensity of
native CTZ in combination with RLuc. C-6 substituted CTZ derivatives show dras-
tically robust bioluminescence compared to that of DeepBlueC™ in combination
with RLuc8. DeepBlueC™/RLuc8 pair is applied as bioluminescence resonance
energy transfer (BRET) research
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Table 1 Kinetic profile of native CTZ, CTZ derivatives (6-pi-X-CTZ: X =OH, H, Phenyl)

and DeepBlueGC™

Native CTZ OH H Phenyl DeepBlueC™
BL half-life time (RLuc8) [s] 433 544 >600 213 342
BL half-life time (RLuc8.6) [s] 313 463 325 182 59

The kinetic profiles are obtained in 1 s intervals for 600 s

a b
- 1.2 —crz _ 1.2
: — DeepBlueC - — CTZ
= 1 — 6-pi-OH-CTZ 3 1 — DeepBlueC
2 — 6-pi-H-CTZ D — 6-pi-OH-CTZ
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Fig. 4 Bioluminescence spectra obtained with (a) RLuc8 and (b) RLuc8.6. The spectra are normalized to 1 at
the peak. All CTZ derivatives except for 6-pi-OH-CTZ show an approximately 40 nm blue-shifted emission
compared to native CTZ/RLuc pair (480 nm). These blue-shifted spectra are in a wavelength range similar to

Determine the wavelengths of maximal bioluminescence
intensities (A, ) using the instrument software (FL Solutions
ver. 2.1) (see Fig. 4).

that of DeepBlueC™
2.
4 Notes
1
2
3
4.

. CTZ should be stored at —30 °C and protected from light. In

addition, it should be stored in the solid state, because this is
more stable than the liquid state. If CTZ is stored as ethanol
or methanol stock solution, the stability is enhanced by addi-
tion of a trace of HCI [21].

. To efficiently prepare the organozinc reagent, zinc chloride

needs to be sufficiently dried before addition of benzylmagne-
sium chloride.

. Benzylmagnesium chloride should be used and stored under

inert gas. We find that it is best to prepare this fresh.

3,5-Dibromopyrazin-2-amine (1) needs to be dried enough
before adding.



30 Ryo Nishihara et al.

5.

10.

11.

Tetrakis(triphenylphosphine)palladium(0) is unstable under
aerobic conditions. The reaction mixture needs to be deaer-
ated before and after adding of palladium catalyst.

. (E)-3-Benzyl-5-(4-methoxystyryl )pyrazin-2-amine (4) needs

to be sufficiently dried before adding.

. Boron tribromide is decomposed by water. The reaction system

needs to be sufficiently dried before adding of boron tribromide.

. 3-(4-((tert-Butyldimethylsilyl Joxy )phenyl)-1,1-iethoxypropane-

2-one (11) can be synthesized from zer#butyl[4-(bromomethyl)
phenoxy ]Jdimethylsilane, which is the bromo compound corre-
sponding to compound (10). However, the stability of zert
butyl[4-(bromomethyl)phenoxy|dimethylsilane is lower than
compound (10) [19].

tert-Butyl(4-(chloromethyl)phenoxy)dimethylsilane (10) is
delivered dropwise into the reaction mixture immediately after
magnesium turnings start to activate.

CTZ is very unstable under aerobic conditions. Therefore,
after dissolving the coelenteramine and the ketoacetal in sol-
vents, the solution should be deaerated.

In DMSO, CTZ is decomposed while showing chemilumines-
cence emission. After injection of DMSO, the measurement
was started immediately.
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Chapter 3

Molecular Cloning of Secreted Luciferases from Marine
Planktonic Copepods

Yasuhiro Takenaka, Kazuho Ikeo, and Yasushi Shigeri

Abstract

Secreted luciferases isolated from copepod crustaceans are frequently used for nondisruptive reporter-gene
assays, such as the continuous, automated and/or high-throughput monitoring of gene expression in
living cells. All known copepod luciferases share highly conserved amino acid residues in two similar,
repeated domains in the sequence. The similarity in the domains are ideal nature for designing PCR prim-
ers to amplify cDNA fragments of unidentified copepod luciferases from bioluminescent copepod crusta-
ceans. Here, we introduce how to establish a cDNA encoding novel copepod luciferases from a copepod
specimen by PCR with degenerated primers.

Key words Copepod, GLuc, Luciferase, MLuc, MpLuc, Plankton

1 Introduction

Copepods are the most numerous taxa in zooplankton communities
in the ocean worldwide. Certain species of copepods are known to
have secreted bioluminescent abilities. Over the past decade,
several studies have been made on the molecular identification and
functional analyses of copepod luciferases [1-3]. These luciterases
have been used for nondisruptive reporter-gene assays, such as the
continuous, automated and/or high-throughput monitoring of
gene expression in living cells and in vivo [4, 5]. Copepod lucifer-
ases have the following characters: (a) they are efficiently secreted
into culture medium, even when expressed in mammalian cells; (b)
light emission simply depends on the presence of the substrate,
coelenterazine, and no other cofactors are required; and (c) they
are relatively small in size proteins (20-30 kDa). Secreted lucifer-
ase from the copepod, Gaussia princeps was first cloned in 2002
[1], followed by Metridia longa luciferase next in 2004 [2]. Both
genes have been isolated by screening cDNA expression libraries
using Escherichin coli (E. coli). After the initial reports of the two
luciferases, we went on to cloned more than 20 other copepod

Sung-Bae Kim (ed.), Bioluminescence: Methods and Protocols, Methods in Molecular Biology, vol. 1461,
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luciferases using a PCR-based cloning method [ 3, 6, 7]. All known
copepod luciferases share highly conserved amino acid residues in
two similar, repeated domains in the sequence [6]. Typical nucleo-
tide sequence in the conserved domains enables us to design PCR
primers to amplify new cDNA fragments of unidentified copepod
luciferases from bioluminescent copepod specimens.

Here, we describe the preparation of cDNAs from copepod spec-
imens and the method to obtain the partial and full-length cDNAs
encoding copepod luciferase using PCR with degenerated primers.

2 Materials
2.1 RNA Purification

2.2 cDNA Synthesis
and PCR with
Degenerated Primers

When one tackles copepod mRNA, always use RNase-free dispos-
able plastic tubes, tips, and pipettes. Further, it is reccommended to
wear suitable disposable gloves while handling the RNA samples.

1. RNA/azer RNA Stabilization reagent (Qiagen).

2. All glass, tapered tissue homogenizer that has grinding surfaces
on a pestle and tube (see Fig. 1). Rinse a pestle and tube with
RNase AWAY, a decontamination reagent (Thermo Scientific)
immediately before its use.

3. RNeasy Micro kit (Qiagen).

—

. SMART RACE cDNA Synthesis Kit (Takara Bio).
2. Sensiscript RT (Qiagen).
. Advantage 2 DNA polymerase (Takara Bio).

w

Fig. 1 All glass, tapered tissue homogenizer used for homogenization of copepod
specimen in tissue lysis buffer. Outer length: 15x110 mm. Horizontal
line=5.0 cm
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4. RNase inhibitor (Toyobo).
5. TOPO TA Cloning Kit (Life Technologies).

6. 1/10x Tris-EDTA buffer: 1 mM Tris-HCI, pH 8.0, 0.1 mM
EDTA.

7. Degenerated primers designed for amplification of calanoid
luciferases (see Fig. 2).

UP1 upP2
-—) -—)
H | i A
Copepod luciferase | Domain1i P Domain2 |—
-— -
LP2 LP1
Upper primer
White luc UP1
M. pacifica| Nucleotide | aaa gct ggc tgc acc agg gga tgt ctc atc tgt ctt tca
(MpLuc1)| Amino acid | K A G cC T R G ¢C L | 9] L S
G. princeps Nucleotide | aaa gct ggc tgc act agg gga tgt ctg ata tgc ctg tca
Amino acid | K A G C T R G C L | C L S
M. longa Nucleotide | aaa gct ggc tgc acc agg gga tge «ctt atc tgt ctt tca
Amino acid | K A G C T R G C L | C L S
Degenerated sequence [ [GGC TGC ACY AGG GGA TGY CTK ATM TG ———+ 26 mer
Degeneracy [ [ 1 [ 1 [ 2 [ 1 [ 1 [ 2 [ 2 [ 2 [ 1 ] 16 degeneracy
White luc UP2
M. pacifica| Nucleotide | gcc att gtt gac att ccc gaa att
(MpLuc1) | Amino acid | A | \ D | P E |
G. princeps Nu'cleotid.e gct att gttt gac att cct gaa att
Amino acid | A | V D | P E |
M. longa Nucleotide | gca att gtt gac att ccc gaa atc
Amino acid | A | \ D | P E |
Degenerated sequence | GCT ATT GTT GAY ATY CCY GAR AT ——» 23 mer
Degeneracy 111 J2J2]2]2T1 16 degeneracy

Lower primer

White luc LP1

M. pacifica| Nucleotide | tgc aca act ggc tgc «ctc aaa ggt ctt gcc aat gtc
(MpLuc1)| Amino acid | C T T G C L K G L A N \

Nucleotide | tgc aca act gga tgc «ctc aaa ggt ctt gcc aat gtg

Amino acid | C T T G C L K G L A N \4

M. longa Nucleotide | tgc act act gga tgt «ctc aaa ggt ctt gecc aat git

Aminoacid | C T T G C L K G L A N \

G. princeps

Degenerated sequence | | | TGY|CTB|AAR[GGT[CTT [ GCC[AAT [ GT |23 mer
Degeneracy | [ 2 [3 ]2 [ [ 11 [1]1 12 degeneracy
«—]ACR GAV TTY CCA GAA CGG TTA CA
White luc LP2
M. pacifica| Nucleotide | ccc atg gag cag ttt att gct caa gt gat
(MpLuc1)| Aminoacid | P M E Q F | A Q \ D
G. princeps Nucleotide | ccc atg gaa caa tic att gca caa gtt gac
Aminoacd | P M E Q F | A Q \ D
M. longa Nucleotide | ccc atg gaa cag ttc att gct caa gttt gat
Amino acid | P M E Q F | A Q \ D
Degenerated sequence ATG[GAR[CAR|[ TTY [ATT [GAW[CAA[GTT| GA |26 mer
Degeneracy 12221 [2]1[1]1 16 degeneracy
+«——TAC CTY GTY AAR TAA CTW GTT CAA CT

Fig. 2 Positions and sequences of four degenerate primers for amplification of partial luciferase cDNA. UP and
LP indicate “upper primer” and “lower primer,” respectively. Conserved amino acid residues in domain 1 and
2 contained in M. pacifica, M. longa, and G. princeps luciferases are presented with their nucleotide sequences
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3 Methods
3.1 Sample 1.
Homogenization
and RNA Purification 2

10.

Transfer the isolated live zooplankton specimens (se¢ Fig. 3)
into chilled sea water immediately.

. Examine live specimens under a stereomicroscope to sort out

individual copepod species.

. Immerse 1-20 live copepods (see Note 1) into 1 mL RNAlater

reagent in a screw-capped microtube, keep them at 4 °C for 1
day and then store in a -30 °C freezer.

. Thaw the specimens in the RNA/azer reagent at room tem-

perature. Transfer each specimen into all grass, tapered tissue
homogenizer containing 350 pL of Buffer RLT, a lysis bufter
(see Note 2) by a tweezer.

. Homogenize the specimen in Buffer RLT with more than 20

up-and-down strokes (se¢ Note 3).

. Transfer the lysate into a fresh 1.5 mL microtube and centri-

fuge it for 5 min at a maximal speed at 4 °C.

. Transfer the supernatant into a fresh 1.5 mL microtube.

. Add an equivalent volume of 70 % ethanol with the superna-

tant to the lysate. Mix the sample well by pipetting and trans-
fer it to an RNeasy MinElute spin column set in 2 mL
collection tube.

. Centrifuge the spin column for 15 s at 10,000 x g, and discard

the flow-through.

Add 700 pL of Buffer RWI (see Note 2) to the column and
centrifuge it for 15 s at 10,000xg, and discard the flow-
through and collection tube.

Fig. 3 Fluorescent (a) and bright-field (b) images of live calanoid copepod Metridia pacifica. A specimen in ()
was illuminated with ultraviolet. Horizontal line in each frame=1.0 mm
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Transcription

11.

12.

13.

14.
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Set the spin column in a fresh 2 mL collection tube, add
500 pL of Buffer RPE (see Note 2) to the column, and centri-
fuge it for 15 s at 10,000 x g, discard the flow-through.

Add 500 pL of 80% ethanol to the column, and centrifuge it
for 2 min at 10,000 xg. Discard the flow-through and collec-
tion tube.

Place the spin column in a fresh 2 mL collection tube, and
centrifuge it for 5 min at maximal speed. Discard the flow-
through and collection tube.

Place the spin column in a fresh 1.5 mL microtube, and add
14 pL of RNase-free water to the column. Centrifuge the col-
umn for 1 min at maximal speed to collect the RNA.

. Make the following cocktail to prepare 5’- and 3’-Ready SMART

cDNAs. Add the upper-prepared template RNA at last.
For 5’-Ready SMART ¢cDNA

Reagents Volume (pL)
RNase-free water 0.37

10x Buffer RT 1.0

5 mM dNTP 1.0

RNase inhibitor 0.13

10 pM SMART 1II oligo (see Note 4) 1.0

10 pM 5’-CDS primer (see Table 1) 1.0
Sensiscript RT 0.5
Template RNA (from step 14 in Subheading 3.1) 5

Total volume 10

For 3’'-Ready SMART cDNA

Reagents Volume
RNase-free water 1.37
10x Buffer RT 1.0

5 mM dNTP 1.0
RNase inhibitor 0.13
10 pM 3’-CDS primer (see Table 1) 1.0
Sensiscript RT 0.5
Template RNA (from step 14 in Subheading 3.1) 5

Total volume 10
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3.3 PCR with
Degenerated Primers,
5 and 3 RACE

2. Incubate the reaction mixtures above for 60 min at 37 °C.

3. Inactivate the Sensiscript RT by heating the reaction mixture
for 3 min at 95 °C.

4. Add a90 pL of 1 /10x Tris-EDTA into the reaction mixture to
prepare 1:10 diluted cDNA template.

5. Store the diluted reaction mixture in the freezer at -30 °C
unless it is immediately used for a PCR reaction.

1. Prepare the following reagent cocktail in a 0.2 mL PCR tube
to amplify the partial cDNA fragment of a copepod luciferase
carrying two conserved domains. Add 1:10 diluted 3’-Ready
SMART c¢DNA at last.

Reagents Volume
PCR-grade water 12.4 pL
10 x Advantage 2 PCR Buffer 2 uL

2 mM dNTP 2 pL

10 pM Forward primer (see Table 1 and Fig. 2) 0.6 pL
10 puM Reverse primer (see Table 1 and Fig. 2) 0.6 pL
50x Advantage 2 Polymerase Mix 0.4 pM
1:10 diluted 3’-Ready SMART cDNA 2 uL
Total volume 20 pL

2. Shortly spin the rigidly capped PCR tubes, and then start a
PCR reaction (Bio-Rad S1000™ Thermal Cycler) using the
following program:

96 °C for 1 min to denature template cDNAs.

35 cycles with
96 °C for 5 s for the denaturing.
55 °C for 10 s for the annealing.
68 °C for 30 s for the extension.
1 cycle for the last extention step.
68 °C for 30 s.

3. Apply 3 pL out of 20 pL. PCR reaction on 1.6% TAE-agarose
gel with suitable DNA size marker to analyze PCR products.

4. If a single discrete band around 100-300 bp is observed, cut
the band from the gel and gel-purify the product using the gel
purification kit (see Note 5).
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. Mix 1-2 pL of the purified PCR product and 0.5 pL

pCR2.1-TOPO vector (Life Technologies), then incubate for
5-15 min at room temperature, and transform into the com-
petent cells, such as TOP10 or DH5a (Life Technologies).
Spread appropriate volume of each transformation on LB agar
plates with carbenicillin (50 pg/mL).

. Analyze 4-8 colonies by colony direct PCR or by digesting

isolated plasmid DNA with appropriate restriction enzymes.

. Purify the plasmid DNA containing the PCR insert using plas-

mid miniprep kit.

. Check nucleotide sequence of the insert, translate it to deduced

amino acid sequences, and then analyze its sequence similarity
to amino acid sequences of other known copepod luciferases
using ClustalW or BLAST search.

. Amplify the 5’- and 3’-ends of copepod luciferase cDNAs using

the gene-specific primers, Universal Primer Mix (see Table 1),
and 5'- or 3’-Ready SMART c¢DNA following the manufac-
turer’s instructions. After sequencing the 5’- and 3’-RACE
products, amplify the full-length cDNA using additional gene-
specific primers.

The nucleotide sequences of primers used in this protocol

Primer name

Sequence

Usage

5’-CDS primer
3’-CDS primer

Universal
Primer Mix

White_luc UP1?
White_luc UP2?
White_luc LP1?
White_luc LP2?

5'-(T),sVN-3’
5'-AAGCAGTGGTAACAACGCAGAGTAC(T)3VN-3/

Mixture of 0.2 uM long oligo,
5’-CTAATACGACTCACTATAGGG
CAAGCAGTGGTAACAACGCAGAGT-3’
and 1 pM short oligo,
5’-CTAATACGACTCACTATAGGGC-3’

5'-GGCTGCACYAGGGGATGYCTKATMTG-3’
5'-GCTATTGTTGAYATYCCYGARAT-3’
5’-ACATTGGCAAGACCYTTVAGRCA-3’
5’-TCAACTTGWTCAATRAAYTGYTCCAT-3',

Oligo dT primer
Oligo dT primer

Universal primer
for 5" and 3’
RACE

Forward primer
Forward primer
Reverse primer

Reverse primer

“These primers were designed based on the conserved region of MLuc (AAR17541, M. longa), GLuc (AAG54095, G.
princeps), MpLucl, and MpLuc2 (AB195233 and AB195234, respectively, M. pacifica) luciferases (see Fig. 2). If com-
bination of White_luc UP1 and White_luc LP1, or White_luc UP2, and White_luc LP2 produces no significant PCR
bands, try other combination, such as White_luc UP1 and White_luc LP2
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. Number of specimen varies with body size of copepods.

Submerge specimens completely in at least 10 volumes of
RNA/ater reagent. For more information, refer to an instruc-

. Buffers RLT, RW1, and RPE are components of RNeasy Micro

Kit. Add 10 pL of p-mercaptoethanol per 1 mL of Buffer RLT

. Complete homogenization is essential for higher RNA yields.

Insert and rotate a pestle at least 20 times. Monitor sample
lysis carefully, and perfom the homogenization with enough
up-and-down strokes. The stroking times depend on the hard-

. SMART 1II Oligo is a component of SMART RACE cDNA

Synthesis Kit, and its nucleotide sequence is as follows,
5-AAGCAGTGGTAACAACGCAGAGTACGC-r(GGG)-3’

r(GGQG) indicates triple guanosine so that SMART II Oligo is
DNA-RNA hybrid oligonucleotide [8].

. We use a QIAquick Gel Extraction kit (QIAGEN) for extrac-

tion and purification of the PCR product from the excised aga-

We are grateful to Prof. Gary Wayman (Washington State
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Chapter 4

How to Fabricate Functional Artificial Luciferases
for Bioassays

Sung-Bae Kim and Rika Fuijii

Abstract

The present protocol introduces fabrication of artificial luciferases (ALuc®) by extracting the consensus
amino acids from the alignment of copepod luciferase sequences. The made AlLucs have unique sequential
identities that are phylogenetically distinctive from those of any existing copepod luciferase. Some ALucs
exhibited heat stability, and strong and greatly prolonged optical intensities. The made ALucs are appli-
cable to various bioassays as an optical readout, including live cell imaging, single-chain probes, and bio-
luminescent tags of antibodies. The present protocol guides on how to fabricate a unique artificial luciferase
with designed optical properties and functionalities.

Key words Artificial luciferase, Consensus amino acids, Bioluminescence, Bioluminescent capsules,
Optical readout

1 Introduction

Luciferases are a family of light-generating proteins that can be
isolated from a large variety of insects, marine organisms, and pro-
karyotes [1, 2]. Although our knowledge on luciferases is rapidly
emerging, the practical strategy to engineer luciferases has been
confined to mutagenesis. Either point or random mutagenetic
approaches are generally slow and tedious, and they consume great
time and labor. Crystallographic information on luciferases is also
rarely available [3].

An alignment of many relative protein sequences in public
databases facilitates new insights on the phylogenetic history, puta-
tive structural information, and consensus amino acids. For exam-
ple, the “consensus sequence-driven mutagenesis strateqy (CSMS)”
uses a sequence alignment, in which consensus amino acids and
mutagenesis sites were estimated [4, 5]. This approach is based on
the premise that frequently occurring amino acids at a given posi-
tion have a larger thermostabilizing effect than less frequent amino
acids do. Another example called “statistical coupling analysis

Sung-Bae Kim (ed.), Bioluminescence: Methods and Protocols, Methods in Molecular Biology, vol. 1461,
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(SCA)” was developed to explain the evolutionary constraints of
proteins by measuring the relative entropy (D;) of an amino acid
[6]. We had also suggested that a putative core region of marine
luciferases may be estimated by a hydrophilicity search and an over-
lapping approach of the two consecutive domains of copepod lucif-
erases, named “single-sequence alignment (SSA)” [3].

The precedent knowledge on aligned luciferase sequences allowed
us to fabricate whole-scale consensus amino acid sequences of artificial
luciferases (ALuc®) that have never existed before, instead of under-
taking heavily labor-consuming mutagenesis of existing luciferases.

The alignment was obtained from many existing luciferases in a
public database, i.e., the National Center for Biotechnology
Information (NCBI), whose sequences have been accumulated by
great devotion of many researchers. The validity of this idea was
examined with an alignment of 13 copepod luciferases in the public
domain [7], from which frequently occurring amino acids were
extracted to reconstitute a prototypical sequence of artificial lucifer-
ases. Using the above-mentioned process, very diverse artificial lucif-
erases in the identities from any existing marine luciferases in the
database were practically made. The maximal sequence identities of
which were below 83% according to the NCBI Blast and less than
76% according to the Swiss Institute of bioinformatics (SIB) Blast,
compared with any existing luciferases in the public databases.

The present protocol guides on the detailed procedure on how
to create whole sequences of ALucs, instead of identifying several
mutation sites in existing luciferases.

2 Materials

Used buffers

1. Phosphate-buftfered saline (PBS)
2. Hank’s balanced salt solution bufter (HBSS, Gibco)

3. Lysis buffer (E291A; Promega) included in a bioluminescence
assay kit (E2820, Promega)

4. Renilla luciferase (RLuc) assay buffer (E290B, Promega)
included in a bioluminescence assay kit (E2820, Promega)
Cells and protein expression-related reagents
5. pcDNA3.1(+) vector (Invitrogen) for mammalian cell
expression
. pColdlV vector (Takara) for E. coli expression
. pEHXI1.1 vector (Toyobo) for mammalian cell expression
. Escherichin coli (E. coli, DH5a)-based competent cell

NeRe RERN BN

. CHO cells derived from Chinese hamster ovary

10. COS-7 cells derived from African green monkey kidney fibro-
blast cells
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11.
12.
13.
14.
15.

16.

Dulbecco’s minimal essential medium (DMEM) (Gibco)
10% heat-inactivated fetal bovine serum (FBS) (Gibco)
1% penicillin-streptomycin (P /S) (Gibco)

TransIT-LT1 (Mirus), a lipofection reagent

Protein A-tag, IgG-Sepharose, or Ni-NTA-Agarose affinity
columns for protein purification

Isopropyl p -D-1-thiogalactopyranoside (IPTG)

Western blot and staining reagent

17.
18.
19.

20.

21.

Anti-FLAG®-Tag antibody (MBL, Japan)
Anti-His-tag antibody (MBL, Japan)

Horseradish peroxidase (HRP)-linked antibody (HRP-ab; GE
Healthcare)

Coomassie brilliant blue (CBB) reagent for protein staining
after SDS-PAGE (i.e., Bradford reagent, BIO-RAD)

Precast gel cassette for SDS-polyacrylamide gel electrophoresis
(SDS-PAGE)

Assay and light-developing reagents

22.

23.

24.
25.
26.
27.
28.
29.
30.

Endoplasmic reticulum (ER) tracker (Invitrogen), a live-cell
staining reagent emitting fluorescence

Renilla luciferase (RLuc) assay system (E2820, Promega), a
bioluminescence assay kit

Immunostar LD (Warko), a chemiluminescence reagent
Native coelenterazine (nCTZ; E2820, Promega)

CTZ n, a coelenterazine analogue

CTZ i, a coelenterazine analogue

CTZ f; a coelenterazine analogue

CTZ b, a coelenterazine analogue

Staurosporine (STS), an apoptosis inducer

3 Methods

3.1 Construction of
Artificial Luciferases
from Public Databases

The mammalian codon-optimized cDNA sequences encoding
ALucs are custom-fabricated according to the following procedure
(see Fig. 1).

1.

Obtain the amino acid sequences of copepod-derived marine
luciferases from public databases like the NCBI or the SIB
Blast.
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Fig. 1 (a) Experimental procedure for the fabrication of artificial luciferases (ALucs). In the step 1), frequently
occurring amino acids are extracted from the alignment. In the step 2), the extracted prototype sequence
folded up in three stories, whose homology is increased by adjusting the corresponding amino acids If neces-
sary, an epitope sequence like His-tag may be included at the amino acid position 20. In the step 3), the phy-
logenetic tree is drawn to show the relative sequential homology between ALucs and conventional luciferases.
The red circle indicates the relative position of A16, A25, and A30 in the tree. The percentages demonstrate
the homology range of ALucs from NCBI Blast and SIB Blast. In the step 4), the relative optical intensities are
determined after the expression in mammalian COS-7 cells. The picture shows the pseudocolor image of the
bioluminescence generated by ALucs, obtained by cooled CCD camera equipped in an image analyzer (LAS-
4000, FujiFilm). (b) Relative optical intensities of ALuc34 and RLuc8.6-535, according to substrates. The num-
bers on the bars indicate each fold intensity of ALuc34, compared with that of Renilla luciferase 8.6-535.
Abbreviations: nCTZ native coelenterazine, CTZ n coelenterazine n, CTZ i coelenterazine i, CTZ fcoelenterazine
f, CTZ h coelenterazine h. Reproduced in part from Kim et al. with permission from Bioconjugate Chem. (ACS)
and Biochem. Biophys. Res. Comm. (Elsevier) [12, 13]

2. Align the obtained sequences to highlight the frequently
occurring amino acids with ClustalW or other alignment soft-
ware (see Note 1). The software reveals consensus amino acids.

3. Compose several prototype sequences from the consensus
amino acids (se¢ Note 2).

4. Confirm that the prototype sequence consists of three differ-
ent regions; the initial N-terminal domain is relatively variable,
but the other two domains share high homolgy and are
mirror-imaged each other.

5. Fold up the prototype sequence into three stories on the basis
of homology: i.c., single-sequence alignment (SSA).

6. Further adjust the amino acids to increase the homology
between the middle and low stories (see Note 3).

7. Optionally, the N- or C-terminal ends may be fused with sig-
nal peptides according to researcher’s preference: e.g., add an
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10.

11.

endoplasmic reticulum (ER) retention signal, i.e., KDEL, at
the C-terminal end of the prototype sequence for the reten-
tion in the ER after expression (se¢ Notes 4 and 5).

. Determine the maximal identity and similarity ranking of the

prototype sequences without KDEL, compared with existing
luciferases (see Notes 6 and 7).

. Custom-synthesize the cDNA encoding the finally designed

prototype sequence (see Note 8).

Subclone the synthesized cDNAs into a mammalian expres-
sion vector, e.g., pcDNA3.1(+) (Invitrogen), using the spe-
cific restriction sites, e.g., HindlIl and Xhol.

Confirm the overall sequence fidelity with a DNA sequence ana-
lyzer (Applied Biosystems or Beckman Coulter). The fabricated
strain of luciferases may be named Artificial Luciferase (ALuc®).
The ALuc® variants, ALucl6 (abbreviated to A16), ALuc25
(abbreviated to A25) and ALuc30 (abbreviated to A30), is used
in this protocol.

. Grow COS-7 cells in a 96-well optical bottom plate (Nunc)

with Dulbecco’s minimal essential medium (DMEM) (Gibco)
supplemented with 10% heat-inactivated fetal bovine serum
(FBS) (Gibco) and 1% penicillin/streptomycin (P/S) (Gibco).

. Transiently transfect the COS-7 cells with the pcDNA3.1(+)

vectors encoding each ALuc® (see Fig. 1) or existing marine
luciferases, i.e., Gaussin princeps luciferase (GLuc; GenBank
AAG54095.1), Metridia pacifica luciferase 1 (MpLucl;
GenBank AB195233), or Renilla veniformasluciferase 8.6-535
(RLuc8.6-535) as the internal references using a lipofection
reagent, TransIT-LT1 (Mirus).

. 16 h after the transfection, lyse the cells on each well with 50

pL of a lysis buffer (E291A; Promega).

. Transfer an aliquot of the lysates (10 pL) into two separated

fresh 96-well plates (Nunc) using an 8-channel pipette; one of
the plates is used for determining the relative bioluminescence
intensities, while the other is for the adjustment of variance of
the protein amounts (control).

. (In case to use an image analyzer) Determine the optical

images from the above prepared lysates also with an image ana-
lyzer (LAS-4000, FujiFilm) immediately after a simultaneous
injection of 40 pL of the RLuc assay buffer carrying nCTZ,
CTZ n, CTZ i, CTZ f, or CTZ b to each well carrying 10 pLL
of the lysates using a multichannel pipette (see Fig. 1, step 4 in
Subheading 3.2, Fig. 1b).

. Normalize the optical intensities to the applied protein

amounts of the lysates (pg) and light integration time (sec).
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7. (In case to use a microplate reader) Determine the relative bio-
luminescence intensities from the lysates after a programmed,
automatic injection of the specific substrate, native coelentera-
zine (nCTZ; Promega), dissolved in an RLuc assay buffer
(E290B, Promega) using a microplate reader equipped with an
automatic injector (SH-9000lab, Corona).

8. Normalize the luminescence intensitiesto the applied protein
amounts of the lysates (pg) and light integration time (sec).

9. (In case to use a spectrophotometer) Estimate the biolumines-
cence spectra from the above-prepared lysates with a high-fidelity
spectrophotometer (AB-1850, ATTO) equipped with a cooled
charge-coupled device (CCD) camera (see Notes 9 and 10).

10. Normalize the spectra in relative percentages to the maximal
intensity (An.,) (see Fig. 3 and Note 11).

3.3 Application ATLuc® can be linked to a membrane localization signal (MLS). Any
to Bioluminescent protein including a fluorescent protein can be inserted between
Capsules ALuc and MLS. This type of probes are named “bioluminescent

capsule,” the fabrication procedure of which is briefly described in
the caption of Fig. 2. The basic concept was described in our previ-
ous study [8] (see Fig. 2).

1. Introduce the Hindlll and BamHI sites at the 5’ and 3’ ends
of cDNA encoding ALucl6 by PCR.

. b .

A signal | sfimulation | @nal Live cell Image Fluo. Microscope (DMIB000B), Leica
Bioluminescent OFF ON ER tracker (Green) |mPlum (Red)
Capsule 8TS or JER P
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peptide (SP) body [ocalization ME AS AtE

signal (MLS) z e T
ALuc : gg &

_[—Hi“}dlll

Fig. 2 Bioluminescent capsules and their applications to live cell imaging. (a) Cartoon illustration of the molec-
ular structures of the bioluminescent capsules. Inset A shows the working mechanism of a bioluminescent
capsule, anchoring in the PM. A capsule is diffused to the cytosol by an apoptosis signal. /nset Billustrates the
molecular structures of various bioluminescent capsules bearing different cargo proteins. (b) Molecular imag-
ing of living mammalian cells with fluorescence. The red fluorescence indicates locating of P6 in living COS-7
cells before and after stimulation of STS. P6 is located in the PM or the ER in the basal condition. P6 releases
A16 and mPlum to the cytosol in the presence of STS. The green fluorescence obtained by an ER Tracker Green
(Molecular Probes) shows the regions of the ER and the Golgi apparatus. Abbreviations: STS staurosporine, SP
secretion peptide, ER endoplasmic reticulum, PM plasma membrane. Reproduced in part from Kim et al. with
permission from Bioconjugate Chem. (ACS) [12]
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2.

Further link a cDNA sequence encoding MLS to the 3’ end of the
c¢DNA via a flexible linker comprising the BamHI and Xhol sites.

. Insert the cDNAs encoding a substrate sequence of caspase 3

and 7 (i.e., Asp-Glu-Val-Asp (DEVD)) and mPlum as cargos
between the BamHI and Xhol sites.

. Subclone the made construct into pcDNA3.1(+) vector to cre-

ate a plasmid expressing the bioluminescent capsule. The new
plasmid may be named pP6.

A signal-dependent release of the cargo, mPlum, from the cap-

sule (P6) in living COS-7 cells can be observed with a fluorescent
microscope (DMI6000B, Leica) as follow:

5.

6.

Grow the COS-7 cells in a 3.5 cm glass-bottom dish (Iwaki)
and transiently transfect with pP6.

24 h after the transfection, stain the ER regions of the cells
green with an ER tracker (Invitrogen) according to the manu-
facturer’s instruction.

. Stimulate the cells expressing P6 with a vehicle (PBS buffer) or

5 pM of staurosporine (STS) for 20 min.

. Replace the culture media with a Hank’s balanced salt solution

(HBSS, Gibco) bufter.

. Image the compartment and localization regions of the ER

and the capsules with a fluorescent microscope equipped with
a 510-530 nm band-pass filter (green, the ER) and 600 nm
long-pass filter (red, mPlum) (see Fig. 3c and Note 12).

3.4 Fabrication ALuc®-fused divalent single-chain variable fragments (di-scFv) are
of Bioluminescent fabricated and the optical intensity is compared with that of a horse-
Antibodies radish peroxidase (HRP)-linked antibody as follow (see Fig. 3).

1. First, generate three cDNA constructs encoding the fusion

protein as shown in Fig. 3a, inset # with consecutive PCR and
ligation. Further conduct PCR for introducing the oligomers
encoding the purification tags at the 5" and 3’-terminal ends.

. Subclone the cDNA construct encoding A16-v1 into pColdIV

vector (Takara) for E. coli expression or fuse the cDNA con-
structs encoding Al6-v2 or -v3 into pEHXI1.1 vector
(Toyobo) for CHO cell expression. The corresponding anti-
bodies are named Al16-vl, A16-v2, and A16-v3.

. Transform the pColdIV vector into a competent DH5a E. cols.

using a heat-shock protocol.

. Induce the expression of the A16-vl in E. co/i with shaking at

15°C after addition of IPTG (final conc.: 0.1-1.0 mM) according
to the cold shock protocol of the manufacturer (Takara) for 1 day.

. Homogenize the cells with a tip sonicator (Qsonica) in ice,

centrifuge it, and take the supernatant for an affinity column
purification at step 7.
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Fig. 3 Construction of bioluminescent antibodies and their optical properties. (a) The light-emitting mechanism
of an A16-linked antibody (named A16-v3). The C-terminal end of an anti-GST-tag antibody was genetically
fused to A16, which luminesces in the presence of nCTZ. Inset a shows the cDNA constructs of ALuc®-linked
antibody. (b) A western blot analysis and bioluminescence imaging of A16-v1, A16-v2, and A16-v3. The bio-
luminescence image indicates the relative optical intensities of 1 pg/mL of HRP or A16-linked antibodies in
pseudocolor. (c) The normalized bioluminescence spectra generated by HRP-ab and A16-v3. A16-v3 exerted
a stronger red-shifted optical intensity than HRP-ab (n=2). The spectra were obtained with a high-precision
spectrophotometer (AB1850; ATTO). FWHM means full width at half maximum. Reproduced in part from Kim
et al. with permission from Bioconjugate Chem. (ACS) [12]

6. Separately, transfect the pEHX1.1 vector into Chinese hamster

ovary (CHO) cells and induce the expression of A16-v2 and
Al6-v3 by overnight incubation in a CO, incubator. The
A16-v2 and A16-v3 are naturally secreted into the extracel-
lular compartment as the expression proceeds.

. Purify the antibodies in the culture media with the correspond-

ing affinity columns, i.e., protein A-tag, IgG-Sepharose, and /or
Ni-NTA-Agarose columns, according to the purification tags.

. Examine the relative amounts and fragmentation of the puri-

fied antibodies with Western blot analysis: i.c., blot A16-v2
and A16-v3 bands with an anti-FLAG®-Tag antibody (MBL,
Japan) and an anti-His-tag antibody (MBL, Japan), respec-
tively, after PAGE.



How to Fabricate Functional Artificial Luciferases for Bioassays 51

9.

10.

11.

12.

13.

Examine the relative optical intensities of A16-vl, A16-v2,
and Al16-v3 compared to that of an HRP-linked antibody
(named HRP-ab; GE Healthcare) with an image analyzer
(FujiFilm) (see Fig. 3b).

Before the comparative evaluation, equalize the antibody
amounts (A16-vl, A16-v2, A16-v3, and HRP-ab) by dilut-
ing them with an HBSS buffer or a PBS buffer (final conc:
1 pg/mL).

Transfer an aliquot of the diluted solutions (5 pL) to a 96-well
plate (Nunc) and simultaneously mix with 95 pL of the follow-
ing substrate solutions using a multichannel pipet (Eppendorf):
(1) Immunostar LD (Warko) for the HRP-ab and (2) a biolu-
minescence assay kit (E2820, RLuc assay system, Promega) for

Al6-vl, A16-v2, and A16-v3.

Determine the developed bioluminescence intensities with
LAS-4000 (FujiFilm) in high-resolution mode with 1 s of the
integration time (see Note 13).

Determine the corresponding bioluminescence spectra of
Al16-v3 and HRP-ab with a spectrophotometer (AB-1850,
ATTO) (see Fig. 3¢). For the measurement, adjust the above
diluted solutions to be 0.5 pg/mL. Immediately after mixing
0.5 pL of the enzyme solutions with 15 pL of the assay solu-
tions carrying the respective substrates (Promega and Wako),
determine the consequent bioluminescence spectra with the
spectrophotometer in an integration time of 5 s (se¢ Note 14).

4 Notes

. Frequently occurring amino acids from an alignment can be

casily assigned even with the help of web services including
Sequence Logos and WebLogo: e.g., http://weblogo.berke-
ley.edu/info.html.

. Upon decision of the consensus amino acids, take the highly

frequent amino acids in the conserved regions, but decide the
remaining amino acids in the variable region on an occasional
basis to complete the prototype. The authors recommend that
an epitope like Flag® or His-tags is included near the amino
acid numbers 20-30 in the upper story, if necessary.

. It is because the middle and low stories are considered to form

two catalytic domains [7, 9], the sequential homology of which
enhances optical intensity and stability according to the prec-
edent studies [12, 13].

. The amino acid sequence, KDEL, is a typical ER retention sig-

nal. Because copepod luciferases have a secretion peptide at the
N-terminal end, the luciferases are supposed to be secreted to
the extracellular compartment after expression. The majority of
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10.

11.

12.

13.

the luciferases are retained in the ER if copepod luciferases are
tagged with the KDEL signal.

. Although the C-terminal ends of ALucs are fused with an ER

retention signal (KDEL), a relatively higher portion of A16
may be secreted to the extracellular compartment. The KDEL
signal does not completely repress the secretory property of
ALucs: the secretion ratio of A16 is 8.8 (1.2 s.d.) %.

. The homology ranking can be determined with an alignment

search tool provided by NCBI Blast (ver. BLASTP 2.2.27+;
http:/ /www.ncbi.nlm.nih.gov/) or SIB Blast (http://web.
expasy.org/blast).

. Their maximal identities to any existing luciferases are less than

83 % by NCBI Blast and 76 % by SIB Blast, respectively.

. Many companies provide a cDNA synthesis service for research-

ers in cheaper price than before. The codons may be optimized
for mammalian cell expression.

. The bioluminescence decays by time. The authors recommend

a spectrophotometer which simultaneously captures the entire
wavelengths of light for a high-fidelity determination of the
spectra.

Typically, mix the lysate (5 pL) with 50 pL of the RLuc assay
buffer carrying nCTZ (E2820, Promega) and determine the
spectra without delay. Accumulate the light emission for 10 s
in a precision mode.

The A,,,, of ALucs with nCTZ is in the range of 500-530 nm,
and the photon ratio greater than 600 nm () is ca. 5-15%.
The 2, values have been frequently discussed with respect to
the hydrophilicity at the binding site of luciferases [ 10] and the
protonation environment of the light emitters during the bio-
luminescence reaction (i.e., pH) [11]. The higher A, values
(i.e., red-shifts) of ALucs than those of other existing marine
luciferases suggest that the active site of ALucs provides a rela-
tively hydrophilic environment in the nCTZ-consuming
reactions.

The bioluminescent capsules are an excellent example of an
artificially designed optical reporter to visualize molecular
events in the plasma membrane of living mammalian cells
under the circumstance of stable supply of the substrate and
molecular oxygen (O,).

A16-v3 is much brighter than A16-v1. This result shows that
(1) an excellent folding environment for A16-linked antibod-
ies are achieved in the ER of mammalian cells (not in E. coli)
and secreted to the extracellular compartment, and (2) the
optical properties of A16 are robust enough not to be signifi-
cantly hampered by the antibody linkage.
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14. The following factors are considered to have led the success

of this approach: (1) as the sequences of many copepod lucif-
erases have been recently accumulated in the public database
[7], common features on their two-dimensional structures
became more elucidative; (2) the sequences of copepod lucif-
erases are highly conserved, whose nature makes it easy to
identify consensus amino acids; and (3) copepod luciferases
have two repeated catalytic domains [9], whose N- and
C-terminal domains share a high homology each other and
thus alignable to easily identify the variable and consensus
amino acids, where we actually tried to increase cases of the
consensus amino acids between the N- and C-terminal
domains. Empirically, we know that the higher homology
allows the stronger bioluminescence intensity.
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Chapter 5

Quantum Yield Determination Based on Photon Number
Measurement, Protocols for Firefly Bioluminescence
Reactions

Kazuki Niwa

Abstract

Quantum yield (QY), which is defined as the probability of photon production by a single bio
/chemiluminescence reaction, is an important factor to characterize luminescence light intensity
emitted diffusively from the reaction solution mixture. Here, methods to measure number of pho-
tons to determine QY according to the techniques of national radiometry standards are described.
As an example, experiments using firefly bioluminescence reactions are introduced.

Key words Firefly luciferase, Quantum yield, Bioluminescence, Luminometer, National radiometry
standard

1 Introduction

Firefly bioluminescence reaction is well known about its high QY. In
1959, Seliger and McElroy reported the value of 0.88 [1], which
had been frequently referred as an evidence of highly efficient energy
conversion to produce light from a chemical reaction in firefly biolu-
minescence system. Recently Ando et al. and Niwa et al. have
reported the value of 0.41 and 0.48, respectively, using independent
absolute photon measurement systems [2, 3]. The luciferase used in
these three reports was that from Photinus pyralis (firefly). However,
there are number of curious beetle luciferases with various colors
and properties. More recently, the highest QY; 0.61, was obtained
using Pyrearinus termitilluminance luciferase whose peak wave
length 539 nm is the shortest among beetle luciferases [4].

In order to determine QY value, total photon flux
(photons/s) has to be absolutely quantified. Total photon flux
here is defined as the spatially and spectrally integrated photon
flux emitted diffusively from a luminescence reaction solution in
a test tube.

Sung-Bae Kim (ed.), Bioluminescence: Methods and Protocols, Methods in Molecular Biology, vol. 1461,
DOI 10.1007/978-1-4939-3813-1_5, © Springer Science+Business Media New York 2016
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Luminometers are sensitive photon-counting detectors widely
employed to observe weak luminescence from reaction solutions.
However, they are neither spectrometric nor designed with ideal
point-source geometry, with the result that they are not considered
to be “absolute” instruments. For the purpose of photon flux mea-
surement using a sensitive luminometer, we have to calibrate its
responsivity. Here we define the “responsivity” of the luminometer
as the sensitivity (in counts/photon) to the total photon flux emit-
ted from the sample solution. Because the responsivity varies
depending on the sample spectrum, it is ideal to calibrate using
identical luminescence reaction solution itself as the reference light
source with absolute value of total photon flux, which is hereafter
referred to as the “reference solution.” Total photon flux value of
the reference solution was calibrated using an absolute total pho-
ton flux measurement system that we have specially designed.

Here we describe our integrating-sphere based absolute total
photon flux measurement system and its calibration method
according to the national standard of photometry and radiometry.
Using this apparatus, methodologies to determine QY using P.
pyralis luciterase (FLuc) is introduced as an example experiment.

2 Materials

2.1 Total Photon Flux
Measurement
Apparatus

2.2 Reagents
for Bioluminescence
Reaction

1. An integrating sphere-based total photon flux measurement
system (see Fig. 1). This system is comprised of a 6 in. integrat-
ing sphere (Labsphere, North Sutton, NH, USA) and a multi-
channel spectrometer equipped with a cooled CCD detector
(Roper Technologies, Sarasota, Florida).

2. A luminometer (AB-2200, ATTO, Tokyo, Japan).

3. Standard lamp (500 W spectral irradiance standard lamp,
Ushio, Tokyo, Japan). Spectral irradiance value of the lamp is
certified by JEMIC (Tokyo, Japan).

1. p-Luciferin sodium salt (HPLC assay 99 % purity, 128-03954,
Wako, Osaka, Japan).

2. A chiral column (Chiralcel OD-RH, Daicel Chemistry, Tokyo,
Japan).

3. Photinus pyralis luciferase (19506, crystallized chromato-
graphic grade (Sigma-Aldrich, St. Louis, MO)).

4. ATP (adenosin-5-triphosphoric acid disodium salt, Oriental
Yeast, Tokyo, Japan).

5. PicaGene® reagent (Wako, Osaka, Japan).

6. 1 M Tris—-HCI [pH 8.0] bufter.

7. MgSO,-7H,0, HClI, distilled water, and other generally used
chemicals.
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Fig. 1 Integrating sphere-based multichannel spectrometer system employed in
this study

Stock solutions below can be stored at =30 °C for a several months
and should be consumed within a few days after thawing without
refreezing.

1. p-Luciferin: 1x10-2 M aqueous p-Luciferin from p-Luciferin
sodium salt.

2. Luciferase: 1 mg/mL in 0.1 M Tris buffer containing 10%
glycerol from FLuc.

3. ATP: 20 mM ATP (neutralized with NaOH) in 0.1 M Tris
buffer.

3 Methods

3.1 Absolute
Calibration

of an Integrating
Sphere System

1. Set up the integrating sphere system.

2. Place a spectral irradiance standard lamp as the external light
source coupled with an aperture with a known area (cm?) at
the entrance of the sphere, which gives spectral radiant flux
with absolute value in W/nm (see Note 1).
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3.2 Absolute
Calibration
of a Luminometer

3.3 Quantum Yield
Measurement

. Calibrate spectral responsivity (counts/W,/nm) of the sphere

system against spectral radiant flux (W/nm) using the spectral
irradiance standard lamp (see Note 2).

. Calculate spectral photon flux responsivity value (counts/

photon/s/nm) from the spectral radiant flux value by a single
photon energy value (E) according to a formula, E=ch/)\, here
¢ is velocity of light, 4 is Planck’s constant, and 4 is the wave-
length of the photon.

. Prepare luciferase dilution series solution from the stock solu-

tion with the Tris bufter containing 10 % glycerol (sec Note 4).

. Prepare a reference solution by mixing 5 pLL of a diluted lucif-

erase solution with 200 pL of PicaGene® solution (see Note 5).

. The reference solution was divided into two test tubes of

100 pL solution which are homogenous to give identical light
intensity.

. Place each test tube into a luminometer and the integrating

sphere system.

. Simultaneously measure the light intensity of the reference

solutions using the luminometer and the integrating sphere
system.

. Calculate total spectral photon flux (photons/s/nm) by the

result using the integrating sphere system with spectral photon
flux responsivity (counts,/photon/s/nm) (see Note 6).

. Calculate the luminometer responsivity (counts/photon/s)

from the simultaneous measurement results, that is, counts
value by the luminometer and total photon flux value by the
integrating sphere (see Note 7).

. Confirm the validity of the responsivity value, by repeating

with wide range of concentration of luciferase (see Note 8).

. Characterize the accurate concentration by absorbance with

lOg W3270m = 427 [5 ] .

. Confirm the p-form purity of luciferin in the stock solution

using HPLC with the chiral column.

. Dilute the p-Luciferin solution to 1 x107 M with 0.1 M Tris

buffer.

. Prepare a reaction mixture containing 2 mM ATP and 4 mM

MgSO, in 0.1 M Tris buffer using the ATP stock solution, 1 M
Tris buffer and MgSO,-7H,0.

. In a test tube for the luminometer, place 5 pLL of the 1 x10°* M

p-Luciferin solution, 5 pL of 1 mg/mL luciferase stock solu-
tion, and place the test tube into the absolutely calibrated
luminometer. Here, applied b-luciferin is 5x1072 mol
(3.01 x10'° molecules).
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. Start luminometer to measure total photon flux in the

complete darkness.

. Initiate the luminescence reaction by applying 90 pL of the

reaction mixture of ATP-Mg?* into the test tube.

. Stop the data recording after all the substrate is consumed.

. Calculate number of photons by time integration of the total

photon flux recorded by the luminometer, which is determined
by count value and responsivity value of the luminometer.

Divide the number of photons by the number of p-luciferin
molecule reacted, which gives QY value.

4 Notes

[Absolute calibration of an integrating sphere system |

1.

The integrating sphere-based absolute total radiant flux mea-
surement is well established in photometry and radiometry
[6]. Spectral responsivity of the sphere system is obtained by
using a spectral irradiance standard lamp. Using integrating
sphere, liner flux from the standard lamp through the aperture
outside the sphere and total flux from the light source placed
inside the sphere are able to be measured equally.

. The level of the photon flux through the aperture should be

reduced to the level of luminescence from the reference solu-
tion that will be placed inside the sphere.

. The total spectral photon flux responsivity of the sphere system

has to be linear in the intensity range of interest, which can be
confirmed by changing the radiant flux through the aperture.

[Absolute calibration of a luminometer |

4.

We employed a long-lasting luminescence solution as a refer-
ence solution that is the light source optimized for the calibra-
tion of a luminometer. This solution consists of the same firefly
luciferin-luciferase reaction reagents as the sample solution
whose quantum yield was of interest, resulting in excellent
spectral matching.

. In order to obtain ideal reference solution having long-lasting

luminescence intensity using FLuc, PicaGene® reagent was
employed to prepare bioluminescence reaction solution. This
reagent contains coenzyme-A and dithiothreitol as additives to
obtain long-lasting luminescence with a half decay time of
more than 10 min [7].

. An absolute luminescence spectrum of the reference solution

was obtained by employing thus calibrated integrating sphere
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Fig. 2 Calibration plot of the total photon flux responsivity of the luminometer
with various intensity levels for FLUC. The line indicates the least square linear fit

system. Total photon flux value is obtained from this spectrum
by integrating spectrally.

8. The luminescence intensity of a bioluminescence reaction has
poor reproducibility. To avoid this disadvantage, the reference
solution was simply duplicated by dividing the homogeneous
reaction solution into two test tubes. And then, one of them
was put into the integrating sphere system and the other into
the luminometer to measure simultaneously the absolute total
photon flux of the reference solution and the absolute respon-
sivity of the luminometer, respectively.

9. To confirm the linearity of the total photon flux responsivity of
the luminometer, reference solutions with a wide range of lumi-
nescence intensities for each luciferase were prepared by con-
trolling the concentration. As a result, the luminometer
employed in our study exhibited a good linear response at the
usual detection level for bioluminescence measurements, as
indicated in Fig. 2. By linear fitting of the plots, the absolute
responsivity of 6.05 x 10-* counts/photon was obtained for the
luminometer using FLuc bioluminescence solution.
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Chapter 6

Bioluminescent Ligand-Receptor Binding Assays
for Protein or Peptide Hormones

Ya-Li Liu and Zhan-Yun Guo

Abstract

Bioluminescence has been widely used in biomedical research due to its high sensitivity, low background,
and broad linear range. In recent studies, we applied bioluminescence to ligand-receptor binding assays
for some protein or peptide hormones based on a newly developed small monomeric Nanoluciferase
(NanoLuc) reporter that has the so far brightest bioluminescence. The conventional ligand-receptor bind-
ing assays rely on radioligands that have drawbacks, such as radioactive hazards and short shelf lives. In
contrast, the novel bioluminescent binding assays use the NanoLuc-based protein or peptide tracers that
are safe, stable, and ultrasensitive. Thus, the novel bioluminescent ligand-receptor binding assay would be
applied to more and more protein or peptide hormones for ligand-receptor interaction studies in future.
In the present article, we provided detailed protocols for setting up the novel bioluminescent ligand—
receptor binding assays using two representative protein hormones as examples.

Key words Bioluminescence, Binding, Ligand, Peptide, Protein, Receptor, Tracer

1 Introduction

Bioluminescence is a kind of light emission produced from enzyme-
catalyzed chemical reactions. It occurs widely in marine vertebrates
and invertebrates, as well as in some fungi and bacteria. Some
enzymes catalyzing bioluminescence reactions have been developed
as reporters widely used in biomedical studies, such as firefly lucit-
erase, Renilln luciferase, and Gauwussia luciferase. Bioluminescent
reporters have been widely used in reporter gene assays, in vivo
imaging and some other quantitative assays due to their high sensi-
tivity, low background, and broad linear range [1-3]. In 2012,
Promega developed an engineered small monomeric Nanoluciferase
(NanoLuc) reporter (171 amino acids, 19 kDa) that can produce
the brightest bioluminescence reported to date (~150-fold higher
than the conventional firefly luciferase and Renzlia luciferase) [4].
NanoLuc emits long half-life glow-type bioluminescence in an
ATP-independent manner, has high physical stability and lacks

Sung-Bae Kim (ed.), Bioluminescence: Methods and Protocols, Methods in Molecular Biology, vol. 1461,
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posttranslational modifications. Thus, it represents a new genera-
tion of bioluminescent reporters for various biomedical studies.

Protein or peptide hormones are a large group of signaling
molecules playing critical biological functions mediated by specific
cell membrane receptors. To study their interactions with recep-
tors, ligand-receptor binding assay is an important technique that
has been widely used for decades. The conventional ligand-recep-
tor binding assays rely on radioligands (hot tracers) labeled by
radioisotopes, such as radioactive iodine-125 (12°1) for labeling of
protein or peptide hormones [5-10, 20]. However, use of radioac-
tive tracers has drawbacks, including the radioactive hazards to
operators and environments, short shelf lives and constant specific
activity change due to spontaneous decay of the radioisotopes. In
recent years, nonradioactive ligand-receptor binding assays have
been developed for some protein or peptide hormones based on
the sensitive time-resolved fluorescence of lanthanides (typically
europium) [11-16]. However, preparation of the lanthanide-
labeled tracers is quite difficult and expensive. In recent studies,
our laboratory developed bioluminescent ligand—-receptor binding
assays for some protein or peptide hormones based on the ultra-
sensitive bioluminescence of the newly developed NanoLuc
reporter [17-19]. The novel bioluminescent tracers are safe, sta-
ble, and ultrasensitive, thus the novel bioluminescent ligand—recep-
tor binding assays would be applied to more and more protein or
peptide hormones for ligand-receptor interaction studies in future.

In the present chapter, we present step-to-step protocols for
preparation of the bioluminescent protein or peptide tracers and
setting up bioluminescent ligand-receptor binding assays using
insulin-like peptide 3 (INSL3) and leukemia inhibitory factor
(LIF) as examples.

2 Materials

2.1 Escherichia coli
(E. coli) Culture

Prepare LB medium using distilled water and other solutions using
ultrapure water (18 MQ cm at 25 °C). Reagents used in these
experiments are at least analytical grade.

1. Liquid LB medium: 10 g/L tryptone, 5 g/L yeast extract and
10 g/1L NaCl. Weigh 10 g tryptone, 5 g yeast extract and 10 g
NaCl to a 2-L beaker, add 1 L water and stir to dissolve.
Aliquot the liquid medium to several glass shaking flasks (50
mL per 250-mL flask or 250 mL per 2-L flask), autoclave at
121 °C for 20 min and store at room temperature.

2. Amp stock solution: 50 mg/mL ampicillin sodium salt (Amp).
Weigh 500 mg Amp powder to a 15-mL tube, add 10 mL
water and vertex to dissolve. Pass the solution through a sterile
0.22-pm filter to several 1.5-mL sterile eppendorf tubes and
store at -20 °C.
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3. IPTG stock solution: 1.0 M isopropyl p-d-1-thiogalac-

topyranoside (IPTG). Weigh 2.38 g IPTG to a 15-mL tube,
add 10 mL water and vertex to dissolve. Pass the solution
through a sterile 0.22-pm filter to several 1.5-mL sterile eppen-
dorf tubes and store at -20 °C.

.20 mM phosphate buffer (pH 7.5): Weigh 299 g

Na,HPO,2H,0 and 0.50 g NaH,PO,-2H,0, add water to
1 L and stir to dissolve (see Note 1). Pass through a 0.22-pm
filter and store at room temperature.

2. High salt phosphate buffer: 20 mM phosphate (pH 7.5) plus

0.5 M NaCl. Weigh 29.25 g NaCl into 1 L of 20 mM phos-
phate bufter (pH 7.5) and stir to dissolve. Pass through a 0.22-
pm filter and store at room temperature.

. 0.5 M imidazole solution: Weigh 3.40 g imidazole into 100 mL

of high salt phosphate buffer and stir to dissolve. Pass through
a 0.22-pm filter and store at room temperature.

4. 1.0 M DTT stock solution: Weigh 154 mg dithiothreitol

(DTT) to a 1.5-mL eppendorf tube, add 1.0 mL water, vertex
to dissolve and store at =20 °C.

. PBS solution: Weigh 8 g NaCl, 02 g KCI, 1.78 g

Na,HPO,-2H,0, and 0.24 g KH,PO,, add 900 mL water to
dissolve. Adjust pH to 7.4 by adding appropriate amount of
1 M HCI solution monitored using a pH meter. Adjust total
volume to 1 L by adding appropriate amount of water, auto-
clave at 121 °C for 20 min and store at room temperature.

. Dilution Buffer: PBS plus 1% BSA. Weigh 400 mg lyophilized

bovine serum albumin (BSA) into a 50-mL tube, add 40 mL
PBS solution, vertex to dissolve and store at —20 °C (see Note 2).

. INSL3 stock solution: Weigh 2.0 mg purified easily labeled

INSL3 powder into a 1.5-mL eppendorf tube, add 100 pL
dimethylsulfone (DMSO), vertex to dissolve and store at —20
°C. The resultant INSL3 concentration in the stock is ~3 mM
(see Note 3).

. SPDP stock solution: Add 534 pL anhydrous N,N-

dimethylformamide (DMF) to a vial (5 mg) of N-succinimidyl
3-(2-pyridyldithio)propionate (SPDP) (SigmaAldrich, St. Louis,
MO, USA), vertex to dissolve and store at —80 °C (se¢ Note 4).
The resultant SPDP concentration in the stock is 30 mM.

. Modification Buftfer: 150 mM phosphate and 1.5 M guanidine

chloride (pH 7.5) (see Note 5). Weigh 2.34 g NaH,P0O,-2H,0
and 14.33 g guanidine hydrochloride, add 80 mL water and
stir to dissolve. Adjust its pH to 7.5 by adding appropriate
amount of 1 M NaOH solution monitored using a pH meter.
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2.5 CGell Culture

Adjust total volume to 100 mL by adding appropriate amount
of water after pH adjustment and store at room temperature.

4. 50% TFA solution: Mix 50 mL water with 50 mL trifluoro-
acetic acid (TFA) in a brown glass bottle and store at room
temperature.

5. SPDP-modified INSL3 solution: Add a small volume of 1.0 mM
aqueous HCI solution (pH 3.0) to the tube containing the
lyophilized SPDP-modified INSL3 and vertex to dissolve (see
Note 6). Transfer 10 pL of the stock solution to 90 pL of 1.0
mM HClI solution and measure its absorbance at 280 nm using a
100 pL-cuvette on a photometer. Calculate the accurate concen-
tration of the SPDP-modified INSL3 in the stock solution using
an extinction coeflicient of €559, =12260 M cm™! (see Note 7).

6. Conjugation Buffer: 300 mM Tris—-HCI, 3 mM EDTA, 1.5 M
urea, pH 7.5 (see Note 8). Weigh 1.45 g Tris base and 3.60 g
urea to a 50-mL tube, add 240 pL of 0.5 M EDTA stock solution
(pH 8.0) and 30 mL water. Adjust its pH to 7.5 by adding appro-
priate amount 1.0 M HCl solution monitored using a pH meter.
Adjust its final volume to 40 mL by adding appropriate amount
of water after pH adjustment and store at room temperature.

1. Complete medium: the basic medium (see Note 9) supple-

and Binding Assays mented with 10% fetal bovine serum, 100 U/mL penicillin
and 100 pg/mL streptomycin. To 500 mL of basic medium,
add 50 mL of fetal bovine serum and 5 mL of 100x antibiotic
stock solution and store at 4 °C. If the basic medium doesn’t
contain I-glutamine, add glutamine stock solution to the final
concentration of 2 mM.
2. Binding Solution: serum-free basic medium plus 1% BSA (see
Note 10). Weigh 400 mg of BSA powder to a 50-mL tube, add
40 mL of basic medium, vertex to dissolve and store at -20 °C.
3 Methods
3.1 Overexpression NanoLuc can be efficiently overexpressed in E. colz with full enzymatic
and Purification activity [17]. It contains a single buried cysteine residue at the
of an Engineered C-terminus. For chemical conjugation with protein or peptide hor-
NanoLuc mones, we designed an engineered 6xHis-Cys-NanoLuc that carries a
for Conjugation unique exposed cysteine residue at the N-terminus [17] (see Note 11).

The engineered NanoLuc is fully active, can be efficiently overex-
pressed in E. coli and be conveniently purified to homogeneity.

1. Take out a tube (100 pL) of competent cells of E. coli strain
BL21(DE3) from -80 °C refrigerator (see Note 12) and thaw
it on ice. Add 1-2 pL (50-200 ng plasmid) of the expression
construct pET/6xHis-Cys-NanoLuc [17] to the competent



Ligand-Receptor Binding Assays 69

cells, gently mix and incubate on ice for 30 min. Thereafter,
put the tube into a 42 °C water-bath for 60 s and then put it
on ice for 2-5 min. Add 0.5 mL of liquid LB medium and put
the tube into a 37 °C shaker for 30—45 min with gentle shak-
ing (150 rpm). Finally, transfer 100-200 pL of the trans-
formed cells to a 250-mL shaking flask containing 50 mL
liquid LB medium, add 100 pL of Amp stock solution and put
the flask into a 37 °C shaker overnight with vigorous shaking
(250 rpm) (see Note 13).

. Next day, transfer 2.5 mL of the overnight culture broth to
each 2-L shaking flask containing 250 mL liquid LB medium.
Typically, use four 2-L flasks for each large-scale overexpres-
sion (see Note 14). Add 0.5 mL of Amp stock solution to each
flask and put them into a 37 °C shaker with vigorous shaking
(250 rpm).

. Monitor growth of the E. coli cells by measuring the optical
density (ODgpo nm) of the culture broth using a photometer. At
an interval of ~0.5 h, take 0.5 mL of the culture broth from
the shaking flask and measure its ODggg n, using LB medium as
a blank. Once ODggg o reached ~1.0, turn down the tempera-
ture of the shaker to 25 °C.

. After temperature of the shaker reached 25 °C, add 250 pL
IPTG stock solution to each flask and continuously culture the
cells in the shaker for 6-8 h or overnight with gentle shaking
(150 rpm) (see Note 15).

. After induction, transfer the culture broth to centrifuge tubes
(250 mL each) and centrifuge at 5000x g for 10 min. After
centrifugation, discard the supernatant and resuspend the cell
pellet in cold high salt phosphate buffer (se¢e Note 16).
Typically, use 30 mL of high salt phosphate bufter for the cell
pellet from 1 L of culture broth.

. Lyse the E. coli cells in the suspension by sonication or French
press according to the user’s manual of the apparatus.

. Transfer the cell lysate to centrifuge tubes (50 mL each) and
centrifuge at 8000 x g for 20 min at 4 °C. After centrifugation,
carefully transfer the supernatant to another tube and discard
the pellet.

. Load the supernatant to a home-made or a pre-packed Ni*
column pre-equilibrated with the high salt phosphate buffer
(see Note 17). After loading, wash the column thoroughly
with the high salt phosphate buffer and 30 mM imidazole
solution (in the high salt phosphate bufter), then elute the
bound 6xHis-Cys-NanoLuc by 250 mM imidazole (in the
high salt phosphate buffer). Alternatively, elute the bound
6xHis-Cys-NanoLuc using a linear imidazole gradient by mix-
ing solution A (the high salt phosphate buftfer) and solution B
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3.2 Bioluminescence
Measurement

10.

11.

12.

(0.5 M imidazole in the high salt phosphate buffer). Collect
the eluted 6xHis-Cys-NanoLuc fraction manually or by an
automated fractioner (se¢ Note 18).

. Transfer 6xHis-Cys-NanoLuc fraction (~10 mL) to a dialysis

tube (cutoff molecular weight of 3 kDa) and dialyze against
cold 20 mM phosphate buffer (pH 7.5) at 4 °C (see Note 19).

Transfer the dialyzed 6xHis-Cys-NanoLuc fraction to a 15-mL
tube, add DTT stock solution to the final concentration of
10-20 mM and incubate at room temperature for 20 min (see
Note 20).

Load the DTT-treated 6xHis-Cys-NanoLuc fraction to an
ion-exchange column (TSKgel DEAE-5PW, 7.5 mmx 75 mm,
from Sigma Aldrich, St. Louis, MO, USA) that is connected to
an Agilent HPLC1100 apparatus (see Note 21). Elute 6xHis-
Cys-NanoLuc from the column using a linear sodium chloride
gradient by mixing buffer A (20 mM phosphate buffer, pH
7.5) and buffer B (the high salt phosphate buffer). Collect
6xHis-Cys-NanoLuc fraction manually and analyze it by SDS-
PAGE (see Note 22).

Quantify concentration of the purified 6xHis-Cys-NanoLuc
by bicinchoninic acid (BCA) method using BSA as a standard
(see Note 23). Aliquot the purified 6xHis-Cys-NanoLuc frac-
tion into several 1.5-mL eppendorf tubes and store at -80 °C.

Bioluminescence of NanolLuc and various NanolLuc-based tracers
can be conveniently measured using a plate reader with lumines-
cence mode, such as a SpectraMax M5 plate reader (Molecular
Devices, Sunnyvale, CA, USA) (see Note 24 ). For bioluminescence
measurement, insure all solutions are equilibrated at room tem-
perature for enough time, because temperature has effects on
NanoLuc activity.

1.

Appropriately dilute NanoLuc or NanoLuc-based tracers using
Dilution Buffer (PBS plus 1% BSA) (see Note 25). Take several
eppendorf tubes and label them as 1, 2, 3, etc. Add 90 pL
Dilution Buffer to each tube. Transfer 10 pL stock solution of
NanoLuc or NanoLuc-based tracer to tube 1 and mix thor-
oughly. Then, transfer 10 pL mixed solution from tube 1 to
tube 2 and mix thoroughly, so on until the last tube.

. Transfer 10 pL diluted enzyme, in a triplicate, from the diluted

tubes to a white opaque 96-well plate (see Note 26).

. Add 50 pL Lysis Buffer (Promega, Madison, WI, USA) to

each assay well and mix thoroughly (see Note 27).

. 20-fold dilute the stock solution of substrate furimazine

(Promega) using PBS (see Note 28). Add 40 pL diluted sub-
strate to each well, mix, and immediately measure on a SpectraMax
M5 plate reader using luminescence mode (see Note 29).
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5. Plot the measured bioluminescence data (in logarithmic scale,
T-axis) against the NanoLuc amount (fmol, in logarithmic
scale, X-axis), a linear curve will be obtained at appropriate
range and specific activity (counts/fmol) will be calculated
from the linear range.

6. Based on the measured specific activity, NanoLuc and various
NanoLuc-based tracers can be quickly and accurately quanti-
fied through bioluminescence measurement.

INSL3 is a protein hormone belonging to the insulin/relaxin super-
family. It involves in regulation of reproduction by binding and acti-
vating a G protein-coupled receptor RXFP2. To develop a novel
bioluminescent receptor-binding assay for INSL3, we prepared a
NanoLuc-based INSL3 tracer through a chemical conjugation
approach [17] as shown in Fig. 1. First, an active disulfide bond
(pyridyldithiol moiety) was introduced to the A-chain N-terminus
of an easily labeled INSL3 (see Note 30) by reaction with a bifunc-
tional reagent SPDP that carries a pyridyldithiol moiety and a pri-
mary amine-specific N-hydroxysuccinimidyl (NHS) ester moiety
(see Note 31). Second, 6xHis-Cys-NanoLuc was covalently cross-
linked with INSL3 via a reversible disulfide linkage by reaction of
the unique exposed Cys of 6xHis-Cys-NanoLuc with the active
disulfide bond of the SPDP-modified INSL3 (see Note 32).

1. Prepare easily labeled INSL3 through overexpression of a
single-chain precursor in E. coli and subsequent purification,
in vitro refolding and enzymatic maturation according to our
previous procedure [14].

2. For SPDP-modification reaction, sequentially add 30 pL
Modification Buffer, 30 pl. INSL3 stock solution (~600 pg
INSL3) and 30 pL SPDP stock solution to a 1.5-mL eppendorf
tube, mix thoroughly, and incubate at 30 °C for 2 h (se¢ Note 33).

3. After incubation, add 800 pL water to the reaction tube and
adjusted its pH to 3—4 by adding appropriate amount of 50 %
TFA solution monitored by pH paper.

4. Load the diluted reaction mixture to a C18 reverse-phase col-
umn (Zorbax 300SB-C18, 4.6 mmx250 mm, from Agilent)
that is connected to an Agilent HPLC1100 apparatus. Elute
the column by a linear acetonitrile gradient composed of sol-
vent A (0.1% aqueous TFA) and solvent B (acetonitrile con-
taining 0.1 % TFA), and manually collect all peaks into 1.5-mL
eppendorf tubes (see Note 34).

5. After lyophilization, the tube with white powder probably con-
tains the modified INSL3. Take an aliquot for mass spectrom-
etry analysis to confirm its identity.

6. For NanoLuc-conjugation reaction, add 100 pL Conjugation
Buffer, 100 pL 6xHis-Cys-NanoLuc (eluted from the ion-exchange
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Fig. 1 The strategy for chemical conjugation of NanoLuc with INSL3 for novel bioluminescent ligand-receptor
binding assays (Reproduced from ref. 17 with permission from Elsevier)

column in Subheading 3.1) (se¢ Note 35), and appropriate amount
of SPDP-modified INSL3 to a 1.5-mL eppendorf tube. Insure the
molar ratio of INSL3 to NanoLuc is 3:1 (see Note 36). Incubate
the tube at 30 °C for 30 min.

7. After conjugation, two-fold dilute the reaction mixture with

water and load it onto an ion-exchange column (TSKgel
DEAE-5PW, 7.5 mmx75 mm, from SigmaAldrich) that is
connected to an Agilent HPLC1100 apparatus. Elute the col-
umn using a linear sodium chloride gradient by mixing buftfer
A (20 mM phosphate, pH 7.5) and buffer B (the high salt
phosphate buffer) and collect all peaks manually. Analyze all
collected peaks using Native PAGE (pH 8.3) (see Note 37)
and bioluminescence measurement.

. Quantify INSL3-Luc by bioluminescence measurement after
appropriate dilution according to the specific activity of
1.5x10° counts/fmol (see Note 38).
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To test whether INSL3-Luc retains binding affinity with receptor
RXFP2, we carried out saturation receptor-binding assays (see
Note 39) using living human embryonic kidney (HEK) 293T cells
transiently overexpressing human RXFP2 as receptor source. As
shown in Fig. 2a, a typical saturation binding curve was obtained
for INSL3-Luc, with a calculated dissociation constant (Ky) of
2.0£0.1 nM (»=3). Thus, INSL3-Luc retained high binding
affinity with receptor RXFP2 although a large NanoLuc was
attached. The calculated maximal binding capacity (By..) was
3.6+0.1 fmol/well (= 3), equal to the average receptor density of
~22.,000 receptors/cell (~10° cells/well). After the specific bind-
ing data were converted to a Scatchard plot, a linear curve was
obtained, suggesting one-site binding of INSL3-Luc with receptor
RXFP2 (Right inner panel). Additionally, nonspecific binding of
INSL3-Luc was quite low, accounting for less than 10% of total
binding (Left inner panel). Thus, INSL3-Luc represents a novel
bioluminescent tracer for interaction studies of INSL3 with its
receptor RXFP2.

1. Culture HEK293T cells in complete DMEM medium to 70%
confluence in two 3.5-mm dishes for transfection (se¢ Note
40). Transfect these cells with human RXFP2 expression con-
struct pcDNAG/RXFP2 using a transfection reagent accord-
ing to the user’s manual (see Note 41).

2. Next day of transfection, suck off the medium, wash the cells
with 2-3 mL warm PBS solution, and add 1 mL warm trypsin
solution to each dish (se¢ Note 42). Put the dishes into a 37 °C
incubator for 2-3 min, gently shake the dish to detach the
cells. Add 2 mL complete medium to each dish and gently
pipette the cells suspension 2—-3 times.

3. Transfer the trypsinized cells into a 15-mL sterile tube and
centrifuge (1000 x g, 2 min). Discard the supernatant and gen-
tly resuspend the cell pellet (from two 35-mm dishes) with 67
mL of complete medium. Aliquot the cell suspension into a
96-well plate (100 pL/well, 60-70 wells in total) and put the
plate into a 37 °C CO,; incubator for 24-36 h (see Note 43).

4. Serially dilute INSL3-Luc conjugate to following concentra-
tions (see Note 44): 40, 20, 10, 5,2.5,1.25,0.675, and 0 nM
(Binding Solution only). Take eight 1.5-mL eppendorf tubes
and label them as 1-8. To tube 1, add » pL. INSL3-Luc conju-
gate (prepared in Subheading 3.3 and quantified by biolumi-
nescence measurement), then add (800-x) pl. Binding
Solution and mix thoroughly. Transfer 400 pLL mixture from
tube 1 to tube 2, and then add 400 pL Binding Solution to
tube 2 and mix thoroughly, so on until tube 7 (0.675 nM).
Directly add 400 pL Binding Solution to tube 8. Other dilu-
tion patterns can also be used.
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Fig. 2 (a) Saturation binding of INSL3-Luc with the receptor RXFP2. The mea-
sured specific binding data were expressed as the mean + SE (n=3) and fitted to
a hyperbolic function Y=B,./(K;+ X) using SigmaPlot10.0 software. The linear
Scatchard plot and the chart plot of total binding and nonspecific binding are
shown as the inner panels. (b) Competition receptor-binding of INSL3 and its
analogues using INSL3-Luc as a tracer. The measured data were expressed as
the mean + SE (n=3) and fitted with sigmoidal curves using SigmaPlot10.0 soft-

ware (Reproduced from ref. 17 with permission from Elsevier)
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. For total binding assay, gently remove medium from the first

three wells of the 96-well plate with a pipette (see Note 45),
immediately add 50 pL Binding Solution to each well, then
transfer 50 pL diluted INSL3-Luc from tube 1 to each well (see
Note 46) and gently mix. Remove medium from the second
three wells, immediately add 50 pL Binding Solution to each
well, then transfer 50 pL diluted INSL3-Luc from tube 2 to
each well and gently mix. So on until tube 8.

. For nonspecific binding assay, gently remove medium from the

first three wells of the 96-well plate, immediately add 50 pL
Competition Solution (Binding Solution containing 2.0 pM
INSL3) to each well (see Note 47), then transfer 50 pL diluted
INSL3-Luc from tube 1 to each well and gently mix. So on
until tube 8.

. Incubate the plate at 21-22 °C for 1-2 h (se¢e Note 48).

Thereafter, wash the plate as following: gently remove the
binding solution with a pipette from first three wells; add 200
pL ofice-cold PBS solution to each well and gently remove the
washing solution; add 200 pL of'ice-cold PBS solution to each
well again and gently remove the solution (se¢ Note 49). Wash
the next three wells and until all wells are washed.

. After all well were washed, add 100 pL Lysis Buffer with room

temperature (Promega) to each well (see Note 50), pipette the
cell lysate and transfer 50 pL to a well of a white opaque
96-well plate.

. Add 25-fold diluted substrate solution (diluted in PBS with

room temperature) to the white opaque 96-well plate (50 pL/
well) and immediately measure bioluminescence at a
SpectraMax M5 plate reader using luminescence mode.

Process the measured saturation binding data as following: (1)
Calibrate the measured bioluminescence data by subtracting
the average value of the wells with zero tracer concentration
(Binding Solution only) from all originally measured
bioluminescence data (see Note 51). (2) Plot nonspecific bind-
ing curve using the calibrated bioluminescence data of nonspe-
cific binding as Y-axis and tracer concentrations as X-axis. Fit
the nonspecific binding data by a linear curve passing through
the origin (see Note 52). (3) Plot the total binding curve using
the calibrated bioluminescence data of total binding as Y-axis
and tracer concentrations as X-axis. For one-site binding
model, fit the total binding curve with 7Y=B,,X/
(Ky+ X) + Nyon X, where Kj is the dissociation constant, B, is
the maximal binding capacity, and N, is a coetficient for non-
specific binding (see Note 53). (4) Calculate specific binding
data by subtracting the calculated nonspecific binding data
from the calibrated total binding data. (5) Plot the specific
binding curve using the calculated bioluminescence data of
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Luc as Tracer

11.

specific binding as Y-axis and the tracer concentrations as
X-axis. For one-site binding model, fit the specific binding
curve with 1= B, X/ (K;+ X). Alternatively, convert the mea-
sured bioluminescence data to bound tracer amount (fmol/
well) by dividing the calibrated bioluminescence data with the
specific activity of NanoLuc (1.5x10° counts/fmol) for fur-
ther processing.

Convert the specific binding data to Scatchard plot as follow-
ing. (1) Calculate the bound tracer concentrations (pM) by
dividing the specific binding bioluminescence data (counts)
with the product of tracer-specific activity (counts/fmol) and
binding assay volume (mL) (se¢c Note 54). (2) Calculate free
tracer concentration (pM) by subtracting the bound tracer con-
centration (pM) from the total tracer concentration (pM) (see
Note 55). (3) Calculate the ratio of bound tracer to free tracer
(bound /free) by dividing the bound tracer concentration (pM)
with the free tracer concentration (pM) (see Note 56). (4)
Draw Scatchard plot using bound tracer concentrations (pM) as
X-axis and bound/free values as Y-axis (se¢ Note 57).

After confirmed that INSL3-Luc retains high binding affinity with
receptor RXFP2, we used it as a novel nonradioactive tracer for com-
petition receptor-binding assays to evaluate the receptor-binding
potencies of various INSL3 analogues (se¢ Note 58). As shown in
Fig. 2b, typical sigmoidal competition curves were obtained for
INSL3 and its analogues, with different 1Cs, values. Thus, INSL3-
Luc is a sensitive nonradioactive tracer for accurate measurement
of receptor-binding potencies of various INSL3 analogues.

1.

2.

Prepare HEK293T cells transiently overexpressing human
RXFP2 as described in Subheading 3.4.

Prepare Tracer Solution by diluting INSL3-Luc into the Binding
Solution to a final concentration of 2.0 nM (see Note 59).

. Serially dilute competitor (INSL3 or its analogues in this case)

to following concentrations: 2000, 200, 20, 2, 0.2, 0.02, and 0
nM (Binding Solution only) (se¢ Note 60). Take seven 1.5-mL
eppendorf tubes and label them as 1-7. To tube 1, add xpL
stock solution of INSL3 or its analogue (se¢ Note 61), then add
(200-x) pL Binding Solution and mix thoroughly. Transfer 20
pL mixture from tube 1 to tube 2, and then add 180 pL of
Binding Solution to tube 2 and mix thoroughly. So on until
tube 6. Directly add 200 pL of Binding Solution to tube 7.

. For competition binding assays, remove medium from the first

three wells with a pipette, immediately add 50 pL Tracer
Solution to each well, and then transfer 50 pL. competitor from
tube 1 to each well (see Note 62) and gently mix. Remove
medium from the second three wells, immediately add 50 pL
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Tracer Solution to each well, then transfer 50 pL. competitor
from tube 2 to each well and gently mix. So on until tube-7.

5. Incubate the plate at 21-22 °C for 1-2 h, then wash the cells
and measure bioluminescence according to the procedures in
Subheading 3.4.

6. Process the measured competition binding data as following.
(1) Calibrate the measured bioluminescence data by subtract-
ing the average of the wells with 1000 nM of wild-type INSL3
(see Note 63) from all original bioluminescence data. (2)
Normalize the binding data by dividing all calibrated biolumi-
nescence with the average value of the wells without competi-
tor (Binding Solution only) (se¢ Note 64). (3) Convert the
competitor concentrations to logarithm scale in unit of lggM,
for examples, 1000 nM versus -6 and 1 nM versus -9. (4) Plot
the competition binding data using software, such as SigmaPlot
or Prism, using the normalized bioluminescence data as Y-axis
and competitor concentrations in logarithm as X-axis. Fit the
data with sigmoidal curves Y=100/(1+10XC5,) and the
values of /gglCs, can be calculated from the fitted curves by the
software (see Note 65).

In above sections, we provided a chemical conjugation approach
for preparation of NanoLuc-based protein or peptide tracers for
novel bioluminescent ligand-receptor binding assays using INSL3
as an example (se¢ Note 66). In the following sections, we will
provide a genetic fusion approach for preparation of biolumines-
cent tracers using leukemia inhibitory factor (LIF) as an example
[18] (see Note 67). LIF elicits pleiotropic effects on a diverse range
of cells by activating a heterodimeric cell membrane receptor
LIFR/gpl30. LIF is an aggregation-prone protein and difficult for
soluble overexpression in E. coli, fusion of NanoLuc at N-terminus
of the mature human LIF significantly improved its soluble overex-
pression. As shown in Fig. 3, soluble and monomeric 6xHis-
NanoLuc-LIF could be efficiently overexpression in E. coli and be
conveniently purified to homogeneity [18]. After removal of
6xHis-NanolLuc fusion partner by enterokinase digestion, mature
monomeric LIF protein with full biological activity was obtained at
a final yield of ~5 mg per liter of E. coli culture broth. Besides E.
coli cells, other host cells, such as mammalian cells, can also be used
for overexpression of the NanoLuc-fused proteins as novel biolu-
minescent tracers (sec Note 68).

1. Transform the expression construct pNLuc/LIF (see Note 69)
into the E. coli strain Rosetta-gami 2(DE3) (see Note 70) and
carry out induced overexpression at 25 °C overnight according
to the procedures in Subheading 3.1.

2. After IPTG induction, collect E. coli cells by centrifugation
(5000 x4, 10 min) and lyse them by sonication or French press
according to the procedures in Subheading 3.1.
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Fig. 3 Purification and characterization of the NanoLuc-fused LIF and the mature LIF. (a) Flowchart of the
purification and maturation process. (b) Nonreducing SDS-PAGE analysis of 6xHis-NanoLuc-LIF. Lane b, total
cell lysate before IPTG induction; /ane a, total cell lysate after IPTG induction; /ane s, supernatant after sonica-
tion; /ane p, pellet after sonication; /ane f, flowthrough from the Ni?* column; /ane w, wash fraction by 30 mM
imidazole; /ane e, eluted fraction by 250 mM imidazole; /ane M, protein marker. The asterisk indicates the band
of 6xHis-NanoLuc-LIF that has a theoretical molecular weight of 41.6 kDa. After electrophoresis, the gel was
stained by Coomassie brilliant blue R250. (¢) Nonreducing SDS-PAGE analyses of the mature LIF. Lane b,
monomeric 6xHis-NanoLuc-LIF eluted from gel filtration; /ane a, after enterokinase digestion; /ane f,
flowthrough from the ion-exchange column; /ane e, eluent from the ion-exchange column; /ane (), mature LIF
without DTT treatment; /ane (+), mature LIF treated with 20 mM DTT, /ane M, protein marker. The asterisk
indicates the band of 6xHis-NanoLuc-LIF. The double asterisk indicates the band of mature LIF that has a
theoretical molecular weight of 20.0 kDa. The octothorpe indicates the band of 6xHis-NanoLuc-tag that has a
theoretical molecular weight of 21.6 kDa. The arrowhead indicates the band of reduced LIF protein without
disulfide bonds. After electrophoresis, the gel was stained by Coomassie brilliant blue R250. (d) Circular
dichroism spectrum of the mature LIF (Reproduced from ref. 18 with permission from Elsevier)
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3. Purify soluble 6xHis-NanoLuc-LIF from the lysate superna-
tant by a Ni** column as described in Subheading 3.1.

4. Load the 6xHis-NanoLuc-LIF fraction eluted from the Ni*
column to a gel filtration column (TSKgel G2000SWy;, 7.8
mm x 300 mm, SigmaAldrich, St. Louis, MO, USA) (see Note
71) that is connected to an Agilent HPLC1100 apparatus.
Elute the column by 20 mM Tris—Cl (pH 8.5) containing 50
mM NaCl (see Note 72), manually collect all peaks and analyze
them by nonreducing SDS-PAGE (see Note 73).

5. Add CaCl, stock solution and urea stock solution to mono-
meric 6xHis-NanoLuc-LIF fraction to final concentrations of
2.0 mM and 1.6 M, respectively (se¢ Note 74). Then, add
enterokinase (New England Biolabs, Ipswich, MA, USA) to a
final concentration of 2 ng/mL and carry out digestion at 25
°C overnight (see Note 75).

6. Load the digestion mixture onto a DEAE ion-exchange col-
umn (TSKgel DEAE-5PW, 7.5 mmx75 mm, from
SigmaAldrich) (see Note 76) that is connected to an Agilent
HPLCI1100 apparatus. Collect the flowthrough fraction
(mature LIF fraction) and elute the bound fraction (6xHis-
NanoLuc-tag) by a sodium chloride gradient and analyze them
by nonreducing SDS-PAGE.

7. Quantify the purified by 6xHis-NanoLuc-LIF and mature LIF
by BCA method using BSA as a standard. Measure biolumines-
cence of the purified 6xHis-NanoLuc-LIF as described in
Subheading 3.2. Calculate specific activity of 6xHis-NanoLuc-
LIF based on the measured bioluminescence and measured
protein concentration (see Note 77).

In above section, we prepared 6xHis-NanoLuc-LIF through solu-
ble overexpression in E. coli. To test it whether retained high
receptor-binding affinity, we carried out saturation receptor-
binding assays using living murine leukemia M1 cells as a receptor
source (see Note 78). As shown in Fig. 4a, 6xHis-NanoLuc-LIF
bound M1 cells in a typical saturation manner, with a calculated
dissociation constant (Ky) of 33.1+3.2 pM (n=3), suggesting that
6xHis-NanoLuc-LIF retained high binding affinity with LIFR/
gpl30 receptor although a large NanoLuc moiety was attached.
The calculated maximal binding capacity (B,,,) on 10° M1 cells
was 8915225 counts, equal to ~350 receptors per M1 cell (spe-
cific activity of 6xHis-NanoLuc-LIF was 1.5x10° counts/fmol).
A linear Scatchard plot was obtained for binding of 6xHis-
NanoLuc-LIF with M1 cells (see Fig. 4b), suggesting that M1 cells
only had high affinity binding site. Thus, 6xHis-NanoLuc-LIF
represents a novel bioluminescent tracer for studying the interac-
tions of LIF with its receptor.
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Fig. 4 Binding of the NanoLuc-fused LIF with the endogenously expressed LIFR/gp130 receptor on M1 cells.
(a) Saturation binding with murine leukemia M1 cells. The measured bioluminescence data were expressed as
mean = SE (n=3). The total binding data of 6xHis-NanoLuc-LIF were fitted to Y= B,./(Ks+ X) + Ny, X, and the
specific binding data to Y= B,.,/(K; + X) using SigmaPlot 10.0. The nonspecific binding data of 6xHis-NanoLuc-
LIF and the total binding data of 6xHis-NanoLuc were fitted to linear curves using SigmaPlot 10.0. (b) Scatchard
plot of the specific binding data of 6xHis-NanoLuc-LIF with M1 cells. (c) Competition binding of mature LIF
with M1 cells using 6xHis-NanoLuc-LIF as a tracer. The measured bioluminescence data were expressed as
mean + SE (n= 3) and fitted to a sigmoidal curve using SigmaPlot 10.0 (Reproduced from ref. 18 with permis-
sion from Elsevier)

1. Culture suspension murine leukemia M1 cells in complete
RPMI1640 medium in a 25-mm? flask at 37 °C in a CO, incu-
bator to cell density of ~10° cells/mL..

2. Collect M1 cells by centrifugation (1000 x g, 2 min) and resus-
pend them in Binding Solution (serum-free RPMI1640
medium plus 1% BSA) at density of 4 x 106 cells/mL. Seed 50
pL of the cell suspension into each well of a 96-well filtration
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plate (polyethersulfone membrane with 1.2 pm pore size, from
Pall Incorporation, Port Washington, NY, USA) (see Note 79)
that has been rinsed by the Binding Solution before use.

3. Serially dilute purified 6xHis-NanoLuc-LIF to following con-
centrations: 2560, 1280, 640, 320, 160, 80, 40, 20, and 0 pM
(Binding Solution only) using Binding Solution as described in
Subheading 3.4.

4. For total binding assay, add 25 pL/well of Binding Solution
and 25 pL/well of 2560 pM 6xHis-NanoLuc-LIF to the first
three wells of the 96-well filtration plate, and mix gently. Add
25 pL/well of Binding Solution and 25 pL/well of 1280 pM
6xHis-NanoLuc-LIF to the second three wells, and mix gently
(see Note 80). So on until the last tube with zero tracer
concentration.

5. For nonspecific binding assay, add 25 pL/well of Competition
Solution (Binding Solution plus 120 nM mature LIF) and 25
pL/well of 2560 pM 6xHis-NanoLuc-LIF to the first three
wells of the 96-well filtration plate, and mix gently. Add 25
pL/well of Competition Solution and 25 pL/well of 1280 pM
6xHis-NanoLuc-LIF to the second three wells, and mix gen-
tly. So on until the last tube with zero tracer concentration.

6. After incubation at 21-22 °C for 1 h, centrifuge the filtration
plate (400 x g, 2 min) in order to filter the solution. Add 200
pL of ice-cold PBS solution to each well and centrifuge the
plate again. Repeat the above wash process once or twice (see
Note 81).

7. Add 100 pL of ice-cold PBS solution to each well in order to
resuspend the cells and then transfer 50 pL of the cell suspen-
sion to a white opaque 96-well plate (see Note 82). Put the
plate at room temperature for 20—30 min to let the cell suspen-
sion reach room temperature.

8. Add 50 pL of 25-fold diluted substrate solution (diluted in room
temperature Lysis Buffer, from Promega) to each well of the
white opaque 96-well plate, well mix, and measure biolumines-
cence at a SpectraMax M5 plate reader using luminescence mode.

9. Process the measured saturation binding data as described in
Subheading 3.4.

In above section, we demonstrated that 6xHis-NanoLuc-LIF
retained high binding affinity with LIF receptor, thus we used it as
a novel nonradioactive tracer in competition receptor-binding
assays. As shown in Fig. 4c, competition binding of the mature LIF
with 6xHis-NanoLuc-LIF on M1 cells was in a typical sigmoidal
manner, with a calculated ICs value 0f 15.8 + 3.2 pM (%= 3). Thus,
the bioluminescent LIF tracer was sensitive enough to monitor
ligand-receptor interactions even using the endogenously
expressed LIFR /gp130 as receptor source.
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. Prepare M1 cells and seed them in a 96-well filtration plate

(2x 10° cells/well) according to the procedures in Subheading
3.7.

. Prepare Tracer Solution by diluting 6xHis-NanoLuc-LIF into

Binding Solution (serum-free RPMI1640 plus 1% BSA) to a
final concentration of 160 pM.

. Prepare the Competition Solution by serial dilution of mature

LIF to following concentrations using Binding Solution: 40
nM, 4 nM, 400 pM, 40 pM, 4 pM, and 0 pM (Binding Solution
only) according to procedures in Subheading 3.5.

. For competition receptor-binding assay, add 25 pL/well of

Tracer Solution and 25 pL/well of 40 nM Competition
Solution to the first three wells and mix gently. Add 25 pL/
well of Tracer Solution and 25 pL/well of 4 nM Competition
Solution to the second three wells (see Note 83) and mix gen-
tly. So on until the last tube with zero competitor
concentration.

. After incubation at 21-22 °C for 1 h, wash the cells and mea-

sure bioluminescence according to procedures in Subheading
3.7.

. Process the measured competition receptor-binding data as

described in Subheading 3.5.

4 Notes

. pH of the resultant solution will be 7.5 and don’t need adjust-

ment at most cases. The actual pH can be confirmed using a
pH meter.

. BSA is an essential carrier protein for dilution of NanoLuc or

NanoLuc-based tracers, especially at low concentration range.

. High concentration (milimolar range) of INSL3 is necessary

for efficient reaction with modification reagent SPDP because
it is a bimolecular reaction.

. The N-hydroxysuccinimide (NHS) ester group in SPDP will

be hydrolyzed quickly in aqueous solution, thus we dissolve it
in nonaqueous solvent and store at low temperature.

. The optimal pH for reaction of an NHS ester moiety with a

primary amine moiety is 7-8. Don’t use salt containing pri-
mary amine moiety, such as Tris or urea, in the buffer for NHS
ester modification. Guanidine chloride will improve solubility
of INSL3 in the modification reaction. If the protein or pep-
tide has high solubility, guanidine chloride is not necessary.

. Insure concentration of the SPDP-modified INSL3 is suffi-

ciently high, at least 0.1 mM, for efficient conjugation with
6xHis-Cys-NanoLuc.
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. The extinction coefficient of the SPDP-modified INSL3 is the

sum of that of INSL.3 (8480 M~ cm™) and that of SPDP moi-
ety (3780 M cm™ measured using SPDP).

. EDTA can prevent oxidation of the exposed Cys of 6xHis-

Cys-NanoLuc by chelating metal ions that are catalysts for
thiol oxidation. Low concentration of urea can increase pro-
tein solubility and also make the conjugation easier by render-
ing the structure of NanolLuc and INSL3 slightly more
flexible. However, don’t use high concentration of urea that
can cause exposure of the buried Cys in NanoLuc. Urea is not
necessary for some conjugation reactions.

. Use appropriate basic medium for culturing different cells, for

examples, DMEM medium for HEK293T cells and RPMI11640
medium for murine leukemia M1 cells.

BSA is an essential carrier protein for dilution of protein or
peptide samples, especially at low concentration range. Prepare
the Binding Solution using different basic media for different
cells since living cells are used in our binding assays.

The unique exposed cysteine residue can also be introduced to
the C-terminus of NanoLuc without disturbance to enzymatic
activity and overexpression in E. coli. In a recent work, we
designed a 6xHis-NanoLuc-Cys, that carries a C-terminal
cysteine through a long flexible hydrophilic arm, for chemical
conjugation [19]. 6xHis-NanoLuc-Cys is better than 6xHis-
Cys-NanoLuc for conjugation with protein or peptide hor-
mones because it has a long flexible hydrophilic arm between
NanoLuc and the exposed Cys.

Other E. coli strains derived from BL21(DE3), such as
BL21(DE3)star and RosettaBlue(DE3), can also be used to
overexpress NanoLuc.

Alternatively, spread 50-100 pL of the transformed cells on a
solid LB plate containing 100 pg/mL of Amp, put the plate
into a 37 °C incubator overnight. Next day, pickup several
colonies into 50 mL liquid LB medium, add 100 pL of Amp
stock solution, and cultured in a 37 °C shaker overnight with
vigorous shaking (250 rpm).

Typically, 50-100 mg of purified NanoLuc can be obtained
from 1 L of E. coli culture broth.

Low temperature (25-20 °C) is essential for soluble overex-
pression of NanoLuc in E. coli. If induced at 37 °C, NanoLuc
will form inclusion bodies.

High concentration of salt can reduce nonspecific binding to
Ni?* column that is used for purification of the overexpressed
NanoLuc.

Load appropriate amount of the supernatant to the Ni** col-
umn according to its capacity. Don’t overload.
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The NanoLuc fraction can be confirmed by SDS-PAGE, the
band of 6xHis-Cys-NanoLuc is around 20 kDa. It can also be
confirmed by bioluminescence measurement after appropriate
dilution.

In order to decrease the salt concentration for further purifica-
tion by ion-exchange chromatography.

The unique exposed Cys in 6xHis-Cys-NanoLuc might be
blocked by small thiol-containing molecules, such as cysteine
or reduced glutathionine (GSH), or by dimmerization of the
enzyme. DTT treatment can remove these possible blockages
from the unique exposed Cys residue.

Load an appropriate amount of NanoLuc to the ion-exchange
column according to capacity of the column. Other anion ion-
exchange columns can also be used for NanoLuc purification.

After two-step purification, a single protein band with an
apparent molecular weight of ~20 kDa will appear on reducing
SDS-PAGE. On nonreducing SDS-PAGE, a minor band with
molecular weight of 40 kDa will also appear due to disulfide
crosslinking of 6xHis-Cys-NanoLuc during sample prepara-
tion and electrophoresis.

Concentration of the purified NanoLuc can also be determined
by other total protein quantification methods, such as Lowry
method and Bradford method.

The measured bioluminescence data on different plate readers
may be quite different because arbitrary units are used for
luminescence.

The ideal measured bioluminescence range is 103-10° counts/
well at a SpectraMax M5 plate reader using a white opaque
96-well plate. The measured specific activity of NanoLuc is
1.5 x 10° counts/fmol, thus the suitable enzyme range for bio-
luminescence measurement is 0.01-10 fmol/well (0.2-200
pg/well). Appropriately dilute the enzyme according to its
concentration measured by BCA or other methods.

White opaque 96-well plate is necessary for bioluminescence
measurement. Black plate will absorb bioluminescence and
thus decrease detection sensitivity; clear (transparent) plate will
cause interference from wells to wells.

The measured bioluminescence will be slightly affected by
components of the assay system. We use Lysis Buffer in the
present assay because it is necessary for lysis of cells in later
assays. The Lysis Buffer contains reducing reagents, likely
GSH or DTT. Use the Lysis Buffer with room temperature
because temperate affects NanoLuc activity.

Total volume of the bioluminescence assay is 100 pL/well.
Promega suggested 2 pL substrate stock solution for each well,
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but we found that 1 pL/well of substrate stock solution is
enough at most cases. Use freshly diluted substrate. Use PBS
solution with room temperature because temperate affects
NanoLuc activity.

To obtain reliable data, read the plate 3—4 times within 5 min
on the plate reader and use the data with the best
reproducibility.

The easily labeled INSL3 has a single primary amine moiety at
the A-chain N-terminus, thus various functional groups can be
conveniently introduced to it’s A-chain N-terminus by reac-
tion with a reagent carrying a primary amine-specific moiety,
such as an NHS ester.

Other bifunctional reagents, such as LC-SPDP, PEG4-SPDP,
and PEG12-SPDP (Thermo Scientific, Waltham, MA, USA),
containing a pyridyldithiol moiety and an NHS ester moiety
can also be used for this experiment.

The disulfide linkage between NanoLuc and INSL3 can be
brokenbyreducingreagents,suchas DTT or f-mercaptoethanol.

To insure complete modification of INSL3, the molar ratio of
SPDP to INSL3 is 10:1 in the modification reaction.

The un-reacted SPDP, its hydrolyzed product and some impu-
rities all have absorbance at 280 nm, thus several peaks will be
eluted from the column.

Insure concentration of the purified 6xHis-Cys-NanoLuc is
sufficiently high, at least 0.1 mM. If its concentration is not
high enough, concentrate it using an ultrafiltration tube (cut-
off molecular weigh of 3 kDa).

For different proteins or peptides, their molar ratio to NanoLuc
can be appropriately adjusted to reach the highest conjugation
efficiency.

NanoLuc carries net negative charges at pH 8.3 while INSL3
carries net positive changes at pH 8.3, thus the conjugate can
be analyzed by native PAGE. It can also be analyzed by nonre-
ducing SDS-PAGE.

Occasionally, conjugation of a protein or peptide might affect
enzymatic activity of NanoLuc. To test this effect, measure the
NanoLuc activity with or without DTT treatment. Take two
aliquots of the conjugate, add 1,/20-volume of 1 M DTT stock
solution to one aliquot; add 1/20-volume of water to the
other aliquot. After incubation at room temperature for 30
min, appropriately dilute them with Dilution Buffer and mea-
sure their bioluminescence using PBS instead of Lysis Buffer
(Promega) because Lysis Buffer contains reducing reagents. If
DTT treatment increased bioluminescence, the conjugated
protein or peptide has detrimental effect on NanoLuc activity;
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otherwise, the conjugated protein or peptide has no effects on
NanoLuc activity. If the conjugated protein or peptide has det-
rimental effect, the conjugate can be quantified by biolumines-
cence measurement after DTT treatment using the standard
protocol in Subheading 3.2.

From saturation binding assays, the dissociation constant (Ky),
reflecting the binding affinity of INSL3-Luc with receptor
RXFP2, can be calculated from the saturation binding curve.
The maximal binding capacity (B,.), reflecting the active
receptor number on cell membrane, can also be calculated
from the saturation binding curve.

Cells from a 35-mm dish are enough for seeding 30—40 wells
of'a 96-well plate. Transfect enough HEK293T cells for bind-
ing assays.

A lot of commercially available transfection reagents can be
used for this experiment, such as Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA). Insure the transfection effi-
ciency over 80 %.

Don’t over-digest the cells. The 0.25% trypsin solution can be
appropriately diluted by PBS solution if necessary.

Insure the cells grow to 100% confluence in the 96-well plate
before binding assay, otherwise HEK293T cells are prone to
be washed away.

The range of tracer concentration used for saturation binding
assays is typically from 10 K4 to 0.1 Ky, where Kj. is the dis-
sociation constant of the tracer with its receptor.

Don’t remove medium from all wells at one time, cells will
dehydrate and die if exposed to the air for a long time.

The final INSL3-Luc concentrations in the saturation binding
assays are 20 nM, 10 nM, 5 nM, 2.5 nM, 1.25 nM, 0.625 nM,
0.3125 nM and 0 nM, respectively, due to mixing with equal
volume of Binding Solution or Competition Solution.

Large excess (~100-fold) of competitor (INSL3 in this assay)
can occupy almost all of the specific binding sites, thus the
measured tracer binding (INSL3-Luc in this assay) under this
condition is due to nonspecific binding.

Low temperature can prevent internalization of the cell mem-
brane receptors, but it also slows down the ligand binding pro-
cess. For INSL3 /RXFP2, incubation at 21-22 °C for 1-2 h is

enough to reach binding equilibrium.

Cold solution will slow down the dissociation of the bound
tracer from the cells. Wash cells as quickly as possible to dimin-
ish dissociation of the bound tracer.

If the conjugated protein or peptide disturbs NanoLuc activity,
lyse the cells with Lysis Buffer plus 20 mM DTT to insure
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breakage of the disulfide linkage between NanolLuc and the
conjugated protein or peptide.

The measure bioluminescence data of the wells with zero tracer
concentration will be very low, typically hundreds, because no
tracer was added.

From the fitted linear curve, nonspecific binding value at a
given tracer concentration can be easily calculated.

Software, such as SigmaPlot and Prism, can be used to process
these data.

Use the average bioluminescence of the triplicate wells as “spe-
cific binding bioluminescence.” The “binding assay volume”
means the solution volume for each well in unit of mL. The
“tracer specific activity” means bioluminescence per fmol of
tracer measured on same plate reader using same assay system.

Convert the unit of the total tracer concentrations from nM to
pM for calculation of the bound /free value.

Bound /free is a unit-less value so same unit should be used for
the bound tracer and the free tracer.

For one-site binding model, the Scatchard plot is a linear curve
whose intersection with X-axis is the B,,, in unit of pM and
whose slope is the Ky in unit of pM.

From competition assays, ICs, values, reflecting relative recep-
tor binding potencies of various INSL3 analogues, can be cal-
culated from the competition binding curves.

The working concentration of INSL-Luc in the competition
assaysis 1.0 nM due to mixing with equal volume of Competitor
Solution. Use appropriate tracer concentration in competition
assays to obtain large enough specific binding.

Other competitor concentration pattern can also be used pro-
vided it covers enough range and contains enough concentra-
tion points. Use appropriate competitor concentration range
to obtain a complete sigmoidal curve.

The concentration of INSL3 or its analogues can be quantified
by UV absorbance at 280 nm using the extinction coefficient
calculated  as  exoum (Mlemt)=5500xnumber  of
Trp+1490 xnumber of Tyr+125xnumber of disulfide.
Dissolve sample in 1.0 mM aqueous HCI solution (pH 3.0)
and measure its UV absorbance at a photometer directly or
after appropriate dilution.

The working competitor concentrations are 1000 nM, 100
nM, 10 nM, 1 nM, 0.1 nM and 0.01 nM, respectively, due to
mixing with equal volume of the Tracer Solution.

The measured bioluminescence at presence of 1.0 pM wild-
type INSL3 is though as nonspecific binding.
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The calibrated bioluminescence at absence of competitor is the
largest specific binding. As increase of the competitor concen-
trations, the specific binding will be decreased in a sigmoidal
manner when logarithmic scale of competitor concentrations
(X-axis) are used in the plot.

1C; values can be calculated from loglCsq values. IC50 reflects
relative receptor-binding potencies of different ligands.

Some other protein or peptide hormones can also be chemi-
cally conjugated with an engineered NanoLuc carrying a
unique exposed cysteine residue at either the N-terminus or
the C-terminus. To diminish disturbance of NanoLuc, the
conjugation site on protein or peptide should be carefully
selected and the receptor-binding affinity of the conjugate
should be experimentally tested.

Some other protein or peptide hormones can also be fused to
NanoLuc through recombinant DNA technology, at either the
C-terminus  or the N-terminus of NanoLuc. The
receptor-binding affinity of the NanoLuc-fused proteins should
be experimentally tested because NanoLuc fusion might dis-
turb their correct folding and receptor-binding.

In our recent work, we successfully prepared a bioluminescent
erythropoietin (Epo) tracer by secretory overexpression of a
C-terminally NanoLuc-fused human Epo in the transiently
transfected HEK293T cells. The signal peptide of Epo precur-
sor can efficiently mediate secretion of the monomeric glyco-
sylated Epo-Luc fusion protein from transfected HEK293T
cells. Epo-Luc retained high binding affinity with Epo receptor
(forthcoming).

The LIF expression construct pNLuc/LIF was generated by
ligation of a synthetic codon-optimized DNA fragment encod-
ing mature human LIF into an E. coli expression vector pNLuc
that carries coding sequence of 6xHis-NanoLuc-tag upstream
of the multiple cloning site. Other genes can also be ligated
into this vector for overexpression of N-terminally 6xHis-
NanoLuc-tagged proteins in E. cols.

This E. cols strain favors formation of disulfide bonds in cytosol
due to genetic modifications, but it has a lower growth rate
compared with other expression strains, such as BL21(DE3).
We found that soluble 6xHis-NanoLuc-LIF could also be etfi-
ciently overexpressed in E. cols strain BL21(DE3).

Load appropriate sample volume according the user’s manual
of the column. For the column used in the present work, the
loading volume is 1.0 mL or less. Other gel filtration columns
can also be used for separation of the aggregated and mono-
meric 6xHis-NanoLuc-LIF.
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The elution buffer is compatible with later enterokinase diges-
tion, thus the eluted monomeric 6xHis-NanoLuc-LIF fraction
will be subjected to enterokinase digestion without buffer change.

LIF has six cysteine residues that form three intramolecular
disulfide bonds in the correctly folded molecules. A fraction of
6xHis-NanoLuc-LIF doesn’t form correct intramolecular
disulfide bonds and thus forms oligomers through intermo-
lecular disulfide crosslinking. Nonreducing SDS-PAGE is suit-
able for analysis of monomeric or oligomeric states of
6xHis-NanoLuc-LIF.

Ca?* is necessary for high activity of enterokinase. Urea can
improve mature LIF solubility and thus prevent its aggregation
after digestion.

Analyze an aliquot of the digestion mixture by nonreducing
SDS-PAGE to determine the digestion efficiency.

Mature LIF carries net positive charges, so it doesn’t bind the
positively charged DEAE resin and thus flows through the col-
umn. The cleaved 6xHis-NanoLuc-tag as well as a small frac-
tion of un-digested 6xHis-NanoLuc-LIF carries net negative
charges and thus binds the positively charged DEAE resin.

The measured specific activity of 6xHis-NanoLuc-LIF is
~1.5x10° counts/fmol when measured on a SpectraMax M5
plate reader using a white opaque 96-well plate. Thus, the
fused LIF has no detrimental effects on the NanoLuc activity.

M1 cells express endogenous heterodimeric LIFR/gpl30
receptor.

Solution cannot flow through the filter membrane without
vacuum or centrifugation.

The actual tracer concentrations in the saturation binding assay
are 640 pM, 320 pM, 160 pM, 80 pM, 40 pM, 20 pM, 10
pM, 5 pM and 0 pM, respectively, due to mixing with 2 vol-
umes of cell suspension and 1 volume of Binding Solution or
Competition Solution.

The filtration approach for receptor-binding assays can also be
applied to adherent cells that need to be detached by EDTA
solution just before binding assays. Trypsin digestion is not
good for binding assays because it maybe digest the cell mem-
brane receptors.

Direct lysis of the cells in the filtration plate is not good because
the filter membrane can absorb NanoLuc protein.

The actual tracer concentration in the competition binding
assay is 40 pM, and the actual competitor concentrations are
10 nM, 1 nM, 100 pM, 10 pM, 1 pM, and 0 pM, respectively,
due to mixing of 2 volumes of cells suspension, 1 volume of
Tracer Solution and 1 volume of Competitor Solution.
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Chapter 7

Bioluminogenic Imaging of Aminopeptidase
N In Vitro and In Vivo

Wenxiao Wu, Laizhong Chen, Jing Li, Lupei Du, and Minyong Li

Abstract

Bioluminescence is a process that converts biochemical energy to visible light. Bioluminescence-based
imaging technology has been widely applicable in the imaging of process envisioned in life sciences. As one
of the most popular bioluminescence system, the firefly luciferin-luciferase system is exceptionally suitable
for deep tissue imaging in living animals owing to its long wavelength emission light. Herein, we report
the experimental detail of bioluminogenic imaging of aminopeptidase N activity both in vitro and in vivo.

Key words Aminopeptidase N, Bioluminescence, Caged luciferin, Living animal imaging

1 Introduction

Aminopeptidase N (APN/CD13) is a peptidase that plays important
roles in both physiological and pathological progresses by hydrolyz-
ing biological active substances and serves as a good target for anti-
cancer drugs [ 1-8]. So far, many fluorogenic and colorimetric probes
have been established for the detection of APN activity [9-11]. For
instance, L-Leu-pNA and L-Leu-AMC are the commercially avail-
able substrates for in vitro APN activity assay [9, 12]. Our group
reported a fluorescent probe, L-Ala-PABA-7HC, that demonstrated
excellent applications in high-throughput screening of APN inhibi-
tors on the basis of its high sensitivity and ratiometric property.
However, none of the reported probes can be used for an in vivo
activity assay since their short wavelength emission lights have poor
tissue penetration capability.

Bioluminescent imaging (BLI) does not need excitation lights
and usually emits long wavelength lights, thus is suitable for deep
tissue imaging [ 13-15]. Herein, we report the detailed protocol of
bioluminogenic imaging of aminopeptidase N activity both in vitro
and in vivo by using several luciferin-based probes. All of these
probes could be well recognized and hydrolyzed by APN [16].

Sung-Bae Kim (ed.), Bioluminescence: Methods and Protocols, Methods in Molecular Biology, vol. 1461,
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More importantly, these probes could be activated by APN to
generate bioluminescence in the presence of firefly luciferase
in vitro and in vivo.

2 Materials

Milli-Q water and analytical grade reagents were used to prepare
all aqueous solutions. The bioluminescence imaging was measured
with an IVIS Kinetic imaging system which is equipped with a
cooled charge coupled device (CCD) camera. The pseudocolored
bioluminescent images (in photons/s/cm?/scr) were superim-
posed over the gray scale photographs of the animals. Circular
region of interests (ROIs) were drawn over the areas and quanti-
fied using Living Image software. The results were reported as
total photon flux within an ROI in photons per sec.

1. Resolving 50 mM Tris—HCI bufter, pH 7.4: Weigh 0.6 g Tris,
1.3 mg ZnCl, and 95.2 mg MgCl, then transfer to the cylin-
der. Add water into the cylinder until the solid was dissolved.
Mix and adjust pH with 0.1 M HCl to 7.4. Dilute to 100 mL
with water. Store at 4 °C.

2. Resolving a 0.01 M phosphate buffer (PBS), pH 7.4: Weigh
7.9 g NaCl, 0.2 g KCl, 0.24 g KH,PO, and 1.8 g K,HPO,
then transfer to the cylinder. Add water to a volume of
800 mL. Mix and adjust pH with 0.1 M HCI. Makeup to 1 L
with water. Store at 4 °C.

3. Stock solution of 2.85 mM APN probe 1: Weigh 1.0 mg probe
1 into 1.5 mL Eppendort tube. Add 1 mL Tris—HCI buffer.
Store at 4 °C.

4. Stock solution of 3.36 mM APN probe 2: Weigh 1.3 mg probe
2 into 1.5 mL Eppendorf tube. Add 1 mL Tris-HCI bufter.
Store at 4 °C.

5. Stock solution of 2.60 mM APN probe 3: Weigh 1.5 mg probe
3 into 1.5 mL Eppendorf tube. Add 1 mL Tris—HCI buffer.
Store at 4 °C.

6. 0.005 IU/mL APN: 0.2 TU APN was dissolved by 390 pL
Tris—HCI buffer.

7. 200 pg/mL luciferase containing 4 mM ATP: Weigh 2.2 mg
adenosine 5'-triphosphate disodium salt (ATP disodium salt)
into 1.5 mL Eppendorf tube. Add 1 mL Tris-HCI bufter.
0.1 mg luciferase was dissolved by 500 pL. of 4 mM ATP in
1.5 mL Eppendorf tube (see Note 1).

8. 1.5 mg/mL Bestatin: Weigh 1.5 mg Bestatin into 1.5 mL
Eppendorf tube, and add 1 mL Tris-HCI buffer.

9. 20 pM APN probe 1: 17.5 pLL of APN probe 1 stock solution
was diluted to 2.5 mL using Tris—HCI bufter.
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20 pM APN probe 2: 16 pL. of APN probe 2 stock solution
was diluted to 2.5 mL using Tris—-HCI bufter.

20 pM APN probe 3: 14.8 pL of APN probe 3 stock solution
was diluted to 2.5 mL using Tris—HCI buffer.

1.0 mg/mL Bestatin: Weigh 2 mg Bestatin into 2 mL
Eppendorf tube. Add 2 mL Tris—HCIl buffer.

12.5-400 pM APN probes 1: 400 pM: 140 pL stock solution
APN probe 1 were diluted to 1 mL using Tris-HCI buffer.
200 pM: 500 pL of 400 pM APN probe 1 were diluted to 1 mL
using Tris—-HCI buffer. 100 pM: 500 pL of 200 pM APN probe
1 were diluted to 1 mL using Tris-HCI buffer. 50 pM: 500 pL
of 100 pM APN probe 1 were diluted to 1 mL using Tris—HCI
buffer. 25 pM: 500 pL of 50 pM APN probe 1 were diluted to
1 mL using Tris-HCI buffer. 12.5 pM: 500 pL of 25 pM APN
probe 1 were diluted to 1 mL using Tris—HCI buffer.

12.5-400 uM APN probes 2: 400 uM: 119 pL stock solution
APN probe 2 was diluted to 1 mL using Tris-HCI butffer.
Others as APN probe 1.

12.5-400 uM APN probes 3: 400 uM: 153 pL stock solution
APN probe 3 was diluted to 1 mL using Tris-HCI buffer.
Others as APN probe 1.

2.5 mg/mL APN probe 1 or 2: Weight 2.5 mg probe 1 or 2
into 1.5 mL Eppendorf tube. Add 1 mL normal saline.

10 mg/mL Bestatin: Weight 5 mg Bestatin into 1.5 mL
Eppendorftube. Add 0.25 mL dimethyl sulfoxide and 0.25 mL
normal saline (se¢ Note 2).

Firefly luciferase (Promega), (see Note 3) store at -80 °C.
ATP (Aladdin), store at -20 °C.
APN (Merck), (see Note 4) store at -80 °C.

ES-2-FLuc cells (the Committee on Type Culture Collection
of Chinese Academy of Sciences) expressing firefly luciferase
(FLuc) (sec Note 5).

Balb/c-nu male mice (Animal Center of China Academy of
Medical Sciences, Beijing, China), 8 weeks of age (see Note6).

3 Methods

3.1 InVitro
Bioluminescence
Measurement

Carry out all procedures at room temperature unless otherwise
specified.

1.

50 pL bestatin (1.5 mg/mL) and 10 pL APN (0.005 IU/mL)
were added into 96-well white-plates, incubated at 37 °C for
15 min; as a blank control, Tris buffer was added instead of
APN solution under the same condition.
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3.2 Ccell
Bioluminescence
Imaging

. 90 pL of APN probes 1-3 (20 pM) was added in the wells,

respectively, incubated at 37 °C for 1 h.

. 50 pL of luciferase (200 pg/mL) containing 4 mM ATDP was

added in the wells equally, then the bioluminescence intensity
was measured for 10 s integration time at 27 °C (see Note 7).

. Relative total photon flux was calculated by dividing the total

photon flux of the experimental condition by the total photon
flux of the blank control (se¢ Fig. 1).

. The ES-2-FLuc cells in logarithmic phase (see Note 8) and cen-

triftugation were diluted into RPMI 1640 supplemented with
10% FBS for a cells-suspension (2x10°/mL) (see Note 9).

. 200 pL cells suspension was added into black clear flat bottom

96-well plates. As a blank control, the RPMI 1640 supple-
mented with 10 % FBS was instead of the cells-suspension. The
cells in the black 96-well plates were cultured at 37 °C in a
humidified atmosphere in a 5% CO, incubator for 24 h (see
Note 10).

. Medium removed, the 96-well plates were washed once by

1xPBS. The cells were incubated with or without 100 pL
bestatin (1.0 mg/mL), incubating for 0.5 h in the incubator.

600 -

500 { [ g 1

4004 | ® 2
E3

300 -

200 -

100 - iil

Relative Luminescence

With bestatin  Without bestatin

Fig. 1 Relative bioluminescence for probes 1-3 with or without bestatin. APN
(0.005 IU/mL, 10 pL) incubated with bestatin (1.5 mg/mL, 50 uL) or without
bestatin for 0.5 h, followed by probes 1-3 (20 uM, 90 pL) addition, then lucifer-
ase (100 pg/mL, 50 plL) in 50 mM Tris buffer with 10 mM MgCl,, 0.1 mM ZnCl,,
and 2 mM ATP (pH 7.4) was added. The bioluminescent signal was measured
immediately. Error bars are SD for three measurements. (Reproduced in part
from Li et al. with permission from Anal. Chem. (ACS) [16])
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Bioluminescent
Imaging

Bioluminogenic Imaging of Aminopeptidase N Activity 95

Without bestatin

With bestatin

Without bestatin

With bestatin

Without bestatin

With bestatin
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X107 Radiance(p/sec/cm?/sr)

Fig. 2 ES-2-FLuc cells bioluminescent imaging incubated with various concentrations
probes 1-3 (12.5-400 pM, 100 pL) without or with bestatin (1.0 mg/mL, 100 pL).
(Reproduced in part from Li et al. with permission from Anal. Chem. (ACS) [16])

. 100 pL different concentration of APN probes 1, 2, and 3

(12.5-400 pM) were added to each well and the luciferase
activity was measured 20 min later using a Xenogen IVIS
Spectrum imaging system (se¢ Fig. 2).

. Luminescent signal (photons/s) for each well was measured

and plotted as average values (experiments conducted in tripli-
cate) (see Fig. 3).

. ES-2-FLuc cells (1x107) dissolved in normal saline (0.1 mL)

were implanted subcutaneously into the right armpit region of
each 6-weeks-old female nude mouse (see Note 11). The tumor
was harvested if its size is 1 cm?®, and then was cut into pieces
(see Note 12). The mice were disinfected locally before the
puncture needle implants 10 mg tumor pieces subcutaneously
into the right armpit region (see Note 13). Two weeks later, the
tumor xenograft mice models were formed (see Note 14).

. Mice bearing ES-2-FLuc subcutaneous tumors were anesthe-

tized with isoflurane and 25 pL probe 1 or 2 (2.5 mg/mL in
NS) was injected into the tumor, which was named intratumor
injection (se¢e Note 15), followed by bioluminescent imaging
every 5 min for 30 min. The bioluminescent signal changed
with the time (see Fig. 4).

. The mice were intratumorally injected with 0.1 mL bestatin

(10 mg/mL) followed 3 h later by an intratumorally injection of
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Fig. 3 (a) Quantification of bioluminescent signal from various concentrations probe 1 (12.5-400 uM, 100 pL)
added to ES-2-FLuc cells without or with bestatin (1.0 mg/mL, 100 uL). (b) Quantification of bioluminescent
signal from various concentrations probe 2 (12.5-400 uM, 100 pL) added to ES-2-FLuc cells without or with
bestatin (1.0 mg/mL, 100 pL). (¢) Quantification of bioluminescent signal from various concentrations probes
3(12.5-400 uM, 100 pL) added to ES-2-FLuc cells without or with bestatin (1.0 mg/mL, 100 pL). (Reproduced
in part from Li et al. with permission from Anal. Chem. (ACS) [16])
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Fig. 4 Total photon output from a nude mouse implanted with ES-2-FLuc xenografts after intraperitoneal injec-

tion of probe 1 and 2 (2.5 mg/mL, 25 pL). (Reproduced in part from Li et al. with permission from Anal. Chem.
(ACS) [16])
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25 pL probe 1 or 2 (2.5 mg/mL). Controls for the bestatin
experiment were completed by intratumorally injecting vehicle
(0.1 mL) followed by the probe 1 or 2 3 h later. Light production
was measured 25 min after the injection of probes (see Fig. 5).

4. The relative total photon flux for each condition was calculated
by dividing the total photon flux after the injection of bestatin
or vehicle by the total photon flux before the injection of
bestatin or vehicle (see Fig. 6).

X108

Radiance
(p/seclcm?/sr)

Vehicle Beslalin

Vehicle Bestatin (p/seclem?/sr)

Fig. 5 (a) Representative bioluminescent imaging of APN activity in ES-2-FLuc tumor xenograft for probe 1
(2.5 mg/mL, 25 pL) without or with bestatin (10 mg/mL, 0.1 mL). (b) Representative bioluminescent imaging
of APN activity in ES-2-FLuc tumor xenograft for probe 2 (2.5 mg/mL, 25 ulL) without or with bestatin (10 mg/
mL, 0.1 mL). (Reproduced in part from Li et al. with permission from Anal. Chem. (ACS) [16])
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Fig. 6 Relative bioluminescence emission for mice injected with probe 1 (2.5 mg/mL, 25 pl) and 2 (2.5 mg/mL,
25 pl) without or with bestatin (10 mg/mL, 0.1 mL) (n=2). (Reproduced in part from Li et al. with permission from
Anal. Chem. (ACS) [16])
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4 Notes

10.

11.

12.

13.

14.
15.

. The luciferase is melt in 4 °C for keeping the activity.

. Dimethyl sulfoxide is regarded as a co-solvent. If the probe is

water soluble, the co-solvent can be not used.

. In order to avoiding multigelation, 5 mg luciferase was sub-

packaged into 5 ml Eppendorf tube, 60 pg/tube.

. In order to avoiding multigelation, 10 TU APN was dissolved

into 500 pL Tris-HCI, pH 7.4, then the solution was subpack-
aged into 1.5 mL Eppendorf tube, 10 pL/tube (0.2 1U).

. The ES-2-FLuc cells were cultured in RPMI 1640 supple-

mented with 10% fetal bovine serum (FBS) at 37 °C in a
humidified atmosphere in a 5% CO, incubator.

. Mice were group-housed on a 12:12 light—dark cycle at 22 °C

with free access to food and water (sterilized distilled water).

. The temperature during measuring measurement need be kept

in 27 °C.

. The cells need to be used after 3-generation subculture.

. The attachment ability of ES-2-FLuc cells is very weak, thus

25 c¢cm? cell culture dish that be filled with cells only needs
0.7 mL 0.25% trypsin for 30 s.

After incubating for 24 h in the incubator, every plate was car-
peted with cells.

The weight of the mouse is about 19 £ 1 g. Before injection,
the cells suspension must be diluted by normal saline; the
injection site and tumor site are within a short distance
about 1 cm; injection finished, the needle needs to be pulled
out slightly.

The mucous membranes covering the tumor must be removed,
and the necrosis in the tumor must be removed. The pieces are
too small to measure the size.

The injection site and tumor site are within a short distance of
about 1 cm.

The ideal diameter of the tumors is about 0.6 cm.

The syringe needle must be enough slender, which is mini-
mally invasive to the tumor. When the needle tip reached the
center of the tumor, the solution was injected into the tumor
slowly, and then the needle was pulled out slowly. In order to
avoiding the solution spilling from the tumor, the injection
needs to be done carefully.
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Chapter 8

Firefly Luciferase-Based Sequential Bioluminescence
Resonance Energy Transfer (BRET)-Fluorescence
Resonance Energy Transfer (FRET) Protease Assays

Bruce Branchini

Abstract

We describe here the preparation of ratiometric luminescent probes that contain two well-separated emission
peaks produced by a sequential bioluminescence resonance energy transfer (BRET)-fluorescence resonance
energy transfer (FRET) process. The probes are single soluble fusion proteins consisting of a thermostable
firefly luciferase variant that catalyzes yellow-green (560 nm maximum) bioluminescence and a red fluores-
cent protein covalently labeled with a near-Infrared fluorescent dye. The two proteins are connected by a
decapeptide containing a protease recognition site specific for factor Xa, thrombin, or caspase 3. The rates of
protease cleavage of the fusion protein substrates were monitored by recording emission spectra and plotting
the change in peak ratios over time. Detection limits of 0.41 nM for caspase 3, 1.0 nM for thrombin, and
58 nM for factor Xa were realized with a scanning fluorometer. This method successfully employs an efficient
sequential BRET-FRET energy transfer process based on firefly luciferase bioluminescence to assay physio-
logically important protease activities and should be generally applicable to the measurement of any endopro-
tease lacking accessible cysteine residues.

Key words Bioluminescence, BRET, Caspase, Factor Xa, Firefly, FRET, Luciferase, Protease, mKate,
Thrombin

Abbreviations
AF680 Alexa Fluor 680 C2-maleimide
BFFDP- BRET-FRET fusion protein, a fusion protein consisting of an N-terminus

hexa-His tagged mKate S158A variant joined to PpyWT-TS through the
decapeptide linker GSAP4P3P2P1GSG where P4P3P2P1 is DEVD (C3),
LVPR (Th), IEGR (Xa), or GSGS (GS)

BES- The BRET-FRET substrates corresponding to the BFFP-proteins labeled
with AF680

BRET Bioluminescence resonance energy transfer

FRET Fluorescence resonance energy transfer

CCD Charge-coupled device

LC/ESMS  Tandem HPLC-electrospray ionization mass spectrometry

Sung-Bae Kim (ed.), Bioluminescence: Methods and Protocols, Methods in Molecular Biology, vol. 1461,
DOI 10.1007/978-1-4939-3813-1_8, © Springer Science+Business Media New York 2016
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LH,

Luc
nlR
PBS

PpyWT

Bruce Branchini

D-firefly luciferin

Photinus pyralis luciferase (E. C. 1.13.12.7)
Near-infrared

A buffer

20 mM sodium phosphate buffer (pH 7.2) containing 150 mM NaCl,

5 mM EDTA and 0.8 M ammonium sulfate

Recombinant Photinus pyralisluciferase containing the additional N-terminal

peptide GPLGS
PpyWT-TS  PpyWT

containing the mutations T214A, A215L, 1232A, F295L, and

E354K
RFP Red fluorescent protein (mKate S158A variant)
SRET Sequential BRET-FRET.
1 Introduction

A varied group of biological organisms emit light (bioluminescence)
that spans the visible spectrum [1, 2]. We describe here a method
based on the development of new biomaterials based on the firefly
luciferase system from Photinus pyralis (Luc), which produces yellow-
green light with 4,,,,=560 nm from firefly luciferin (LH,), Mg-ATP,
and oxygen [3]. Our method employs a thermostable Luc variant
and is a rare example [4-6] of a sequential bioluminescence reso-
nance energy transfer (BRET )—fluorescence resonance energy trans-
fer (FRET) process that does not require nanomaterials. BRET and
FRET involve nonradiative energy transfer from a bioluminescent or
fluorescent donor to an acceptor. The efficiency of these processes
depends on the spectral overlap, relative orientation, and inverse
sixth-power of the distance between the donor and acceptor [7]. For
BRET, efficiency can be expressed as the ratio of fluorescence accep-
tor emission to bioluminescence emission [8]. We have developed
luminescent reagents for enzyme assays that can be used in a

Protease
cleavage site
residue 252
1 13 245 il 256 805
N—His-tagF—GSAP4P3P2P]GSG— Ppy WP=TS4—C
—
Cl126 C234
I [
AF680 AF680

Fig. 1 Schematic representation of the fusion protein substrates. The P4P3P2P1
peptide sequences correspond to: BFS-Xa, I[EGR; BFS-C3, DEVD; BFS-Th, LVPR,
and BFS-GS, GSGS. The arrow indicates the cleavage site for the three proteases.
BFS-GS, which does not contain a specific protease site, served as a control for
substrate specificity and stability. The numbers above the schematic diagram
indicate the amino acid sequences of the fusion proteins. Reproduced in part
from Branchini et al. with permission from Anal. Biochem. (Elsevier) [5]
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Fig. 2 Normalized absorption, emission, and fluorescence spectra. The following
spectra were obtained as described in Methods and demonstrate: (a) the biolumines-
cence of PpyWT-TS following addition of LH, and Mg-ATP; (b) RFP absorbance and
fluorescence (excitation 585 nm); (c) BRET produced by unlabeled fusion protein
substrate following addition of LH, and Mg-ATP; (d) AF680 absorbance and fluores-
cence (excitation 680 nm); (e) FRET produced by 585 nm excitation of fusion protein
substrate; (f) SRET of BFS-Th following addition of LH, and Mg-ATP. Reproduced in
part from Branchini et al. with permission from Anal. Biochem. (Elsevier) [5]
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ratiometric format taking advantage of the high sensitivity and low
background of bioluminescence, while avoiding difficulties with the
standardization of intensity units. Ratiometric probes require two
distinct signals and are self-referencing because the ratio of the two
signals is independent of the probe concentration [9, 10]. Our
method uses ratiometric luminescent probes for monitoring proteo-
lytic activity that contain two well-separated emission peaks produced
by a sequential BRET-FRET process (SRET). The probes are single
soluble fusion proteins consisting of a red fluorescent protein (RFP)
labeled with the Alexa Fluor dye AF680 and PpyWT-TS [11], a ther-
mostable Luc variant. The two proteins are connected by a decapep-
tide containing a protease recognition site (see Fig. 1). We explored
the potential utility of the assay concept with representative serine
proteases factor Xa and thrombin involved in blood coagulation and
the cysteine protease caspase 3, which plays a key role in apoptosis
[12]. We describe a SRET method (see Fig. 2) that offers excellent
sensitivity and selectivity that is achieved in a ratiometric format.

2 Materials

The following materials used in the method include:

1. Chemicals/buffers—Mg-ATP  (bacterial source, Sigma-
Aldrich, St. Louis, MO); Alexa Fluor® 680 C2-maleimide
(AF680) dye, Invitrogen, Carlsbad, CA; firefly luciferin (LH,)
was a generous gift from Promega, Inc., Madison, WI; PBSA
buffer, 20 mM sodium phosphate buffer (pH 7.2) containing
150 mM NaCl; 5 mM EDTA and 0.8 M ammonium sulfate;
and assay buffer, 0.50 mL of a 25 mM glycylglycine buffered
(pH 7.8) solution of LH, (150 pM) and Mg-ATP (2 mM).

2. Molecular biology reagents—pQE-30 expression vector, Qiagen,
Valencia, CA; mutagenic oligonucleotides, Integrated DNA tech-
nologies, Coralville, IA; pGEX-6P-2 expression vector, GE
Healthcare, Piscataway, NJ; QuikChange® Lightning Site-Directed
Mutagenesis kit, Stratagene, La Jolla, CA; and the mKate S158A
variant gene (GenBank Accession # EU383029) flanked by
BamHI and Xhol restriction endonuclease sites in the pUC57 vec-
tor was synthesized by GenScript USA, Inc, Piscataway, NJ.

3. Proteins—human thrombin and human caspase 3, Sigma-
Aldrich, St. Louis, MO; and restriction endonucleases, TPCK-
treated trypsin, and factor Xa protease, New England Biolabs,
Beverly, MA.

4. Protein purification—the recombinant GST-fusion proteins P,
pyralis luciferase (PpyWT) and the thermostable variant
PpyWT-TS were expressed and purified as previously reported
[11] (see Notes 1 and 2); the mKate S158A variant (RFP) was
similarly expressed and purified in yields of 4-5 mg/0.25 L
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culture. The fusion proteins BFFP-Xa, BFFP-C3, BFFP-Th,
and BFFP-GS were expressed from the plasmids described
below and were purified in yields of 3.5—4.5 mg/0.25 L cul-
ture as described [13] previously except that biotin was not
added to the growth media (see Notes 3 and 4).

3 Methods

3.1 Cloning 1. The vector containing the gene encoding the fusion protein

of the Fusion Proteins BFFP-Xa, consisting of an N-terminus hex-His tagged mKate

BFFP-Xa, BFFP-C3, S158A variant joined to PpyWT-TS through the decapeptide

BFFP-Th, and BFFP-GS linker GSAIEGRGSG, was constructed as follows. The synthe-
sized mKate S158A variant gene in the pUCS57 vector was
digested with BamHI and Xhol and ligated into the corre-
sponding cloning sites in a modified version [13] of the pQE-
30 plasmid.

2. A Gly codon and Afel site were then inserted prior to the stop
codon of the mKate gene using primer #1 (see Table 1) and its
respective reverse complement.

3. The PpyWT-TS gene in the pGEX-6P-2 expression vector
[11] was modified by inserting an Afel restriction site followed
by the codons for linker residues IEGRGSG upstream of the
start codon using primer #2 (see Table 1) and its respective
reverse complement.

Table 1

DNA primer sequences
Primer
# Primer sequence

1° 5’-A CTG GGC CAT AAA CTG AAC GGA AGC GCT TAA CTC GAG ACC CCG GGT
CG-3’

22 5’-G CCC CTG GGA TCC AGC GCT ATC GAA GGT CGT GGA TCC GGA ATG
GAA GAC GCC AAA AAC-3’

3P 5'-CTG AAC GGA AGC GCA GAC GAA GTT GAT GGA TCC GGA ATG GAA GAC
GCC-3’

4b 5'-CTG AAC GGA AGC GCA CTC GTA CCT CGT GGA TCC GGA ATG GAA GAC
GCC-3’

58 5'-CTG AAC GGA AGC GCA GGC TCA GGT AGT GGA TCC GGA ATG GAA GAC
GCC AAA AAC-3’

“Bold text represents the inserted codons and underline represents the Afel site

"Bold text represents the mutated bases and underline represents the removal of the Afel site
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3.2 CGovalent
Labeling with AF680
to Produce BFS Fusion
Protein Substrates

3.3 Ratiometric
Assays of Caspase 3,
Factor Xa,

and Thrombin Activity

. The plasmids containing the altered mKate and PpyWT-TS

genes were digested with Afel and Xhol and, after purification
with a Qiagen QIAquick kit, the modified PpyWT-TS gene
fragment was ligated into the pQE-30 plasmid producing the
expression vector for BFFP-Xa (see Note 5).

. The vectors containing the genes encoding the fusion proteins

BFFP-C3, BEFP-Th, and BFFP-GS were prepared from the
corresponding BFFP-Xa expression vector by mutating the
codons for the tetrapeptide protease recognition site within
the decapeptide linker. The primers (see Table 1) and their
respective reverse compliments that were used to make the
fusion proteins are: BFFP-C3 by introducing the DEVD pep-
tide codons with primer #3; BFFP-Th by introducing the
LVPR peptide codons with primer #4; and BFFP-GS by intro-
ducing the GSGS peptide codons with primer #5 (se¢ Note 6).

. Stock solutions of AF680 (10 mM, determined by UV using

€sganm=175,000 M~ cm™! [14]) were prepared in sterile deion-
ized water, divided into 30 pL aliquots, lyophilized and stored
at =20 °C.

. The labeling reactions to produce BES-C3, BES-Th, BFS-Xa,

and BFS-GS were performed at 10 °C in PBSA buffer (see
Note 7). Labeling reactions were initiated by addition of 1 mL
of 30 pM fusion protein in PBSA buffer to a lyophilized ali-
quot of AF680 (0.3 mM final concentration), gently mixed,
and incubated for 30 min.

. Reactions were quenched by addition of 20 pL of glutathione

solution (2 mM final concentration), and after 15 min were
exhaustively dialyzed against PBSA buffer (8 changes, 1 L
each) (see Notes 8-11).

. The rates of protease cleavage of fusion protein substrates (see

Notes 12 and 13) were monitored by changes in luminescence
intensity ratios. Mixtures (0.05 mL) of 2.0 uM fusion protein
substrates and proteases (BFS-C3 with 0.408-8.17 nM caspase
3; BFS-Xa with 58.0-465.0 nM factor Xa; and BFS-Th with
1.0-20.0 nM thrombin) were incubated in PBSA at 20 °C and
5 pL aliquots were withdrawn at the times indicated in Fig. 5
and added to cuvettes containing assay buffer (sec Note 14).

. Samples were briefly mixed and placed in the sample compart-

ment of a Horiba Jobin-Yvon /HR imaging spectrometer and
emission spectra were recorded. Peak ratios were determined
from the intensities of the 560 nm (bioluminescence) and
706 nm (SRET) peaks.

. The relationships between protease concentration and change

in luminescence intensity ratio were determined using both the
imaging spectrometer and a PerkinElmer LS55 luminescence
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spectrometer in endpoint analysis assay format. Mixtures
(0.05 mL) of fusion protein substrates and varying
concentrations (see Fig. 6) of target proteases were incubated
in PBSA at 20 °C for 15 min and 5 or 10 pL aliquots were
withdrawn and added to cuvettes containing 0.50 mL of assay
bufter (see Note 15).

. Samples were briefly mixed and placed in the sample compart-

ment of a Horiba Jobin-Yvon {HR imaging or into a scanning
fluorometer and emission spectra were recorded as detailed
above (see Notes 16 and 17).

4 Notes

. During the affinity chromatography process to ensure good

protein yields with high specific activity, it is important to keep
the centrifuge tube containing the resuspended cells in a beaker
of ice while performing the sonication step in order to mini-
mize localized heating. Also, while washing the resin-bound
protein, it is important to leave ~5 mL of PBS wash solution
above the pelleted resin to avoid inadvertently removing resin.

. Concentrations of PpyWT and PpyWT-TS were determined

with the Bio-Rad Protein Assay system using BSA as the stan-
dard. Specific activity measurements were determined as previ-
ously reported [15, 16] except that the integration time was
15 min and the final LH, concentration was 0.5 mM.

. Fusion protein substrate concentrations were determined by

UV using the RFP chromophore (€585 ,m=51,000 M~ em™ for
the mKate SI158A wvariant [17]). The absorbance value at
585 nm must be reduced by 19% of the maximum value of
AF680 in order to correct for spectral overlap.

. Mass spectral analyses were performed by tandem HPLC-

electrospray ionization mass spectrometry (LC/ESMS) using
a  ThermoFinnigan Surveyor HPLC system and a
ThermoFinnigan LCQ Advantage mass spectrometer. Post
run data analysis was performed using ThermoFinnigan
BioWorks Browser 3.0 deconvolution software. The found
molecular masses (Da) of the following proteins were within
the allowable experimental error (0.01 %) of the calculated val-
ues (in parenthesis): BFFP-Xa, 89,131 (89,138); BFFP-C3,
89,138 (89,141); BFFP-Th, 89,142 (89,148); BFEDP-GS,
88,962 (88,971); and RFP, 26,596 (26,599).

. Please contact the author about obtaining the expression vec-

tor containing BFFP-Xa.

. With the likely limitation that Cys residues cannot be included

in the linker region, it should be possible to design primers for
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the BFFP-Xa template to introduce peptide codons to construct
specific substrates for the measurement of other endoproteases
of interest.

. Ammonium sulfate was included because it substantially

reduced noncovalent incorporation of nIR dye.

. The dye-labeled fusion proteins could be stored in PBSA buf-

fer at 5 °C for at least 2 months maintaining at least 90 % of the
original activity.

. The dye /protein ratios of the fusion protein substrates were esti-

mated from the pmol of AF680 determined by UV using
€ssanm=175,000 M~ cm™ [14] and the pmol of protein deter-
mined by UV using €585 yn=51,000 M! cm™ for the mKate
S158A variant [17] (see Note 2). The substrate nIR dye/protein
ratios were 1.8+0.3 and the labeling sites of the fusion protein
substrates with AF680 were identified as Cys126 and Cys234.
These residues correspond to positions 114 and 222 of RFP.

Each fusion protein substrate was also analyzed by LC/ESMS
using a BioBasic-C4 (100x 1 mm) column eluted at a flow rate
of 50 pL/min with an acetonitrile gradient of 10%/min.
Absorbance was monitored at 280 and 680 nm and the long
wavelength signal was only observed co-eluting with protein
indicating the absence of any noncovalently incorporated
AF680. The MS analysis of each substrate produced two signals
in~2:1 ratio corresponding to mass increases of 1958 Da and
979 Da, respectively. Based on the mass of AF680 (979 Da),
the mass increases of 1958 Da and 979 Da corresponded to 2:1
and 1:1 dye/protein incorporation ratios, respectively.

Emission spectra produced by bioluminescence, BRET, and
SRET were obtained using a Horiba Jobin-Yvon zHR imaging
spectrometer equipped with a liquid N, cooled CCD detector
and the excitation source turned off. Data were collected at
25 °Cin a 0.8 mL quartz cuvette over the wavelength range
400-935 nm with the emission slit width set to 25 nm.
Fluorescence emission spectra were measured with the excita-
tion source set to 585 nm and the excitation and emission slits
set to 1 nm. BRET ratios of the fusion proteins prior to label-
ing with AF680 were estimated by dividing the BRET peak
intensity at 610 nm by the residual bioluminescence peak
intensity at 565 nm. FRET efficiencies were determined by
comparing fluorescence spectra of 1.0 pM solutions of fusion
proteins prior to labeling with AF680 with the corresponding
fusion protein substrate (labeled with AF680). The FRET effi-
ciencies of the fluorescence at 625 nm from RFP in the unla-
beled fusion proteins (Fp) and in the corresponding substrates
(Fp.a) were calculated according to the equation E=1-F,
4/ Fp [7]. SRET ratios for the fusion proteins were calculated
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from emission spectra by dividing the intensity of the residual
bioluminescence peak at 560 nm by the intensity of the SRET
emission peak at 705 nm.

The activities of the substrates can be tested prior to conduct-
ing assays on unknown samples by incubating them with com-
mercially available enzymes. The time course of cleavage of
BFS-Xa (2.0 pM) by factor Xa (0.2 pM) at 20 °C in 0.05 mL
PBSA can be monitored by withdrawing 5 pL aliquots of incu-
bation mixtures and adding them to 0.50 mL of assay bufter.
After mixing for 10 s, emission spectra are recorded and repre-
sentative results are shown in Fig. 3. BES-C3 and BES-Th can
be similarly evaluated and the details and typical results are
shown in Fig. 4. The spectral properties and specific activities
obtained with the substrates are summarized in Table 2.

The relative rates of cleavage of the fusion protein substrates
(substrate specificity) were determined by incubating each one
(2.0 pM) at 20 °C with 2.0 pM protease (caspase 3, thrombin,
and factor Xa) in PBSA buffer. Aliquots (5 pL) were withdrawn
at various intervals over 30 min and added to cuvettes contain-
ing 0.50 mL of assay buffer. Samples were briefly mixed and
placed in the sample compartment of a Horiba Jobin-Yvon
‘HR imaging spectrometer and emission spectra were recorded.
The changes in 560 nm/760 nm peak ratios per min were
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Fig. 3 Time course of cleavage of BFS-Xa by factor Xa. BFS-Xa (2.0 uM) and fac-
tor Xa (0.2 pM) were incubated at 20 °C in 0.05 mL PBSA. At the times (min)
indicated in the figure, emission spectra were initiated by adding 5 pL aliquots of
reaction mixtures to assay buffer. The inset shows the emission spectrum
obtained from a 5 pL aliquot of the cleavage reaction mixture after 24 h of incu-
bation at 20 °C. Reproduced in part from Branchini et al. with permission from
Anal. Biochem. (Elsevier) [5]
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Fig. 4 Time courses of cleavage of BFS-C3 and BFS-Th by caspase 3 and throm-
bin. BFS-C3 (2.0 mM) and caspase 3 (0.2 mM) (upper diagram) and BFS-Th
(2.0 mM) and thrombin (0.2 mM) (lower diagram) were incubated at 20 °C in
0.05 mL PBSA. Over 15 min at the times indicated in the figure, 5 mL aliquots
were withdrawn and emission spectra were measured in assay buffer. The insets
show the emission spectra obtained from 5 mL aliquots of each the cleavage
reaction mixture after 24 h of incubation at 20 °C. Reproduced in part from
Branchini et al. with permission from Anal. Biochem. (Elsevier) [5]

determined and are expressed as % of the rate obtained with
BES-C3 and caspase 3 (0.58/min), defined as 100%. The
results are summarized in Table 3.

14. Linear responses were obtained over 15 min (se¢ Fig. 5) and for
at least 1 h for 58—465 nM factor Xa with BES-Xa, 0.41-8.2 nM
caspase 3 with BES-C3 and 1.0-20 nM thrombin with BES-Th.
The SRET substrates could be used to monitor protease activity
in a convenient endpoint format (se¢ Fig. 6).

15. Similar endpoint analysis results were obtained (see Fig. 6) using
a scanning fluorometer even though the initial luminescence
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Fig. 5 Rates of protease cleavage of fusion protein substrates monitored by
changes in luminescence intensity ratios. Mixtures (0.05 mL) of fusion protein
substrates (2.0 pM) and proteases were incubated in PBSA at 20 °C. Aliquots
(5 pL) were withdrawn and added to solutions containing LH, and Mg-ATP to
generate the emission spectra used to calculate 560 nm/706 nm peak ratios.
Top, BFS-Xa incubated with factor Xa (filled square, none; open circle, 58.0 nM;
filled triangle, 116.0 nM; open triangle, 233.0 nM; filled circle, 349.0 nM; and
open square, 465.0 nM); Middle, BFS-C3 incubated with caspase 3 (filled square,
none; open circle, 0.408 nM; filled triangle, 0.817 nM; open triangle, 2.04 nM;
filled circle, 4.08 nM; and open square, 8.17 nM); and Bottom, BFS-Th incubated
with thrombin (filled square, none; open circle, 1.0 nM; filled triangle, 2.5 nM;
open triangle, 5.0 nM; filled circle, 10.0 nM; and open square, 20.0 nM).
Reproduced in part from Branchini et al. with permission from Anal. Biochem.
(Elsevier) [5]
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Fig. 6 Relationship between protease concentration and change in luminescence
intensity ratio. Mixtures (0.05 mL) of fusion protein substrates and varying con-
centrations of proteases (BFS-Xa with factor Xa, BFS-C3 with caspase 3 and
BFS-Th with thrombin) were incubated in PBSA at 20 °C for 15 min and 5 pL
(filled circle) or 10 pL (open circle) aliquots were withdrawn and added to
cuvettes containing 0.50 mL of assay buffer and Mg-ATP (2 mM). Samples were
briefly mixed and placed in the sample compartment of; (filled circle) a Horiba
Jobin-Yvon HR imaging spectrometer or (open circle) after 1 min into a
PerkinElmer LS55 luminescence spectrometer and emission spectra were
recorded as described in Methods. Reproduced in part from Branchini et al. with
permission from Anal. Biochem. (Elsevier) [5]
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Table 2
Spectral properties and specific activities obtained with fusion protein substrates

Relative integrated Emission

specific activity? maxima® Peak ratio BRET FRET
Protein (15 min) (nm=1) (560 nm/706 nm) ratio® efficiency”
PpyWT 100 560 —~ — —
PpyWT-TS 102 560 — — —
BES-Xa 103 562,707 0.70 0.85 0.83
BES-Th 97 562, 705 0.88 0.82 0.82
BES-C3 93 562, 705 0.73 0.82 0.86
BES-GS 95 560, 706 0.78 0.84 0.83

*Specific activity values were expressed relative to PpyWT defined as 100

°For the fusion protein substrates, the second value is the SRET maximum

‘Measurements were made as described in Methods. BRET ratios can be used to approximate the efficiency of energy
transfer

9The range of FRET efficiency values is 0-1.0

Table 3
Relative protease activities toward fusion protein substrates

Relative activity®® (%)

Substrate Factor Xa Caspase 3 Thrombin
BFS-Xa 11.8 nd 0.02
BES-C3 nd 100 nd
BES-Th nd nd 86.7
BES-GS nd nd nd

*Proteases (2 pM) and substrates (2 pM) were incubated at 20 °C and rates of change of peak ratios were calculated as
described in Methods

"Values were calculated from the change in peak ratio/min and are expressed as % of the rate obtained with caspase 3
and BFS-C3 (0.58 /min), defined as 100 %. If the measured rate was not greater than 1.5 times the background rate of
1.0x107°/min (no protease added), the result was reported as nd, none detected

560 nm:705 nm peak ratios were higher because of the lower
sensitivity of the PMT detector to the long wavelength peak.
While detection limits of 0.41 nM for caspase 3, 1.0 nM for
thrombin, and 58 nM for factor Xa were obtained with a scan-
ning fluorometer, five- to tenfold lower protease concentrations
were detected with an imaging spectrometer equipped with a
cooled CCD detector. Moreover, the endpoint assays were per-
formed with short incubation times (15 min), in small volumes
(50 pL) using only 2 pM substrate.
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Ifa recording spectrofluorimeter is used, it is best to wait 1 min
(to ensure slow decay kinetics) before acquiring spectra. Very
good results were obtained with a Perkin Elmer LS50 spec-
trometer operated in the “bioluminescence” mode as previously
described [ 18] using a wavelength range of 500-750 nm and a
scan speed of 250 nm/min. The excitation source was turned
off and the emission slit was set to 10 nm.

The assays described here could also be conveniently per-
formed on a simple luminometer equipped with two narrow
bandpass filters and a red-sensitive PMT. It also may be possi-
ble to monitor protease activity in biological fluids by measur-
ing the disappearance of the SRET peak because of the expected
transmission advantage of the nIR signal.
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Chapter 9

Monitoring Intracellular pH Change with a Genetically
Encoded and Ratiometric Luminescence Sensor in Yeast
and Mammalian Cells

Yunfei Zhang, J. Brian Robertson, Qiguang Xie,
and Carl Hirschie Johnson

Abstract

“pHIlash” is a novel bioluminescence-based pH sensor for measuring intracellular pH, which is developed
based on Bioluminescence Resonance Energy Transfer (BRET). pHlash is a fusion protein between a
mutant of Renzlia luciferase (RLuc) and a Venus fluorophore. The spectral emission of purified pHlash
protein exhibits pH dependence in vitro. When expressed in either yeast or mammalian cells, pHlash reports
basal pH and cytosolic acidification. In this chapter, we describe an in vitro characterization of pHlash, and
also in vivo assays including in yeast cells and in Hela cells using pHlash as a cytoplasmic pH indicator.

Key words pH, BRET, Luminescence, Resonance transfer, Ratiometric

1 Introduction

Intracellular pH (pH;) is a very important modulator for cells to
maintain proper function. Most proteins, especially enzymes, are
affected by even subtle pH changes. To maintain stable intracellu-
lar pH values, all cells have mechanisms to pump protons in or out
across cellular membranes. Moreover, the distribution of protons is
not uniform within a cell and depends on the nature of subcellular
compartments [1]. Current methods for measuring intracellular
pH include: (I) a classical microelectrode technique that relies on
a specific apparatus that is not present in most labs; (II) fluorescent
dyes, such as BCECF (2'7'-bis-2-carboxyethyl-5- (and -6)-car-
boxyfluorescein) and SNARF (seminaphthorhodafluor) [2], which
are popular because of their convenience and accessibility for many
labs; (IIT) genetically encodable fluorescent pH-sensitive GFPs
(e.g., “pHluorin” or “Pt-GFP”) [3-5], which overcome some of
the limitations of fluorescent dyes (such as being able to measure
the pH within subcellular compartments).

Sung-Bae Kim (ed.), Bioluminescence: Methods and Protocols, Methods in Molecular Biology, vol. 1461,
DOI 10.1007/978-1-4939-3813-1_9, © Springer Science+Business Media New York 2016
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We are developing luminescence-based pH probes. Since
luciferases are enzymes, many luciferases show the significant pH
dependency of activity that is common to most enzymes. Some lucif-
erases like firefly luciferase show both changes in activity and shifts in
spectra with pH change [6], while other luciferases show activity
changes but have little spectral shift, e.g. RLuc [7], Gaussia luciferase
(GLuc) [8], PpyRES [9] and NanoLuc [10]. The activity of most of
these luciferases peaks near neutral pH (e.g., pH 7.0-7.5).

By fusing a bright mutant of Renila luciferase (“RLuc8”) [11]
via an Ala-Glu-Leu linker to the circularly permuted Venus fluoro-
phore (“cpVenus”) [12], we developed a fusion protein, called
“pHlash,” that shows a dramatic pH-dependent change in vitro in its
spectrum of emission—as the pH increases, the spectral ratio shifts
increasingly to the yellow (see Fig. 1). pHlash utilizes Bioluminescence
Resonance Energy Transfer (BRET) [13], which makes its response
ratiometric like that of pHluorins [ 3-5]; however, pHlash avoids fluo-
rescence excitation since it is luminescent and BRET-based. In the
absence of fluorescence excitation, problems associated with this irra-
diation are avoided, such as autofluorescence, photobleaching, and
photo-response /toxicity. The spectral response of pHlash is specific
tor pH-neither CaCl,, MgCl,, NaCl, nor KCl had a significant effect
on the spectra or pH dependency of pHlash [14]. In this chapter, we
describe the in vitro pH calibration assay of purified pHlash protein;
as well as in vivo assays to monitor the intracellular pH changes in
yeast cells and Hela cells using pHlash as the pH indicator.

2 Material

2.1 Constructs
Information

2.2 Protein
Expression
and Purification

1. The pHlash construct encodes a fusion protein of RLuc8 [11]
and cpVenus (cpl73Venus) [12] linked by the sequence
GCCGAGCTC encoding the amino acids Ala-Glu-Leu.

2. Plasmid used for protein expression in E. coli: pRSETb-pHlash
(Addgene, Plasmid #61550), built from pRSETb (Invitrogen).

3. Plasmid used for expression in yeast cells (Saccharomyces cerevi-
sine strain CEN.PK113-7D): pRS305-hph-PACTIpHlash
(see Note 1).

4. Plasmid used for expression in Hela cells: pcDNA3.1+-pHlash
(Addgene, Plasmid #61552), built from pcDNA3.1+ (Invitrogen).

1. To express His-tagged fusion proteins (N-terminal fusions of
His6) of pHlash, E. coli strain BL21 (DE3) cells were used to
transform those constructs.

2. 50-mL flask and 2-L flask.
3. LB medium with ampicillin (60 pg/mL).
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Fig. 1 pH response of purified pHlash protein in vitro. (a) SDS-PAGE gel of purified His-tagged pHlash protein
stained with Coomassie Blue dye. Leftmost lane is molecular weight standards with kDa indicated, while the
other lanes are the purified pHlash protein loaded at 0.2, 1, and 2 pg per lane. (b) Construct of the pHlash
fusion protein. RLuc8 was linked to cpVenus by the sequence Ala-Glu-Leu. (c) Raw data (not normalized) of
luminescence emission spectra of purified pHlash protein with 10 uM nCTZ at different pH values (pH 5.4-9.0)
in 50 mM BIS-Tris-propane, 100 mM KCI, and 100 mM NaCl. (d) Normalized luminescence emission spectra
of pHlash measured as in panel C. Luminescence intensity was normalized to the peak at 475 nm. (e) The
BRET ratio (luminescence at 525 nm:475 nm) as a function of pH is shown for pHIlash in vitro. Error bars are
+/— S.D., but in most cases the error bars are so small that they are obscured by the symbols (n=3)

4. TALON metal affinity resin (Clontech).

. Equilibration/Wash buffer:
300 mM NaCl, pH 7.0.

. Elution buffer: 50 mM sodium phosphate, 300 mM NaCl,

150 mM imidazole, pH 7.0.

10.

. 10% SDS-PAGE gel.
. Dialysis cassette (20 K MWCO) (Thermo Scientific).
. Dialysis buffer: 30 mM MOPS, 5% Glycerol, pH 7.2.

50 mM sodium phosphate,

BSA standard solution and Protein Assay Dye Reagent
Concentrate (Bio-Rad).
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2.3 InlVitro
Characterization
of pHlash

2.4 InVivo pH
Galibration of Yeast
Strain Expressing
pHIlash

2.5 InVivo
Experiments

with HeLa Cells
Expressing pHlash

. QuantaMaster

. Substrates for

QM-7/SE  spectrofluorometer
Technology International, Birmingham NJ).

(Photon

. Calibration buffer: 50 mM BIS-Tris-propane, 10 mM KCIl, and

100 mM NaCl (see Note 2). pH was adjusted with 1 N HCI to
13 different pH values ranging from 5.4 to 9.0 (se¢ Note 3).

luciferase: native coelenterazine (nCTZ)

(NanoLight, Pinetop, AZ) (see Note 4).

. 1.5-mL disposable plastic cuvettes.

. Yeast strain: Saccharomyces cerevisiae strain CEN.PK113-7D.
. Yeast complete synthetic medium (CSM) (100 mL): 650 mg

Nitrogen base (without amino acids), 11 mg complete amino
acids mix, 2 g glucose.

. Yeast permeabilization buffer: 50 mM MES, 50 mM HEPES,

50 mM KCI, 50 mM NaCl, 0.2 M ammonium acetate, 10 mM
NaN;, 10 mM 2-deoxyglucose, 75 pM monensin, and 10 pM
nigericin, titrated to 8 different pH values adjusted with 1 M
NaOH from 5.5 to 9.0 [15] (see Note 5).

4. BCECF-AM (Molecular Probes, Eugene OR).

N Ul

. QuantaMaster

. QuantaMaster

. YPD medium: 1 % yeast extract, 2 % peptone, and 2 % D-Glucose.

QM-7/SE  spectrofluorometer
Technology International, Birmingham NJ).

(Photon

. 1.5-mL disposable plastic cuvettes.
. 4.5-mL glass cuvette.
. Magnetic micro stir bar (~7 mm length).

. HeLa cells (obtained from ATCC, ATCC® Number: CCL-2™).
. Culture medium: Dulbecco’s Modified Eagle’s Medium

(DMEM) (Invitrogen) supplemented with 10% fetal bovine
serum (FBS) (Invitrogen).

. FuGene 6 (Invitrogen, Carlsbad, CA).
. Recording media: DMEM medium without phenol red

(Invitrogen) supplemented with 10% FBS.

. ViviRen™ (a serum-insensitive version of coelenterazine-h;

Promega, Madison WI) (see Note 6).

. pH calibration buffer: 100 mM KCI, 100 mM NaCl, 1.36 mM

CaCl,, 4.5 g/L glucose, 20 pM nigericin, and 50 mM BIS-
Tris-propane (pH 5.5-9.0).

QM-7/SE  spectrofluorometer
Technology International, Birmingham NJ).

(Photon

. 4.5-mL glass cuvette.
. Magnetic micro stir bar (~7 mm length).

10.

MES butfter: 50 mM MES, 130 mM KCl, 1 mM MgCl,,
25 mM NaCl, pH 6.1.
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2.6 BRET Imaging

1.

Dual-View™ micro-imager (Optical Insights, Tucson AZ,

USA).

. Modified electron bombardment-charge coupled device (EB-

CCD) camera (Hamamatsu Photonic Systems, Bridgewater
NJ, USA) [16].

. IX-71 inverted microscope (Olympus America Inc., Melville

NY, USA) with an Apo N 60x objective, NA 1.49 (oil immer-
sion, Olympus).

4. Temperature-controlled (22-37 °C) light-tight box.

92

. 35-mm Glass Bottom Cell Culture Dish (MatTek Corporation).

6. Hela cells transfected with pcDNA3.1+/pHlash.

3 Methods

3.1 Protein
Expression
and Purification

10.

. In a 50-mL flask, inoculate E. colz strain BL21 (DE3) cells

bearing pRSETDb/pHlash in 10 mL LB medium with ampicil-
lin (60 pg/mL). Grow the starter culture overnight at 37 °C
with agitation.

. In a 2-L flask, dilute the overnight culture into 500 mL fresh

LB medium with ampicillin (60 pg/mL).

. Grow the culture at 37 °C with agitation until an ODgy of 0.6 is

reached. Add 1 mM isopropyl-f-d-thiogalactopyranoside (IPTG)
to induce the expression at 25 °C with gentle agitation.

. After incubation with IPTG for 5 h at 25 °C, harvest the cells

by centrifugation at 6000 x4 for 15 min. Suspend the pellet
with 25 mL Equilibration buffer.

. Disrupt the cells by sonication (1 min for 8 times, with 30 s

interval, keep the sample on ice).

. To remove the cell debris, centrifuge the sample at 22,000 x g

for 40 min. Transfer the supernatant to a new 50-mL tube, and
then add 5 mM imidazole to the supernatant.

. Incubate the supernatant with balanced TALON metal affinity

resin with gentle shaking at 4 °C for 1 h.

. Load the sample into one empty column and let the resin settle

down. Collect the flow-through and then wash the resin with
at least 20 bed volumes of Equilibration/Wash buffer contain-
ing 10 mM imidazole.

. Elute the protein according to the manufacturer’s protocol

(see Note 7).

After the gradient elution, 10 pL samples from each eluted
fraction should be assayed by SDS-PAGE to confirm which
fraction(s) contains pHlash. Fractions with high yield and
purity can be combined (sec Note 8).
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11.

12.

3.2 In Vitro pH 1.

Calibration of pHlash

Dialyse eluted pHlash protein in 1 L 30 mM MOPS buffer
(pH 7.2) (containing 5% glycerol) at 4 °C to remove imidazole
(see Note 8). After 12 h dialysis, transfer the dialysis cassette (or
dialysis bag) to fresh MOPS buffer and incubate for another 12 h.

Quantify the purified pHlash protein using the Bio-Rad pro-
tein assay, then flash-freeze it with liquid nitrogen. Store the
samples at —80 °C for later use.

For measurement of BRET emission, use a QuantaMaster
QM-7 /SE spectrofluorometer with the slit width set to 16 nm.
The excitation beam of the QuantaMaster is not needed and
can be turned off.

. Set the following parameters for pH calibration. Select “Emission

Scan” mode (see Note 9) and set the wavelength from 400 nm
to 600 nm in 1 nm steps with 0.1 s integration for each step.

. For each individual measurement, prepare a 1.5 mL disposable

cuvette. Dilute purified pHlash protein (1 pg in 2 pL of the
MOPS storage buffer) 250-fold to achieve a final concentra-
tion of 1 pg purified protein per 500 pL calibration buffer. Mix
the sample well with a pipette.

. Add fresh coelenterazine (nCTZ) to the sample to a final con-

centration of 10 pM before each measurement (se¢ Note 10).
Mix the sample quickly, then insert the cuvette, and start the
measurement immediately.

. Repeat the measurements with calibration bufters at different pH.

. To analyze data from Emission Scan mode, smooth the curve

using a £ 10 nm running average and then normalize the lumi-
nescence intensity from each measurement curve to each
curve’s peak at 475 nm (see Fig. 1d). The BRET ratio is
obtained by dividing the luminescence intensity at 525 nm by
the luminescence intensity at 475 nm.

. Plot the BRET ratio from each curve as a function of the pH

to generate a standard curve (see Fig. le) that can be used to
estimate pH of experimental samples when their BRET ratios
are determined.

3.3 In Vivo pH Transform the desired strain of yeast with the LEU2 integrating
Calibration of Yeast plasmid pRS305-hph-PACTIpHlash and select for resistance on
Strain Expressing YPD medium that includes 200 pg/mL hygromycin (see Note 1
pHiash for how this plasmid was constructed). Once transformed and

selected, the resulting yeast cells have a stable integration of the

3.3.1 Genetic Construct
for Yeast Expression

construct, which allows pHlash experiments to be conducted in a
medium or buffer of choice without the need for antibiotics or

auxotrophic requirements.
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3.3.2 InVivo pH
Calibration

1. Prepare a 2 mL starter culture of yeast strain expressing pHlash

and let it grow overnight at 28-30 °C with agitation. Dilute
the starter culture tenfold with fresh Yeast complete synthetic
medium and incubate for 5 h.

. Harvest the yeast cells by centrifugation at 1000 x4 for 5 min,

wash with distilled water.

. In vivo pH calibration should be performed in yeast cells

expressing pHlash that have been slightly permeabilized to
protons by incubating in yeast permeabilization buffer [15].
For each pH value to be tested, use yeast cells harvested from
1 mL culture (see Note 11), and resuspend the cells with 1 mL
yeast permeabilization buffer. Incubate at room temperature
with gentle rotation for 30 min.

. Use the QuantaMaster QM-7 /SE spectrofluorometer to mea-

sure the BRET ratio of the in vivo calibration samples in
“Emission Scan” mode as previously described in step 2 in
Subheading 3.2 and step 6 in Subheading 3.2. Or alternatively
the “Two-Wavelength Switching” mode (described hereafter)
can be used to ensure that the in vivo BRET ratios are stable
(see Note 9). To use Two-Wavelength Switching mode, shut
off the excitation beam and set the slit width to 16 nm. Select
Two-Wavelength Switching mode, and set the wavelength to
record at 475 nm and 525 nm, with 0.5 s integration. The
QuantaMaster will selectively monitor these two wavelengths
continuously or for a set amount of time.

. Transfer each sample into a 4.5-mL glass cuvette. A stir bar

placed on the bottom of the cuvette allows gentle stirring to
maintain the cells in suspension. Add fresh nCTZ to the sample
to a final concentration of 10 pM before each measurement.
Insert the cuvette and start the measurement in Two-
Wavelength Switching mode. Continue to record until a stable
BRET ratio is achieved. Figure 2b shows examples of stable
BRET ratios recorded in Two-Wavelength Switching mode.

. Plot the BRET ratio of each pH unit tested to generate a stan-

dard curve like that shown in (se¢ Fig. 2a). This standard curve
can be used to estimate the intracellular pH of experimental
samples of yeast when their BRET ratios are determined.

. If desired, the standard curve and in vivo experiments can be

corroborated by BCECF-AM (Molecular Probes, Eugene OR)
in permeabilized nontransformed yeast cells as shown in (see
Fig. 2a and ¢). For in vivo calibration using BCECF-AM, incu-
bate yeast cultures in YPD medium (at pH 7.5) with 50 pM
BCECE-AM at 30 °C for 30 min, wash and suspend in yeast
permeabilization buffer. Incubate at room temperature with
gentle rotation for 30 min. Measure fluorescence with dual exci-
tation at 440 nm and 490 nm and record emission at 535 nm
with the QuantaMaster QM-7 /SE spectrophotometer.
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Fig. 2 Response of yeast pH to weak acid treatment. (a) pH response of BCECF-AM loaded yeast cells (red)
compared with pHlash transformed yeast cells (blue). (b) Response of pHlash -expressing yeast cells to weak
acid. Yeast cells were suspended in 20 mM MES buffer (pH 5.0) with 10 pM nCTZ. After 10 min baseline
recording, 20 M final concentration of Na-butyrate (pH 5.0) was added (upper portion of the panel). An equal
volume of pH 5.0 buffer was added as control. The change in BRET ratio of pHlash reports the intracellular
acidification after treatment with Na-butyrate, and is quantified in the lower portion. (c) Response of BCECF-AM
loaded yeast cells to weak acid (20 uM sodium butyrate, upper portion). Yeast cells were suspended in 20 mM
MES buffer (pH 5.0). After 10 min baseline recording, 20 uM final concentration of Na-butyrate (pH 5.0) was
added (total added volume was 20 pL, which is the same volume as that for the pH 5.0 buffer that was used
as a control). In panels a, b, and ¢, error bars are +/— S.D., but in some cases the error bars are so small that
they are obscured by the symbols (n=3 for panel a, n=5 for panels d and e). ** p<0.01
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3.3.3 Performance
Confirmation by
Perturbation of pH with
Na-butyrate

3.4 InVivo
Experiments

with HeLa GCells
Expressing pHlash

3.4.1 Hela Cell Culture
and Transfection

3.4.2 InVivo pH
Calibration

3.4.3 Imaging of BRET
in HeLa Cells

If desired to confirm that yeast cytosolic pH as indicated by pHlash
is responding in real time to pH perturbation, pHlash-expressing
yeast cells can be suspended in 20 mM MES butfer (pH 5.0) with
10 pM nCTZ. Using the Two-Wavelength Switching mode to mon-
itor dual emission at 475 nm and 525 nm with 0.5 s integration, add
20 pM final concentration of Na-butyrate (pH 5.0) (see Fig. 2b, red
points). For a control recording, add a volume of 20 mM MES buf-
fer (pH 5.0) equal to that of the Na-butyrate solution used above
(but without Na-butyrate; see Fig. 2b, blue points). The change in
BRET ratio of pHlash reports the intracellular acidification after
treatment with Na-butyrate (see Fig. 2b, lower portion).

1. Grow Hela Cells in 35-mm cell culture dishes in DMEM
medium (Invitrogen) with 10% FBS at 37 °C with 5% CO,
until they reach 80% confluence.

2. Dilute 3 pLL FuGene6 with serum-free DMEM medium. Mix
gently and keep at room temperature for 5 min.

3. Add 1 pg of plasmid DNA to the mixture. Mix gently and then
spin down shortly. Incubate at room temperature for 30 min.

4. Add the mixture to cells in 35-mm dishes. Swirl gently to mix.
Return the dish to the incubator.

5. 24-48 h after transfection, cells can be used for BRET mea-
surement or imaging (see Note 12).

1. 24-48 h after transfection, wash the cells with Dulbecco’s
Phosphate-Buffered Saline (DPBS) and then trypsinize the
cells for 5-10 min. Transfer the cells to 1.5 mL tube and cen-
trifuge at 900 x g for 5 min.

2. Resuspend the cells with pH calibration buffers such that
extracellular pH values cover a range of 5.5 to 9.0.

3. Incubate the cells in the calibration buffer for 10 min. Add

ViviRen™ (substrate) to the assay buffer to a final concentra-
tion of 2.5 uM.

4. Use a QuantaMaster QM-7/SE spectrophotometer to mea-
sure dual emission at 475 nm and 525 nm for 10 min. A stir
bar placed on the bottom of the cuvette gently stirs the cells to
maintain them in suspension.

5. Generate a standard curve by plotting the BRET ratio as a
function of pH to cover the range of buffers tested. This stan-
dard curve can be used to estimate intracellular pH of other
pHlash-expressing Hel.a cells from experimental conditions.

1. Prepare apparatus for BRET imaging (see Note 13 for detailed
information). Set the temperature controller of the light-tight
box to 37 °C.

2. Prepare pHlash-expressing HeLa cells for imaging (see Note 12).
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3.4.4 Response

of pHlash to Acidification
of the Cytoplasm in HeLa
Cells

. In brightfield, focus on a group of cells using the inverted

microscope using the Dual-View™ in“Bypass Mode.”

. Switch to excitation mode and look for cells with bright fluores-

cence (of the cpVenus moeity) (see Note 14). Move the target cell
to the center view, focus quickly, and turn off the excitation light.

. Drop in ViviRen™-containing medium directly to the dish

without touching the dish. Close the box and switch the Dual-
View™ out of “Bypass Mode” by pushing the filter holder
inside the Dual-View™. Close the box for imaging.

. For single HeLa cell imaging, collect and integrate 10 sequen-

tial 2 s exposures by choosing the median value for each pixel
over the sequence of 10 exposures. Then subtract background
with Image] by using a single pixel from the nonsample region
of the image as a background value.

. Calculation of BRET ratio: A pixel-by-pixel BRET ratio can be

calculated with ImageJ, and the numerical ratios visualized
with a pseudocolor look-up-table (LUT) (se¢ Fig. 3a).

. Ina4.5 mL glass cuvette, initiate a time-course recording from

pHlash transfected HeLa cells with 2.5 pM ViviRen™ in pH 6.1
MES buffer. A stir bar placed on the bottom of the cuvette
provides gentle stirring to maintain the cells in suspension.

. Record the luminescence at 475 nm and 525 nm using the

QM-7 /SE spectrofluorometer with the excitation beam turned
off. After recording for 3 min, add nigericin to a final concen-
tration of 10 pM in 5 pL ethanol (see Fig. 3c¢).

. For control, prepare another batch of cells and record as before.

After recording for 3 min, add the same volume of pH 6.1 MES
buffer (including 5 pL ethanol) as that for the nigericin solu-
tion described in step 2 in Subheading 3.4.4 (se¢ Fig. 3b).

4 Notes

. A yeast integrating vector that includes pHlash driven by a

constitutively expressed promoter (pRS305-hph-PACTIpHlash)
was constructed from the pRS305-hph-PGALICBG99 back-
bone [17] as follows. The yeast ACT1 promoter was amplified
by PCR from . cerevisine genomic DNA (strain S288C) using
the 5’ primer ttcactCCCGGGTAAGTAAATAAGACACACGC-
GAG that contained an Xmal overhang, and 3’ primer atgattA-
GATCTTGTTAATTCAGTAAATTTTCGATC that contained
a Bglll overhang. This PCR product was used to replace PGALI
of pRS305-hph-PGALICBG99. A PCR product containing the
pHlash CDS was then added in place of the CBG99 CDS of the
backbone. This pHlash PCR product was generated from the
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Fig. 3 Response of pHlash to acidification of the cytoplasm in HelLa cells. (a) BRET imaging of single pHlash-
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nescence, 505-600 nm luminescence, and BRET ratio image. (b and c¢) Time-course recording of total
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+/-S.D
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template plasmid pcDNA3.1+-pHlash (Addgene) using the 5’
primer atgattAGATCTATGGCTTCCAAGGTGTACGAC that
contained a Byl overhang, and the 3’ primer ttcact TCTAGAT-
TACTCGATGTTGTGGCGG that contained an Xb&al over-
hang. The result was pRS305-hph-PACTIpHlash, a plasmid
that integrates into the native yeast LEUZ2 gene when the plasmid
is linearized with Af/II and transformed by the standard lithium
acetate method. Yeast transformants can be selected on YPD
containing 200 pg/mL hygromycin.

. BIS-Tris-propane has two pK, values at 25 °C, 6.8 and 9.0,

which give it a wide buffering range from approximately
pH 6.0 to 9.5.

. For in vitro pH calibration, we chose the pH range from 5.4 to

9.0 because the activity of RLuc8 luciferase peaks at neutral
pH (~pH 7.0), and decreases at both low and high pH. Beyond
the pH 5.4-9.0 range, luminescence is very dim.

. nCTZ is very sensitive to light and not stable in solution.

Stocks are stored at —-80 °C. We prepare fresh working solu-
tions before each experiment, and wrap the tubes with alumi-
num foil to protect nCTZ from light. Keep the working
solution on ice. We usually use 10 pM nCTZ for both in vitro
and in vivo experiments.

. Monensin and nigericin are dissolved in ethanol. The stock

solutions are stored at -20 °C and added to the permeabiliza-
tion buffer before use.

. ViviRen™ is very sensitive to light. We make a 10 mM stock

solution in DMSO. Aliquots are stored at -80 °C. We pre-
pare a fresh working solution before each experiment and
wrap the tube with aluminum foil to protect the solution
from light. During the experiment, the substrate is main-
tained on ice. For single cell BRET imaging, we use 10 pM
ViviRen™ as substrate; and when recording with the
QuantaMaster QM-7/SE spectrofluorometer, we reduced
the concentration to 2.5 pM.

. For 500 mL E. coli culture, we used 2 mL TALON metal affin-

ity resin (1 mL bed volume). For protein elution, we used an
imidazole gradient from 20 mM to 150 mM.

. The elution buffer we used contained 150 mM imidazole. To

remove imidazole, the buffer was exchanged to 30 mM MOPS
bufter by dialysis at 4 °C.

. Calibration curves were derived from measurements of the

BRET by two different methods: (I) Emission Scan Mode in the
QM-7/SE spectrofluorometer, where the spectrum was con-
tinuously scanned from 400 to 600 nm; (II) Two-Wavelength
Switching Mode in the QM-7/SE spectrofluorometer, where
the monitoring of luminescence emission was alternately
switched between 475 nm and 525 nm for measurement of time
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10.

11.

12.

13.

14.

courses. In Two-Wavelength Switching Mode in the QM-7 /SE
spectrofluorometer, the switching requires additional time, so
the average time for one cycle to measure luminescence at both
475 nm and 525 nm is about 1.5 s. The calibration curve
obtained with the Emission Scan Mode is more linear than that
obtained with the Two-Wavelength Switching Mode. However,
the Two-Wavelength Switching Mode was needed for the time-
course measurements.

After adding nCTZ to the sample, mix quickly by swirling the
cuvette for 3 s and then start the measurement immediately.
Perform each measurement in the same time so that the results
obtained can be directly compared.

We perform yeast in vivo pH calibration with 8 different pH
values from pH 5.5 to 9.0. For each pH value to be tested, we
harvest yeast cells from 1 mL yeast culture, wash with distilled
water and resuspend withl mL yeast permeabilization buffer.

2448 h after transfection, we trypsinize and transfer the cells
to 35-mm glass bottom dishes. Culture the cells in DMEM
medium without phenol red supplemented with 10% FBS
until the cells adhere to the bottom of the dishes.

BRET imaging was accomplished using a Dual-View™ micro-
imager and a modified EB-CCD camera as described previously
[16, 18]. The Dual-View™ consists of a dichroic mirror, which
was here selected to split the incoming image at 505 nm (dichroic
Q505LPxr) and interference filters to further refine wavelengths
below 505 nm (HQ505SP) and above 505 nm (HQ505LP).
The use of the Dual-View™ therefore allows the simultaneous
acquisition of luminescence images at two wavelengths. A
“BRET ratio” image of emission in the two ranges can be calcu-
lated thereafter without the complication that the total lumines-
cence intensity may change over the time course of the exposure.
Our EB-CCD camera had a GaAsP photocathode with low ion
feedback and cooling to -25 °C (Hamamatsu Photonic Systems,
Bridgewater NJ, USA). This EB-CCD camera model C7190-
13 W has a resolution of 512x512 pixels with a pixel size of
24 x24 pm. The acquisition software was Photonics-WASABI
(Hamamatsu). The Dual-View™ and EB-CCD were attached to
the bottom port of an IX-71 inverted microscope (Olympus
America Inc., Melville NY, USA). This setup allows the mea-
surement of fluorescence using an epifluorescence attachment
(EX 500,20 nm, EM 520 LP). The entire IX-71 microscope
was enclosed in a temperature-controlled (22-37 °C) light-tight
box. The IX-71 microscope was used with an Apo N 60x objec-
tive, NA 1.49 (oil immersion, Olympus).

Here we use a Light-Emitting Diode flashlight as an excitation
source for fluorescence microscopy [19] so that the light source
can be rapidly switched on and off without bulb afterglow. This
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allows one to immediately begin acquisition of bioluminescent
images following fluorescent identification of target samples,
and it offers dimer excitation with safer wavelengths for
protecting the samples.
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Chapter 10

A Protein—-Protein Interaction Assay FlimPIA Based
on the Functional Complementation of Mutant Firefly
Luciferases

Yuki Ohmuro-Matsuyama and Hiroshi Ueda

Abstract

There is a significant focus on detecting and assaying protein—protein interactions (PPIs) in biology and
biotechnology. Protein-fragment complementation assay (PCA) is one of the most widely used methods
to detect PPI by splitting the enzyme-coding or fluorescent protein-coding polypeptide, as well as Forster
resonance energy transfer (FRET). Here, we describe a novel PPI assay FlimPIA (firefly luminescent
intermediate-based protein—protein interaction assay) by a unique approach of splitting the two major
catalytic steps (half reactions) of firefly luciferase (FLuc).

Key words Protein—protein interaction, Firefly luciferase, Substrate channeling, Reaction intermedi-
ate, Luciferyl adenylate

1 Introduction

The human interactome is predicted to contain 150,000 to 300,000
protein—protein interactions (PPIs) [1, 2]. To discover and investigate
PPI, exploration of novel PPI assay is considered highly important.

Firefly luciferase (FLuc) is a monooxygenase that produces
excited state oxyluciferin (OxL) from firefly d-luciferin (LH,) by
multistep catalysis. The reactions can be divided into two half-
reactions, ATP-driven luciferin adenylation and subsequent oxida-
tive reaction as shown in Fig. la.

Recent reports revealed that the adenylation reaction and the
subsequent oxidative luminescent reaction are each catalyzed by
two different FLuc conformations [ 3, 4]. FLuc is consisted of N-
and C- terminal domains connected by a hinge region [5, 6], and
the latter rotates ~140° according to the reactions to proceed from
the adenylation to the oxidative luminescent reactions (see Fig. 1b).
By dividing the half reactions each catalyzed by different confor-
mations, we made a novel PPI assay, FlimPIA.
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Fig. 1 Working mechanism of FlimPIA. (a) Chemical reactions catalyzed by firefly luciferase (FLuc). FLuc pro-
duces excited state oxyluciferin (OxL) from d-Luciferin (LH,) by a two-step catalysis: the adenylation step and
the oxidative steps. (b) The conformation of FLuc for each catalytic step. FLuc is composed of a large N-terminal
domain and a smaller C-terminal domain, which rotates ~140° according to the reactions to proceed from the
adenylation reaction to the oxidative luminescent reaction: Key Lys residues (K529 and K443) are shown in
lightand dark blue, respectively. H245 is shown in cyan. (c) Schematic representation of FlimPIA. FLuc (Donor)
exhibits very low activity in the oxidative steps, while FLuc (Acceptor) exhibits low activity in the adenylation
step. When they are in close proximity, LH,-AMP produced by the Donor is more efficiently oxidized by the
Acceptor, which results in stronger light emission upon interaction. (d) The entrapped Acceptors by BMOE (/ef?)
and a disulfide bond (righ?. Residues shown in the yellow are used for the linkage. Reproduced from Ohmuro-
Matsuyama et al. with permission from American Chemical Society. [11]

We devised two FLuc mutants, the “Donor” of the reaction
intermediate luciferyl adenylate (LH,-AMP), and the “Acceptor”
of LH,-AMP, and applied them to FlimPIA. After screening of
several mutant enzymes in the reports [7-10] and their combina-
tions, H245D /K443A /L530R with very low oxidative lumines-
cent activity was chosen as a Donor. For the first generation
FlimPIA, K529Q with low adenylation activity was employed as
the Acceptor (see Fig. 1b).

To apply these mutants to PPI assay, one each of an interacting
protein pair was fused to the N-terminus of the Donor and the
Acceptor. When the distance between the Donor and the Acceptor
became shorter by the interaction, the more abundant LH,-AMP
around the Donor lead to the production of OxL by the Acceptor,
which resulted in higher luminescence (see Fig. 1¢) [11].

However, the first generation FlimPIA suffered from the back-
ground signal due to the original Acceptor. To reduce this background
signal caused from the remaining adenylation activity of the original
Acceptor, one each of residues in N- and C-terminal domain,
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respectively, is substituted with Cys, to entrap the conformation of
the Acceptor to the oxidation one, either chemically (Acceptor-ccl,
-cc2) or by disulfide bonding (Acceptor-cc3), (see Fig. 1d) [12].
Branchini et al. could capture FLuc into the oxidation conformation
by chemical trapping using a crosslinking reagent 1,2-bis (maleimide)
ethane (BMOE) [3]. Here, Acceptor-ccl is made according to the
same strategy. FlimPIA using Acceptor-ccl has successfully abolished
most of its background luminescence, while it showed considerably
reduced luminescent intensity compared with the original Acceptor
due to the substitution of all native Cys for avoiding mis-trapping. To
solve this problem, the original Acceptor retaining all native Cys is
made (Acceptor-cc2). However, the crosslinking reaction by BMOE
needs careful tuning of the reaction to get effective background sup-
pression, even if Acceptor-ccl is used. Then, as an alternative and
more practical method, the conformation of the Acceptor is captured
through a disulfide bond, which has a short Ca-Ca distance that can
be specifically formed (Acceptor-cc3). Both the merits and the
demerits of the improved Acceptors are summarized in Table 1.

FlimPIA was revealed to have several advantages over conven-
tional PPI assays [12, 13]. First, the probes are fourfold more sta-
ble than those of PCA using split FLuc (FLuc PCA) at
37 °C. Second, the signal is more than tenfold higher than that of
FLuc PCA. Third, the signal-to-background ratio (S/B ratio) is
higher than that of FRET. Fourth, the sensitivity is higher than
that of FLuc PCA. Finally, the detectable dimension between the
interacting proteins (7 nm) is larger than that of FP-based FRET
or FLuc PCA.

Comparison of three acceptors

Merits

Demerits

Acceptor-ccl

Acceptor-cc2

Acceptor-cc3

Negligible background
luminescence

Highest S/B ratio among the
three Acceptors.

Highest luminescent intensity
among the three Acceptors.

No chemical reaction needed.
Low possibility of undesirable
miss-crosslinking between one Cys
in BD and another in the Fluc.

e Lowest luminescent intensity.

e The determination of reaction condition to
attain sufficiently high crosslinking yield is
somewhat difficult.

e The long linker length (BMOE ~ 8.0 A)
might allow undesirable miss-crosslinking
between one Cys in BD and another in the
FLuc.

e Lower S/B ratio than that of Acceptor-ccl.

e Lower S/B ratio than that of Acceptor-ccl.
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2 Materials

Prepare all solutions using ultrapure water (made by purifying
deionized water to attain resistivity of 18 MQ cm at 25 °C). For all
the reagents, use them of the highest grade available.

1.

13.
14.

15.

16.
17.

18.

19.

ATP and LH, are from Sigma, St. Louis, MO.
3-Morpholinopropanesulfonic acid (MOPS) (Dojindo,
Kumamoto, Japan).

. QuikChange Site-Directed Mutagenesis kit and QuikChange

Multi Site-Directed Mutagenesis kit (Agilent Technologies,
Santa Clara, CA).

. E. coli JM109 competent cells (SciTrove, Tokyo, Japan).
. SHuffle T7 express lysY competent cells (New England Biolabs,

Tokyo, Japan).

. Rapamycin (LKT Laboratories, St. Paul, MN).
. 1,2-Bismaleimidoethane (BMOE) (Pierce Biotechnology,

Thermo Fisher Scientific, Waltham, MA).

. Isopropyl-p-d-thiogalactopyranoside (IPTG) (Wako, Osaka,

Japan).

. The white half-area multiwell plate (Costar 3693) (Corning-

Costar, Osaka, Japan).

. pPGEM-luc (Promega, Madison, WI).
10.
11.
12.

pET32b (Merck, Darmstadt, Germany).
The ultrasonifier (Taitec, Saitama, Japan).

TALON Metal Affinity Resin and TALON Disposable Gravity
Column (Clontech, CA).

Toyopearl HW-40S gel (Tosoh, Tokyo, Japan).

TALON extraction buffer: 300 mM NaCl, 50 mM Sodium
phosphate, adjusted to pH 7.0.

TALON elution buffer: 150 mM of imidazole in TALON
extraction buffer.

MOPS buffer: 100 mM MOPS, 10 mM MgSO,, pH 7.3.
Substrate solution (2x): 20 mM ATP, and 150 pM LH, in
MOPS bulfter.

The reaction mixture (1x) to synthesize LH,-AMP: 10 mM
ATP, 300 pM LH,, 1 mg/mL bovine serum albumin and
2 uM of the Donor in MOPS bufter.

MR butffer: 50 mM sodium phosphate, 100 mM NaCl, 1 mM
EDTA, pH 7.0.

To apply the Donor and the Acceptor to a PPI assay, each

enzyme should be fused with a pair of binding domains (BDs).
Here, the protocol is described for a well-known interacting
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protein pair, the FK506-binding protein 12 (FKBP12) and the
FKBP-rapamycin-associated protein (FRB), as an example (see
Note 1). They associate in an antibiotic rapamycin-dependent
manner. Synthetic genes for E. coli codon-optimized human
FKBP12 and FRB, appended with Ncol /Sfil and Not sites at the
5 and 3’ ends, respectively, were synthesized by Mr gene GmbH,
Regensburg, Germany (now under Life Technologies). However,
other qualified supplier of synthetic DNA will be also used.

For the measurement, we use a multiwell luminometer
AB-2350 equipped with an injector (ATTO, Tokyo, Japan). The
fluorescent spectrometer FP-8500 is from Jasco, Tokyo, Japan.

3 Method

3.1 Construction
of FKBP/FRB Fused
FLuc

Expression Vector

3.2 Construction
of pET32/BD/ Donor

1. Amplify the DNA fragment encoding FLuc derived of Photinus
pyralis by PCR using pGEX-Ppy [7] or pGEM-luc as a tem-
plate, and primers NotG4SBack encoding a G4S linker and
Notl site and XhoFor containing Xbol site.

2. Digest the amplified fragment with the corresponding restric-
tion enzymes, Nozl and Xhol, and subclone into pET32b
between the Notl and Xbol sites.

3. Digest the synthetic fragments encoding FKBP12 and FRB
(binding domains, BDs) ¢cDNAs with Ncol and Nozl, and
ligate each fragment with pET32b digested with Ncol and
Notl (see Note 2).

4. Transform JM109 competent cells with the ligation mixture.

5. Culture the cells on LB agar plate containing 100 pg/mL
ampicillin (LBA agar plate) overnight at 37 °C.

6. Pick some colonies, and culture in 4 mL LB liquid medium
containing 100 pg/mL ampicillin (LBA medium) overnight.

7. Extract the plasmid, and confirm the nucleotide sequence of
whole open reading frame.

1. To make H245D/K443A/1530R/E354K mutant as the
Donor, conduct a series of site-directed mutagenesis with
QuikChange Site-directed kit according to the manufacturer’s
protocol. Use pET32/BD/FLuc as the template, and the
primers H245D, K443A, L530R, and E354K, with their com-
plementary strands (se¢ Note 3).

2. After PCR, add 1 pL of Dpnl (~10 U) to the reaction mixture
to digest the methylated template, by incubating for 1 h at
37 °C. Transform JM109 competent cells, with a part of the
digested template.

3. Culture the cells on LBA agar plate.
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3.3 Construction
of pET32/BD/Acceptor

3.4 Construction
of pET32/BD/
Acceptor-cc1

3.5 Construction
of pET32/BD/
Acceptor-cc2

3.6 Construction
of pET32/BD/
Acceptor-cc3

3.7 Construction
of FLuc N-terminal
Domain

Expression Vector

3.8 Expression
and Purification
of the Enzymes

4. Pick some colonies and culture each colony in 4 mL LBA medium.

. Extract the plasmid and confirm the nucleotide sequences.

. To make a K529Q mutant as the Acceptor, perform

QuikChange site-directed mutagenesis using pET32/BD/
FLuc as a template and the following primer pairs with their
complementary strands: K529Q, and E354K used in step 1 in
Subheading 3.2.

. Follow the steps 2-5 in Subheading 3.2.

. To remove all Cys residues and also add thermo-stabilization

mutations to the Acceptor enzyme, conduct a series of site-
directed mutagenesis with QuikChange Multi Site-directed
mutagenesis kit according to the manufacturer’s instructions.
Use pET32/BD /FLuc as a template, and following oligonu-
cleotides as the primers: for substitution to Cys: Y447CPac-
and I108CNar+; for thermo-stabilization, 232mutMro-,
295mutMsc+; for substitution of original Cys, C81S, C2518,
C391S; for both, 214-216mutSac+.

. Follow the steps 2-5 described in Subheading 3.2 (Table 2).

. Substitute the residues of the original Acceptor at position 108

and 447 to Cys as described in Subheading 3.4.

. Follow the steps 2—5 described in Subheading 3.2.

. Substitute the residues of the original Acceptor at position 204

and 402 with Cys by QuikChange site-directed mutagenesis
using the primers, L204CEcoT+ and V402CMro- for substi-
tution of Cys.

. Follow the procedure of steps 2—5 described in Subheading 3.2.

. To make an expression vector for the FLuc N-terminal domain

(N-domain, to be used in Subheading 3.9), obtain the DNA
fragment encoding the N-domain sequence (1-437 aa) of
FLuc by PCR using FKBP /FRB-fused FLuc expression vector
as a template, and the primers NotG4SBack and 437XhoFor
containing Xhol site.

. Digest the amplified fragment with NozI and Xhol, and ligate

with pET32b digested with No#I and Xhol.

. Transform JM109 competent cells with the ligation mixture,

and follow the steps 5-7 in Subheading 3.1.

. Transform SHuffle T7 Express lysY competent cells with

pET32/BD/Donor and pET32/BD/Acceptor (see Note 4).

. Incubate the transformed E. coli on a LBA agar plate at 30 °C

for 24 h.
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Table 2
List of oligonucleotide primers used®

Sequence
NotG4SBack 5’-ggcgcgeegeggecgecggtggtggtggtagcatggaagacgecaaaaacataaag-3’
XhoFor 5’-ggcgegectegagetttecgeccttettggect-3’
H245D 5’-gttccattccatGacggttttggaatgt-3’
K443A 5’-gacctcttgaagtetttaattGCatacaaaggatatcaggtgge-3’
L530R 5’-ccgaaaggtcttaccggtaaac Tcgacgeaagaaaaatca-3’
E354K 5’-ttctgattacacccaGAggggatgattaa-3’
K529Q 5’-ccgaaaggtcttaccggt CRRetegacgeaagaaaatcagagag-3’
232mutMro- 5’-cctatttttggceaatcaaatcGCGeeggatactgegattttaagtg-3’
295mutMsc+ 5’-ccaaccctattttcattcctGGCeaaaageactetgattgac-3’
C81S8 5’-cacaaatcacagatcgtcgtaagcagCgaaaactctcttcaatte-3’
C251S8 5’-gaatgtttactacactcggatatCtgatatctggatttcgagtegte-3’
C391S 5’-cagagaggcgaattatCrgtcagagggcctatgattatg-3’
214-216mutSac+ 5’-ggtgtggcccttecgeatagaGetCTcGCegtcagattetcgeatgec-3”
Y447CPac- 5’-gaagtctttaataaaatacaaaggatAtcaggtggcccccgetg-3’
1108CNar+ 5’-ggagttgcagtggcgeccgegaacgac T Gttataatgaacgtg-3’
L204CEcoT+ 5’-tctggatctactgggtGCecCaagggtgtggeccttecg-3’
V402CMro- 5’-cctatgattatgtccggttat T GCaacaaCecggaagegaccaac-3'
437XhoFor 5’-ggcgegectcgaggcggtcaactatgaagaagtg-3’

“The underlined nucleotides are the restriction sites for subcloning. The capital letters represent mutated nucleotides
(see Note 14)

3. Pick one colony up, and culture it in 4 mL. LBA medium at
30 °C.

. Centrifuge 0.4 mL of step 3, and collect the pellet to remove
secreted P-lactamase from the pre-cultured E. cols.

. Resuspend the pellet with 100 mL of LBA medium in a 500-
mL flask, and culture in 30 °C.

6. When the ODyy reaches 0.4-0.6, add 40 pM of IPTG, and
culture the cells at 16 °C.

A~

921

7. Centrifuge and collect the cells, and resuspend the pellet with
10 mL of the TALON extraction bufter.

. Sonicate the E. coli on ice using an ultrasonifier for 2 min (50 %
interval) five times (se¢ Note 5).

o)

\O

. Centrifuge the sonicated solution at 11,000 x g for 20 min.

10. Add 200 pL of TALON Metal Affinity Resin to the superna-
tant, and rotate or shake gently for 20 min.
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11.

12.
13.
14.
15.

16.
17.
18.

3.9 Synthesis, 1.

Detection, 2

and Purification

of LH,-AMP [7] 3
4
5

The concentration of LH,-AMP (nM) =

3.10 Chemical 1.
Crosslinking
of Acceptor-cc1 2.

and Acceptor-cc2

Centrifuge at 700 x g for 2 min, and resuspend the resin with
10 mL of TALON extraction buffer.

Rotate or shake gently for 10 min.
Repeat steps 11 and 12 two times.
Centrifuge at 700 x g for 2 min, and collect the resin.

Suspend the resin with 3 mL of TALON extraction buffer, and put
the suspension into a TALON 2-mL Disposable Gravity Column.

Allow to drain until it reaches the top of the resin bed.
Wash the column with 2 mL of TALON extraction buffer.

Elute the enzyme with 500 pL of TALON elution buffer (see
Note 6).

The reaction mixture is made up with a final volume of 500 pL.

. Incubate the mixture at 37 °C for 5 min, and add 50 pL of

1 M HCl to stop the reaction (see Note 7).

. Apply the mixture to a small column containing 2 mL of

Toyopearl HW-40S gel equilibrated with water, which is
adjusted to pH 3.5 using HCI, and collect fractions of 1 pL
using water (pH 3.5) (see Note 8).

. To identify the fractions containing LH,-AMP, react a part of

each fraction with 1 pM of the N-domain of FLuc (see
Subheading 3.2) in MOPS buffer, because the reaction of
N-domain with LH,-AMP displays a higher luminescent inten-
sity than the reaction with LH, and ATP (see Note 9).

. To confirm the fraction containing LH,-AMP and determine

the concentration of LH,-AMP in the fraction, measure the
fluorescent spectrum and intensity of each fraction using a flu-
orescence spectrometer, FP-8500. When these fractions are
excited at 327 nm, the peak of the fluorescent spectrum of
LH,-AMP is at approximately 535 nm. On the other hand, the
peak of the fluorescent spectrum of LH, is at approximately
529 nm. From the fluorescent intensity of the fraction contain-
ing LH,-AMP at 535 nm, the concentration of LH,-AMP in
the fraction can be estimated by using the fluorescent intensity
of LH, at 529 nm as a standard. When the peak values of LH,-
AMP and x nM of LH, are yand z, respectively, the concentra-
tion of LH,-AMP can be determined as follows (see Note 10).

XXy
zx0.45

Change the buffer containing the purified Acceptor to an MR
buffer by ultrafiltration or dialysis.

React 5 pM of the Acceptor with 20 pM of BMOE at 20 °C
for 1 h.



3.11 Measurement
of Overall Luminescent
Activity

3.12 Measurement
of Oxidative
Luminescent Activity

3.13 FlimPIA
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1. Suspend the enzyme in a MOPS buffer.

2. Dispense 50 pL of the solution to a well of 96-well plate or a
tube for a luminometer.

3. Measure the light intensity after injection of 50 pL of 2x sub-
strate solution. When the adenylation activity of the Acceptor
is suppressed, lower luminescent intensity is detected.

1. Suspend the enzyme in MOPS buffer.

2. Dispense 50 pL of the solution to a well of 96-well plate or a
tube for a luminometer.

3. Measure the light intensity after injection of 50 pL of LH,-
AMP diluted in MOPS buffer.

1. Suspend Donor and Acceptor with or without equimolar
amount of rapamycin in the MOPS bufter.

2. Dispense the mixture (50 pL) to a well of 96-well plate or a
tube for a luminometer.

3. Measure the light intensity after injection of 50 pL of 2x sub-
strate solution with a periodical integration of 0.1 s with a
luminometer, up to 4 s (see Figs. 2 and 3) (see Notes 11-13).
Measure the samples with and without interaction, i.e. + equi-
molar rapamycin, to calculate S/B ratio.

cps (109%/s)

0 0.5 1 1.5 2
Time (s)

Fig. 2 FlimPIA with the conventional Acceptor. FKBP/Donor and FRB/Acceptor (50
nM each) was added with the indicated concentrations of rapamycin. The longi-
tudinal axis; the luminescent intensity; the horizontal axis; time after adding sub-
strates. Reproduced from Ohmuro-Matsuyama et al. with permission from
American Chemical Society [11]
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Fig. 3 FlimPIA with the improved Acceptors. (a) FlimPIA with Acceptor-cc2. The mixture of FKBP/Donor and
FRB/Acceptor-cc2 (50 nM each) was added with/without 50 nM rapamycin (n= 3). (b) FlimPIA with Acceptor-cc2.
The mixture of FKBP/Donor and trapped FRB/Acceptor-cc2 (50 nM each) was added with/without 50 nM
rapamycin (n=3). (¢) FlimPIA with Acceptor-cc3. The mixture of FKBP/Donor and FRB/Acceptor-cc3 (50 nM
each) was added with/without 50 nM rapamycin (n=3). Reproduced from Ohmuro-Matsuyama et al. with
permission from American Chemical Society [11]

4 Notes

. Rapamycin, a potent immunosuppressive reagent, binds to

two proteins: to FKBP12 and subsequently to FRB.

. BD should be fused to the N-terminal of FLuc, because the

S/B ratio becomes significantly lower when it is fused to the
C-terminus. The fusion to the C-terminal of FLuc hampers the
rotation of the C-terminal domain in the process from the ade-
nylation to the oxidative luminescent reactions.

. E354K is a mutation to confer thermostability.
4. SHuffle T7 Express lysY is an engineered E. coli B strain to

express proteins containing disulfide bonds in the cytoplasm.
Constitutively expressed disulfide bond isomerase DsbC pro-
motes the correction of mis-oxidized proteins into their cor-
rect form, and also works as a chaperone that can assist in the
folding of proteins that do not require disulfide bonds.

. From this step to step 18, the samples must be kept on ice.

6. The purified enzyme in the buffer containing 15 % glycerol can

be stored for several months at -80 °C.

. The oxidative luminescent reaction of Donor is almost abolished,

therefore LH,-AMP is accumulated in the reaction mixture.

. The fractions containing LH,-AMP elute earlier than the frac-

tions containing LH, and ATP.

. The N-domain derived of Photinus pyralis shows a very weak

and slow increase of bioluminescence when added with LH,



10.
11.

12.

13.

14.
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and ATP. However, it emits quicker and brighter luminescence
upon adding LH,-AMP. Therefore we can selectively quantify
LH,-AMP in the sample.

LH,-AMP can be stored at -80 °C before use up to 3 months.

The signal intensity and S/B ratio of FlimPIA are strongly
influenced by the concentration of probes. Optimize the con-
centration between 10 nM and 1 pM.

The signal intensity and S/B ratio of FlimPIA are also influ-
enced by the temperature. Set the temperature of the lumi-
nometer between 30 and 32 °C.

The maximum S/B ratio is usually observed between 0.3 and
1 s after injecting substrates. The longer reaction time (>1 s)
gives the higher background luminescence due to the accumu-
lation of LH,-AMP in the reaction mixture.

Each primer is named as follows: The products obtained with
the primers 232mutMro- and V402CMro- will lose an Mol
restriction site, while the product amplified with 295mutMsc+
will gain a new Mscl restriction site, etc.
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Chapter 11

Single-Chain Probes for llluminating Androgenicity
of Chemicals

Sung-Bae Kim and Hiroaki Tao

Abstract

The present protocol introduces a single-chain probe carrying a functional peptide in the N-terminal domain
of the androgen receptor (AR NTD) for illuminating androgenicity of ligands. In the single-chain probe, a
functional peptide in the AR NTD was genetically fused to the ligand-binding domain of AR (AR LBD) via
a flexible linker, and then sandwiched between the N- and C-terminal fragments of split-firefly luciferase
(FLuc) dissected at D415. This single-chain probe exerts (1) a high signal-to-background ratio and (2)
sensitive discrimination between agonists and antagonists, where the dimerization of AR LBD is not
involved. The present protocol guides a fundamental methodology on how to discriminate weak protein—
protein (peptide) binding, and provides a new insight into the intramolecular folding inside monomeric AR.

Key words Single-chain probe, Bioluminescence, Androgen receptor, Androgenicity, Firefly
luciferase

1 Introduction

Androgen receptor (AR) is a member of the nuclear receptor (NR)
super family that acts as a ligand-dependent transcriptional regula-
tor. Upon stimulation with androgen, monomeric AR undergoes an
androgen-specific intramolecular interaction between the N-terminal
domain (NTD) and the ligand-binding domain (LBD) [1, 2].

This androgen-induced intramolecular interaction is mediated
by two LXXLL-like peptide sequences in the AR NTD, i.e.,
BFQNLF? and **WHTLF*” (L = leucine (hydrophobic), F =
phenylalanine (hydrophobic), X = any amino acid). A previous
sequence analysis of AR NTD revealed five predicted amphipathic
a-helices that resemble LXXLL core sequences at residues 21-34,
177-201, 351-359, 395-405, and 432434 [3-5]. However,
their interactions with AR LBD are unfortunately weak, and thus
difficult to be estimated with conventional methodologies.

The present protocol introduces an advanced methodology to
illuminate weak protein—protein interactions (PPIs) in mammalian

Sung-Bae Kim (ed.), Bioluminescence: Methods and Protocols, Methods in Molecular Biology, vol. 1461,
DOI 10.1007/978-1-4939-3813-1_11, © Springer Science+Business Media New York 2016

143



144 Sung-Bae Kim and Hiroaki Tao

cells with a single-chain probe. In the single-chain probe, the func-
tional peptide of interest is fused to the AR LBD and sandwiched
between the N- and C-terminal fragments of firefly luciferase
(FLuc). The probe exerts an excellent signal-to-background
ratio (S/B ratio) with a 100-times-improved detection limit to
androgens. The detailed procedure is specified with the corre-
sponding examples sensing androgenicity of natural steroid hor-
mones and man-made chemicals.

2 Reagents

2.1 Mammalian Cells

2.2 Ligands
for Stimulating
Single-Chain Probes

2.3 cCell Growing
Reagents

2.4 Genetic
Engineering Reagents

2.5 Assay Reagents

1. Chinese hamster ovary-derived CHO cells.

2. Human cervical carcinoma-derived HelLa cells.

3. African green monkey kidney fibroblast-derived COS-7 cells.
4

. Human breast cancer-derived MCF-7 cells.

1. Flutamide, a synthetic, nonsteroidal antiandrogen.
2. Cyproterone acetate (CPA), a synthetic, steroidal antiandrogen.
3. 5a-dihydrotestosterone (DHT), a natural endogenous androgen.

1. Penicillin-Streptomycin (P/S).
2. Dulbecco’s modified eagle’s medium (DMEM; Sigma).
3. Steroid-free fetal bovine serum (FBS).

1. pcDNA 3.1(+) vector (Invitrogen), a mammalian expression
vector.

2. pTransLucent vector (Panomics), a reporter vector comprising
the AR-recognition element (ARE) and cDNA encoding FLuc
as a reporter.

3. A cDNA template encoding a full-length AR.

4. BigDye Terminator Cycle Sequencing kit, a sequencing reagent
kit,

5. TransIT-LT1 (Mirus), a lipofection reagent

1. Bright-Glo, an assay kit comprising D-Luciferin (Promega).

3 Methods

3.1 Design

of a Single-Chain
Probe for Imaging
Ligand-Activated
Intramolecular Folding
of Androgen Receptor

A single-chain probe illuminating a ligand-activated molecular folding
of androgen receptor (AR) is designed as follows (see Figs. 1 and 2):

1. Download the amino acid sequence of human AR from a pub-
lic database, NCBI.

2. Predict the a-helical structure in the N-terminal domain (NTD)
with a public 2-dimension prediction algorism (e.g., Hierarchical
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Fig. 1 (a) Mapping of the amino acid sequence and the corresponding Hierarchical Neural Network Codes
(HNNC) in the N-terminal domain of human androgen receptor (AR). The amino acid sequences incorporated
in the plasmids, pLeu-rich and pPro-rich were PGASLLLLQQ and GPPPPPPPPHP, respectively. (b) A hydrophilic-
ity search of firefly luciferase revealing a hydrophilic region in the middle of the sequence. The sequence was
projected by the scale of Kyte and Doolittle [5]. The targetted hydrophilic region is around 400-450 AA. The
arrows show known dissection sites for bioassays in literatures. Reproduced in part from Kim et al. with per-

mission from Anal. Sci. [3]

Neural Network codes (HNNC) [1]) and choose short helical
and/or hydrophobic sites (ca. 10 amino acids) in the sequences
like leucine- or proline-rich regions (see Fig. 1 and Note 1).

3. Confirm the significance of the predicted leucine- or proline-
rich regions above with a conventional reporter-gene assay

Reporter-gene assay as follow:

(a) Purchase or prepare a mammalian expression vector carry-

ing a cDNA encoding a full-length AR.
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Fig. 2 (a) Schematic structures of the cDNA constructs encoding single-chain probes. The plasmids con-
structed from a single-molecule-format backbone were named pLeu-rich (*®PGASLLLLQQ%?), pPro-rich
(¥ GPPPPPPPPHP%%2), and pPro-mut (**GPPPRPPPPHP%?), according to the component peptides. Abbreviations:
FLuc-N, N-terminal fragment of firefly luciferase; FLuc-C, C-terminal fragment of firefly luciferase; AR LBD,
ligand-binding domain of androgen receptor; Peptide, a specific peptide sequence for binding AR LBD. (b) A
reporter-gene assay for estimating the transcriptional activities of intact AR (AR full), leucine- (Leu-del) and
proline-deficient AR (Pro-del). DHT-stimulated ARs are translocated into the nucleus for transcription. The
luminescent activities by firefly luciferase (FLuc; reporter) were normalized with those of Renilla luciferase (a
Dual-luciferaseassay (Promega)) (n= 3).Theintensitiesafterthe stimulation of 10-°mol/L 5«-dihydrotestosterone
(DHT) or vehicle (0.1 % DMSO) were specified in closed and open bars, respectively. Reproduced in part from
Kim et al. with permission from Anal. Sci. [3]

(b) Remove the site encoding the proline-rich region
(GPPPPPPHP) in the sequence encoding AR in the vector
with PCR and appropriate primers (i.c., a proline-deficient
fragment of AR).

(c) Seperately, delete the site encoding the original leucine-
rich region (PGASLLLL) in the cDNA encoding AR with
PCR and appropriate primers (i.e., a leucine-deficient AR
variant).

(d) Grow COS-7 cells in a 24-well plate and cotransfect them
with the mixture of the three component vectors: i.c., (1)
a reporter vector (pTransLucent, Panomics) (2) a vector
encoding Renilla luciferase as an internal reference (0.2 pg
per each well), and (3) a plasmid carrying cDNA encoding
tull length AR (positive control), the leucine-deficient AR,
or the proline-deficient AR.

(e) Six hours after transfection, the cells were stimulated with
10 M DHT and further incubate them for 12 h.

(f) Determine the reporter expression levels with a Dual-
luciferase assay kit (Promega). Figure 2b is the typical
result of this reporter-gene assay (see Note 2).



3.2 Plasmid
Construction

3.3 Androgen
Sensitivities of HeLa
Cells Carrying
pPro-Rich or
pLeu-Rich

Single-chain Probes for Androgens 147

. Separately, conduct a hydrophilicity search of FLuc with a web

service (e.g., the scale of Kyte and Doolittle) for estimating the
hydrophilic region in the 3 /4 position of the sequence and decide
a putative dissection site in the hydrophilic region (see Note 3).

Fuse the helical and /or hydrophobic sequence to the C-terminal
end of the AR LBD, and sandwich them between the N- and
C-terminal fragments of FLuc.

Add a GS linker between the domains and construct a single-
chain structure.

The above designed plasmids (pLeu-rich and pPro-rich) in Section
3.1 are fabricated by subcloning each specific cDNA fragments
encoding the parts into pcDNA 3.1(+) vector (Invitrogen). The
specific steps were as follows:

1.

Conduct a polymerase chain reaction (PCR) to amplify the
cDNAs of the N-terminal (FLuc-N; 1-415 AA) and the
C-terminal (FLuc-C; 416-510 AA) domains of FLuc com-
prising unique restriction sites (i.e., Hindlll/Kpnl and
BamHI1/Xhol) at both ends of the domains using adequate
primers and a template cDNA of full-length FLuc.

. Modify the cDNA encoding human AR LBD (672-910 AA)

by PCR to introduce unique Kpzl and Not sites at the respec-
tive 5’ and 3’ ends of the domains.

. Synthesize-to-order cDNA oligomers encoding specific leu-

cine- and proline-rich peptides, **PGASLLLLQQ®*- and
373GPPPPPPPPHP? comprising No#l and BamHI sites at the
5 and 3’ ends (see Note 4).

. Ligate the cDNA fragments digested by the corresponding

restriction enzymes and subclone the consequent chimeras
into pcDNA 3.1(+) vector (Invitrogen).

. Sequence the constructed plasmids to ensure fidelity with a

BigDye Terminator Cycle Sequencing kit and a genetic ana-
lyzer ABI Prism310 (Applied Biosystems).

. Name the plasmids pLeu-rich and pPro-rich, respectively,

according to the linked functional peptides (see Note 5).

Androgenicity of ligands is determined with the above probes as
follow (see Fig. 3a).

1

. Culture human cervical carcinoma-derived Hela cells in

12-well plates in Dulbecco’s modified eagle’s medium
(DMEM; Sigma) supplemented with 10% steroid-free fetal
bovine serum (FBS) and 1% penicillin-streptomycin (P/S) at
37 °Cin a 5% CO, incubator (Sanyo).
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Fig. 3 (a) An effect of native androgen and synthetic chemicals on the bioluminescence intensities from HelLa
cells carrying pPro-rich (closed bars) or pLeu-rich (open bars) in the presence of 106 mol/L DHT (n=3). The
tested antagonists were cyproterone acetate (CPA) and flutamide. The asterisk shows the selective antagonis-
tic effect of flutamide on the AR LBD—leucine-rich peptide binding. Vehicle means a culture medium carry-
ing 0.1 % DMSO (negative control). (b) Determination of the androgen sensitivity of the four different cell lines
(CHO, HelLa, NIH 3T3, and MCF-7 cells) carrying pPro-rich (n=3). The cell lines were stimulated with a 10-°
mol/L of DHT for 20 min for initiating AR LBD—proline-rich peptide binding and the subsequent emission of
bioluminescence light (1,.=615 nm). “[M]” means molar concentrations (mol/L). HeLa cells carrying pAR-
dim (negative control) expressing two consecutive AR LBDs were symboled “open circle.” Abbreviations: CHO,
chinese hamster ovary cell (filled square); HeLa, human cervical carcinoma cell (filled triangle); COS-7, African
green monkey kidney fibroblast cell (filled diamond); MCF-7, human breast cancer cell (filled circle). Inset
shows the kinetics of bioluminescence intensities from HelLa cells carrying pPro-rich in response to vehicle
(open circle) and DHT (filled triangle). Reproduced in part from Kim et al. with permission from Anal. Sci. [3]

2. Transfect the cells in the 12-well plates with pPro-rich or pLeu-
rich using a transfection reagent (TransIT-LT1 (Mirus)) and
extensively incubated for 16 h (sec Note 6).

3. Prestimulate the HeLa cells in each well with a vehicle (0.1 %
DMSO) or 5x10-° mol/L antagonist (final conc; flutamide
and cyproterone acetate (CPA)) for 5 min (see Note 7).

4. Additionally, stimulate all of the cells except for the positive
control with a 10-° mol /L. DHT for 20 min (see Note 8).

5. Determine the luminescence intensities of each well using a
substrate kit (Bright-Glo; Promega) and a luminometer
(Minilumat LB9506; Berthold).

6. Normalize the obtained firefly luminescence intensities in form
of “relative luminescence unit (RLU) ratio (+/-),” i.e., the
ratio of RLU (+)/ RLU (-), where RLU (+) and RLU (-)
mean the luminescence intensity from a 1 pg protein of cell
lysate after HeLa cells were incubated with or without a ligand,
respectively.
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3.4 Comparison One may examine the androgen sensitivities of various mammalian
of the Androgen cell lines to demonstrate the influence of the cell context on the AR
Sensitivity of Various LBD-peptide binding as follows (see Note 9 and Fig. 3b).

Cell Lines Carrying

pPro-Rich 1. Grow four kinds of mammalian cell lines in a 12-well plate to a

90% confluent: i.e., (1) Chinese hamster ovary-derived CHO
cells, (2) human cervical carcinoma-derived Hela cells, (3)
African green monkey kidney fibroblast-derived COS-7 cells,
and (4) human breast cancer-derived MCEF-7 cells.

2. Transiently transfect each cell line with pPro-rich using a trans-
fection reagent (Mirus), and incubate in a cell incubator for 16 h.

3. Stimulate the cells with varying concentrations of DHT for
20 min.

4. Estimate the recovered FLuc activities using the Bright-Glo
substrate kit and a luminometer (se¢ Note 10). One may moni-
tor the time-course of the bioluminescence intensities from the
Hela cells carrying pPro-rich in response to DHT as follows
(see Fig. 3b Inset).

5. Transfect HeLa cells cultured in a 12-well plate with pPro-rich,
and incubate in 37 °C for 16 h.

6. Stimulate the cells on each well with 10-* mol /L DHT for 0,
5, 10, 20, or 30 min.

7. Determine the respective luminescence intensities of the cells
by the addition of the substrate solution.

3.5 Reversibility One may evaluate the reversibility of AR LBD—proline-rich peptide
of the AR LBD- binding in the single-chain probe (pPro-rich) through a repeated
Proline-Rich Peptide treatment and the withdrawal of DHT as follow (see Fig. 4).

Binding

. 1. Transfect Hel.a cells cultured in a 24-well plate with pPro-rich
in Response to DHT

using the transfection reagent (Mirus).

2. At 16 h after extensive incubation, stimulate all of the cells
with 10-° mol/L DHT for 20 min except for a negative con-
trol with the vehicle (0.1% DMSO).

3. Replace the culture medium on the wells with a fresh one and
incubate the cells in the cell incubator.

4. At 20, 40, 60, and 120 min after the medium change, deter-
mine the luminescence intensities using the Bright-Glo sub-
strate kit.

5. Stimulate the remaining cells in the 24-well plate once again
with 1075 mol/L DHT for 20 min.

6. Replace again the culture medium in the plate wells with a
fresh one for removing DHT.

7. At 20, 40, 60, and 120 min after the second medium change,
determine the recovered FLuc activities using the Bright-Glo
substrate kit.
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Fig. 4 Time course of the bioluminescence intensities from the cells carrying
pPro-rich by the deprivation of DHT 20 min after the stimulation with 10-5 mol/L
DHT (closed dots) or 0.1 % DMSO (open dots) (n=3). After repeated stimulation
and deprivation of 105 mol/L DHT, the fluctuations of the luminescence intensi-
ties were monitored for 2 h. Reproduced in part from Kim et al. with permission
from Anal. Sci. [3]

4 Notes

1. Typically, a sequence with a length of 10-11 amino acids is
appropriate.

2. The result shows the contribution of the found proline- and
leucine-rich regions to the transcription efficiency of AR. It is
an indirect evidence of binding between AR LBD and the pro-
line (leucine)-rich region, as androgen-activated AR exerts an
intramolecular folding before dimeration and recruiting of the
coactivators.

3. Upon deciding the dissection site of FLuc, known dissection
sites in literatures may be referred.

4. Many domestic companies provide a service for synthetic
DNA:s in cheap prices.

5. As a negative control, one may make a mutant-bearing version
of pPro-rich, where the plasmid comprises the sequence
373GPPPRPPPPHP3®2. This mutant plasmid may be named
“pPro-mut” (Fig. 2a).

6. Long incubation time generally causes an overexpression of
the probes, elevating the background intensity of biolumines-
cence and worsening the S /N ratios.

7. Every antagonists induce a distinctive conformational change
of AR LBD, exerting various assembly models of coactivators.
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8. The incubation time, 20-30 min, comprises all of the time

10.

spans for (1) a membrane permeation of androgen, (2) AR
LBD-androgen binding, (3) subsequent association of AR
LBD with a peptide, and (4) complementation of the flanking
N- and C-terminal fragments of split FLuc.

. The driving force of the peptide~AR LBD binding is consid-

ered the hydrogen bond [2] and the hydrophobic interaction
between the two components [2—4].

The variance of the ligand sensitivity of the cells although
pPro-rich was equally transfected may be reasoned as follows:
(1) The expression level of the probe differs according to the
host cell lines and (2) variance in the physiological contexts of

cell lines upon determining the androgenicity of ligands.
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Chapter 12

Multicolor Imaging of Bifacial Activities of Estrogens

Sung-Bae Kim and Yoshio Umezawa

Abstract

The present protocol introduces multicolor imaging of bifacial activities of an estrogen. For the multicolor
imaging, the authors fabricated two single-chain probes emitting green or red bioluminescence (named
Simer-G and -R, respectively) from click beetle luciferase (CBLuc) green and red: Simer-R consists of the
ligand binding domain of estrogen receptor (ER LBD) and the Src homology-2 (SH2) domain of Src,
which are sandwiched between split-CBLuc red (CBLuc-R). On the other hand, Simer-G emitting red
light consists of the ER LBD and a common consensus sequence of coactivators (LXXLL motif), which
are inserted between split-CBLuc green (CBLuc-G). This probe set creates fingerprinting spectra from the
characteristic green and red bioluminescence in response to agonistic and antagonistic activities of a ligand
of interest. The present protocol further provides a unique methodology to calculate characteristic estro-
genicity scores of various ligands from the spectra.

Key words Bioluminescence, Multicolor imaging, Luciferase, Single-chain probe, Estrogen receptor,
Click beetle

1 Introduction

A crosstalk between distinct signaling pathways is a complex fea-
ture of ligand-activated signal transduction pathways in mamma-
lian cells. This intrinsic nature implicates that the roles of a ligand
are much more complex and multifacial than ever expected in the
physiological circumstances of living cells. Thus, it is rational to
simultaneously determine such multiple, occasionally bifacial activ-
ities of a ligand in living cells to understand the ligand actions.
However, such multi-stimulative, bifacial activities of a ligand for
various signaling pathways are hard to estimate, owing to the lack
of a suitable methodology.

In this chapter, we introduce a unique bioanalytical method
with single-chain multicolor probes for simultaneous determina-
tion of multiple effects of a ligand with red and green. The basic
molecular design was fabricated by us for the first time for deter-
mining protein—protein interactions [1]. The probe contains N-
and C-terminal fragments of a split-luciferase, between which any

Sung-Bae Kim (ed.), Bioluminescence: Methods and Protocols, Methods in Molecular Biology, vol. 1461,
DOI 10.1007/978-1-4939-3813-1_12, © Springer Science+Business Media New York 2016

153



154 Sung-Bae Kim and Yoshio Umezawa

two proteins of interest were inserted. The probe is characterized
as a single-chain bioluminescent probe, in which all the compo-
nents required for signal sensing and light emission are
integrated.

In this chapter, we exemplify simultaneous illumination of the
genomic and nongenomic signaling pathways of the estrogen
receptor (ER) (see Note 1) with single-chain multicolor probes car-
rying click beetle luciferases red and blue (CBLuc red and blue).
These probes were named “Simer” (S ingle-chain Multicolor probe
with Estrogen Receptor), and the assay can be called a Simer assay.

2 Materials

2.1  Mammalian Gells

2.2 Ligands for
Stimulating Single-
Chain Multicolor
Imaging Probes

2.3 Reagents
Related with Genetic
Engineering

2.4 The Other
Reagents

1. HeLa cell derived from human cervical cancer.

2. COS-7 cell derived from African green monkey kidney.

3. NIH 3T3 cell derived from a mouse embryonic fibroblast.
4

. MCE-7 cell derived from human mammary epithelium.

1. 4-Hydroxytamoxifen (OHT), estrogen antagonist.
2. ICI 182780, estrogen antagonist.

1. pCBR-Control vector (Promega) encoding click beetle
luciferase red.

2. E. cols strain DH5a, a competent cell.

3. pCBGY99-Control vector (Promega) encoding click beetle
luciferase green.

4. TransIT-LT1 (Mirus) as a lipofection reagent.

1. Dimethyl sulfoxide (DMSO).
2. Bright-Glo reagent kit (Promega).
3. Phosphate buffered saline (PBS).

3 Methods

3.1 Basic Designs
of Single-Chain
Multicolor Imaging
Probes

A blueprint structure of single-chain multicolor probes should be
designed beforehand as follows (see Fig. 1):

1. Download the amino acid sequence of CBLuc Green and Red
from a public database, NCBI (se¢ Note 2).

2. Determine the hydrophilicity scale through pasting the full
amino acid sequences of CBLuc Green and Red besides FLuc
into the window of ExPASy Proteomics service (Swiss Institute
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Fig. 1 A hydrophilicity search of beetle luciferases revealing a hydrophilic region in the 400—-450 AA region of
the sequence. The sequence was projected by the scale of Kyte et al. [2]. The hydrophilic region was high-
lighted with a dotted box. The arrows show known dissection sites for bioassays in literatures

of Bioinfomatics; SIB) for obtaining the scale of Kyte and
Doolittle [2].

3. Superimpose the hydrophilicity scales of CBLuc Green and Red
on that of FLuc and identify potential dissection sites in the
remarkably hydrophilic region in the 3/4 region of the scale
from the N-terminal end (see Notes 3 and 4).

4. Split the sequence of CBLuc Green at the above identified dis-
section site, and sandwich a protein pair of interest representing
a genomic signal pathway of ER (i.e., ER LBD and an LXXLL
motif (see Note 5)) between split fragments. Add an appropriate
flexible linker between the ER LBD and the LXXLL motif (see
Note 6). This probe is named “Simer-G”.

5. Split the sequence of CBLuc Red at the above identified dis-
section site, and sandwich a protein pair of interest represent-
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ing a nongenomic signal pathway of ER (i.e., ER LBD and
Src homology-2 domain (SH2) (see Note 7)) between
the split fragments. Add an appropriate flexible linker between
the ER LBD and the SH2 (se¢e Notes 8-10). This probe is
named “Simer-R”.

Further integrate the key elements of the two probes emit-
ting red and green in a single molecule backbone as shown in
Fig. 2 for making a single-chain multicolor probe emitting red
and/or green light. This probe is named “Simer-RG”.

3.2 APlasmid Based on the above design (Section 3.1), one may generate plas-
Encoding a Single- mids encoding single-chain multicolor imaging probes for illumi-
Chain Probe nating nongenomic activities of hormones by a series of polymerase
for llluminating chain reactions (PCRs) as follows.

Nongenomic Activities
of Estrogen

pSimer-R2 CB Red-N

Hindlll

pSimer-G4

Noti

Rip140-R 5£ NKHGLLLQLLTVKQHDss

pSimer-RG
"Hindlll Kpni

1. Generate the cDNAs encoding N-terminal fragment (1-412

aa) and C-terminal fragments (413-542 aa) of CBLuc Red by
PCR to introduce unique restriction sites, HindI11/Kpnl, or
BamHI/ Xhol at both ends of the fragments using adequate
primers and the template vector, pPCBR-Control (Promega).

. Separately synthesize the cDNAs encoding ER LBD (305-550

aa) and Src SH2 (150-248 aa) respectively by PCR to add
adequate restriction sites, Nbhbel/BamHI and Kpnl/ Nbel
( Notl), at both ends.

Tyr537
SrcSH2 | ER LBD CB Red-C

Kpnl Notl | Nhel BamHI Xhol Integratiom

LXXLL motif

EcoRI A Nhel

BamHI Xhol

Tyr537

LXXLL motif

R A

Srel zgr PSGEQLLRH LIKHRA}n
sre1-R 272 ARHKILHRLLQEGSP 287

Fig. 2 Schematic diagrams of cDNA constructs encoding single-chain probes. The component cDNA domains
of each plasmid were specified with restriction sites. The present series of plasmids were named “pSimer,”
which means a plasmid encoding a Single-chain bioluminescent probe with Estrogen Receptor



3.3 APlasmid
Encoding a Single-
Chain Probe

for llluminating
Genomic Activities
of Estrogen

3.4 A Plasmid
Encoding a Single-
Chain Probe

for llluminating Both
Genomic

and Nongenomic
Activities

of an Estrogen
(Simer-RG)

3.5 Determination of

Ligand Sensitivity

of Cells Carrying Each

Plasmid
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3. Subclone the PCR-amplified ¢cDNA fragments in the corre-
sponding restriction enzyme-digested pcDNA 3.1(+) vector
backbone (see Note 11). The plasmid was named pSimer-R2.
After expression, it may be called Simer-R2.

Make the cDNA constructs for pSimer-G series plasmids according
to the above design (Section 3.1) for illuminating genomic activi-
ties of hormones by a series of polymerase chain reactions (PCRs)
as follows.

1. Generate the cDNAs encoding N- and C-terminal fragments
of CB Green respectively by PCR to introduce unique restric-
tion sites, Notl/EcoRI and BamHI/Xhol at both ends of the
fragments using adequate primers and the template vector,
pCBGY9-Control (Promega).

(a) Separately synthesize the cDNAs encoding ER LBD (305-
550 aa) and an LXXLL motf (**NKHGLLLQLL
TVKQH®?, a reverse peptide sequence of Rip140) respec-
tively by PCR toadd adequate restriction sites, Nbel / BamHI
and EcoRI/ Nbel, at both ends (see Note 12).

2. Ligate and subclone the PCR-amplified cDNA fragments in
the pcDNA 3.1(+) vector (Invitrogen) that was digested with
the corresponding restriction enzymes.

3. Confirm Tthe fidelity of the cDNA construct in the plasmids is
confirmed by sequencing it with a genetic analyzer ABI PRISM
310 (Applied Biosystems, Tokyo, Japan). The plasmid was
named pSimer-G4. After expression, it is may be called Simer-G4.

Fabricate a plasmid encoding Simer-RG on the basis of the back-
bone of Simer-G4 and -R2 (see Fig. 1b for the molecular design)
according to the following procedure.

1. Assemble the construct of pSimer-RG2 on the basis of the
c¢DNA constructs of pSimer-G4 and -R2 as shown in Fig. 2
and Section 3.1.

2. Ligate the cDNA fragment encoding the N-terminal fragment
of CBLuc Green and LXXLL motif between Nozl and Nbel of
a pSimer-R2 backbone (see Note 13).

3. Confirm the fidelity of the cDNA sequences in the plasmids by
sequencing them with a genetic analyzer ABI PRISM 310
(Applied Biosystems, Tokyo, Japan). They were named pSimer-
RG2. The expressed fusion protein is may be called
SIMER-RG2.

The ligand sensitivities of mammalian cells carrying each con-
structed plasmid were estimated as follows:
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3.6 Monitoring
Spectra

of Bioluminescence
Intensities Triggered
by Each Ligand

1. Transfect an aliquot of pSimer-R2 into the following mammalian

cells, HelLa, COS-7, NIH 3T3, or MCEF-7, using TransIT-LT1
(i.e., 0.5 pg plasmid for each well of 24-well plate).

. Incubate the cells carrying each plasmid in a 5% CO, incubator

for 16 h.

. Stimulate the cells on the 24-well plate with a specific ligand or

vehicle (0.1% DMSO) for 15 min (see Notes 14-16).

. Develop the bioluminescence intensities by Simer-R2 expressed

in each cell line on the 24-well plate using a Bright-Glo sub-
strate solution (Promega) as follows.

(a) Wash the cells on the 24-well plate once with PBS.

(b) Add the 40 pL substrate solution prepared according to
manufacturer’s instruction to each well of the plates.

(c) After incubation for 3 min at 37 °C, record the developed

bioluminescence intensities from the cell lysates with a lumi-
nometer (Minilumat LB9506; Berthold) (se¢ Note 17).

. Normalize the RLU values in form of fold intensity as

follows.

(a) Determine the amounts of proteins sequentially using a
Bradford reagent (Bio-Rad) after the measurements of
bioluminescence intensity.

(b) Normalize the bioluminescence intensities (RLUs) by a
vehicle (0.1% (v/v) DMSO) and a ligand against the cor-
responding amount of proteins, which is expressed as
“RLU/ pg protein.”

(c) Convert the individual optical intensities into a form of fold
intensity, i.e., “RLU ratio (+/-),” which means the biolu-
minescence ratio of RLU (+) to RLU (-), where RLU (+)
and RLU (-) are the RLU per 1 pg protein of the cell lysates
treated with a ligand and a vehicle, respectively.

. The selectivity of Simer-R2 to various ligands shows that the

probe exhibited selective recognition for a known estrogen
antagonist, OHT or ICI 182780, in any cell lines. Figure 3
shows the typical example.

The spectra are taken on the basis of the following protocol.

1. Grow COS-7 cells in a six-well plate to 90 % confluent.
2. Transfect the cells on each well transiently with a 2.5 pg of a

mixture of pSimer-R2 and pSimer-G4 (Case 1; see Fig. 4a for
the working mechanism) or pSimer-RG2 (Case 2; see Fig. 5a
for the working mechanism)

3. 16 h after the transfection, stimulate the cells with each ligand

(10¢ M) for 20 min (see Note 18).
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Fig. 3 Bioluminescence intensities of various cell lines carrying pSimer-R2 in
response to ligands. Abbreviations: Ctrl, control; E,, 17(-estradiol; prog, proges-
terone; proc, procymidone; /CI, ICl 182780; OHT, 4-hydroxytamoxifen; EGF, epi-
dermal growth factor (n=3). Reproduced in part from Kim et al. with permission
from ACS Chemical Biology [3]

a b
CB Red-N 14 4 .
pSimer-R2 & pSimer-G4 — vehicle
12 —
SH2 Src
10 —
ER LBD g -
=
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wavelength, nm
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Fig. 4 (a) The ligand-sensing mechanism of a single-chain probe set. The probes exert different molecular struc-
tures according to agonist and antagonist. Abbreviations: Src SH2, SH2 domain of Src; ER LBD, ligand-binding
domain of estrogen receptor; CB Red-N, N-terminal domain of click beetle luciferase red; CB Green-C, C-terminal
domain of click beetle luciferase green. (b) The bioluminescence spectra of COS-7 cells carrying pSimer-R2 and
pSimer-G4 in response to various ligands. These spectra enable us to score agonistic and antagonistic activities
of ligands on the basis of bioluminescence intensity gaps (A LI) at 540 and 610 nm. The scores were specified
in Table 1. Reproduced in part from Kim et al. with permission from ACS Chemical Biology [3]
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Fig. 5 (a) Working mechanism of a single-chain multicolor probe. The probe varies the molecular conformation
according to agonist or antagonist. (b) The bioluminescence spectra of COS-7 cells carrying pSimer-RG2 in
response to ligands. Reproduced in part from Kim et al. with permission from ACS Chemical Biology [3]

Iia:tlzf1estrogenicity scores of various estrogens and chemicals
Agonist Antagonist Crosstalk EDC
E, 1.80 OHT 0.38 DHT 1.17 PCB 1.03
DES 1.27  Genistein 082 T 0.57  Flutamide 0.37
Estrone 0.95 ICI 182780 1.08  Progesterone 1.06 CPA 1.19
Cortisol 0.68 RU486 1.33

Estrogenicity score (ES) = (Llss0 — ICs40)/(LIg10 — ICe10)
Abbreviations: E2 17f-estradiol; OHT 4-hydroxytamoxifen; DHT 5a-dihydrotestosterone; T testosterone; PCB poly-
chlorinated biphenyls; CPA cyproterone acetate; DES diethylstilbestrol; EDC endocrine disrupting chemicals

4. Add an aliquot of Bright-Glo substrate solution (400 pL) to
each well of the 6-well plate and incubate for 3 min.

5. Record bioluminescence spectra from the expressed probes
with a spectrometer (FP-750; Jasco) (see Note 19). The typical
spectra of each case are shown in Figs. 4b and 5b.

6. Normalized the bifacial activities of a ligand with respect to the
maximal optical intensities (A,,) at ~540 nm (green) and
~610 nm (red) in response to each ligand, through scoring
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agonistic and antagonistic activities of a ligand (named
Estroginicity Score): i.e., ES = (Ll54-1Cs49)/(LLs10-1Cs10),
where Llsy and L), respectively indicate the bioluminescence
intensity at 540 and 610 nm upon stimulation with a ligand
(see Note 20).

. The typical ES scores are listed in the Table 1.

4 Notes

. Estrogens exert their effects through the actions of ERs such

as dimerization and coactivator recruitment for gene expres-
sion (genomic actions). But a number of other effects of estro-
gens such as kinase activation in the cytosol are so rapid that
they cannot be related with direct gene expression (nonge-
nomic actions), which are mediated through membrane-
associated ERs.

. As an optimal luciferase for this probe, we took advantage of

click beetle luciferase (CBLuc). CBLuc is less-sensitive to pH,
temperature, and heavy metals, and emits a stable light with
D-Luciferin in physiological circumstances [4, 5].

. The hydrophilicity scales of CBLuc Green and Red show a

similar profile with that of FLuc. As information on the suc-
cessful dissection sites for FLuc is known, one may decide
a potential dissection region in CBLuc Green and Red from
the corresponding split sites in FLuc by this superimpose.

. Although crystallographic data of CBLuc were not reported,

the structure of CBLuc is almost the same as that of FLuc from
the viewpoint of the following homology factors between
CBLuc and FLuc: (1) they are both members of a superfamily
of acyl-adenylate-forming enzymes, and (2) the two hydro-
phobicity diagrams of the amino acids based on the scale of
Kyte et al. [2] are almost superimposed.

. The LXXLL motif'is a core consensus sequence of coactivators,

where “L” means leucine and “X” means any amino acids.

. The binding of ER LBD with an LXXLL motif of coactivators

indexes genomic activities of an estrogen. The activity of split-
CBLuc Green inside the probes is temporarily lost. Upon stim-
ulation with an agonist, the ER LBD interacts with the LXXLL
motif inside the probe, and thus reconstitutes red biolumines-
cence at 610 nm through the complementation between the
adjacent N- and C-terminal fragments.

. The SH2 domain is the known phosphorylation recognition

domain (Src homology-2 (SH2) domain) of a proto-oncogene
tyrosine-protein kinase, Src.
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8.

10.

11.

12.

13.

14.

15.

16.

17.

The binding between ER LBD and SH2 represents a nonge-
nomic activity of an estrogen. Ligand-activated tyrosine phos-
phorylation of ER LBD is recognized by the SH2 of Src. Upon
stimulation with an antagonist, the ER LBD interacts with its
counterpart Src SH2 inside the probe, and recover red
bioluminescence.

. In case of CBLuc Green and Red, the C-terminal regions are

almost equivalent each other, and thus is sharable in a single-
chain probe. The C-terminal region does not affect color.

An appropriate flexible linker less than 10 amino acids is help-
ful for relaxing possible steric hindrance or special mismatch in
the single-chain probes: i.e., (1) a steric hindrance during the
intramolecular complementation of the split CBLuc fragments;
and (2) a special mismatch between the fragments. These
might cause poor fold intensities upon determination of pro-
tein—protein interactions inside a single-chain probe.

The subcloning may be conducted with a common E. coli
strain like DH5a as the bacterial host for the plasmid
constructions.

The information about amino acid sequence consisting of the
LXXLL motifs in the ER coactivators, Srcl, can be taken from
GenBank. The specific sequence is **VCNESLLLQKLVN
FS°% i.e., a reverse peptide sequence of Srcl.

The author examined an optimal GS linker length between the
LXXLL motif and ER LBD and found that a 10 GS linker is
appropriate.

The stimulation time, 20 min, is largely shortened in compari-
son with that of the scheme of protein-fragment splicing assay
(PSA), which require at least 2 h [6, 7]. Thus, the present
method is applicable to a high-throughput analysis of the activ-
ities of bioactive small molecules, which even activate tempo-
ral, short-time molecular events.

The stimulation is conducted by replacing the culture media
with a fresh culture media dissolving a ligand.

The ligand stimulation time needs ca. 15 min to reach a pla-
teau after addition of 10-° M OHT (see Fig. 2¢). This time says
that the probe takes 15 min to complete all the steps for recov-
ering luciferase activities, i.e., from the plasma membrane per-
meation of a ligand, ER LBD-ligand binding, phosphorylation
(Tyr537) of ER LBD, ER LBD-Src SH2 binding until a pro-
tein complementation between the flanking N- and C-terminal
fragments of CBLucs.

The luminometer provides the bioluminescence intensities
with a relative luminescence unit (RLU) because the photons
are multiplied in the light-detecting unit of the luminometer.
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18. After the cotransfection, the probes from pSimer-R2 and -G4
emit red or green bioluminescence in response to antagonists
or agonists, respectively. As some of the ligands have a bifacial
activity, such a ligand shows their own characteristic spectra
distinctive from the others.

19. The vertical axis is expressed with an arbitrary unit (AU) per

wavelength (nm).

20. Through this ES value, we can easily categorize ligands in ago-
nistic and antagonistic groups and compare the bifacial activi-

ties of a ligand.
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Chapter 13

Circular Permutation Probes for llluminating
Phosphorylation of Estrogen Receptor

Sung-Bae Kim and Hiroaki Tao

Abstract

The present protocol demonstrates a new strategy for imaging ligand-triggered protein phosphorylation
using circularly permutated luciferases (cpLuc): (1) a luciferase is first fragmented into two segments for
creating new N- and C-terminal ends in the hydrophilic region, (2) the original N- and C-terminal ends
are circularly permutated and linked via a GS linker, whereas the new ends made by fragmentation are cor-
respondingly linked with two proteins of interest. When the new ends of the cpLuc are linked with the
ligand-binding domain of estrogen receptor (ER LBD) and Src homology two domain of Src (SH2), the
estrogen can trigger phosphorylation of the ER LBD and consequent intramolecular ER LBD-SH2 bind-
ing. This interaction triggers an approximation of the adjacent fragments of split-cpLuc recovering the
enzyme activity. This probe design greatly improves signal-to-noise (S/N) ratios upon tracing weak pro-
tein—protein interactions (PPIs) in mammalian cells.

Key words Circular permutation, Phosphorylation, Luciferase, Estrogen receptor, Bioluminescence

1 Introduction

Recent revolutionary advances in the enzyme-manipulation tech-
nologies now allow researchers to carry out quantitative examina-
tion of the molecular dynamics and cell signaling in living cells [1].

As a creative approach for probing molecular events, a circular
permutation (CP) of bioluminescent enzymes can be an effective
technique. The putative active site region of many luciferases is known
hydrophilic for recruiting the specific substrates from aquaphase [2].
As the putative active-site region is dissected into two fragments, the
activity of the enzyme may be temporally lost. A dissected active site
can be placed in the opposite side of the other dissected site in the sin-
gle-chain probe backbone, by CP as shown in Fig. 1a. Upon stimula-
tion of the ligand, the fragmented luciferase recovers its activity via an
intramolecular complementation (see Fig. 1). As the possibility of
encounter between the fragmented active sites by CP is rare in a basal
condition, this allows a dramatically suppressed background activity

Sung-Bae Kim (ed.), Bioluminescence: Methods and Protocols, Methods in Molecular Biology, vol. 1461,
DOI 10.1007/978-1-4939-3813-1_13, © Springer Science+Business Media New York 2016
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Fig. 1 (a) Schematic diagram of single-chain circular permutation (CP) probes. The original N- and C-terminals
of CBLuc were fused with a 10 GS linker. On the other hand, its new terminal ends were created at 1413. A
dissection site is placed in the opposite side of the other dissected site in the probe backbone (red bars show-
ing the putative active site, circular permutation). The dissection sites are fused with a pair of proteins of
interest. Abbreviations: Src SH2, the SH2 domain of Src; CBLuc-N and -C, the N- and C-terminal fragment of
click beetle luciferase. (b) Comprehensive illustration of the ligand-sensing mechanism of CPC and CPC-mut.
Ligand-activated ER LBD is phosphorylated at Y537. This phosphorylation triggers Src SH2—ER LBD interac-
tions, accompanying reconstitution of the split fragments of CBLuc. This intramolecular binding does not occur
if the phosphorylation site is mutated (CPC-mut)

of the single-chain circular permutation (CP) probe and an enhance-
ment of the signal-to-background (S/B) ratios.

Based on the knowledge, the present chapter guides on how to
create a single-chain probe with circularly permutated split-
luciferases derived from Pyrearinus termitilluminans (click beetle
luciferase (CBLuc); Promega).

2 Materials

2.1 Ligands . 4-Hydroxytamoxifen (OHT).
for Stimulating the CP . 17p-estradiol (E,).
Probes

. Vehicle (0.1% DMSO).
. Estrone.
. 5a-dihydrotestosterone (DHT).

. Cortisol.

QN UL W N~



2.2 Reaction Buffers

2.3 Reagents
for Growing
Mammalian Cells

2.4 Genetic
Engineering Reagents

2.5 The Others
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. CutSmart buffer (New England Biolabs).

2. PBS buffer (Wako Purechemicals).

. Hank’s balanced salt solution (HBSS) buffer (Gibco).

. Dulbecco’s modified eagle’s medium (DMEM; Sigma).

2. Steroid-free fetal bovine serum (FBS).

[S2NN" ~NEIS B 8]

p—d

. Penicillin-streptomycin (P/S).

. A mammalian expression vector, pcDNA 3.1(+) vector

(Invitrogen).

. A custom-made plasmid, pCPC.

. Restriction enzymes (New England Biolabs): Hindlll and Xhol.
. BigDye Terminator Cycle Sequencing kit (Applied Biosystems).
. A lipofection reagent, TransIT-LT1 (Mirus).

. COS-7 cells derived from African green monkey kidney.
. Bright-Glo substrate solution (Promega).

3 Methods

3.1 Molecular
Design of CP Probes

A suitable dissection site of a luciferase for CP probes can be esti-
mated with following method.

1.

Download the amino acid sequence of click beetle luciferase
(CBLuc) from a public database, NCBI.

. Determine the hydrophilicity scale of the full sequence through

pasting the full sequence into the window of ExPASy
Proteomics service (Swiss Institute of Bioinfomatics; SIB) for
obtaining the scale of Kyte and Doolittle [3] (se¢ Note 1).

. Identify a remarkably hydrophilic region in the middle of the

scale (see Note 2).

. Choose several candidate dissection sites near the “flexible”

amino acids like glycine in the identified hydrophilic region (see
Note 3).

. Dissect the sequence of CBLuc at the chosen dissection site

(e.g., between 1439 and K440 in CBLuc) and place a
split-sequence of CBLuc in the opposite side of the other split-
sequence (circular permutation) (se¢ Note 4).

. Link the original N- and C-termini of the CBLuc sequence

with a “glycine-serine (GS)” linker, and fuse a protein pair of
interest to the new N- and C-termini made by the dissection.
In the present protocol, we exemplify a binding model between
the ligand-binding domain of estrogen receptor (ER LBD)
and the Src homology 2 domain of Src (SH2) as the protein
pair of interest (sec Notes 5-7).
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3.2 Generation

of Plasmids Encoding

various CP Probes

3.3 Determination
of Androgenicity
of a Ligand with CPC

A cDNA construct encoding the designed CP probe above is gen-
erated by polymerase chain reaction (PCR) as follows.

1. Design a series of primers to generate unique restriction sites at

the 5’ and 3’ ends of the component cDNA fragments shown
in Fig. 1a (see Notes 8 and 9).

. Conduct a series of PCRs to generate the cDNA fragments

with the following ingredients: (1) cDNA encoding CBLuc as
a template and the corresponding primers; (2) cDNA encod-
ing full-length ER as a template and the corresponding prim-
ers; or (3) cDNA encoding »-Src as a template and the
corresponding primers.

Optionally, a flexible GS linker may be made between the
c¢DNA fragments by a consecutive PCR.

. Digest the PCR products with the corresponding restriction

enzymes (see Note 10).

. Tandemly ligate the enzyme-digested cDNA fragments and

subclone into the pcDNA 3.1(+) (Invitrogen) as shown in
Fig. 1a. Here, the plasmid was named pCPC according to the
name of CBLuc that were Circularly Permutated in the probe.
The expressed fusion probe is named CPC.

(a) The Y537 in ER LBD can be mutated by a site-directed
mutagenesis and name pCPC-mut. The mutated probe
may be called CPC-mut after expression.

(b) Further, a plasmid encoding the construct without CP is
fabricated for a negative control as shown in Fig. 3b. The
plasmid may be named pCPC-ctrl. The probe after expres-
sion may be named CPC-ctrl.

. Determine the sequence of the plasmids constructed for this

study to ensure fidelity, using a BigDye Terminator Cycle
Sequencing kit and a genetic analyzer ABI Prism310 (Applied
Biosystems).

Androgenicity of ligands is determined with the optical intensity
by CPC as follows (Fig. 2).

1. Culture COS-7 cells derived from African green monkey kid-

ney in a 24-well plate with Dulbecco’s modified eagle’s medium
(DMEM; Sigma), supplemented with 10% steroid-free fetal
bovine serum (FBS) and 1% penicillin-streptomycin (P/S) at
37 °Cin a 5% CO, cell incubator (Sanyo).

2. Transiently transfect the COS-7 cells with pCPC or pCPC-

mut (0.2 pg/well) using a transfection reagent, TransIT-LT1
(Mirus).



Circular Permutation Probes 169

O vehicle (0.1% DMSO) HO ~N,
6 W OHT | 0 — OHT()
M estrone
-t | a ® —— OHT(+)
5 DHT 4-hydroxytamoxifen
— O cortisol
z, (OHT)
2 2 3-
® x
3 3
o
2 2
1
0 = T T T
CPC CPC-mut 500 550 600 650 700

wavelength, nm

Fig. 2 (a) Mutagenesis study for the association of ER LBD with Src SH2 domain. Tyrosine 537 in ER LBD is
replaced with lysine, and the plasmid is named pCPC-mut. The luminescence intensities from COS-7 cells
carrying pCPC or pCPC-mut are compared in response to various ligands (n=3). (b) Spectra from the COS-7
cells carrying CPC before and after stimulation of OHT. Reproduced in part from Kim et al. with permission from
Bioconjugate Chem [6]

3. Incubate the cells extensively in the CO, incubator for 16 h.

4. Stimulate the cells carrying pCPC with 10° M of OHT,
estrone, E,, DHT, or cortisol (final concentration) for 20 min
(see Note 11).

5. Eliminate the culture media and wash once the wells on the
plate with a PBS bulfter.

6. Add a Bright-Glo substrate solution (Promega) to each well of
the plate and integrate the luminescence intensities for 15 s
using a luminometer (Minilumat LB9506; Berthold). The
brief procedure for the use of the Bright-Glo substrate solution
comprising a lysis reagent is as follows:

(a) Add a 40 pL of the substrate (D-Leuciferin) solution to
each well of the plates.

(b) 3 min after substrate addition, tap the plate gently, and
transfer the subsequent cell lysates to a test tube and deter-
mine the luminescence intensities with a luminometer (see
Notes 12-14).

(c) The corresponding bioluminescence spectra may be deter-
mined with a conventional spectrophotometer (Fig. 2b).
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Fig. 3 Ligand sensitivity of CPC. (a) Comparison of ligand sensitivity of CPC and CPC-ctrl. The left X-axis shows
the fold intensities according to varying concentrations of ligands. Inset shows the absolute luminescence
intensities from the cells carrying CPC in response to various ligands. The left open bars show the lumines-
cence intensities by CPC, whereas the right closed bars indicate the intensities by CPC-ctrl. (b) Comprehensive
illustration of the molecular structures of CPC and CPC-ctrl. Abbreviations: OHT, 4-hydroxytamoxifen; E,,
17-estradiol; DHT, dihydrotestosterone; Src SH2, Src homology 2 (SH2) domain of Src; ER LBD, ligand binding
domain of estrogen receptor; CBLuc-N and -C, N- and C-terminal domains of click beetle luciferase. Reproduced
in part from Kim et al. with permission from Bioconjugate Chem [6]

3.4 Dose-Response
Curves of CPC

to Ligands

and the Comparison
with GPC-Cirl

3.5 Ligand-Binding
Kinetics of CPG and Its
Filter-Screened
Bioluminescence
Intensities

The ligand selectivity of CPC in COS-7 cells is determined with
varying concentrations of steroids (see Fig. 3).

1.

Transiently transtect COS-7 cells grown in the 24-well plates
with pCPC or pCPC-ctrl.

. 16 h after transfection, stimulate the cells with varying concen-

trations of a ligand (E,, OHT, or vehicle (0.1% DMSO)) for
20 min.

. Eliminate the culture media and wash once the wells on the

plate with a PBS bulfter.

. Inject 40 pL of a Bright-Glo substrate solution (Promega) into

each well and incubate 3 min before measurement of the opti-
cal intensities.

. Integrate the luminescence intensities for 15 s with a lumi-

nometer (Minilumat LB9506; Berthold).

The kinetics of ligand—CPC binding in living mammalian cells and
its filter-screened bioluminescence are determined as follow (see
Fig. 4).

1.

Transfect COS-7 cells cultured in a 24-well, glass-bottom plate
with pCPC and incubated for 16 h.
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Fig. 4 Ligand-binding kinetics of CPC. (a) Time-course of OHT-CPC binding was examined. At 2, 5, 10, 20, and
30 min after OHT-CPC binding, the luminescence variances were monitored. (b) Relative luminescence inten-
sities after being screened by bandpass filters. The light from the cells carrying CPC passed well through a
610 nm bandpass filter, indicating the signal is red-orange light. Reproduced in part from Kim et al. with per-
mission from Bioconjugate Chem [6]

2. The ligand-CPC binding kinetics is determined as follow:

(a) Stimulate the cells with vehicle (0.1% DMSO) or 10 M
OHT for 0, 2, 5, 10, 20, or 30 minutes.

(b) Eliminate the culture media and wash once the wells with
a PBS buffer.

(c) Inject 40 L of the Bright-Glo substrate solution into each
well and incubate 3 min before measurement of the optical
intensities.

(d) Determine the optical intensities for 15 s with a luminom-
eter (Minilumat LB9506; Berthold).

3. The filter-screened bioluminescence is determined as follow:

(a) Saturate the cells of Step 1 with a 500 pLL Hank’s balanced
salt solution (HBSS) butffer containing coelenterazine and
one of the following stimulators: vehicle (0.1% DMSO),
10°* M E,, or 10* M OHT.

(b) 20 min after stimulation with the ligand, monitor the rela-
tive luminescence intensities from the cells with a series of
bandpass filters, whose wavelengths are as follows: 510+ 10
nm, 535+10 nm, 540+10 nm, 560+10 nm, and
610+10 nm (see Note 15).
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4 Notes

10.

. Similar web software for predicting 2D structures of proteins are

available in various public websites including NCBI and SIB.

. A remarkably hydrophilic region in the scale of a luciferase

sequence is considered to be advantageous over recruiting the
specific substrate in an aqueous phase upon light-emitting
reaction.

. A flexible hinge region is preferred as a dissection site of lucif-

erases. Although information on the 3D structure is not avail-
able, amino acids carrying small or no side chains like glycine
may be a potential dissection site in the hydrophilic region.

. In this molecular design, the potential active site region was

divided into two fragments, causing a temporary loss of activ-
ity. A dissected active site of CBLuc was located in the opposite
side of the other dissected site in the probe backbone, with
respect to CP. In this conformation, the encountering chance
between the fragmented active sites is extremely decreased in
the basal conditions. This structure contributes to (1) the dra-
matic decrease of the basal activity of the probe, and (2) the
improved signal-to-background ratios in our study.

. Any protein—protein binding models may be acceptable as the

binding pair of interest. Considering that this is an
intramolecular protein—protein interaction, CP probes have a
potential to illuminate relatively weak protein—protein binding
models, which is impossible to be determined with a conven-
tional bioassays.

. The phosphorylation of estrogen receptor (ER) at Y537 is rec-

ognized by the adjacent SH2 domain. This intramolecular pro-
tein—protein interaction triggers reconstitution of the
split-CBLuc. This phosphorylation-mediated binding can be
proved with a reference probe carrying point-mutated ER
LBD at Y537F.

. Any protein pair may be attached at the new N- and C-termini.

The pair includes FRB and FRBP, and Xenopus laevis calmodu-
lin and M13.

. Many public websites helping primer design exist, where one

may check the feasibility of their own primers.

. A flexible linker between the cDNA fragments may be set by

this primer design. Typical flexible linkers consist of glycine
(QG) and serine (S), and thus called “GS” linker.

A double digestion of the PCR products saves time and labor.
New England Biolabs (NEB) provides a CutSmart bufter, with
which most of double digestions are available.



11.

12.

13.

14.

15.
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The total response time, 20 min, comprised the total time for
(1) penetration of OHT across the plasma membrane, (2)
OHT-ER LBD binding and conformation change of ER LBD,
(3) subsequent binding of ER LBD with Src SH2, and (4)
intramolecular complementation between the fragments of
CBLuc. The large portion of the total response time, 20 min,
was consumed during the penetration of OHT into the
cytosol.

The injected solution cocktail of Bright-Glo (Promega) lyses
the cells during the 3 min.

On/off system of conventional fluorescent probes with circu-
larly permutated GFP (cpGFP) is considered to depend on the
altered quantum yield of fluorescence by solvent penetration
into the chromophore [4, 5]. In contrast, the recovery of lumi-
nescence in the present probes is based on the physical approx-
imation after dissociation between the completely separated
fragments of a split luciferase, and not on the hydrophobicity
variance like cpGFP.

The detection limit is greatly improved, compared with con-
ventional single-chain probes. It may be explained with the
fact that CP of CBLuc decreases the basal interactions between
the ER LBD and SH2 in the absence of a ligand.

The spectra of reconstituted CBLuc show that red-orange
light was enhanced by OHT and the A,,,, was the same as that
of intact CBLuc. This result is correspondent with the results
with bandpass filters.
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Chapter 14

Fabrication of Molecular Strain Probes for llluminating
Protein—Protein Interactions

Sung-Bae Kim and Rika Fuijii

Abstract

A unique bioluminescent imaging probe is introduced for illuminating molecular tension appended by
protein—protein interactions (PPIs) of interest. A full-length luciferase is sandwiched between two proteins
of interest via minimal flexible linkers. The ligand-activated PPIs append intramolecular tension to the
sandwiched luciferase, boosting or dropping the enzymatic activity in a quantitative manner. This method
guides construction of a new lineage of bioassays for ligand-activated PPIs.

Key words Luciferase, Bioluminescence, Molecular tension, Protein—protein interactions

1 Introduction

To date, several potential techniques have been established for
determining protein—protein interactions (PPIs), including (1)
Bioluminescence resonance energy transfer (BRET) based on
energy transfer between bioluminescent donor and fluorescent
acceptor proteins [1-3]; (2) mammalian/yeast two-hybrid assay
reflecting interactions between “Prey” and “Bait” proteins [4]; (3)
Protein-fragment complementation assay (PCA) making use of
split-reporter protein and its conditional reconstitution [5, 6].

We previously developed a unique bioluminescent probe called
“strain probe” for illuminating PPIs [7]. We initially hypothesized
that any luciferase has talent to change its enzymatic activity
according to the molecular tension artificially appended by PPIs.
This molecular tension may cause distortion of the active site,
which modulates the enzymatic activity.

In this protocol, we introduce how to fabricate molecular ten-
sion probes emitting bioluminescence in response to molecular ten-
sion a ppended by PPIs in detail.

Sung-Bae Kim (ed.), Bioluminescence: Methods and Protocols, Methods in Molecular Biology, vol. 1461,
DOI 10.1007/978-1-4939-3813-1_14, © Springer Science+Business Media New York 2016
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1.1 Basic Concept The basic design of molecular temsion probes consists of four
for Designing different ingredients, i.e., a full-length luciferase, a pair of proteins
Molecular Tension of interest (called proteins “A” and “B”), and a flexible linker,
Probes where the luciferase is sandwiched between the two proteins of

interest via a minimal length of flexible linkers (see Fig. 1). The
luciferase is tensed by the ligand-activated PPIs. The minimal flex-
ible linkers as possible connecting the ingredients are advantageous
to efficiently convert the molecular tension to practical distortion
of the sandwiched luciferase.

All luciferases basically have talent to vary their enzymatic
activity more or less according to the molecular tension appended
by an intramolecular PPI. A globular marine luciferase may be
advantageous over beetle luciferases, which consist of N- and
C-terminal domains connected by a flexible hinge region [8] (see
Fig. 1a). A globular marine luciferase like Renilla reniformis lucif-
erase (RLuc) easily receives tension from PPIs, whereas the flexible
region in beetle luciferases relaxes the intramolecular tension (see
Note 1). The active site of RLuc8 is close from the C-terminal end
[9], thus is prone to be influenced by protein-tagging and molecu-
lar tension appended by adjacent proteins.

In this protocol, we exemplify a molecular tension probe that is
made of RLuc8 as a model luciferase sandwiched between the ligand-
binding domain of the human estrogen receptor (ER LBD) and the

Molecular structures of luciferases Linking proteins Aand B
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Fig. 1 (a) The working mechanism of molecular tension probes. Any luciferase may be sandwiched between
two proteins A and B of interest. A ligand triggers an interaction between proteins A and B, which appends
tense to the sandwiched luciferase. (b) A schematic diagram of the cDNA construct showing the segments. The
linkers between the segments were minimized. It was designed that the restriction sites are the only linkers to
connect each segment in the construct. Abbreviations: RLuc8, A Renilla luciferase variant carrying eight muta-
tions; FLuc, a firefly luciferase; Kz, kozak sequence; ER LBD, the ligand binding domain of estrogen receptor;
SH2, the Src homology domain 2 of v-Src
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Src homology domain 2 of v-Src (SH2). Upon ligand activation,
Tyr537 of ER LBD is phosphorylated and recognized by the coun-
terpart SH2 domain. This molecular tension varies the biolumines-
cence intensity of the sandwiched RLuc8 (see Fig. 1).

2 Reagents

1. A mammalian expression vector, pcDNA 3.1(+) (Invitrogen).

[\

. Restriction enzymes (New England Biolabs); Hindlll, BamHI,

Kpnl, Xhol.
An African green monkey kidney-derived COS-7 cells.

. Dulbecco’s modified Eagle’s medium (DMEM).

. Fetal bovine serum (FBS; Gibco).

. Penicillin-streptomycin (P/S; Gibco).

. A repofection reagent, TransI'T-LT1 (Mirus).

. 17p-estradiol (E,), an endogenous estrogen.

. 4-Hydroxytamoxifen (OHT), a synthetic antiestrogen.
10.
11.
12.
13.
14.
15.

Phosphate-buffered saline (PBS; pH 7.4, 0.02 M).

A lysis buffer (E291A, Promega).

An assay buffer (E290B, Promega).

100x native coelenterazine (nCTZ) (Promega).

A Bradford reagent for staining proteins (Wako Pure Chemicals).
A Hank’s buffered salt solution (HBSS) butfer (Gibco).

3 Methods

3.1 Preparation

of the DNA Constructs
Encoding a Molecular
Tension Probe

The cDNA constructs encoding molecular tension probes is fabricated
by conventional genetic engineering techniques including poly-
merase chain reaction (PCR) with an adequate primer set and its sub-
cloning into a mammalian expression vector as follows (see Fig. 1).

1.

Generate the ¢cDNA segments encoding full-length Renilla
luciferase 8 (1-311 aa; RLuc8) by PCR using a corresponding
primer set flanked with unique restriction sites, BamHI and
Kpnl, for introducing unique restriction sites at the 5'- and
3’-terminals, respectively.

. Seperately fabricate the cDNA segments encoding the ER

LBD and the SH2 domain of »-Src by PCR using correspond-
ing primer sets flanked with the unique restriction sites,
Hindlll/BamHI, and Kpnl/Xhol, respectively.

. Digest the above cDNA segments and the multiple cloning site

(MCS) of a mammalian expression vector pcDNA 3.1(+)
(Invitrogen) with the corresponding restriction enzymes,
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Hindlll / BamHI;, BamHI / Kpnl; Kpnl / Xhol,; Hindl1l / Kpnl,
respectively (see Note 2).

4. Gel-purify the digested cDNA segments and the expression
vector.

5. Ligate the cDNA segments into the expression vector pcDNA
3.1(+) to fabricate a cDNA construct encoding the molecular
tension probe (single coding sequence) (see Fig. 1b).

6. Confirm the sequences of the cDNA constructs in pcDNA
3.1(+) vector with a genetic sequencer (GenomeLab GeXD,
Beckman Coulter) (see Note 3). The expressed probe may be
called ERS.

3.2 Bioluminescence  The ligand-driven variance of optical spectra can be determined
Spectra of COS-7 Cells  with a mammalian culture cell line, COS-7 cells, carrying the
Carrying pErs molecular tension probe as follows (see Fig. 2a).

1. Grow COS-7 cells derived from African green monkey kidney
fibroblast (see Note 4) in a Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10 % fetal bovine serum
(FBS; Gibco), and 1% penicillin-streptomycin (P /S; Gibco) at
37 °Cin 5% CO,.

2. Subclone the cells in 12-well culture plates, and transiently
transfect them in each well with an aliquot (1 pg) of pErs using
a transfection reagent, TransIT-LT1 (Mirus).

3. Incubate the cells for 16 h in a cell incubator (5% CO,, 37 °C)
(see Note 5).

4. Stimulate the cells on the 12-well plates for 20 min with the
vehicle (0.1% DMSO), 1 pM of 17p-estradiol (E,; estrogen) or
1 pM of 4-hydroxytamoxifen (OHT; antiestrogen). Wash the
cells once with phosphate-buftfered saline (PBS; pH 7.4, 0.02 M).

a b
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Fig.2 (a) Variance in the bioluminescence emission spectra before and after addition of 1 1M 4-hydroxytamoxifen
(OHT). (b) Ligand selectivity of ERS. The luminescence intensities were compared after activation of ERS with
various ligands. The figure was reproduced in part from Kim et al. with permission from Bioconjugate Chem.
[7]. (c) An optical image of the lysates of COS-7 cells after stimulation with vehicle or OHT (n=9)
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of Estrogenic Activity

of Chemicals
with a Molecular
Tension Probe

5.

6.
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Lyse the cells with a lysis buffer (E291A, Promega) for 15 min
at room temperature.

Transfer an aliquot (50 pL) of the lysates into a 1.5 mL micro-
tube and determine the bioluminescence spectra with a spec-
trophotometer (see Note 6) immediately after addition of an
aliquot (400 pL) of an assay buffer (E290B, Promega) dissolv-
ing native coelenterazine (nCTZ) into the microtube.

Estrogenicity of hormones and synthetic chemicals is visualized
with a molecular tension probe, ERS, as follows (see Fig. 2b).

1.

Grow COS-7 cells in a 96-well plate in a cell incubator (5%
CO,, 37 °C).

. Transiently transfect the COS-7 cells in the plate with an aliquot

of pErs (0.2 pg/well) using the lipofectionreagent (TransI'T-LT1,
Mirus) and incubate them in the cell incubator for 16 h.

. Stimulate the cells with the vehicle, 10-* M of E,, or 10° M of

OHT for 20 min (see Note 7).

. Wash the cells once in the plate with PBS, and lyse them with

a lysis buffer (E291A, Promega) for 15 min.

. Transfer the cell lysates to a 1.5 mL microtube and determine

the subsequent bioluminescence intensities with a luminome-
ter (Glomax 20,20, Promega) immediately after adding an
assay solution (E290B, Promega) dissolving nCTZ.

. Measure the total protein amounts in the applied cell lysates

with a Bradford reagent for the following normalization.

. Normalize the bioluminescence intensities as follows: The RLuc

luminescence intensities were expressed as a ratio of relative lumi-
nescence unit (RLU), that is, RLU (+)/RLU (-), where RLU
(+) and RLU (-) are the luminescence intensities with 1 pg of
cell lysate after the cells were incubated with and without a ligand,
respectively; the RLU is an amplified value of photon counts
generated from the luminometer (arbitrary unit) (see Fig. 2b).

The procedure from steps 5 to 7 may be substituted by the follow-
ing alternative (see Fig. 2¢).

5a.

Oa.

7a.

Transfer an aliquot of the cell lysates to a fresh 96-well optical
bottom plate (see Note 8).

Simultaneously inject an aliquot (50 pL) of the assay buftfer
dissolving nCTZ into the cell lysates on the plate using a mul-
tichannel pipette (see Note 9) and immediately transfer the
plate in an image analyzer (LAS-4000, FujiFilm).

Determine the optical intensities on the plate with the equipped
controlling software (Image reader ver. 2.0) and analyze the
optical images with the analysis software (Multi Gauge ver. 3.1).
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CQOS-7 cells cultured in a microslide 6-channel microslide (ibidi) LAS-4000, FujiFilm

&2 |

Magnified live cell images Low
in bioluminescence

Fig. 3 A bioluminescence image (BLI) of COS-7 cells carrying the tension probe on a microslide (p-Slide Vo4,
ibidi). The three channels on the /eft and right are stimulated with vehicle and ligand, respectively (n=3). The
inset a shows a magnified optical image of the microslide

3.4 Bioluminescence
Imaging (BLI) of Living
Mammalian Cells

with a Molecular
Tension Probe

8a. Normalize the optical intensities per area (originally expressed

in RLU/mm?) to the integrated time (sec) and applied protein
amounts (pg): i.e., RLU/s/mm? or RLU/pg/s/mm?.

Live-cell images by ERS are conducted with the following proce-
dure (see Fig. 3).

1.

Grow COS-7 cells in a six-channel microslide (p-slide VI®4,
ibidi) until a 80% fluency (see Note 10).

. Transiently transfect the cells with pErs using a lipofection

reagent (TransIT-L'T1, Mirus) and incubate them in a cell
incubator (5% CO,, 37 °C) for 16 h.

. Stimulate the cells in the channels with vehicle (0.1% DMSO)

or 10 M OHT for 20 min before image acquisition.

. Wash the cells in the channels once with a Hank’s buffered salt

solution (HBSS) buffer (Gibco) and then fill the channels
simultaneously with 80 pL of an HBSS butfter dissolving nCTZ
using a multichannel pipet.

. Immediately transfer the microslide into the dark box of an image

analyzer (LAS-4000mini, FujiFilm) and determine the optical
images with the equipped software (Image reader ver2.0 and
Multi Gauge ver3.1).

4 Notes

. The C-terminal domain of firefly luciferase (FLuc) is rotated to

release luciferin in the light-emitting process [10], which is
hampered by the molecular tension in the probe.
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2. A double digestion is convenient with the Cutsmart buffer of
New England Biolab (NEB).

3. In this protocol, the made probes are named “ERS” from the
consecutive initial letters of the components, i.e., ER LBD-
RILuc8-SH2. The corresponding plasmid may be named pErs.

4. Any mammalian cell lines are basically applicable for this
protocol.

5. The incubation time influences on the signal-to-background
(S/B) ratios. A better S/B ratio is achieved by avoiding the
overexpression.

6. Recommended is a spectra photometer equipped with a cooled
CCD camera which simultaneously acquires the whole range
of wavelength, instead of scanning the wavelength range.

7. A concentration ranging from 10° to 107 M of steroid is
appropriate for the stimulation.

8. An optical-bottom microplate manufactured for biolumines-
cence is recommended for suppression of the background
bioluminescence.

9. 8- or 12-channel pipettes are useful for the simultaneous
injection.

10. Because of the small culture medium volume in the channels
of the microslide, the culture medium is prone to be con-
densed by evaporation. The culture medium needs to be
refreshed every 12 h for easing the condensation.
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Chapter 15

An ALuc-Based Molecular Tension Probe for Sensing
Intramolecular Protein—Protein Interactions

Sung-Bae Kim, Ryo Nishihara, and Koji Suzuki

Abstract

Optical imaging of protein—protein interactions (PPIs) facilitates comprehensive elucidation of intracellular
molecular events. The present protocol demonstrates an optical measure for visualizing molecular tension
triggered by any PPI in mammalian cells. A unique design of single-chain probes was fabricated, in which a
full-length artificial luciferase (ALuc®) was sandwiched between two model proteins of interest, ¢.g., FKBP
and FRB. A molecular tension probe comprising ALuc23 greatly enhances the bioluminescence in response
to varying concentrations of rapamycin, and named “tension probe (TP).” The basic probe design can be
further modified towards eliminating the C-terminal end of ALuc and was found to improve signal-to-
background ratios, named “combinational probe.” TPs may become an important addition to the tool box
of bioassays in the determination of protein dynamics of interest in mammalian cells.

Key words Bioluminescence, Protein—protein interactions, Tension probe, Bioluminescent imaging,
Combinational probe

1 Introduction

Optical imaging of the protein—protein interactions (PPIs) facilitates
comprehensive elucidation of intracellular molecular events [1]. To
date, PPIs have been visualized with various strategies using fluores-
cent proteins and luciferases, which include Huorescence Resonance
Energy Transfer (FRET) [2], Bioluminescence Resonance Energy
Transfer (BRET) [3], and Protein-fragment Complementation
Assay (PCA) [4, 5].

PCA is an emerging technology for determining the occurrence
of PPIs in mammalian cell lines, where a monomeric luciferase is
split into two fragments for a temporal loss and conditional reconsti-
tution of the activities only upon PPI [6, 7]. To date, many lucifer-
ases including firefly luciferase (FLuc) [4, 5], Renilla veniformis
luciferase (RLuc) [8], and artificial luciferase (ALuc®) [9] (see Note 1)
have been utilized for PCA. However, this methodology requires a
complex probe design and a tedious optimization process for
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seeking a suitable dissection site and restores merely 0.5-5% of the
original optical intensity after complementation [10, 11]. The
sophisticated molecular design limits the general applicability of an
optimized PPI model to other bioassays. A bioluminescent probe
using the full length of luciferases without luciferase dissection pro-
vides an ideal optical means allowing a maximal optical intensity.

In the present protocol, we guide on how to fabricate an effi-
cient molecular tension probe with ALucs, which varies its enzy-
matic activity by molecular tension physically induced by PPIs (see
Note 2). We first fabricated a model bioluminescent probe compris-
ing full-length ALucs sandwiched between the FK506-4inding pro-
tein (FKBP) and the FKBP-7apamycin-finding domain of mTOR
(FRB) as a model protein pair (see Fig. 1a). The model luciferase,
ALuc®, was selected because of its excellent optical intensity and
stability [9, 12] (see Note 3). Rapamycin triggers a FKBP-FRB
interaction, which induces molecular tension to the sandwiched full-
length ALuc®. The tensed ALuc enhances the optical intensities in a
ligand-dependent manner (see Fig. 1b). This unique tension probe
was named “molecular zension probe (abbreviated TP for short).
Further, a series of combinational probes were fabricated, where sev-
eral amino acids at the C-terminal end in the probe is eliminated and
designed to be compensated by the homological N-terminal end of
FRBP, which was named a “combinational probe.”

a b
TP1 series b
Hindlll BamH| Kpnl Xha | 8
J Protein A Aluc I Protein B 7 5
Kz (18-212 or 1-21 -6 8
- = g
::ﬂ (—)H £ 8 2
ATG GGA TCC _Gr& 54 33
o G S ' ]
TP2 series = 52
z 2 & o 3
Hrndlll BamHl Kpnl Xho! . - A [
rotein B Aluc Protein A 5k 0
(muon-mz:u] H— : 7

& 0, -Ilﬁ.ﬂl_li TP2seies 400 500 600 700 800
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Fig. 1 (a) Schematic structures of cDNA constructs of bioluminescent template candidates for sensing molecu-
lar tension. Tension probes v1 and v2 differ in the order of proteins A and B of interest. Abbreviations: TP7 and
TP2, Tension probes ver. 1 and ver. 2; Kz, kozak sequence. (b) Optical intensity variance of 16 kinds of template
candidates before and after ligand stimulation (n=3). The gray and black bars indicate TP1 and TP2 series
templates, respectively. The signs “+” and “~” at the X-axis represent the presence or absence of rapamycin,
respectively. The red bars highlight the dramatic elevation of bioluminescence from a tension probe named
“TP2.4.” The inset a shows that the basic working mechanism of molecular tension probes in mammalian cells.
The proteins Aand Bin the tension probe are approximated in response to a ligand. The protein binding causes
molecular strain to the sandwiched ALuc®. The molecular tension dramatically enhances bioluminescence. The
inset b shows the bioluminescence spectra of TP2.4 before and after rapamycin stimulation. The maximal opti-
cal intensity is found at 530 nm. Abbreviations: TP1.7, Tension probe ver. 1.1; TP2.1, Tension probe ver. 2.1, etc.
Reproduced in part from Kim et al. with permission from Bioconjugate Chemistry [15]
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2 Reagents
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12.

13.
14.

. Restriction enzymes (New England Biolads): Hindl1l, BamHI,

Kpnl, Xhol.

. A DNA ligation kit (Takara Bio).

. pcDNA 3.1(+) mammalian expression vector (Invitrogen).

. African green monkey kidney-derived COS-7 cells.

. Dulbecco’s modified Eagle’s medium (DMEM).

. Fetal bovine serum (FBS; Gibco).

. Penicillin—streptomycin mixture (P/S; Gibco).

. A lipofection reagent (TransIT-LT1; Mirus).

. Rapamycin, an inhibitor of the Ser/Thr protein kinase.

. Alysis buffer, included in a Renilla luciferase assay kit (E291A,

Promega).

. An assay solution, included in a Rewnilla luciferase assay kit

(E290B, Promega).

A Renilla luciferase assay kit comprising 100x native coelen-
terazine (nCTZ) (E2820, Promega).

An Hanks’ Balanced Salt Solution(HBSS) bufter (Gibco).

A 96well optical bottom microplate for bioluminescence mea-
surement (Thermo Scientific).

3 Methods

3.1 Construction
of Plasmids

We generated a series of DNA constructs encoding 19 kinds of dif-
ferent molecular designs for estimating their potential as molecular
tension probes able to sense PPIs (see Table 1). The basic molecular
structures of TP1 and TP2 series probes differ in the consecutive
order of their component proteins from the N-terminal end. The
schematic diagrams of the cDNA constructs are illustrated in Fig. 1a.

1.

As a template for polymerase chain reaction (PCR), obtain the
c¢DNAs encoding the following components from the corre-
sponding providers: ALucs 16, 23, 24, 30 were from our pre-
vious studies [9, 12]; the human FKBP (12 kD, Genbank
access number: AAP36774.1) and FRB (11 kD, PDB access
number: 1AUE_A) were custom-synthesized by Eurofins
Genomics (Tokyo) on the basis of the sequence information of
a public database (NCBI) (see Note 4).

. Generate a series of cDNA segments encoding the components

shown in Table 1 by PCR using corresponding primers to intro-
duce unique restriction sites, Hindlll/BamHI, BamH1/Kpnl,
or Kpnl/ Xhol at the 5 and 3’ ends, respectively (see Note 5).
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Detailed list of the components of the molecular tension probes, fabricated in this study

Internal
Probe Protein Inserted Length of secretion Figure
name A? luciferase luciferase®  peptide (SP)° Protein B2  numbers in use
TP1.1 12.246 ALucl6 1-212 (full) + FRB Fig. 1
pt
TP1.2 FKBP ALuclo6 19-212 - FRB Fig. 1
TP1.3 FKBP AlLuc23 1-212 (full) + FRB Fig. 1
TP1.4 FKBP Aluc23 19-212 - FRB Fig. 1
TP1.5 FKBP ALuc24 1-212 (full) + FRB Fig. 1
TP1.6 FKBP AlLuc24 19-212 - FRB Fig. 1
TP1.7 FKBP ALuc30 1-212 (full) + FRB Fig. 1
TP1.8 FKBP ALuc30 19-212 - FRB Fig. 1
TP2.1 FRB ALucl6 1-212 (full) + FKBP Fig. 1
TP2.2 FRB ALuclo6 19-212 - FKBP Fig. 1
TP2.3 FRB AlLuc23 1-212 (full) + FKBP Fig. 1
TP2.4 FRB Aluc23 19-212 - FKBP Figs. 1, 2, 3,
and 4

TP2.5 FRB ALuc24 1-212 (full) + FKBP Fig. 1
TP2.6  FRB ALuc24 19-212 = FKBP Fig. 1
TP2.7 FRB ALuc30 1-212 (full) + FKBP Fig. 1
TP2.8 FRB ALuc30 19-212 - FKBP Fig. 1
TP3.1 FRB Aluc23 19-209 - FKBP Fig. 3
TP3.2 FRB AlLuc23 19-207 - FKBP Fig. 3
TP3.3 FRB Aluc23 19-198 - FKBP Fig. 3

ER LBD the ligand-binding domain of estrogen receptor, SH2 the SH2 domain of »-Src
“Proteins A and B refer to the proteins at the N- and C-terminal ends of the tension probe
*“Length of Luciferase” indicates the amino acid numbers of the inserted luciferase

“The signs “+” and “-” represent the presence or absence of secretion peptide (SP)

3. Restrict the cDNA segments by the corresponding restriction
enzymes (NEB), ligated with a ligation kit (Takara Bio), and finally
subcloned into a pcDNA 3.1(+) mammalian expression vector
(Invitrogen) using the Hindlll and Xhol sites. The probes are cat-
egorized into three groups (TP1, TP2, and TP3 series) according
to the molecular designs (see Table 1 and Note 6). The correspond-
ing plasmids may be called pTP1, pTP2, and pTP3, respectively.

4. Confirm the DNA sequences of all the constructs with a
genetic analysis system (GenomeLab GeXP, Beckman Coulter).
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3.2 Evaluation

of an Optimal
Molecular Design

for Molecular Tension
Probes

Sixteen kinds of molecular designs are examined for fabricating
efficient molecular tension probes (se¢ Fig. 1b).

1. Culture the African green monkey kidney-derived COS-7 cells

in a 96-well plate (Nunc) in a Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10 % fetal bovine serum
(FBS; Gibco), and 1% penicillin-streptomycin (P /S; Gibco) at
37 °Cin a cell incubator (5% CO,; Sanyo).

. Transfect the cells on the plate transiently with an aliquot

(0.2 pg/well) of the pcDNA 3.1(+) vector encoding one of
the TP1 and TP2 series probes using a lipofection reagent
(TransIT-LT1; Mirus), and incubated for 16 h at 37 °Cin 5%
CO; before the following experiments.

. Stimulate the cells on the plate with vehicle (0.1 % ethanol dis-

solved in the culture medium) or 10-¢* M of rapamycin for 4 h
and lyse with a lysis buffer (Promega) (see Note 7).

. Transfer an aliquot (10 pL) of the lysates into a fresh 96-well

optical bottom microplate (Thermo Scientific) and simultane-
ously mix with 50 pL of assay solution (Promega) containing
native coelenterazine (nCTZ) with a multichannel pipette
(Gilson) (see Note 8).

. Place the plate immediately into the chamber of an image ana-

lyzer (LAS-4000, FujiFilm) equipped with a cooled CCD cam-
era system (=25 °C).

. Determine the optical intensities with the image acquisition

software (Image Reader v2.0) and analyze with the specific
image analysis software (Multi Gauge v3.1).

. TP2.4 exhibits 6.7-fold enhanced bioluminescence intensity in

the presence of 10° M of rapamycin compared to the presence
of'vehicle alone (0.1 % ethanol dissolved in the culture medium).
In contrast, TPs comprising the secretion peptide (SP) at the
N-terminal end generally exerts poor optical variation in
response to 10-® M rapamycin (se¢ Notes 9 and 10).

The corresponding optical spectra can be taken in the presence

or absence of rapamycin as follows (see Fig. 1b, inset &). The pro-
tocol shares the same procedure as the above steps 1 and 2.

1.

2.

Stimulate the COS-7 cells expressing TP2.4 with 10 M of
rapamycin for 4 h and lyse with the lysis buffer.

Mix 5 pL of the lysate with 35 pL of the assay solution
(Promega) containing nCTZ in a 200 pL microtube.

. Integrate the corresponding optical intensities for 30 s with a

high-precision spectrophotometer (AB-1850, ATTO) equipped
with a cooled charge-coupled device (CCD) camera that enables
one-shot capture of the entire wavelength (see Note 11).
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3.3 Ligand- The following protocol allows determining the ligand-driven fea-
Dependent Elevation ture of the optical intensities of TP2.4 with varying concentrations
of Optical Intensities of rapamycin (se¢ Fig. 2).

of TP2.4

1. Prepare the COS-7 cells expressing TP2.4 as described above
for Fig. 1b.

2. Stimulate the cells with vehicle (0.1 % ethanol) or varying con-
centrations of rapamycin from 10~ to 10 M for 4 h.

3. Lyse the cells with a lysis buffer (Promega) after washing once
with a PBS buffer and transfer an aliquot (10 pL) of the lysates
into a fresh 96-well optical-bottom plate (Thermo Scientific).

4. Mix the lysates in the plate simultaneously with 50 pL of assay
solution (Promega) containing nCTZ with a multichannel
pipette (Gilson).

5. Transfer the plate immediately into the chamber of the image
analyzer and record the optical intensities.

6. Normalize the optical intensities (relative luminescence unit; RLU)
to protein amount (pg), integration time (sec), and area (mm?),
i.e., the unit is expressed in RLU /pg/s/mm? (see Note 12).

7. Rapamycin increased the optical intensities even at low con-
centrations like 102 M, with the signal reaching a plateau at
10-° M (see Note 13).

3.4 Fabrication Because the C-terminal end of ALuc23 shares high sequential homol-
of a Combinational ogy with the adjacent N-terminal end of FKBP inside TP2.4 (align-
Probe for llluminating ment score: 26, ClustalW v2.1), a combinational probe may be
Protein—Protein constructed through the following procedure (se¢ Note 14). One can
Interactions modify the TP2.4 to fabricate a combinational probe with the syner-

gistic property of the molecular tension probe and a conventional
protein-fragment complementation assay (PCA) as follows (see Fig. 3).

LAS-4000, FujiFim & b intra-molecular PPI
vehicle -9 -7 -5 - 1,200 High
9 FRB FKBP
% " P24
é 800 '
%, RLU .lrapamy\cin
. =
S 400
\ P Low
YO n i (1026)
high vehice 9 -7 5 -4

rapamycin conc.

rapamycin, log [M]

Fig. 2 The optical intensities of TP2.4 in response to varying concentrations of rapamycin (n=4). Inset a indi-
cates the absolute optical intensities adjusted by protein amount (pg), integration time (sec), and light-emitting
area (mm?). Inset billustrates the working mechanism of the tension probes. Rapamycin provokes an intramo-
lecular protein—protein interaction. Reproduced in part from Kim et al. with permission from Bioconjugate
Chemistry [15]
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Fig. 3 (a) Predicted super two-dimensional structure of ALuc30 [12]. The inset a highlights the C-terminal end
of ALuc30, which shares high sequential homology with the N-terminal end of FKBP. (b) Optical intensities of
TP3 series in the presence or absence of rapamycin (n=4). TP3 series templates contain a shortened
C-terminal end of ALuc23 between FRB and FKBP, compared with the TP2 series. The white dotted box in the
optical image indicates extremely suppressed background intensity. The corresponding amino acid length of
the ALuc23 is specified in the parenthesis. The asterisk indicates the greatly diminished optical intensity. The
inset a shows the corresponding optical image. The inset b shows the schematic diagram of the cDNA con-
struct of a combinational bioluminescent probe, highlighting the eliminated amino acids of ALuc23. The draw-
ing bellow illustrates a working mechanism of combinational bioluminescent probes. Reproduced in part from
Kim et al. with permission from Bioconjugate Chemistry [15]

3.5 Live-Cell Image
of C0S-7 Cells
Carrying TP2.4

. Fabricate a series of new trancated cDNA fragments encoding

ALuc23 by PCR with respect to eliminating several amino acids
at the C-terminal end of ALuc23 in TP2.4, as shown in Fig. 3b,
inset & and name pTP3.1 to 3.3 (see Table 1).

. Generate new pcDNA3.1(+) plasmids by replacing cDNA of the

full-length ALuc23 in TP2.4 with the corresponding truncated
cDNA fragments of ALuc23.

. Prepare the COS-7 cells expressing one of the above-described

TP3 probes (i.e., TP2.4, TP3.1, TP3.2, and TP3.3) in a
96-well optical bottom microplate with the same method as
described above (see Fig. 3b, inset 4).

. Stimulate the cells in the plate with vehicle (0.1% Ethanol) or

10-¢ M of rapamycin for 4 h, and determine the optical intensities
from the cell lysates with the image analyzer as described above.

. The maximal S/B ratio of 9.2 is found with TP3.3 embedding

the shortest ALuc fragment (18-198 AA) (see Note 15).

. Conduct the bioluminescence imaging (BLI) with living

COS-7 cells carrying TP2.4 in a multichannel microslide
(p-slide VI°4, ibidi) (see Fig. 4).

. Transfect the COS-7 cells grown on the 6-channel microslide

transiently with pTP2.4 and incubate for 2 days.

. The cells on the left three channels and right three channels

were then stimulated with vehicle (0.1% ethanol) or 10¢ M
rapamycin for 4 h, respectively.
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Fig. 4 Rapamycin-driven optical intensity variance of living COS-7 cells on a microslide. TP2.4 emits rapamycin-
dependent bioluminescence. The inset a shows a profile of the optical image of the optical slide. Reproduced
in part from Kim et al. with permission from Bioconjugate Chemistry [15]

4. Replace the culture media in the slide channels with an HBSS

buffer containing nCTZ.

. Transfer the slide immediately into the image analyzer and take

the consequent optical image every 5 min in a high precision
and 30 s integration mode.

. The right three channels stimulated with 10 M rapamycin

exhibit about six fold stronger optical intensities (i.e., 6.1 +0.7)
in the slide, compared to the left three channels stimulated
with the vehicle (0.1 % ethanol).

4 Notes

. ALucs are originally established through extracting frequently

occurring amino acids from multiple sequence alignment of
highly conserved copepod luciferases from zooplanktons,
which were collected at the southern deep-sea of Hokkaido,
Japan (13 species) by our colleagues in AIST and two other
conventional copepod luciferases (two species) [13, 14].
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2.

10.

11.

Beetle luciferases are excluded in the evaluation because they
are said generally darker than copepod luciferases and comprise
a long flexible region, naturally easing molecular tension.

. ALucs are predicted to consist of two repeated mirror image-

like catalytic domains, besides a highly variable domain at the
N-terminal region including a unique secretion peptide (SP)
according to the multiple alignment [9, 12].

. The PPIs include homo- and hetro-dimerization of FRB and

FKBP12.

. Minimize the linkers connecting the probe components as

possible to efficiently develop intramolecular tension inside the
single-chain probe.

. The cDNA constructs encoding TP1 and TP2 series probes dif-

ter in the consecutive order of the segments from the 5" end (see
Fig. 1a). The constructs encoding TP3 series probes are charac-
teristic in that they carry cDNA segments encoding ALuc23
with a shortened C-terminal end, compared with the others.

. The 4 h of incubation time to reach the optical plateau com-

prise all the periods for (a) plasma membrane (PM) perme-
ation of rapamycin, (b) rapamycin-induced intramolecular
binding between FRB and FKBP, and (c¢) the sandwiched
ALuc-substrate interaction and corresponding emission of
bioluminescence. Steps (b) and (c) are unlikely to be a rate-
determining step because it reaches a plateau in less than 2 min,
according to surface plasmon resonance (SPR) studies [16,
17]. The remaining step (a) is the rate-determining step. The
PM permeability of chemicals greatly depends on the hydro-
phobicity. Variance of the stimulation times between steroid
and rapamycin, i.e., 20 min vs. 4 h, is considered to reflect the
PM permeability of the chemicals.

. Because the appended molecular tension presumably modifies

the internal shape of the active site, TPs may have a unique
substrate selectivity and kinetics to coelenterazine analogues.

. The SP-bearing TPs are secreted into the extracellular compart-

ment, although the SP is in the middle of the TPs. According to
our evaluation, 86 % of the TP2.3 bearing SP is secreted into the
extracellular compartment, whereas only 4 % of the TP2.4 with-
out SP is leaked into the extracellular compartment.

The other demerit of SP in TPs is that the SPs may act as natural
flexible linker inside the probes and thus, may ease the intramo-
lecular tension raised by the FKBP-FRB interaction, consider-
ing that the SP is located at the flexible N-terminal boundary.

The optical intensity in the spectra is greatly enhanced by
rapamycin and the maximum optical intensity (4,,.) was found
at ca. 530 nm. About 13% of the overall light emission was
located in the red and near-infrared region at a wavelength



192 Sung-Bae Kim et al.

longer than 600 nm, which is highly tissue-permeable and
commonly referred to as “optical window.”

12. The specific image analysis software (Multi Gauge v3.1;
FujiFilm) allows setting region of interest (ROI) on the optical

image for calculating the optical intensity per area (mm?).

13. Rapamycin at 10* M resulted in only a basic level of optical
intensities, close to those observed upon treatment with vehi-
cle alone (0.1% ethanol). The poor optical intensity is inter-
preted as being caused by cell death induced by the excess

amount of rapamycin.

14. The “combinational” means that the probe comprises both
teatures of molecular tension probes and protein-fragment

complementation assays (PCAs).

15. The improved S/B ratio is achieved by the greatly diminished
“background” intensity, rather than the “signal” intensity
developed by rapamycin. The basic optical signal intensity of

TP3.3 induced by the vehicle was as low as that of the optical

bottom plate itself (see Fig. 3b, inset a; dotted line).
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Chapter 16

Live Cell Bioluminescence Imaging in Temporal Reaction
of G Protein-Coupled Receptor for High-Throughput
Screening and Analysis

Mitsuru Hattori and Takeaki Ozawa

Abstract

G protein-coupled receptors (GPCRs) are notable targets of basic therapeutics. Many screening methods
have been established to identify novel agents for GPCR signaling in a high-throughput manner. However,
information related to the temporal reaction of GPCR with specific ligands remains poor. We recently devel-
oped a bioluminescence method for the quantitative detection of the interaction between GPCR and
B-arrestin using split luciferase complementation. To monitor time-course variation of the interactions, a new
imaging system contributes to the accurate evaluation of drugs for GPCRs in a high-throughput manner.

Key words G protein-coupled receptor, Bioluminescence, Complementary technology, Protein—pro-
tein interaction, High-throughput screening, EM-CCD camera

1 Introduction

G protein-coupled receptors (GPCRs) are the largest transmembrane
spanning receptor protein family in humans. They play important
roles in various processes including cellular metabolism, neurotrans-
mission, and chemoattraction [1-3]. Actually, GPCRs have a func-
tion in the conversion of vast diversity of extracellular stimuli into
intracellular downstream signals, resulting in regulation of numerous
physiological functions [4]. Many GPCRs are examined specifically
because of their relation to human diseases, as evidenced by the fact
that GPCRs are a main target for the establishment of drugs [5]. In
fact, approximately 40 % of GPCRs are current targets for therapeutic
drugs related to the signal transduction [6].

For over 150 GPCRs, specific ligands have not been identified.
They are called orphan receptors [7]. Consequently, various methods
have been developed to identify important reagents for GPCR signals,
most of which are intended for application to high-throughput screen-
ing (HTS) [8]. In conventional HTS, the main purpose is simply a
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judgment of whether the reagent activates or inhibits the signal of
target GPCR or not. However, particularly addressing the type of
GPCRs, the reaction profile with the ligand differs in each [9].
Moreover, the temporal variation of GPCR signaling is indispensable
information for the elucidation of the physiological effects of drugs.

Split luciferase fragment complementation assay is quite useful
to monitor the temporal variation of GPCR signaling in living cells
[10-12]. In principle, a luciferase protein is dissected into two
fragments that have less enzymatic activity. These fragments are
fused with GPCR and f-arrestin, which belongs to a small cyto-
plasmic protein interacting with GPCR for desensitization [13].
Upon stimulation of GPCR by a specific ligand, interaction of
GPCR with p-arrestin brings the two luciferase fragments into
proximity, leading to fragment complementation. The interactions
are detectable temporally by bioluminescence.

The split luciferase complementation method is applied to
quantitative and competitive assays used with a multiwell microti-
ter plate [14]. According to standard protocols used to measure
bioluminescence, a conventional plate reader with a photomulti-
plier is often used, in which photon counting is performed one by
one in each well. This procedure always includes a time lag between
samples. The time lag is an important difficulty related to acquisi-
tion of accurate information from the luminescence profile in the
case of temporal bioluminescence assays with living cells.

To overcome such issues, we developed a method to use a highly
sensitive luminescence imaging system for detection of luminescence
signals from whole wells of a multiwell microtiter plate [15]. Using
an electron-multiplying charge-coupled device (EM-CCD) camera,
temporal variation of bioluminescence from the interaction of GPCR
with B-arrestin was obtained simultaneously. Accordingly, the imag-
ing of multiple samples can contribute to evaluation of the reagents
for GPCRs in a high-throughput manner.

2 Materials

2.1 DNA Plasmids

We established the plasmids encoding split luciferase probes with
the same materials in our previous reports [14]. The present
method especially defined the materials as explained below.

1. ¢cDNA of luciferase, click beetle in green (Brazilian Pyrearinus
termitilluminans, Emerald luciferase (ELuc), Ay.,=537 nm;
Toyobo Co. Ltd.) (see Note 1).

2. ¢cDNAs of GPCR, p2-adrenergic receptor (ADRB2), and an
isoform of p-arrestins, p-arrestin2 (see Notes 2 and 3).

We prepared the plasmids encoding ADRB2 connected with
the C-terminal fragment of ELuc and p-arrestin2 connected with
the N-terminal fragment (see Fig. 1).
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GPCR
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GPCR —p—arrestin2

C-terminal of”’%
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Luciferase (LucC)
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Fig. 1 Schematic illustration and construction of probes in the split complementary strategy to detect the
protein—protein interaction of GPCR with (-arrestin2. The N-terminal and C-terminal of split luciferase frag-
ments are fused, respectively, with p-arrestin2 (ARRB2) and GPCR, ADRB2

2.2 Preparation HEK293 cells were cultured and the stable cell line expressing split
for Live Cell Assay luciferase probes was established using the same materials as
with Multiwell Plate described in our previous reports [14].
1. HEK293 cells (stable cell line) derived from human embryonic
kidney cells.

2. D-MEM (Sigma) supplemented with 10% heat-inactivated
FBS (Gibco BRL), 100 U/mL penicillin, and 100 mg/mL
streptomycin (Gibco BRL).

3. Hank’s balanced salt solution (HBSS; Gibco BRL) with 10%
heat-inactivated FBS.

4. Agonist (isoproterenol) and antagonist (propranolol) (Wako
Pure Chemical Inds. Ltd.).

5. d-Luciferin potassium salt (Wako Pure Chemical Inds. Ltd.)

2.3 Multiwell Plate 1. Multifunctional in vivo imaging system (Miis; Molecular
Imaging with Devices Corp.) (see Note 4).

Biolut_ninescence 2. EM-CCD camera (iXon Ultra888; Andor Technology) cooled
Imaging System at -80 °C (see Note 5).

3. Metamorph software (Universal Imaging Corp.).
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3 Methods

The imaging strategy is to obtain a high signal-to-noise ratio
from cells. Therefore, we choose a stable cell line expressing both
GPCR and f-arrestin2 connected with split luciferase fragments
for the assay [10, 14]. We introduced the gene into HEK293
cells using antibiotics for selection (see Note 6). The GPCR probe
is located at the plasma membrane. The f-arrestin2 probe is dis-
tributed in the cytosol. When the specific ligand binds to GPCR
in the probe, B-arrestin2 probe translocates to the activated
GPCR and forms the complex. Luciferase fragment complemen-
tation is induced in this timing, thereby generating biolumines-
cence (see Fig. 1).

In this protocol, ADRB2 was used as a test GPCR protein in
the split luciferase fragment probe. The agonist and antagonist of
ADRB2, isoproterenol, and propranolol were prepared for stimu-
lation or inhibition of GPCR signaling dose-dependently. Using
live cell imaging system, numerous cell samples in wells can be
visualized simultaneously to evaluate the time-dependent variation
of GPCR signaling with the agonist and antagonist.

EM-CCD camera %

Cell culture on 96-well plate.

Buffer exchange.
Adding D-luciferin.

Dark box

\ Stimulation by GPCR ligand. /

Fig. 2 Technical protocols of temporal bioluminescence imaging. Cells stably expressing GPCR and p-arrestin2
probes are cultured on a 96-well plate. Temporal variation of bioluminescence depending on ligand dosing is
detected using the EM-CCD camera
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1. HEK293 cells stably expressing ADRB2 and f-arrestin2 lumi-
nescence probes are cultured on 96-well plate in D-MEM at
37 °C in an atmosphere of 5% CO, for 24 h (see Notes 7-9).

2. Live cell imaging system and Metamorph software are set up.
An EM-CCD camera imaging system is set at -80 °C (see
Note 10).

3. The medium is replaced with 100 pL/well of HBSS with 10 %
(v/v) FBS and 10 mM (M =mol/L) of d-Luciferin.

4. The cell plate is set on the stage of the imaging system. The
focus is adjusted using the background luminescence (see Note
11 and Fig. 2). The luminescence detection error in the area of
CCD is confirmed beforehand (see Note 12).

5. Some wells are treated with the antagonist, propranolol, of
which the concentration is increased stepwisely among the wells.

Isoproterenol/M
Tx10° 1x107 1x10° 1x10°
DJuc/mM 052052052 052 052

1x10-°
1x108
1x10-7
1x106

0 min

/Iojoueadoid

15 min

30 min

(VOL") Sjuno) uojoyd

Fig. 3 Bioluminescence images of cells stably expressing GPCR (ADRB2) and
[3-arrestin2 probes on a 96-well plate. The luminescence from cells was detected
by an EM-CCD camera with isoproterenol and propranolol dosing. Three time
points of luminescence images are shown as pseudo-colors (0, 15, and 30 min).
The concentrations of d-Luciferin (d-Luc) and each ligand are shown at the sides
of the images. Images were modified from an earlier report under the permission
of Analytical Sciences [15]
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Fig. 4 Time-course variation of bioluminescence that responds to the interaction
frequency of ADRB2 and p-arrestin2. All data were measured based on results in
Fig. 3. (a) Temporal analysis of the interaction of ADRB2 with f-arrestin2 in dif-
ferent condition of isoproterenol (Iso). Data were measured from five regions of
wells without propranolol (Pro). (b) Temporal analysis of inhibition for Iso in the
presence of different concentration of Pro. Data from wells treated with
1x10-° M of Iso were selected

6. Cells are incubated on the stage at room temperature for
10 min.

7. The agonist, isoproterenol is added to the wells with a differ-
ent concentration in each (se¢ Note 13).

8. The luminescence image is taken using time lapse imaging (see
Note 14 and Fig. 3).

9. Luminescence counts for respective time points are calculated
from the region of wells with Metamorph software (see Note
15 and Fig. 4).
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4 Notes

11.

12.

13.

14.

15.

. ELuc is a bright luciferase of the type using d-Luciferin. For

luminescence imaging, high intensity provides an excellent
signal-to-noise ratio.

. The cDNAs of probes are usually inserted respectively into expres-

sion vectors of pcDNA4 /V5-His and pcDNA3.1 /myc-His.

. We can also demonstrate that GPCR is useful for the comple-

mentary strategy, such as somatostatin type 2 receptor, apelin
receptor, adrenergic receptors (o2a, p2), cholecystokinin B
receptor, endothelin receptors (types A, B), p-opioid receptor,
endothelial differentiation G-protein/coupled receptor 3, and
angiotensin 11 receptor type 1. These GPCR probes have already
confirmed the luminescence reaction in living cells [10, 12, 16].

. Standard in vivo imaging systems for living subjects are avail-

able for the assay. A white light source is necessary for bright-
field imaging.

. Sensitivity and resolution of EM-CCD camera are important

to measure bioluminescence counts accurately.

. We usually used 0.8-2 mg/mL G418 and 0.04-0.2 mg/mL

Zeocin for selection and 0.8 mg/mL G418 and 0.04 mg/mL
Zeocin for culture.

. Before preparation, the experimental plan should be designed

well. Actually, 3-6 wells with same condition of ligands are
needed to calculate the standard deviations in quantitative
assay. The range of concentrations of the ligand is important to
show the sigmoidal dose-response curve.

. We recommend the use of an 8-channel or 12-channel pipette

for addition of the solution to the wells.

. The cell number was about 1 x 10° cells /well.
10.

The EM-CCD camera temperature is crucially important to
support the sensitivity of bioluminescence. A water-cooling
system is available for the camera as an option.

The focus of bioluminescence image is subtly different from
that of the bright-field image.

A lens aberration sometimes occurred depending on the
magnification.

Administration of the ligand is performed directly on the stage.

The exposure time and the interval depend on the cell condi-
tion and the type of GPCRs. We took images every 100 s, with
10 s exposure for each.

The calculation protocol can be performed automatically if the
plate position on the stage is fixed in every assays.
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Chapter 17

Imaging Histone Methylations in Living Animals

Thillai V. Sekar and Ramasamy Paulmurugan

Abstract

Histone modifications (methylation, acetylation, phosphorylation, sumoylation, etc.,) are at the heart of
cellular regulatory mechanisms, which control expression of genes in an orderly fashion and control the
entire cellular regulatory networks. Histone lysine methylation has been identified as one of the several
posttranslational histone modifications that plays crucial role in regulating gene expressions in facultative
heterochromatic DNA regions while maintaining structural integrity in constitutive heterochromatic DNA
regions. Since histone methylation is dysregulated in various cellular diseases, it has been considered a
potential therapeutic target for drug development. Currently there is no simple method available to screen
and preclinically evaluate drugs modulating this cellular process, we recently developed two different
methods by adopting reporter gene technology to screen drugs and to preclinically evaluate them in living
animals. Method detects and quantitatively monitors the level of histone methylations in intact cells, is of
a prerequisite to screen small molecules that modulate histone lysine methylation. Here, we describe two
independent optical imaging sensors developed to image histone methylations in cells and in living ani-
mals. Since we used standard PCR-based cloning strategies to construct different plasmid vectors shown
in this chapter, we are not providing any details regarding the construction methods, instead, we focus on
detailing various methods used for measuring histone methylation-assisted luciferase quantitation in cells
and imaging in living animals.

Key words Histone methylation, Optical imaging, Reporter genes, Luciferase, Split reporters,
Protease, Degron, In vivo imaging

1 Introduction

Histone lysine methylation mainly occurs to six different lysine
residues located in the N-terminal tails of Histone 3 (H3K4,
H3K9, H3K27, H3K36, and H3K79) and Histone 4 (H4K20). In
mammalian cells these modifications primarily control chromatins
structural organizations in transcriptionally inactive heterochro-
matic regions and gene expression in euchromatic regions [1-4].
These histone lysine methylation marks are implicated with major
cellular diseases including cancer. Global hypermethylation or
hypomethylation in various histone lysine methylation marks have
been observed with the onset and progression of many cancer

Sung-Bae Kim (ed.), Bioluminescence: Methods and Protocols, Methods in Molecular Biology, vol. 1461,
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types [5-7]. In the past two decades, many aspects of histone lysine
methylation have been investigated and the outcome of this exten-
sive research has identified histone lysine methylation as a potential
therapeutic target for treating various cellular diseases including
cancer. Histone methyltransferases and demethylases are two groups
of enzymes, which determine the state of histone methylation in all
of these methylation marks. The important role of these enzymes in
various histone methylation marks has been disclosed with the
development of different knockout mouse models [8]. Small mol-
ecule inhibitors, such as Bix01294 [9] and JIB-04 [10], have been
recently identified using indirect drug-screening methods and eval-
uated them for their roles in regulating histone methylations.
However, the pace of designing drugs targeting this important
therapeutic target is stalled, because of unavailability of sensitive
and robust screening and evaluation methods.

Suv39H1 G'4 "

NhRLuc H3-K9 chRLuc

Renilla Luciferase ¢
Complementation I—I

Coelenterazine

s

Fig. 1 Schematic illustration of the design of split-Renilla luciferase complemen-
tation sensor for imaging H3K9 histone methylation. In this sensor N- and
C-terminal fragments of Renilla luciferase (NhRLuc and ChRLuc) are connected by
chromodomain from Suv39H1 protein and 1-13 amino acid substrate peptide
from H3 protein, which are in turn linked, by (G,S)s linker peptide. The fusion pro-
tein when expressed in cells the substrate domain is methylated by cellular meth-
yltransferase enzymes. This process is specific to each methylation mark. The
methylated peptide in turn recruit chromodomain specific to the mark located
within the fusion protein and induce intramolecular conformational change to the
protein which in turn lead to complementation between the reporter fragments
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Here we elaborate the protocols employed for quantitatively
measuring histone lysine methylations using imaging sensors based
on two different conceptual designs, which exploit the biology of
histone lysine methylations [11, 12]. We used the well-established
split-reporter protein complementation strategy [ 13—-15] to design
the first intramolecular folding-based histone lysine methylation
imaging sensor where methylation of N-terminal methyltransferase
substrate peptide located within the histone protein of the sensor
(see Fig. 1 and Notes 1 and 2). In our second sensor design, we
used C-terminal degron of mouse ornithine decarboxylase as pro-
tease recognition sequence for proteasomal degradation of the sen-
sor system. The protein to which degron is appended will be
degraded by proteasome when there is no methylation occur to the
substrate peptide located within the sensor, but the protein degra-
dation will be blocked when methylation of sensor which in turn
lead to change in the conformation of the sensor protein (see Fig. 2

Suv39H1

romodomain (G 8
L,

) H3-k9 Degron

P

FLu

Methylatlon No Methylatlon

r i .-',.,i

MAL DEGRADATION
; .

< @
@]

D Lumferm

No Slgnal

Fig. 2 Schematic illustration of the design of degron-protease-blockade histone
methylation imaging sensor. The scheme shows the outcome of H3K9 and its
respective mutant (H3L9) sensor upon methylation by methyltransferase
enzymes, The sensor is a fusion protein in which full-length firefly luciferase is
fused to H3K9 peptide, a 15-amino acid linker, Suv39h1-chromodomain, and a
37-amino acid degron protease recognition sequence at the COOH-terminal.
Upon methylation of H3K9 peptide by methyltransferase recruits the inbuilt
Suv39h1 chromodomain and creates a conformational lock which blocks
degron-mediated proteasomal degradation of H3K9 sensor fusion protein, as a
result intact FLuc protein is accumulated in the cells. H3L9 sensor, which lacks
K9-for methylation, undergoes constitutive proteasomal degradation due to lack
of H3K9-Suv39h1 conformational lock eventually shows low or no FLuc signal
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and Note 3). Both these sensors were validated with suitable

control mutant sensors and by using methyltransferase inhibitors
(Bix01294 and UNCO0638) and demethylase inhibitor (JIB-04).

2 Materials

2.1 InVitro

and In Vivo Imaging
of Histone Methylation
by Split-Renilla
Luciferase (Split-
RLuc)
Gomplementation
Sensor

2.2 Degron-Blockade
Optical Imaging

10.

11.
12.

13.

1.

. Plasmid  vectors  pcPur-NhRLuc-Suv39HI1-(G,S);-H3K9-

ChRLuc [H3K9] and pcPur-NhRLuc-Suv39HI1-(G,S);-
H3L9-ChRLuc [H3L9] (see Fig. 3a and Note 4).

. HEK293T cells (ATCC®, Manassas, VA) derived from human

embryonic kidney cells.

. Dulbecco’s modified eagle medium (DMEM) with 10% fetal

bovine serum and 1% penicillin and streptomycin solution
(GIBCO BRL, Frederick, MD).

. Lipofectamine 2000 and serum free OptiMEM medium (Life

Technologies, Grand Island, NY).

. 37 °C incubator with 5% CO, (Thermo scientific, Sunnyvale, CA).
. Histone Methyltransferase inhibitors such as Bix01294,

UNCO0638 (Cayman chemical, Ann Arbor, MI), and demeth-
ylase inhibitor JIB-04 (Sigma, St. Louis, MO).

. Passive lysis buffer (Promega, Madison, WI), Coelenterazine

(CTZ) (Nanolight, Pinetop, AZ), d-Luciferin (Biosynth,
ITtasca, IL), and LARII substrate (Promega, Madison, WI).

. Bio-Rad protein assay kit (Bio-Rad, Hercules, CA).
. Luminometer (Turner T20,/20, Sunnyvale, CA), microcentri-

fuge (Thermo scientific, Sunnyvale, CA), vortex mixer, spectro-
photometer (Agilent Technologies, Santa Clara, CA), and
Infinite- 1000 microplate reader (Tecan Systems, San Jose, CA).

Growth factor reduced matrigel (BD Biosciences, San jose,
CA), anesthesia platform.

4-5 weeks old nude mice (Charles River, San Diego, CA).

Optical imaging instrument with cooled CCD camera and liv-
ing image in vivo imaging analysis software (PerkinElmer,
Waltham, MA).

HEK293T cells stably coexpressing H3K9 or H3L9 sensor
with FLuc-EGFP normalizing protein.

In addition all materials described in Subheading 2.1 we also
need materials shown below.

. Plasmid  vectors  pcPur-FLuc2-Suv39HI1-(G,S);-H3K9-

Degron and pcPur-FLuc2-Suv39H]1-(G,S);-H3L9-Degron
(see Fig. 3b and Note 4).

. HEK293T cells (ATCC, Manassas, VA) stably expressing the

SCNSOrs.
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MV 232,82
a AmpR 6045..5386 N Rabed

T7 863..882

NhRL 901..1587

43.1(+)-PURO-Rluc histone methy Sensor

6379 bp
Suv3g9H1 1594..1782
G453 1789..1839

K9 1846..1889
ChRL 1903..2211
MCS 2212..2217

LacO 4269..4247
M13-rev 4241..4221

b AmpR 7005..6346 CMV 232..820

DNA3.1(+)-PURO-Degron sensor
7339 bp

_Fluc2 895..2547

LacO 5229..5207
M13-rev 5201..5181

Suv39H1 2554..2742
G483 2749..2799
K9 2806..2849

PURO 4256..4855

Degron 2'88.3,.31?1
MCS 3172..3177
F1 ori 3490..3796

Fig. 3 Vector maps illustrate the genetic components of plasmid vectors express-
ing. (a) split-RLuc complementation, and (b) Degron protease blockade histone
methylation imaging sensors

3 Methods

3.1 Generation

1. Plasmids (5 pg each) expressing fusion proteins of H3K9

of HEK293T Cells (pcPur-NhRLuc-Suv39H1-(G,S);-H3K9-ChRLuc) or H3L9
Stably Coexpressing (pcPur-NhRLuc-Suv39H1-(G4S);-H3L9-ChRLuc)  sensors
Histone Methylation and normalizing FLuc-EGFP plasmid were cotransfected in
(H3K9) or Mutant HEK293T cells plated at 70 % confluence ina 10 cm plate 24 h
(H3L9) Renilla before transfection by using lipofectamine 2000 transfection
Luciferase (RLuc) agent using manufacturer-suggested protocol. The cells were
Complementation incubated at 37 °C with 5% CO, for 24 h.

Sensor with FLuc- 2. 24 h after transfection, cells were trypsinized and plated to a
EGFP Normalizing 1:3 subculture ratio in 10 cm plates, and puromycin (Life
Protein Technologies, Grand Island, NY) was added to a concentra-

tion of 500 ng/mL.
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3.2 InVitro
Evaluation of Split-
RLuc
Complementation
Sensor

by Luminometer
and Optical CCD
Gamera Imaging (In
Response to Histone
Methyltransferase
and Demethylase
Inhibitors)

3.2.1 Lumino-
meter Assay

3.

The cells were further incubated for 48 h. The dead cells were
washed and added fresh medium with 500 ng/mL of puromy-
cin. At this stage more than 80% of cells died. The steps were
repeated till no further cell death was observed. At this stage
the cells were FACS sorted for FLuc-EGFP expression and
plated at low dilution (2000 cells/10 cm plate in 10 mL
medium with 500 ng/mL puromycin).

. The cells were incubated further for 2 weeks with medium

change once in every 3 days.

. At this stage colonies of 2-3 mm in diameter were formed

from individual cells.

. Single colony of transfected cells were selected and expanded

by plating first in 12-well plate followed by 10 cm plate.

. The cells isolated from several colonies that express H3K9 and

H3L9 sensors were tested for the identification of clones
express equal level of sensor fusion proteins by immunoblot
analysis using anti-FLuc antibody.

. The clones (H3K9 and H3L9) expressed equal level of sensor

fusion proteins while expressing FLuc-EGFP normalizing pro-
teins were used for further in vitro and in vivo evaluations for
histone methylation imaging.

. Plated HEK293T cells (1.5x10° cells/well) stably coexpress-

ing the histone methylation imaging sensor or its respective
mutant sensor with normalizing FLuc-EGFP (H3K9-FLuc-
EGFP and H3L9-FLuc-EGFP) in 12-well plates in DMEM
with 10% FBS on day 1 and incubated at 37 °C with 5% CO,
for the cells to attach and attain normal morphology.

. 24 h later the medium was changed to DMEM with 2% FBS

and the cells (triplicate for each condition) were treated with
different concentrations of Bix01294 (0, 0.5, 1, 2, 3, and
4 pM), UNCO0638 (0, 1,2, 3,5, and 8 pM) and JIB-04 (0, 0.1,
0.2,0.3,0.4, 0.5, and 0.6 pM) and further incubated for 24 h
and used for assessing luciferase activity by luminometer after
lysing the cells, and by using CCD camera imaging in intact
cells. The cells treated with DMSO are used as vehicle control.

. After required time of incubation with drugs, the cells were

lysed in 200 pL of 1x passive lysis bufter by keeping in shaker
for 20 min at 4 °C. The lysates from each well was transferred
to 1.5 mL microfuge tube and centrifuged at 9,600 x g for
5 min at 4 °C to remove all cell debris. The supernatant was
transferred to fresh microfuge tube and kept in ice till the
luminometer assay was completed.

. 20 pL of lysate from each tube was transferred to a fresh

microfuge tube for luminometer assay.
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. The lysate was quickly mixed with 100 pL of CTZ (10 pg/mL

of CTZ in PBS; CTZ stock must be prepared at 1 mg/mL in
100 % ethanol and stored in air tight container at —-20 °C) and
measured the photon signal for 10 s.

. Similarly FLuc signals from the same lysate was measured by

mixing 20 pL of lysate with 100 pL of LARII substrate in
1.5 mL microfuge tube and measuring the photons for 10 s.

. 10 pL of every sample was used for protein estimation in 96-well

plate using Bio-Rad protein assay reagent. Sample was mixed
with 100 pL of assay reagent and incubated at RT for 5 min.
Optical density was measured at 540 nm. The protein amount
was quantified using standard graph generated from BSA.

. Methylation-assisted RLuc signal was normalized with respec-

tive FLuc signal and the protein concentration of respective
sample (RLuc-photons/FLuc photon/total protein).

. Specificity of spit-reporter sensor is assessed with RLuc signal

variation between H3K9 and H3L9 sensor (see Fig. 4a).

. Similarly the sensor signal in response to the treatment of

methyltransferase inhibitors at various concentrations and
demethylase inhibitor (JIB-04) at various concentrations, were
assessed by comparing to the normalized signals measured
from the controls (see Fig. 4b).

. Optical CCD camera imaging was performed in intact cells

plated in 12- or 24-well culture plates.

. Plating the cells and treatment conditions are similar what we

have used for luminometer assay.

. The optical-CCD camera (IVIS®-optical imaging system) was

initialized 10 min before the start of the experiment.

. After required treatment condition the culture medium was

carefully removed and washed once with 1 mL PBS.

. Added 400 pL of CTZ (10 pg/mL in PBS) in PBS and imme-

diately placed in the dark box and acquired signal for 3 min.

. To acquire FLuc signal for normalization, another set of cells

at similar treatment condition was added with 400 pL of d-
Luciferin (120 pg/mL in PBS) and acquired signal for 1 min
after 10 min of pre-incubation time (see Note 5).

. For each condition we used triplicate wells for imaging.

. RLuc and FLuc signals were measured by drawing ROI above

the respective wells using Living image software and normal-
ized RLuc-complementation signal with normalizing FLuc
signal. Since the cell numbers are the same we didn’t do any
normalization for total protein.
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Fig. 4 In vitro imaging with split-RLuc complementation and Degron protease blockade sensors in HEK293T
cells. Graph shows normalized RLuc signals recorded from (a) HEK293T cells transfected with plasmid vector
expressing H3K9 and H3L9 split-RLuc complementation sensors, and (b) HEK293T cells expressing H3K9 sen-
sor treated with Bix01294 (1 pM), UNC0638 (1 M), and JIB-04 (0.5 pM). Graph shows normalized FLuc sig-
nals recorded from (¢) HEK293T cells transfected with H3K9 and H3L9 degron protease blockade sensors, and
(d) HEK293T cells expressing H3K9 degron protease blockade sensor treated with Bix01294 (1 pM), UNC0638

(1 uM) and JIB-04 (0.5 pM)

3.3 In Vivo Imaging 1.
in Nude Mice Model
by Optical CCD 2
Gamera
3
4
5
6
7

Nude mice handling should be performed following
Institutional Animal Care and Use Committee guidelines.

. We used stable cells coexpressing split-reporter imaging sensor

and FLuc-EGFP normalizing protein for the study.

. To start with, HEK293T stable cells was trypsinized and col-

lected in PBS on day 1.

. Cell number in PBS suspension was evaluated using

hemocytometer.

. Stable cell suspension in PBS was adjusted to a concentration

of 5x10° cells /50 pL.

. Stable cell preparation in PBS must be implanted within 2 h

after trypsinization.

. To implant the stable cells, nude mice with an age group of

4-5 weeks was anesthetized with 2% isofluorane with oxygen
flow of 0.8-1 L /min.

. Stable cell suspension (5x10° cells/50 pL) was mixed with

50 pL of growth factor reduced matrigel just before
implantation.

. Cell suspension mix was injected on either side of the lower flank

region (5 x10° cells /xenograft) using 0.5 mL insulin syringe.
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Normalizing Vector
(See Note 6)
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Tumor growth must be monitored periodically until it grows to
a volume of approximately 50—-60 mm?3. It may take 3—4 weeks.

After tumor growth, animals were randomly divided into three
groups and labeled with ear tag.

Animals were optically imaged to capture RLuc and FLuc sig-
nals on the day of methyltransferase and demethylase inhibitors
treatment but before administration. To capture RLuc signal,
CTZ (200 pgin 100 pL of PBS; 5 mg,/mL stock in 100 % etha-
nol) was injected intravenously 5 s before imaging, whereas to
capture FLuc signals, d-Luciferin (3 mg in 100 pL PBS) was
injected intraperitoneally 5 min before capturing images.

To image RLuc signal animals were acquired for 5 min imme-
diately after CTZ injection whereas for FLuc imaging the ani-
mals were imaged for 30 min with 1 min acquisition to identity
peak signal window.

Control group animals were injected with vehicle control,
whereas second and third groups were treated with Bix01294
(20 mg/kg body weight) and JIB-04 (20 mg/kg body weight)
respectively. Bix01294 and JIB-04 was administered intraperi-
toneally with a maximum volume of 250 pL in sterile physio-
logical saline and 10% PEG400.

After Bix01294 and JIB-04 administration, image capturing
was done every day for a period of 10 days using optical-CCD
camera. RLuc and FLuc signals were captured with an interval
of minimum 6 h. Alternatively, normalization reporters, such
as EGFP (FLuc-EGFP) can be used to capture signals simulta-
neously in the same session.

Images were analyzed with Living Image analysis software. For
analysis, regions of interest (ROI) was drawn over the area of
signal acquired around the xenografts, and the signal was
defined as maximum photons per second per square centime-
ter per steradian (p/s/cm?/sr) (see Fig. 5a, b).

. Plasmids (5 pg each) expressing fusion proteins of H3K9

degron (pcPur-FLuc2-Suv39H1-(G4S);-H3K9-Degron) or
H3L9 degron (pcPur-FLuc2-Suv39H1-(G,4S);-H3L9-
Degron) sensors and normalizing RLuc-mRFP plasmid were
cotransfected in HEK293T cells in 10 cm plate plated at 70%
confluence 24 h before transfection by using lipofectamine
2000 transfection agent using manufacturer-suggested proto-
col. The cells were incubated at 37 °C with 5% CO, for 24 h.

. Rest of the selection methods are similar to what we have

used in Subheading 3.1. Optimal clones express equal level
of sensor fusion protein were used for in vitro and in vivo
evaluation of histone methylation using degron protease
blockade sensors.
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Fig. 5 In vivo imaging with split-RLuc complementation and Degron protease
blockade sensor. (a) Optical bioluminescence images showing RLuc and FLuc
signals recorded from HEK293T xenografts expressing wild-type (H3K9) and
mutant (H3L9) split-RLuc complementation sensors and a normalization FLuc
reporter. (b) Graph shows normalized RLuc signals quantified from figure “a”. (c)
Optical bioluminescence images showing FLuc and RFP signals recorded from
HEK293T xenografts expressing wild-type (H3K9) and mutant (H3L9) degron
protease blockade sensors. (d) Graph shows normalized FLuc signal quantified
from figure “c”

1. Plated HEK293T cells (1.5 x 105 cells/well) stably expressing
the histone methylation imaging sensors (H3K9-degron-
RLuc-mRFP and H3L9-degron-RLuc-mRFP) were plated in
12-well plates in DMEM with 10% FBS on day 1 and incu-
bated at 37 °C with 5% CO, for the cells to attach and attain
normal morphology.

2. 24 h later the medium was changed to DMEM with 2 % FBS and
the cells (triplicate for each condition) were treated with different
concentrations of Bix01294 (0, 0.5, 1, 2, 3, and 4 puM),
UNCO0638 (0, 1,2, 3,5,and 8 pM) and JIB-04 (0, 0.1, 0.2, 0.3,
0.4, 0.5, and 0.6 pM) for 24 h and used for assessing luciferase
activity by luminometer after lysing the cells, and by using CCD
camera imaging in intact cells. The cells treated with DMSO
were used as vehicle control.
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Luminometer assay was exactly what we have used in
Subheading 3.2.1 (see Fig. 4c¢, d).

1. Optical CCD camera imaging with degron-blockade sensor

was followed as described in Subheading 3.2.2 using plasmid
vectors expressing Degron-protease blockade sensors.

. For Invivo imaging, same protocol described in Subheading 3.3

was followed using stable HEK293T cells expressing degron-
protease blockade sensors (see Fig. 5¢, d and Note 6).

4 Notes

. Methylation in histone tails plays crucial role in regulating gene

expression in cells through the recruitment of a specific group of
proteins with structural domains (chromodomain, bromodo-
main, and CHD domains) called royal family of proteins to these
targets. The chromodomains of each royal family of proteins are
unique, and they are specifically recruited to a particular methyla-
tion mark when methylation occurs to these marks. The chromo-
domain from each protein maintains its high affinity binding for
a specific type of histone methylation mark (H3K4, H3K9,
H3K27, H3K36, H3K79, and H4K20). While the recruitment
of specific chromodomain proteins to methylation marks, such as
H3K9, H3K27, and H4K20, maintain transcriptionally inactive
constitutive heterochromatin, the other methylation marks, such
as H3K4, K3K36, and H3K79 provide structural integrity to
transcriptionally active facultative heterochromatin. Hence this
process is highly complex, and in this study we constructed his-
tone methylation imaging sensors for a few specific marks and
evaluated the sensitivity and specificity as a proof of principle
studies in cells and in living animals. We explored the recruitment
of chromodomains of specific royal family protein to respective
methylation mark upon methylation by methyltransferase as a
principle to design our methylation sensors.

. Split-reporter protein complementation for various optical report-

ers (Firefly, Renilla and Gawussin Luciferases; Green and Red
Fluorescent proteins) have been developed by us and used for
studying protein—protein interactions and protein folding. We
have extensively studied the use of split reporters for imaging pro-
tein—protein interactions and protein folding for several cellular
proteins [13-19]. Briefly, in this strategy N- and C-terminal por-
tion of reporter proteins complement each other and restore
enzymatic activity only when they come close to each other
through the interaction of interlinked study proteins or due to
conformational changes occur within the study protein. We
adopted this strategy to design our histone methylation imaging
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sensor, in which chromodomain of Suv39H1 (or PC2, or HP1,
etc.) royal family protein binds to a small substrate peptide derived
from histone (H3: amino acids 1-13 for H3K4 and H3K9; amino
acids 15-30 for H3K27; amino acids 2542 for H3K36; amino
acids 73-87 for H3K79, and amino acids 8-25 of H4 for H4K20)
protein upon methylation in specific methylation mark recruit
respective chromodomain cloned within the fusion protein, and
this interaction causes conformational changes to assist the com-
plementation of N- and C-terminal portion of split- Renzlia lucif-
erase (RLuc) protein resulting in the recovery of luciferase activity
that can be measured as an indirect indicator for methylation
occurred to specific mark used in the sensor (see Fig. 1).

3. Degrons are the proteasomal recognition sequences present in
either N- (N-degron) or C- (C-degron) terminal end of many
eukaryotic proteins. Protein to which the degron sequences are
appended will be degraded by the endogenous proteasomal deg-
radation mechanisms. Here, we designed a degron-blockade his-
tone methylation-imaging sensor comprising full-length codon
optimized firefly luciferase (FLuc2), chromodomain of Suv39H]1,
(Ga4S); linker, 13 amino acid H3K9 substrate domain from H3
protein, and C-terminal degron sequence of mouse ornithine
decarboxylase enzyme at the end. This sensor fusion protein is
degraded by cellular proteasome when it is not methylated. But
when methylated, it creates a conformational lock through the
recruitment of inbuilt chromodomain, which then lead to the
blockage of sensor fusion protein from proteasomal degradation.
Therefore the measured FLuc signal is directly proportional to
the level of methylation in H3K9 methylation mark (see Fig. 2).

4. To generate mutant plasmid vectors expressing split-RLuc
complementation (H3L9) and degron-blockade sensors
(H3L9 degron), codon encodes lysine at H3K9 methylation
mark was replaced with leucine codon (K9L).

5. Pre-incubation is important for the substrate to enter the cells
and saturate the expressed luciferase proteins.

6. In degron-protease blockade imaging sensors, we used FLuc
to provide methylation signal while RLuc-mRFP was used to
acquire normalizing signal. RFP signal was captured with a
excitation wave length at 540 nm and emission at 600 nm.
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Chapter 18

Preparation and Assay of Simple Light off Biosensor Based
on Immobilized Bioluminescent Bacteria for General
Toxicity Assays

G.V.M. Gabriel and V.R. Viviani

Abstract

We describe a simple Zight off bioluminescent biosensor for general environmental toxicity assays based on
immobilized bioluminescent bacteria engineered with beetle luciferases.

Key words Bioluminescent biosensor, Toxicity biosensor, pH-sensitive firefly luciferase

1 Introduction

Biosensors, analytical devices that combine the recognition of a
biological substance of interest and the transduction of the response
in a measurable signal, are widely used for environmental applica-
tions, allowing a quantitative and specific analysis [ 1-4]. They are
useful due to their easy preparation and storage, minimum quan-
tity of sample required, relatively low cost, good reproducibility,
selectivity and sensitivity, fast response time, and, in addition they
are useful to analyze bioavailability [1, 3].

Among the different kinds of biosensors, bioluminescent bio-
sensors are very fast and sensitive and are gaining in popularity,
because they rely on luciferases or photoproteins (enzymes that
require oxygen to oxidize luciferin, producing light in a quantita-
tive fashion). They can be divided into enzymatic and whole cell
biosensors, in which the whole cell biosensor can be further divided
into light on and light off. In the light off biosensors, the lumines-
cence is inhibited by specific agents that affect the metabolism,
reducing the intensity of the light signal, which can be monitored
by photodetecting devices such as photometers, luminometers,
and CCD cameras [5-7].

Sung-Bae Kim (ed.), Bioluminescence: Methods and Protocols, Methods in Molecular Biology, vol. 1461,
DOI 10.1007/978-1-4939-3813-1_18, © Springer Science+Business Media New York 2016
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A light off biosensor is built by cell transformation with an
expression vector containing the reporter gene expressing lucifer-
ase [8] and the cells can be used in liquid cultures or immobilized
to detect the toxicity of liquid samples and chemicals based on the
decrease of bioluminescence intensity upon contact with toxic
factors [9], such as heavy metals [5, 6, 10-12]. Here we describe
the preparation and use of a simple /ight off biosensor to measure
general toxicity of water samples and bioprospection of extracts,
based on the transformation of E. coli with two beetle luciferases
(Macrolampis sp2 firefly and Pyrearvinus termitilluminans click
beetle) [13]. Each luciferase has its own peculiarities, allowing
their use for specific applications.

2 Materials

2.1 Buffers
and Solutions

2.2 Media

2.3 Vectors
and Bacterial Strains

2.4 Beetle
Luciferases cDNA

2.5 Metal Solutions
at5.0ug/mL

. 0.1 mg/mL Ampicillin.

. 40 mM ATP in 80 mM MgSO,.

. 10 mM d-Luciferin.

. 10 mM d-Luciferin in 50 mM sodium citrate bufter pH 5.0.
. 1 M dithiothreitol (DTT).

. 1 M isopropyl-f-d-1-thiogalactopyranoside (IPTG).

. 100 mM Tris—HCI pH 5.0 and pH 8.0.

. 1.0 mg/mL 2,3,5-triphenyl tetrazolium chloride (TTC).

O NN O\ Ul W N

—

. Luria-Bertani (LB) Miller medium.

2. Agar pH 7.5: 10.0 g/L Casein enzymic hydrolysate, 5.0 g/L
Yeast extract, 10.0 g/L Sodium chloride, 15.0 g/L Agar.

3. Broth pH 7.5: 10.0 g/L Casein enzymic hydrolysate, 5.0 g/L
Yeast extract, 10.0 g/L Sodium chloride.

4. Top agar: LB broth with 0.7% (w/v) agarose.

1. Escherichin cols BL21 (DE3).

2. pPro vector (plasmid: Invitrogen).

1. Macrolampis sp2 firefly.

)

. Pyreavinus termitilluminans larval click beetle.

. 0.0294 mM AgNO;.
. 0.02 mM CuSO,.

. 0.0184 mM HgCl,.
. 0.019 mM NiSO,.

[ S S SR ]



2.6 Disinfectant
and Sanitizing
Reagents

2.7 Equipments
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5. 0.0174 mM PbCl,.
. 0.0173 mM ZnSO,.

[©))

. 0.0831 mM 1-Propanol.

. 3% Boric acid.

. 70% Ethanol.

. 1% Phenol.

. 3% Hydrogen peroxide.

. 2% lodine.

. 0.0471 mM Sodium carbonate.

N O\ Ul N~
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. Charge-coupled device (CCD) camera Light Capture II
(ATTO, Japan).

. Centrifuge 5810 R (Eppendorf).

. Ice water bath.

. Incubator (37 °C) (EletroLab, Brazil).

. Luminometer AB-2200 (ATTO, Japan).

. Sonicator Ultrassonic Processor XL (Misonix, USA).

. Spectrofluorometer F-4500 (Hitachi, Japan).

. Water bath preset at 42 °C (Stern 6, Sieger, LojaLab, Brazil).

o NN O\ Ul N

3 Methods

3.1 Bacterial
Transformation

This method consists in preparing immobilized bioluminescent E.
coli, by transtormation of E. coli with pPro-Mac or pPro-Pte lucifer-
ase plasmids, followed by IPTG induction, immobilization in aga-
rose matrix and, finally, assaying the in vivo luminescence in the
absence (control) and presence of toxicants. Inhibition of bacterial
luminescence intensity in relation to the respective controls is taken
as evidence of general toxicity due to inhibition of ATP production
in the cells. The luminescence assay can be performed using liquid
cultures, or more conveniently using immobilized bacteria.

E. coli are transformed with recombinant plasmids pPro-Mac and
pPro-Pte, containing Macrolampis sp2 firefly and Pyrearinus ter-
mitilluminans click beetle luciferase genes, respectively.

1. Add 1 pL of the luciferase plasmids (~10-50 ng) to 50 pL of
competent E. coli cells. Gently swirl the microtubes several
times to mix their contents. Place the tubes on ice for 30 min.

2. Immediately incubate the microtubes in a preheated water
bath at 42 °C during 45 s. Do not shake the tubes.



220 G.V.M. Gabriel and V.R. Viviani

3.2 Induction

of Heterologous
Luciferase Expression
in Bacteria

3.3 InVivo
Luminometric Assay
of Bioluminescence
in Liquid Cultures

3.4 Luminescence
Assay Using
Immobilized Bacteria
and GCD Imaging

3. Rapidly transfer the microtubes to ice. Allow the cells to cool
down for 2 min.

4. Add 200 pL of LB broth medium to each microtube. Incubate
the microtubes in a shaking incubator at 37 °C at 225 cycles/
min during 1 h to allow the bacteria to recover and express the
antibiotic resistance marker encoded by the plasmid.

5. Transfer 100 pL of the transformed cells into LB agar medium
Petri dishes containing the appropriate antibiotic (in our case
we use ampicillin) and spread with the aid of the handle
Drigalski spatula.

6. Invert the plates and incubate them at 37 °C O/N. After
12-16 h the transformed colonies should appear in the plates.

1. Select one transformed colony with the aid of the Henle loop
and inoculate it in Falcon tube filled with 5 mL of LB broth and
the appropriate antibiotic (in our case we use ampicillin).
Transfer the Falcon tubes to a shaking incubator at 37 °C at 225
cycles/min to grow up the cells overnight or until Absggy~1.0.

2. Transfer 1 mL of the cultured cells to a sterile Erlenmeyer con-
taining 100 mL of LB broth, and place it in a shaking incuba-
tor at 37 °C at 225 cycles/min, monitoring the cell growth
until Absgge=0.40.

3. Discontinue the growth by transferring the Erlenmeyer to a
refrigerator for approximately 10-15 min.

4. Add 40 pL of 1 M IPTG to the cultured cells in the Erlenmeyer
and induce protein expression by incubating in a shaking incu-
bator at 20 °C at 225 cycles/min until Absgyp=1.5.

5. After induction verity the luciferase expression by in vivo bio-
luminescence activity (see Note 1) using a luminometer (see
Note 2).

The induced bacteria in liquid cultures can be directly incubated
with toxic agents as follows (see Note 3):

1. Mix 500 pL of the liquid cultures (of the step 5 in
Subheading 3.2) with 50 pL of toxic samples in water (metals
at the concentration of 5.0 pg/mL or sanitizers). Incubate the
treated cultures during 1 h at room temperature (~22 °C).

2. Mix 90 pL of the treated suspension with 10 pL of 10 mM
d-Luciferin at pH 5.0 in a luminometer tube and measure
luminescence intensity in ¢psin the luminometer.

In order to assay several samples at the same time, an 96-well plate
with immobilized bioluminescent bacteria can be prepared and
used to simultaneously screen several samples in a more conve-
nient, fast, and sensitive format.



3.4.1 Preparation
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The immobilized bacteria are prepared as follows:

1.

Mix in 9 mL of melted Top Agar cooled down to ~40 °C in a
water bath with 1 mL of the induced liquid cultures (of the
step 5 in Subheading 3.2), 10 pL of 1 M IPTG and 10 pL of
the appropriate antibiotic (in our case we use ampicillin).

. With the aid of a micropipette, quickly transfer 50-100 pL of

this mixture in each well of the 96-well microplate.

. Allow the bacterial /agarose medium to solidify during 1 h,

and leave the immobilized bacteria during 12 h at room tem-
perature (~22 °C).

. After that, store the Elisa plate at 4 °C for up to 30 days (see

Note 4).

. Whenever the immobilized bacteria are to be used, remove the

Elisa from the refrigerator, allow to warm up at room tempera-
ture (~22 °C) for at least 2 h, and use them for the toxicity assays.

When the immobilized bacteria are ready to be used, proceed as
follows to do the luminescence assay using CCD imaging;:

1

. Add 10 pL of toxicant sample to each well of the Elisa plate (see

Note 5).

. Allow the toxicant sample to penetrate the immobilized bacte-

ria in each well by incubation at room temperature (~22 °C)
during 2 h.

. As a control use water or the solvent were the samples are

diluted.

. Add 10 pL of 10 mM d-Luciferin pH 5.0 to each well. Allow

luciferin to penetrate the agarose gel during 30 min at room
temperature.

. Analyze the bioluminescence using a CCD photodetection

system or in a plate reader.

. The luminescence intensity of the samples and controls can be

quantified by densitometry using the proper algorithm pro-
vided by the instrument maker (se¢ Fig. 1).

In order to check for cell viability after treatment of the bacterial
cultures, the tetrazolium salt colorimetric assay is employed as
follows:

1.

Mix 90 pL of the liquid or immobilized cultures with 10 pL of
toxic samples (for example, metals at 5.0 pg/mL or sanitizers)
and 10 pL of 2, 3, 5-triphenyltetrazolium chloride (TTC) at
1 mg/mL. Incubate at 37 °C for 1 h and check for the appear-
ance of red color as an indication of reducing bioactivity
(see Note 6 and Fig. 2).



222 G.V.M. Gabriel and V.R. Viviani

control

pPro-Mac

pPro-Pte

Fig. 1 CCD bioluminescence imaging of bioluminescent E. coli transformed with
pPro-Mac and pPro-Pte after exposure to sanitizing agents 1% phenol (CgHs0H), 2%
iodine (1), and 3% boric acid (H,B0,) for 1 h at 4 °C (Adapted from Gabriel et al. [13])

control

Fig. 2 Tetrazolium colorimetric assay of E. colitransformed with pPro-Mac and pPro-
Pte after exposure to sanitizing agents 1% phenol (C¢Hs0H), 2% iodine (1), and 3%
boric acid (H;B05) and incubation for 1 h at 4 °C (Adapted from Gabriel et al. [13])

4 Notes

1. The bioluminescent activity depends on the enzyme utilized.
In our assay, Macrolampis sp2 luciferase can be used for fast
assays using a more sensitive detection system, due to the rapid
flash-like kinetics, whereas Pyrearinus termitilluminans click
beetle luciferase can be used in cases where a less sensitive
detection system is used due to its higher activity and slower
kinetics, allowing integration for longer time. For Macrolampis
sp2 the expected luciferase activity is around 15 x 107 ¢ps/mL
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and for P. termitilluminans the expected luciferase activity is
around 20x 107 ¢ps/mL [13].

. Use the induced cells of the liquid culture to do the in vivo

assays (see Subheading 3.2) and to prepare immobilized the
bacteria in Top Agar (see Subheading 3.4.1).

. It must be emphasized that this cell biosensor assay, does not

give any clue about the specific compound or group of toxic
compounds present in the assayed sample, it just gives a fast
and general information about the toxicity of the sample.

. The plate can be stored at 4 °C until 3 weeks with high lumi-

nescence activity.

. This light off biosensor can be adapted to be used for bio-

prospection of antibiotics and other bactericidal samples.

. The tetrazolium reagent has no color. When reduced it gives a

bright red color, indicating the presence of reducing power of

live bacteria.
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In Vivo Bioluminescent Imaging of ATP-Binding Cassette
Transporter-Mediated Efflux at the Blood-Brain Barrier

Joshua Bakhsheshian, Bih-Rong Wei, Matthew D. Hall, R. Mark Simpson,
and Michael M. Gottesman

Abstract

We provide a detailed protocol for imaging ATP-binding cassette subfamily G member 2 (ABCG2) func-
tion at the blood-brain barrier (BBB) of transgenic mice. p-Luciferin is specifically transported by ABCG2
found on the apical side of endothelial cells at the BBB. The luciferase-luciferin enzymatic reaction pro-
duces bioluminescence, which allows a direct measurement of ABCG2 function at the BBB. Therefore
bioluminescence imaging (BLI) correlates with ABCG2 function at the BBB and this can be measured by
administering luciferin in a mouse model that expresses luciferase in the brain parenchyma. BLI allows for
a relatively low-cost alternative for studying transporter function in vivo compared to other strategies such
as positron emission tomography. This method for imaging ABCG2 function at the BBB can be used to
investigate pharmacokinetic inhibition of the transporter.

Key words p-Luciferin, BCRP, ABCG2, Optical imaging, Neuroimaging

1 Introduction

The blood-brain barrier (BBB) plays a vital role in protecting the
central nervous system by preventing a variety of molecules from
entering the brain. This protective barrier is mediated in part by
ATP-binding cassette transporters, primarily P-glycoprotein and
ABCG?2, located on the apical membrane of capillary endothelial
cells [1]. While protecting the brain, these transporters also restrict
the delivery of potentially therapeutic molecules aimed at the man-
agement of neurologic disorders. As therapeutic molecules do not
reach the brain parenchyma in clinically relevant concentrations,
the BBB is a major obstacle to drug delivery to the brain.

Mouse models have been used to investigate ABCG2 function
at the BBB, and the findings can be extrapolated to provide clinical
relevance [2, 3]. The mouse ortholog of ABCG2 has 81 % protein
sequence homology with human ABCG2 [4] and the substrate
and inhibitor specificity of human and mouse ABCG2 is very

Sung-Bae Kim (ed.), Bioluminescence: Methods and Protocols, Methods in Molecular Biology, vol. 1461,
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similar [5]. Amino acid mutations have been shown to alter the
substrate and antagonist specificity in both species [6]. The over-
lapping substrate and inhibitor specificity of human and mouse
ABCG?2 supports utilization of mouse models in understanding
the functional roles of ABCG2.

This protocol describes a noninvasive imaging modality using
D-Luciferin in transgenic mice. We have previously shown that
D-Luciferin is a specific substrate of ABCG2 (and not other ABC
transporters expressed at the BBB). Therefore, p-Luciferin can be
used to study ABCG2 function at the BBB [7]. Real-time function
at the BBB is often studied using positron emission tomography
(PET) [8], but p-Luciferin is not amenable for radiotracer labeling.
As such, we decided to take advantage of the fact that p-Luciferin is
a substrate for the enzyme firefly luciferase (FLuc). In the presence
of FLuc, ATP, and O,, p-Luciferin generates a photon of light (bio-
luminescence), and this can be detected with commercially available
charge-coupled device detectors. To study the BBB function of
ABCG2, we utilized a GFAP-FLuc transgenic mouse model [2], in
which the expression of FLuc is controlled by the glial fibriliary acid
protein (GFAP) promoter. GFAP is predominately expressed in
astrocytes in the parenchyma of the brain [9] and is found behind
the BBB. As luciferin is enzymatically converted to oxyluciferin, the
production of bioluminescence can allow one to measure the
amount of b-Luciferin in the brain parenchyma.

In this model, when Dp-Luciferin is injected into GFAP-FLuc
transgenic mice, bioluminescent signal from the brain is low due to
the efflux of b-Luciferin by Abcg2 at the BBB (see Fig. 1). However,

Astrocyte
T\
I / i:} Bioluminescence

= \ / 0 ABca2

@ D-luciferin

v
Pericyte )

gg> 3
U%'
|—| GFAP> Luciferase H

Endothelial
cell

Fig. 1 Scheme depicting the basis of the imaging protocol. ABCG2 transporters normally prevent o-Luciferin
from crossing brain endothelial cells, by pumping it back from the apical membrane into the luminal space.
However, when ABCG2 is inhibited, luciferin can cross the endothelial cells (BBB) and enter the parenchymal
space. In astrocytes, firefly luciferase expressed under the GFAP promoter uses luciferin as a substrate, pro-
ducing bioluminescence. The light generated can be captured by a sensitive optical camera and act as a sur-
rogate indicator of luciferin uptake into the brain
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in the presence of a pharmacologic blocker of ABCG2 (or some
other mechanism for interfering with ABCG2 expression or func-
tion), p-Luciferin can cross the BBB and enter astrocytes in the
brain, where FLuc is expressed. This results in an elevated biolumi-
nescent signal. Previously, we have shown that a dose-dependent
increase in bioluminescence from the brain can be observed with
ABCG?2 inhibitors of interest. These data can be used to calculate
the effective dose of ABCG2 inhibition at the BBB in vivo.
Therefore, bioluminescence imaging (BLI) of mice expressing the
luciferase enzyme in the brain can be used to monitor ABCG2
function at the BBB. Here, we provide a detailed protocol for this
assay of BBB function.

2 Materials

2.1 GChemicals

2.2 InVivo Studies

2.3 Anesthesia

2.4 Animal Model

1. The substrate, p-Luciferin (PerkinElmer (Waltham, MA))
(see Note 1).

2. There are several ABCG2 inhibitors that are commercially
available. The potency and efficacy varies for each inhibitor
(see Note 2).

(a) Ko-143 (Tocris Bioscience (Minneapolis, MN)).

(b) Nilotinib and gefitinib (Cayman Chemical (Ann Arbor,
MI)).

(c) Elacridar and tariquidar (MedKoo Biosciences (Chapel
Hill, NC)).

1. p-Luciferin solution is prepared by dissolving in saline to
obtain 30 mg/mL stock solutions and stored at -20 °C pro-
tected from light (see Note 1).

2. Asindicated by solubility profiles, candidate inhibitors of ABCG2
can be dissolved in appropriate stock solutions. For example,
lipophilic molecules such as tariquidar and elacridar can be dis-
solved in vehicle containing 2:2:1 dimethyl sulfoxide, propylene
glycol, and water (5% Dextrose) (see Notes 2—6). Molecules that
are more water-soluble can be prepared in normal saline solution
and filtered as described for p-Luciferin above.

1. The mice are administered isoflurane at 2-5%. Procedures
conducted with anesthesia can be done under low-pressure
high flow ventilation hoods to collect excess isoflurane.

1. The FVB/N-Tg(GFAP-FLuc)-Xen mouse (Taconic Farms
(Germantown, NY)). This is a transgenic mouse line that car-
ries the firefly luciferase (FLuc) gene under the transcriptional
control of the mouse GFAP promoter [2]. Expression of the
reporter is observed primarily in the brain (se¢ Note 7).
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2.5 Bioluminescence
Imaging Unit

2.

For mouse identification, two methods can be employed. For
both methods, the identification is susceptible to loss of the
identification marker over time, by falling or being torn out.
Both can be purchased from Kent Scientific Corporation
(Torrington, CT).

(a) Ear tags—a metal ID can be placed on the pinna of the ear

with an applicator.

(b) Ear punch—ear notches or holes are placed with an ear
punch device, following universal mouse numbering sys-
tems [10].

. Prior to experiments, the weight of each mouse should be

recorded.

. An IVIS spectrum and charged-coupled device (CCD) optical

imaging system, Living Image Software (PerkinElmer,
Waltham, Massachusetts) can be used for spatiotemporal
detection and analysis of the luciferase - luciferin reaction in
multiple mice.

3 Methods

3.1 Bioluminescence
Imaging

. Four to five mice should be used for each condition to reach

statistical significance. Depending on the bioluminescence
imaging unit housing, up to five mice can be simultaneously
imaged. In addition, for each experimental run there should be
at least one sham mouse receiving only luciferin and vehicle
(see Fig. 2 and Notes 8 and 9).

. Anesthesia is induced in a chamber with 2-5 % isoflurane in O,.

Anesthesia is maintained with 2 % isoflurane via a nosecone, for
the duration of the procedure.

. Responses to anesthesia can be monitored by changes in physi-

ological parameters including: respiratory rate, evidence of
sensation, and reflex.

. Body temperature of the animal can be maintained by use of

a heated circulating water pad, heated air, heat lamp, or
heated platform.

. Measure baseline bioluminescence from the brain of each

mouse (without co-injected inhibitor or vehicle).

. Specify the appropriate acquisition settings (Exposure time,

Binning, F/stop) (see Note 10).

. Administer 18 mg/kg of p-Luciferin via intraperitoneal (i.p.)

injections using a 25-gauge needle (see Table 1 and Notes 11
and 12).
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3.2 Analysis
of BLI Data

AN

é : :> | 10 min | Brain image every 1 min for 60 min

Mouse A B

Experimental i.v. ABCG2 inhibitor i.p. luciferin
Control A i.v. vehicle i.p. luciferin
Control B MNothing i.p. luciferin
Control C i.v. control inhibitor i.p. luciferin

Fig. 2 Scheme demonstrating experimental and control setup with dosages.
Either the vehicle or nothing is injected for option A and mice are injected with
luciferin for all experimental conditions

10.

11.

12.

. Immediately place mice in the IVIS100 optical imaging system

(PerkinElmer, Waltham, Massachusetts), in a supine position
(i.e., lying on the back) and record bioluminescent signal for
60 min with sequential acquisitions at 1 min intervals (see
Notes 12-14).

. At least 24 h following step 2, animals are again anesthetized

(see step 1), temporarily placed under a heating lamp to dilate
the lateral tail veins and to facilitate ease of i.v. injections (see
Notes 15-17). Inhibitors are administered by tail vein injec-
tions using a 30%2-gauge needle (sec Notes 17-19).

Exactly 10 min following step 3, the inhibitor injections are
followed by i.p. injections of p-Luciferin, (100 pL for 18 mg/
kg) using a 25-gauge needle (see Note 20).

The mice are then immediately placed in the optical imaging
system in a supine position. While anesthesia is maintained in
the imaging unit with 2 % isoflurane with nose cones, biolu-
minescent signals are recorded in 60-min sequential acquisi-
tions with 1-min intervals using IVIS100 (PerkinElmer) (see
Note 21).

After the imaging procedure (60 min), the mice are removed
from the imaging system, placed in animal cages, and moni-
tored to ensure they are not displaying any signs of distress.

. To quantity the light output from the mouse brain region,

define a consistent region of interest (ROI) over the cranium
and examine all bioluminescence values in the same ROI in
sequential images using LivingImage software (PerkinElmer,
Waltham, Massachusetts) (see Notes 21 and 22).

. Each data point is corrected for the respective mouse’s baseline

signal level (without inhibitor) generated in step 2, and back-
ground autoluminescence (see Notes 23-25).
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Table 1

Luciferin injection calculations for mice of varying weights. Required luciferin stock for injection is
supplemented with saline, making up a total 100 puL injection volume

Luciferin Volume of

Desired dose stock solution Mouse Luciferin luciferin stock Saline Total injection
(mg/kg) (mg/mL) weight (g) needed (mg) (uL) (uL)  volume (pL)
18 10 35 0.63 63 37 100

18 10 34 0.61 61.2 38.8 100

18 10 33 0.59 59.4 40.6 100

18 10 32 0.58 57.6 424 100

18 10 31 0.56 55.8 44.2 100

18 10 30 0.54 54 46 100

18 10 29 0.52 52.2 47.8 100

18 10 28 0.50 50.4 49.6 100

18 10 27 0.49 48.6 51.4 100

18 10 26 0.47 46.8 53.2 100

18 10 25 0.45 45 55 100

3. Time-activity curves can be created for each mouse by plotting
the total flux (photon/s) versus time (min).

4. The area under the time-activity-curve (AUC, p/s-min) can
be calculated by the trapezoidal method using Prism 6.0
(GraphPad software).

5. If varying doses of the inhibitor are tested, the effective concen-
tration where 50% (ECs;) of maximal bioluminescence is
achieved can be calculated. The area under the time-activity-
curve is plotted against the concentration of inhibitor used, and
the EC; can be calculated with Prism 6.0 (GraphPad software).

6. After the data are tested for homogeneity of variance, differ-
ences in mean AUC (p/s-min) can be compared using a one-
way analysis of variance followed by the Bonferroni post-¢ test
for multiple comparisons (a=0.05).

4 Notes
1. Luciferin absorbs light maximally at a wavelength of 350 nm

[11], which can result in photodegradation from natural light
exposure. In a laboratory setting, wrapping the solution vessel
in aluminum foil, or using a brown glass vial, ensures protec-
tion from incident light.
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2. Ko-143 is a potent ABCG2 inhibitor [12]. Gefitinib, nilotinib
[13], tariquidar [14] and elacridar [15] are dual ABCG2 and
P-gp inhibitors. Ko-143, gefitinib, and nilotinib were shown
to inhibit ABCG2 at the BBB, indicated by increased biolumi-
nescent signal in the GFAP-FLuc animal model [5]. Elevated
bioluminescence was not observed with tariquidar or elacridar
(they are shown to be more efficacious inhibitors of P-gp than
ABCG2). In our original study, DCPQ), a specific P-gp inhibi-
tor, was used as a negative control, in addition to administer-
ing vehicle-only. As DCPQ is not commercially available, an
alternate specific high-affinity P-gp inhibitor may be utilized
such as zosuquidar, cyclosporin A, or verapamil [ 16]. It is criti-
cal to confirm that P-gp inhibitors intended to be used as neg-
ative controls do not interfere with ABCG2 function in vitro.

3. Prepare stock solutions of the inhibitors that will allow you to
inject 100 pL volumes by direct tail vein injections of 4, 6, 8, 16,
and 32 mg/kg. To achieve this, first prepare stock solutions of
25 mg/mL inhibitor in 1:1 dimethyl sulfoxide and propylene
glycol. These can be stored at —20 °C. To prepare injectable
solutions, dilute with additional 2:2:1 dimethyl sulfoxide, pro-
pylene glycol, and water (5% Dextrose) (see Table 2 for sample
calculations for preparing inhibitor solutions for an average 30 g
mouse). Saline is not used in preparation of the stock solution to
avoid precipitation and hydrolysis of inhibitors, but is used for
dilution of stock solution and for preparation of injectable inhib-
itor solution. The numbers displayed in Table 2 can be scaled
based on the total number of mice to be injected for each condi-
tion. The injection volume is kept at 100 pL to limit the volume
of vehicle administration and to keep the total volume of solu-
tion administration (including inhibitor and luciferin substrate)
below 200 pL (maximum amount allowed for injection).

4. Itis important to use an agent that does not physically disrupt
the BBB, which may confound the results by providing an
alternate route for luciferin to bypass the BBB. If necessary, to
evaluate BBB disruption one may use Evans blue (see Note 5)
or sodium fluorescein (se¢e Note 6) to determine increased
brain penetration following injection of a test agent [17, 18].

5. Evans blue is a marker that binds albumin avidly in blood
plasma. Albumin has a 60 kDa molecular weight, and does not
cross the BBB. A detailed protocol is provided in [17]. Briefly,
2 mL/kg of a 2% (w/v) solution of Evans blue in saline is
administered i.v. with a 25-gauge needle. Evans blue is allowed
to circulate for 30 min before mice are euthanized and the
brain extracted. An analog scale-based evaluation of the inten-
sity and distribution of the bluish coloration is used to evaluate
the degree of the BBB permeabilization.
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Table 2

Sample calculations for preparation of injectable solutions of ABCG2 inhibitors

Inhibitor stock solution

Injectable solution

Inhibitor

Desired Mouse Inhibitor  stock Stock Total

dose weight needed solution (mg/ solutionto DMSO PEG Saline injection
(mg/kg) (9) (mg) mL) use (ut)  (ut)  (pL) (ub)  volume (pL)
32 30 0.96 25 384 20.8 208 20 100

16 30 0.48 20 24 28 28 20 100

8 30 0.24 10 24 28 28 20 100

4 30 0.12 5 24 28 28 20 100

The numbers displayed can be scaled based on the total number of mice to be injected for each condition. Stock solu-
tions of inhibitor are prepared in a 1:1 dimethyl sulfoxide and propylene glycol solution for storage, and prepared for

injection immediately prior to the experiment

6.

A spectrophotofluorimetric sodium flourescein uptake mea-
surement (excitation at 440 nm and emission at 525 nm)
enables detection of subtle alterations in BBB permeability. A
detailed protocol is provided in ref. 18. It is suggested that
changes in BBB permeability to sodium fluorescein may be
the earliest and the most sensitive indicator of BBB disrup-
tion and therefore in many instances. Briefly, 2 mL /kg of a
2% [wt: vol] solution in saline can be administered at a dose
of 5 mL /kg body weight of animal i.p. with a 25-gauge nee-
dle. Sodium fluorescein is allowed to circulate for 30 min
before mice are euthanized.

. This model was generated for the study of transcriptional regu-

lation of the GFAP gene [9], for example, to observe changes
in expression associated with kainic acid-induced astrogliosis
[2]. In the protocol reported here, we use the same mouse
strain to indicate the ability of pD-Luciferin to cross the BBB
using baseline expression, and do not require induction of
expression by inflammatory processes such as kainic acid.

. b-Luciferin i.p only (control B in Fig. 2) can serve as a control

for bioluminescent variations that may be caused by experimental
error in the amount of luciferin injected, or other causes.

. Administering luciferin via i.p. injection is the standard route

of administration in in vivo studies. Intravenous injections of
D-Luciferin are possible, but introduce a more technically
demanding protocol, including more injections, tail catheter
line placements, and catheter or needle ‘clogging’ due to pre-
cipitation of solutions. Another disadvantage of i.v. injections
is the fast kinetics/clearance with the lack of a plateau phase,
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10.

11.

12.

13.

14.

15.

16.

which may not provide sufficient time to saturate luciferin at
the site of interest (brain), impeding reproducible measure-
ments and leading to additional error [19].

The acquisition setting is adjusted to produce a signal above
the noise /background, but less than the detection limit (60 K
counts) of the camera. A higher binning increases the pixel size
at the loss of spatial resolution. ‘F/stop’ sets the size of the
camera aperture and the amount of light that is collected.
Therefore, a larger lens opening (f/1) will maximize
sensitivity.

Instead of the 150 mg/kg of p-Luciferin used in a standard
BLI protocol [19], 18 mg/kg of b-Luciferin is used, as it pro-
duces a low baseline signal from the brain region [7]. This
lower dose is used to avoid saturating ABCG2 transporters at
the BBB while increasing the sensitivity to detect changes in
bioluminescent signal produced by inhibiting ABCG2 func-
tion. Prior to performing functional studies, an experiment can
be performed with mice injected with a range of luciferin doses
(for example, 150, 80, 40, 20, 10, and 5 mg/kg p-Luciferin)
to ensure a dose is utilized that produces a low baseline signal
with the instrument and settings being used.

It is important to measure baseline bioluminescence under
identical conditions, since anesthesia induces changes in the
blood flow of the animal, and may alter the pharmacokinetics
of p-Luciferin and subsequent bioluminescence production.

The photon emission in living brain tissue is limited substan-
tially by anatomical layers. BLI signal from the ventral brain is
higher [20] and signal does arise from the cochlear spiral gan-
glion [21]; therefore mice are imaged in the supine position
(i.e., on their back).

The body of the mice can be covered with black construction
paper, exposing only the head region. This reduces any biolu-
minescence signal that may be produced from the periphery.
The GFAP-FLuc mouse model produces a low-level signal
from the exposed skin regions (tail and foot pads).

Tail vein injections are technically demanding and require
practice and accuracy to correctly perform them. This technique
can be performed after anesthesia induction; however, it can
also be performed without anesthesia when using proper
restraining devices.

To help locate the lateral veins, a heated stage or heat lamp
may be utilized to dilate the vasculature. Hold the tail so that
the lateral vein is uppermost and insert the needle. Draw back
on the syringe slightly to make sure the needle is inserted in
the blood vessel, indicated by blood being drawn. In the event
that the injected agent is not introduced to the vein, the sur-
rounding tissue will blanch.
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17.

18.

19.

20.

21.

22.

23.

It is advised to use a small volume syringe with attached needles
(Becton, Dickinson and Company), as the ‘dead space’ volume
is lower, increasing accuracy of injections and minimizing wast-
age of injectable solutions. Care should be taken to remove air
bubbles in the syringe.

Alternatively, a tail vein catheter with minimal dead space may
be used for rapid near-simultaneous injection to multiple mice.
However, the catheters need to be coated with heparin to
avoid clogging of the catheter. One should be cautious with
coating the catheters with heparin in a saline solution, because
this may cause precipitation of the lipophilic inhibitor agent
during the injection process.

To help administer the inhibitor to multiple mice within a
short time interval, the “snipped glove” technique may be
employed. A glove is snugly placed around the anesthesia tub-
ing and taped securely in place. The finger tips of the glove are
then snipped, and each finger opening acts as a different outlet
or nose cone to be fitted loosely around the muzzle of each
mouse for anesthesia maintenance on the benchtop.

The time delay between inhibitor injection, luciferin injection,
and acquisition is recorded during each BLI experiment and
can be used for time-line correction (acquisition time = 60 min),
enabling precise data evaluation.

The optical signal intensity is expressed as photon flux (photon
count/s). Each image can be displayed as a pseudo-colored
photon-count image superimposed onto a grayscale anatomic
image of the same animal (see Fig. 3).

While outside the scope of the protocol described here, an
ex vivo confirmation that the signal from the ROI can be per-
formed. Steps 1-6 are completed as described, except mice are
imaged for 20-25 min only. This is the time period where max-
imal bioluminescence has been shown [7, 19]. The mice are
immediately sacrificed; brains are removed and placed in the
imaging unit for BLI. Mice with similar baseline biolumines-
cent signals and weight should be utilized. Four to five mice
are needed for each group. The ratio between in vivo and
ex vivo imaging of mice receiving luciferin only and lucif-
erin +inhibitor should be similar. In addition, a statistical dif-
ference in bioluminescence between luciferin only and
luciferin + inhibitor can be captured ex vivo.

Each animal serves as its own control. For example, the pro-
duction of bioluminescence with luciferin only by animal A is
X, and the production of bioluminescence with lucif-
erin +inhibitor by animal A is 7; the fold signal change (7/X)
can be calculated for each animal and then averaged across
multiple animals receiving the same inhibitor.
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Fig. 3 Ko-143 produces a dose-dependent increase in bioluminescence in vivo. Mice were measured at base-
line (receiving luciferin only), and then measured again with vehicle-only or different Ko-143 concentrations
prior to receiving luciferin. (a) Representative pseudo-colored photon-count images of bioluminescence mea-
surements from the same region of interest (ROI) and animal under different experimental conditions. (h)
Analyses of the dynamic total flux (photons/s), also referred to as the time-activity curve, from the ROI (brain
region) measured at 1-min intervals for 60 min after o-Luciferin administration. Mice were administered either
vehicle, DCPQ (P-gp inhibitor) or Ko-143 before p-Luciferin. Data represent means = SD of four experiments
(n=4). The area under the curve (AUC) can be calculated from the time-activity-curve. (¢) Calculated AUC
(photon/s h) for each of the conditions are displayed. Data represent means+SD of four experiments

(****P<0.0001)

24. Further, a control animal (luciferin without inhibitor)

25.

should be utilized in each experimental protocol to act as
an indicator of potential confounding factors. For example,
on Day 1 the production of bioluminescence with luciferin
only is X by animal B, on Day 2 this is repeated and the
production of bioluminescence is Z by animal B. The stan-
dard variation in signals with luciferin injection is Z/X
(<1.1 fold change is ideal), and should be taken into con-
sideration for each run.

All datasets should be corrected for background autolumines-
cence. To accomplish this, a separate region of interest can be
drawn outside the targeted region of interest to calculate fluc-
tuations in the background signal. This measurement can be
subtracted from the readings during that run.
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Chapter 20

Theranostic Imaging of Cancer Gene Therapy

Thillai V. Sekar and Ramasamy Paulmurugan

Abstract

Gene-directed enzyme prodrug therapy (GDEPT) is a promising therapeutic approach for treating cancers
of various phenotypes. This strategy is independent of various other chemotherapeutic drugs used for
treating cancers where the drugs are mainly designed to target endogenous cellular mechanisms, which are
different in various cancer subtypes. In GDEPT an external enzyme, which is different from the cellular
proteins, is expressed to convert the injected prodrug in to a toxic metabolite, that normally kill cancer
cells express this protein. Theranostic imaging is an approach used to directly monitor the expression of
these gene therapy enzymes while evaluating therapeutic effect. We recently developed a dual-GDEPT
system where we combined mutant human herpes simplex thymidine kinase (HSV1sr39TK) and E. coli
nitroreductase (NTR) enzyme, to improve therapeutic efficiency of cancer gene therapy by simultaneously
injecting two prodrugs at a lower dose. In this approach we use two different prodrugs such as ganciclovir
(GCV) and CB1954 to target two different cellular mechanisms to kill cancer cells. The developed dual
GDEPT system was highly efficacious than that of either of the system used independently. In this chapter,
we describe the complete protocol involved for in vitro and in vivo imaging of therapeutic cancer gene
therapy evaluation.

Key words Bioluminescence, Gene-directed enzyme prodrug therapy, Herpes simplex thymidine
kinase, In vivo imaging, Firefly luciferase

1 Introduction

Gene-directed enzyme prodrug therapy (GDEPT) is a promising
therapeutic strategy, in which enzyme-coding genes are introduced
into cancer cells to convert nontoxic prodrugs into active cytotoxic
compounds. HSV1-TK/GCV and NTR/CB1954 are two differ-
ent GDEPT systems currently in different stages of clinical trials
[1]. Active GCV compound of HSVI-TK/GCV GDEPT strategy
inhibits DNA synthesis in actively dividing cancer cells, whereas,
active compound of CB1954 in NTR/CB1954 GDEPT systems
exerts cytotoxicity to cells with all stages of cell cycle. Further, these
two GDEPT strategies have potential bystander effect and there-
fore extend the cytotoxicity to the adjacent cells, which are not
expressing the GDEPT system and ensure the complete removal of

Sung-Bae Kim (ed.), Bioluminescence: Methods and Protocols, Methods in Molecular Biology, vol. 1461,
DOI 10.1007/978-1-4939-3813-1_20, © Springer Science+Business Media New York 2016
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tumor. But the limitation is the need of higher level of expression
GDEPT enzymes to achieve therapeutic conversion of prodrugs in
to active metabolites. Most of the gene therapy systems suffer from
poor gene delivery efficiency. Hence to improve therapeutic effi-
ciency with minimum level of gene expression we combined two
different therapeutic genes target two difterent cellular mechanisms
to kill cancer cells. The combination of these two GDEPT systems
seems highly potential in terms of enhanced therapy and reduction
in the amount of prodrugs needed for treatment. We showed the
enhanced therapeutic effect of HSV1-TK-NTR fusion dual-GDEPT
system in triple negative breast cancer cells such as SUM159 and
MDA-MB-231 [2]. Additionally, it was highly efficient against met-
astatic tumor in mice model [3]. In this chapter we describe the
protocol details by which the fusion HSV1-TK-NTR clone was
generated and how it was evaluated for cancer gene therapy in cells
and human xenograft models in mice. Further, we provide different
methods to image and evaluate the expression of this fusion protein
in living animals by theranostic imaging.

Theranostic imaging combines treatment of specific disease and
evaluating the therapeutic efficacy of particular drug simultaneously
[4]. In conventional approach, separate set of agents will be adminis-
tered for treatment, and thereafter imaging agents or contrasting sub-
stances will be given just before diagnostic imaging of particular
disease. In GDEPT, therapeutic genes used for treating cancer can be
tracked by designing imaging substrates, which monitor therapeutic
gene expression while injected prodrugs can treat cancer. Further,
when two genes are fused, multiple modality imaging could be used
to evaluate the therapeutic efficiency of either of the gene separately or
in combination (see Fig. 1). Theranostic imaging applications facili-
tates saving time by evaluating therapeutic efficacy of any therapeutic
systems while measuring the expression level of delivered therapeutic
genes, as it combines both diagnosis and therapy together. Additionally,
personalized therapy in cancer has been widely accepted as a promis-
ing treatment strategy. By applying theranostic imaging, personalized
therapy could be adopted as it reveals the aftermath of therapy right
away. Theranostic imaging also helps to understand the problems of
innate immunity while therapeutic evaluation are attempted.

A wide spectrum of therapeutic reporter genes are investigated
for the past two decades, and many of them reached clinical trials.
Herpes simplex virus 1-thymidine kinase (HSVI1-TK), E. cols
Nitroreductase (NTR), and cytosine deaminase (CD) are the major
GDEPT therapeutic reporters investigated in details. Additionally,
for the first time we developed a fusion form of two therapeutic genes
which hold the potentials of reporter genes and studied them to
reveal the enhanced therapeutic efficacy by imaging [3]. Other than
these enzyme-based reporters, many transporters and receptors, such
as sodium iodide symporter (NIS), somatostatin receptor type 2 has
also been investigated as therapeutic reporters [5]. Imaging
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Fig. 1 Schematic representation outlines the in vitro and in vivo therapeutic
evaluation of HSV1-TK-NTR fusion theranostic gene therapy system evaluated in
MDA-MB-231 triple negative breast cancer model

modalities such as PET, MRI, and optical imaging are generally
applied to monitor the therapeutic efficacy of gene therapy vectors.
HSVI1-TK has been thoroughly evaluated using PET imaging.
[¥F]-Fluoro-3-hydroxymethyl butyl guanine ([!¥F]-FHBG) and
[¥F]-fluoro-5-ethyl-1-beta-d-arabinofuranosyluracil  (['*F]-FEAU)
labeled with fluorine-18 and fluoro-5-iodo-1-beta-d-arabinofurano-
syluracil (FIAU) labeled with Iodine-124 are mainly used to image
the therapeutic value of HSVI-TK using PET imaging [6].
Alternatively, MRI imaging agents like 5-methyl-5,6-dihydrothymi-
dine (5-MDHT) have been developed and investigated to evaluate
HSV1-TK therapeutic gene [7]. Additionally, to evaluate the extent
of gene delivery, fusion genes such as GFP-HSV1-TK and FLuc-
HSV1-TK has been used to image through optical imaging modali-
ties [8]. Activity NTR could be imaged through fluorescence
microscopy by applying CytoCy5S dye, which fluoresce when
reduced by NTR enzyme [9]. Altogether, imaging modalities are
chosen based on the type of reporter genes to be investigated.
Delivery vehicles are the important component in the successful
execution of gene therapy. Plasmid vectors, viral vectors, synthetic
liposomes, and nanoparticles have so far been used as vehicles of
choice in gene therapy. All of these vehicles have advantages and
limitations depending on the gene of interest and target organs
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involved. Plasmid vectors along with liposome complexes
were initially employed for successful execution of gene delivery, but
they were not efficient delivery vehicles to deliver genes in animal
models. However, plasmid vehicles in assistance with other delivery
vehicles such as super paramagnetic iron oxide nanoparticles and
functionalized silica nanoparticles have shown promising delivery of
nucleic acids and siRNAs [10]. Viral vectors have revolutionized the
field of gene therapy by enabling the selective delivery of therapeutic
genes in small animals and humans. Viruses specifically attack their
host by introducing and stably maintaining their genomes by using
the replication machineries of host cells. Manipulations of viral
genomes allowed them to be efficiently introduced and stably inte-
grated into host genome without causing any pathogenicity. Many
types of viral vectors are developed from viruses’ derived different
families. Adenovirus, Adeno-associated virus (AAV), and Lentivirus
are most common viruses adopted to develop viral vectors. Viral vec-
tors differ with each other in terms of infectivity, efficiency in gene
transfer, and maintenance in host cells [11]. Host immunity-associ-
ated restriction of viral vectors lead to reduction in the efficiency of
gene therapy [12]. Adenoviral vectors are developed from adenovi-
ruses that have nonenveloped double-stranded DNA, not stably
integrating into human genomes and will not multiply with host
cells. However, efficient gene transfer, high titer production of vec-
tors, and capacity of transducing transgenes of more than 30 kb
made them one of the most commonly used viral vectors in gene
therapy [ 13]. Adenoviral vector usage has been put in hold after the
death of'a man in 1999. Since it caused upper respiratory infections,
many patients already have antibodies against adenovirus that limits
the usage of adenoviral vectors for gene therapy and vaccination.
Further, rapid clearance of adenovirus from blood also hampered
the use of adenoviral vectors in gene therapy [14]. Nevertheless
recent developments in improving the targeting efficiency and sus-
tained release of viral vectors appear to be promising for novel cancer
gene therapy [15]. Adeno-associated viral (AAV) vectors are devel-
oped from AAV belongs to parvoviridae family. AAV can package
and deliver a linear single-stranded DNA genome with the help of a
helper virus such as adenovirus and herpesvirus. AAV can infect on
both dividing and nondividing host cells, develop minimal host
immune response, maintain long-term transgene expressions, and it
is nonpathogenic in nature. All these properties made this vector
suitable for gene delivery in small animal models and humans [12].
Since the first application of AAVvector to introduce cystic fibrosis
transmembrane regulator (CFIR) gene to treat cystic fibrosis in
humans [16], many attempts were taken to treat several other dis-
eases. In cancer, AAV mediated delivery of HSV1-TK showed high
level of anti-tumor activity [17]. Although a few successful clinical
trials are reported, investigations are on to improve the potentiality
of AAV for efficient gene delivery.
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Lentiviral vectors are other gene delivery vehicles under inves-
tigation for gene therapy applications. Lentiviral vectors are devel-
oped from single-stranded RNA viruses belong to retroviridae
family. Murine leukemia viruses (MLV)-based vectors are the most
commonly used lentiviral vectors. Lentiviral vectors are designed
by replacing gag, pol, and env genes of MLV genomes with
expression cassette containing specific promoter and gene to be
transferred and expressed. Therapeutic genes are stably integrated
in dividing and quiescent cells with lentiviral vectors. Lentiviral
particles are produced by co-transfecting three different vectors
such as packaging vector, transfer, and envelope-encoding vectors
in HEK293FT cells. Third generation lentiviral vectors are further
improved with more safety features in which they replaced tat-
independent constitutive promoter in transfer vector [18].
Modern lentiviral vectors are developed further to yield insignifi-
cant insertional mutagenesis that was a major setback in y-retroviral
vectors previously used for gene therapy. Lentiviral vectors are
used to treat many immune-associated diseases such as X-SCID
and melanoma. In cancer immunotherapy, it has been used to
induce anti-tumor immune response. With the desirable outcomes
it generated in clinics, lentiviral vectors seem a potential delivery
vehicle for the successful treatment of major diseases including
cancer. Adenovirus, lentivirus, and adeno-associated viral vectors
are the important vectors that are used for the gene therapy in
clinical trials associated with major diseases. Poxvirus, herpes
virus, and alpha viruses are also investigated to introduce alterna-
tive gene delivery vectors. Because of side effects they caused,
other viral vector may take several years to actively take part in the
mainstream gene therapy missions.

2 Materials

2.1 Expression
of NTR, HSV1-TK,
and HSV1-TK-NTR
Fusion

2.2 Evaluation
of NTR Gene
Expression

1. Plasmid vectors pcPur-NTR, pcPur-HSV1-TK, and pcPur-
HSVI-TK-NTR (see Fig. 2 and Note 1).

2. MDA-MB-231 cells (ATCC®, Manassas, VA).

3. Dulbecco’s modified Eagle’s medium (DMEM) with 10%
fetal bovine serum and 1% penicillin and streptomycin solu-
tion (GIBCO BRL, Frederick, MD).

4. Lipofectamine 2000 and serum free OptiMEM medium (Life
Technologies, Grand Island, NY).

5. 37 °C Incubator with 5% CO, (Thermo scientific, Sunnyvale, CA).

1. CytoCy5S dye (a quenched substrate of NTR enzyme fluo-
resce upon reduction by NTR enzyme).

2. Fluorescent microscope with Cy5 and/or TxRed filters (Leica
Microsystems, Buftalo Grove, IL).
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bla\promoter 6046..5948 bla\promoter 6529. 6431‘
) |

Amp(R) 5947..5087

UBI-Pro 18..1267 AmpR 6232..5573 UBI-Pro 18..1267

P PcDNAS.1(+)-PUROUBI-NTR pUClorigin 5425.4755_ [MPCDNA3.1(+)-PURO-UBI-sr39T
pUCorigin 4942.4272_

6083 bp 6566 bp
NTR 1268..1921

sr39TK 1268..2398

BGH\reverse\primer 195%_1%&& 4434

Lact
BGH\WA 19472171 113 rev 4428..4408

SV40\pA 3759..3889 SV40\pA 4242..4372

BGH\reverse\primer 2441..2424
BGH\pA 2430..2654

F1 ori 2717..3023

f1\origin 2700..3128

PURO 3483..4082
PURO 3000..3599

bla\promoter 7183..7085

UBI-Pro 18..1267

pUC\origin 6079..5409
PcDNAS.1(+)-PURO-UBI-sr39TK-NTH

7220 bp
Sr39TK 1268..2398

LacO 5110..5088 /
M13-rev 5082..5062
SV40\pA 4896..5026

PURO 4137..4736 NTR 2405..3058

BGH\reverse\primer 3095..3078
BGH\pA 3084..3308
F1 ori 3371..3677
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Fig. 2 Plasmid vector maps of NTR, HSV1-TK, and HSV1-TK-NTR fusion theranostic reporter genes express
under a constitutive ubiquitin promoter

3. Fluorescent assisted cell sorter (FACS) (BD Biosciences, San

Jose, CA).
2.3 *H-Penciclovir 1. 3H-PCV  (specific activity 14.9 Ci/mmol) (Moravek
((H-PCV) Uptake Biochemicals, La Brea, CA, USA).

. Scintillation fluid (Cytoscint).

. Scintillation counter (Beckman Coulter, Brea, CA).
. 0.1 N NaOH.

. Ice cold PBS (GIBCO BRL, Frederick, MD).

. MDA-MB-231 cells (ATCC, Manassas, VA).

. DMEM Medium, FBS, Penicillin, and streptomycin for cell
culture (GIBCO BRL, Frederick, MD).

8. Bio-Rad protein assay kit (Bio-Rad, Hercules, CA).

N OV Ul N

2.4 Therapeutic 1. MDA-MB-231 cells stably expressing NTR or HSV1-TK or
Evaluation in Cells HSVI1-TK-NTR fusion.

2. Ganciclovir (GCV) and CB1954 (Sigma, St. Louis, MO).
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. A colorimetric assay reagent for cell activity, 3-(4,5-dimethylth

iczol-2-yl)-2,5-diphenyltetrazolium bromide (MTT).

4. Infinite-1000 (Tecan-Safire) spectrofluorometer.

2T NS I 8]

. Nanodrop (Thermo scientific, Sunnyvale, CA).

. MDA-MB-231 cells stably coexpressing HSV1-TK, NTR, and

HSVI-TK-NTR fusion proteins along with firefly luciferase-
EGFP (FLuc-EGFP).

. d-Luciferin (Biosynth, Itasca, IL).
. Nude mice (nu/nu) (Charles River, San Diego, CA).
. MicroPET /CT (Inveon, Siemens, Malvern, PA, USA).

. Optical imaging instrument with cooled CCD camera and living

image in vivo imaging software (Perkin Elmer, Waltham, MA).

3 Methods

3.1 Generation

of Stable Gells
Coexpressing NTR or
HSV1-TK or HSV1-TK-
NTR Fusion

with FLuc-EGFP

. Plasmids (5 pg each) expressing fusion proteins of NTR or

HSVI1-TK or HSV1-TK-NTR, and FLuc-EGEP fusion pro-
teins were co-transfected in MDA-MB-231 cells in 10 cm plate
plated at 70% confluence 24 h before transfection by using
lipofectamine 2000 transfection agent using manufacturer

suggested protocol. The cells were incubated at 37 °C with 5%
CO, for 24 h.

. 24 h after transfection, cells were trypsinized and plated to a

1:3 subculture ratio in 10 cm plates and puromycin (Life
Technologies, Grand Island, NY) was added to a final concen-
tration of 500 ng/mL.

. The cells were further incubated for 48 h. The dead cells were

washed and added fresh medium with 500 ng/mL of puromy-
cin. At this stage more than 80% of cells died. The steps were
repeated till no further cell death was observed. The cells were
FACS sorted for EGFP expression and CytoCy5S reduction,
and plated at low dilution (2000 cells/10 cm plate in 10 mL
medium with 500 ng/mL puromycin).

. The cells were incubated further for 2 weeks with medium

change once in every 3 days.

. At this stage colonies of 2-3 mm in diameter were formed

from individual cells.

. Single colony of transfected cells were selected and expanded

by plating first in 12-well plate followed by 10 cm plate.

. The cells expanded from several colonies that express NTR or

HSV1-TK or HSV1-TK-NTR with FLuc-EGFP fusion pro-
teins were tested for the identification of clones that express
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3.2 Expression

and Functional
Analysis of NTR Using
CytoCy5S Dye

3.3 Functional
Analysis of HSV1-TK
Expression by *H-PCV
Uptake

Imaging CytoCy5S in MDA-MB231 cells
Control NTR HSV1 TK-NTR

equal level of sensor fusion proteins by immunoblot analysis
using HSV1-TK antibody and mRNA expression by real time
qRT-PCR (see Note 2).

. The identified stable clones of cells were used for further

in vitro and in vivo therapeutic evaluations.

. CytoCy5S is a quenched substrate of NTR enzyme. When this

dye is reduced by the catalytic action of NTR enzyme, the result-
ing reduced fluorescent product is retained inside the cells.

. CytoCy5S dye was used to check the expression of NTR in

MDA-MB-231 cells stably expressing NTR, and HSV1-TK-
NTR proteins.

. To check the function of NTR, MDA-MB-231 stable cells

expressing NTR, and HSV1-TK-NTR were plated in 12 well
culture and treated with CytoCy5S dye (1 pg/mL) 24 h after
initial plating and incubated further at 37 °C for 2 h.

. The cells were washed with PBS before viewed in fluorescent

microscope under Cy5 or TxRed filter (see Fig. 3 and Note 3).

. Alternatively, MDA-MB-231 cells after CytoCy5S treatment

can be analyzed with standard FACS analysis in live cell
suspension to confirm the expression of NTR in NTR and
HSVI1-TK-NTR fusion.

. HSV1-TK phosphorylates *H-PCV and retains phosphory-

lated *H-PCV inside the cells; therefore the level of *H-PCV
uptakes by cells indicates the amount of functional HSV1-TK
present in cells.

. SH-PCV-uptake assay was done to confirm the functionality of

HSVI1-TK in MDA-MB-231 cells stably expressing HSV1-TK
and HSV1-TK-NTR fusion protein.

Fig. 3 Microscopic images of MDA-MB-231 stable cells expressing NTR, and HSV1-TK-NTR fusion protein
showing the accumulation of reduced CytoCy5S substrate of NTR protein
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. Stable MDA-MB-231 cells expressing HSV1-TK and HSV1-

TK-NTR fusion protein were plated to 70-80% confluence in
12-well culture plate.

. After 24 h incubation at 37 °C and 5% CO,, *H-PCV

(0.5 pCi/well) was added to each well and incubated further
at 37 °C for 3 h.

. 3H-PCV treated MDA-MB-231 cells were washed twice

with PBS after aspirating the medium (The standard pro-
tocols described to handle radio-active compounds should
be followed).

. To each well, 1 mL of 0.05 N NaOH was added and kept at

RT for 10 min for complete cell lysis.

. Protein amount from every well was measured using Bio-Rad

protein assay kit.

. Cell lysate from each well was added with 10 mL scintillation

fluid (Cytoscint) and the radioactivity was recorded in scintil-
lation counter.

. The functionality of HSV1-TK was assessed using the percent-

age conversion of *H-PCV /mg protein/total count.

Appropriate negative control (untransfected cells) should be
used to subtract the background activity from endogenous
thymidine kinase.

. To evaluate the therapeutic efficiency of NTR, HSV1-TK, and

HSVI1-TK-NTR fusion, MDA-MB-231 stable cells expressing
NTR, HSV1-TK, and HSV1-TK-NTR along with FLuc-EGFP
fusion protein were used.

. Stable cells were seeded in 12-well culture plate to a conflu-

ence of 60-70% (1.0x10° cells/well in 12 well plate and
0.5 x 10° cells/well in 24 well plates).

. The cells were treated with GCV (1 pg/mL) and CB1954

(10 pM) individually or in combinations 24 h after initial plat-
ing of the cells. The medium was changed to 2% FBS at the
time of treatment.

. The cells were analyzed for induced apoptotic cells by PI-

staining-based FACS analysis [3], trypan blue exclusion assay
and MTT assay [19]. The analysis was performed once in every
24 h for up to 4 days.

. The ratios of apoptotic cells measured from different assays

were compared with controls (untreated stable cells and cell
without therapeutic gene and treated with drug combina-
tions) to estimate therapeutic evaluation of different gene
therapy vectors.
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3.5 Therapeutic
Evaluation of NTR,
HSV1-TK, and HSV1-
TK-NTR Fusion

in Subcutaneous

and Metastatic Tumor
Xenografts in Nude
Mice by Optical
(Bioluminescence
and Fluorescence)
and microPET Imaging

3.5.1 Therapeutic Optical
Bioluminescence Imaging
of NTR, HSV1-TK,

and HSV1-TK-NTR Fusion
in Nude Mice Model

1.
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13.

14.
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Nude mice handling was done following Institutional Animal
Care and Use Committee guidelines.

. Generated MDA-MB-231 stable cells coexpressing NTR or

HSV1-TK or HSV1-TK-NTR with FLuc-EGFP fusion pro-
teins were used for the study.

. MDA-MB-231 stable cells expressing NTR or HSV1-TK or

HSVI-TK-NTR and FLuc-EGFP fusion proteins were tryp-
sinized and collected in PBS on day 1.

. Cell numbers in PBS suspension were evaluated using

hemocytometer.

. Stable cell suspension in PBS was adjusted to a concentration

of 5 millions/50 pL.

. Stable cell preparation in PBS must be implanted within 2 h

after trypsinization (se¢ Note 4).

. To implant the stable cells, nude mice with an age group of

4-5 weeks was anesthetized with 2% isofluorane with oxygen
flow of 0.8-1 L/min (se¢ Note 5).

. Stable cell suspension (5 millions,/50 pL) was mixed with 50 pL

of growth factor reduced matrigel just before implantation.

. Cell suspension mix was injected on either side of the lower

flank and shoulder regions (five million cells per xenograft) for
subcutaneous xenograft model. For metastatic model 0.5x10°
cells in 200 pL PBS was tail vein injected slowly over 1 min time.

Tumor growth was monitored periodically until it grows a vol-
ume of approximately 50-60 mm? for subcutaneous xenograft
model and by bioluminescence imaging for metastatic model.
It may take 3—4 weceks for the tumor to grow.

After tumor growth, animals were administered with d-Luciferin
substrate (3 mg in 100 pL. PBS) and optical images were cap-
tured with CCD camera 5 min after substrate injection. The

same day animals were imaged with microPET /CT system using
['8F]-FHBG injection (radioactive substrate for HSV1-TK).

After imaging, animals were treated with GCV (40 mg/kg
body weight) and CB1954 (40 mg/kg body weight) indepen-
dently or in combinations to different groups animals for ther-
apeutic evaluation. The animals were treated two times with an
interval of 5 days. Prodrugs were treated intraperitoneally with
a maximum volume of 250 pL in sterile physiological saline
and 10% PEG400 [3].

Animals must be optically imaged every day through out the
experimental period for the expressed FLuc-EGFP biolumi-
nescence by injecting d-Luciferin (3 mg/animal).

Images can be analyzed with Living Image analysis software.
For analysis, regions of interest (ROI) were drawn over the
area of signal acquired around the xenografts, and the signals
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must be defined as maximum photons per second per square
centimeter per steradian (p/s/cm?/sr) (see Fig. 4a).

FLuc signal indicates the volume of tumor, and therefore
reduced FLuc signal in due course of time indicates the enhanced
therapeutic efficiency of HSV1-TK-NTR fusion protein.

Therapeutic evaluation was compared by the amount of FLuc
signal captured in nude mice xenograft model expressing
HSVI-TK-NTR fusion with nude mice xenograft model
expressing NTR or HSV1-TK alone.

. For fluorescence imaging, same procedure described in

Subheading 3.5.2 was followed except the CytoCy5S treat-
ment for monitoring NTR instead of FLuc-EGFP for biolumi-
nescence imaging.

. MDA-MB-231 stable cells expressing NTR and HSV1-TK-

NTR fusion protein pretreated with CytoCy5S dye before
implantation to monitor therapeutic effect of tumor implants
before they develop in to tumor or post tumor growth by
injecting 25 pg of CytoCy5S/animal in 200 puL of PBS by tail
4 h before fluorescence imaging.

. Nude mice model with implanted cells were subjected to fluo-

rescence imaging immediately after injected with cells.

. Animals were treated with GCV (40 mg/kg body weight) and

CB1954 (40 mg/kg body weight) the same day after imaging.

. Fluorescence images were captured every day throughout the

experimental period.

. Images were analyzed as described earlier.

. CytoCy5S fluorescent signal is an indication of NTR enzyme

expression at the time of imaging, hence any reduction in
CytoCy5S signal is an indication of down-regulation of NTR
expression due to cell death (see Fig. 4b and Note 6).

tomography
(PET/CT) imaging was done to evaluate therapeutic potential
of HSV1-TK using ['*F]-FHBG.

. MDA-MB-231 stable cells are implanted in nude mice as

described above.

. PET/CT imaging was done before and 9 days after prodrug

treatment.

. Nude mice bearing metastatic xenografts of MDA-MB-231 sta-

ble cells were anesthetized with isoflurane, and injected intrave-
nously with 7.4-8.9 MBq of ['*F]-FHBG in 200 pL volume.

. After 3 h, PET images were captured with 5 min static PET

scans.
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a Day 0 Day 2

A. MDA-MB-231-HSV1-TK-NTR
B. MDA-MB-231-NTR

b Dose 1 Dose 2
Day 0 Day 2 Day 4 Day 6 Day 9

50

4.0
X 104
0

2.0

A. MDA-MB231
B. MDA-MB-231-NTR
C. MDA-MB-231-HSV1-TK-NTR

Fig. 4 Optical imaging of nude mice models bearing MDA-MB-231 tumor xeno-
graft expressing NTR, and HSV1-TK-NTR fusion protein. (a) Optical images of
nude mice bearing MDA-MB-231 tumor xenograft model captured in CCD cam-
era after injecting with d-luciferin substrate for the coexpressed FLuc-EGFP over
time to monitor tumor growth. (b) Fluorescent images acquired from nude mice
model pretreated with CytoCy5S dye (NTR substrate) and followed over time
after co-treated with GCV (40 mg/kg body weight) and CB1954 (40 mg/kg body
weight) combination twice at a interval of 5 days

6. CT scan also was done for anatomic localization.
7. Image analysis was done with IRW software (Siemens).

8. Data was corrected for partial volume effect and spillover using
calibration factors obtained from scanning a cylinder contain-
ing phantoms of different sizes, and is presented as %1D/g.

9. MicroPET/CT imaging is useful for monitoring metastatic
tumor growth in the internal organs with tomographic infor-
mation while showing therapeutic gene expression (HSV1-TK)
by substrate accumulation.

10. We used both bioluminescence and microPET /CT imaging to

monitor therapeutic gene expression while monitoring tumor
growth (see Fig. 5).
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Fig. 5 Micro-PET/CT fusion images of nude mice bearing MDA-MB-231 meta-
static xenograft in the lungs. Top panel showing images of nude mice before and
after treated with vehicle control. The bottom panel showing images of animals
before and after treated with two doses of GCV and CB1954 combination.
Reproduced in part from Sekar et al. with permission from Theranostics, lvyspring
International Publisher Pty Ltd. [1]

4 Notes

1. pcPur vector is a modified version of pcDNA3.1+ vector that
express puromycin resistant gene instead of Neomycin.

2. MDA-MB-231 stable cells expressing NTR, HSVI1-TK, and
HSVI-TK-NTR fusion should be periodically checked with
CytoCy5S dye and/or *H-PCV uptake assays to confirm the
maintenance of transgenes expression.

3. Reduced CytoCy5S (a Cy5-labeled quenched substrate) fluo-
resces at ‘red-shifted” wavelengths at 638 nm.

4. MDA-MB-231 stable cells should be implanted within 2 h
from the time of trypsinization.

5. Nude mice animals should be preferably 4—6 weeks old during
the time of tumor implantation.

6. Control tumors also yield autofluorescence signal at early time

point due to low threshold of the target signal and it disappears
over time.
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Chapter 21

Development of a Multicolor Bioluminescence Imaging
Platform to Simultaneously Investigate Transcription
Factor NF-xB Signaling and Apoptosis

Vicky T. Knol-Blankevoort, Laura Mezzanotte, Martijn J.W.E. Rabelink,
Clemens W.G.M. Lowik, and Eric L. Kaijzel

Abstract

Here we describe a novel multicolor bioluminescent imaging platform that enables us to simultaneously
investigate transcription factor nuclear factor-kB (NF-xB) signalling and apoptosis. We genetically modi-
fied the human breast cancer cell line MDA-MB-231 to express green, red, and blue light-emitting lucif-
erases to monitor cell number and viability, NF-kB promoter activity, and to enable specific cell sorting and
detection, respectively. Z-DEVD-animoluciferin, the pro-luciferin substrate, was used to determine apop-
totic caspase 3 /7 activity. We used this multicolored cell line for the in vitro evaluation of natural com-
pounds and in vivo optical imaging of tumor necrosis factor (TNFa)-induced NF-kB activation (Mezzanotte
et al.; PLoS One 9:¢85550, 2014).

Key words Multicolor, Bioluminescence, TNFa, NF-xB, Apoptosis, Breast cancer, Gaussia

1 Introduction

In the last decades bioluminescent reporters have been employed
extensively for the development of cell-based assays and in vivo
imaging [1-10]. Multicolor bioluminescence systems allow high
detectability in in vitro as well as in in vivo settings. In particular,
the combined use of d-Luciferin-dependent luciferases with differ-
ent peak emission wavelengths (‘multicolored’ luciferases) [11],
expanded the potential of cell-based assays and in vivo imaging.

New imaging tools will help in understanding the molecular
mechanisms that lead to cancer progression and metastasis as well
as resistance to chemotherapy.

The Nuclear Factor-kB (NF-xB) signal transduction pathway
has been identified as a key pathway in inflammation-associated
cancer, in cell transformation and tumor growth and in cell inva-
sion and metastasis, especially in breast cancer [12-14].

Sung-Bae Kim (ed.), Bioluminescence: Methods and Protocols, Methods in Molecular Biology, vol. 1461,
DOI 10.1007/978-1-4939-3813-1_21, © Springer Science+Business Media New York 2016
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NEF-kB inhibitors can be used as adjuvants along with chemo- and
radiotherapy or for cancer prevention. Different natural compounds
have been discovered that directly or indirectly suppress NE-«B activity
and they have been examined for chemoprevention, chemosensitiza-
tion, or adjuvants [15-20].

Here we show how we develop and validate a new triple-colored
cancer cell system. This system is generated by lentiviral transduc-
tion of the human breast cancer cell line MDA-MB-231 with differ-
ent bioluminescent reporters. We used the click beetle green 99
(CBGYY) luciferase to monitor cell vitality and the red mutant of
firefly luciferase (PpyRE9) to monitor NF-kB promoter activity.
The blue extGLuc, a transmembrane form of Gaussia luciferase,
(GLuc), was used as a reporter for in vitro cell sorting and ex vivo
analysis. In addition, noninvasive imaging of apoptosis in luciferase
expressing cells, both in vitro and in vivo was possible by using the
luciferase pro-substrate ZDEVD-aminoluciferin, containing the
DEVD tetrapeptide sequence recognized by caspase 3 and 7 [21].

2 Materials

2.1 Cell Culture

2.2 Lentiviral
Vectors Gonstruction

1. MDA-MB-231 human breast cancer cells (ATCC number HTB-
26TM) grown at 37 °C in a 5% CO, humidified incubator.

2. Dulbecco’s modified Eagle’s medium (Invitrogen, Grand
Island, USA) supplemented with 10% fetal bovine serum
(Sigma, St. Louis, USA), 100 U/mL penicillin (Sigma) and
0.1 mg/mL streptomycin (Sigma).

3. Human recombinant TNFa (Sigma, St. Louis, USA).

—

. pGL3-CBGY9 (Promega, Madison, WI, USA).

2. pGL4.32 [luc2P/ NF-kB -RE/Hygro] (Promega, Madison,
WI, USA).

3. restriction enzymes Nbel, Xbal, Kpnl, and Ncol (New England
Biolabs inc, MA, USA).

4. NEBuffer 2.1 and NEBuffer 1.1 (New England Biolabs inc,
MA, USA).

. T4 DNA Polymerase (New England Biolabs inc, MA, USA).
. Taq polymerase (Promega, Madison, WI, USA).

. pPRRL-PGK (gift from Prof. R. Hoeben [22]).

. pGex-6p-2-PpyRE9 (gift from Prof. B. Branchini [7, 23]).

. pNFAT vector (gift from Prof. M.R. Van de Brink [24]).

10. Forward  primer with a  Ncol  restriction  site

5'-GGCGGCCATGGAAGACGCCAAAAACATAAAG-3'.

11. Reverse primer with Xbal restriction site
5-GTCTAGATTAGATTTTCCGCCCTTCTTGGCCTT-3".

O 0 N O Ul



2.3 Cell
Transduction/
Selection

2.4 Fluorescence
Activated Cell Sorting
(FACS)

2.5 MTS Assay

2.6 Luciferase Assay

2.7 Reporter Gene
Activity Assay
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. HEK293T cells (ATCC® CRL-1573).
. T-175 flask (Sigma, St. Louis, USA).
. Dulbecco’s modified Eagle’s medium (Life Technologies) high

glucose (4.5 g/L) supplemented with 10% fetal bovine serum
(Sigma, St. Louis, USA).

. Polyethyleneimine (PEI; 1 mg/mL, pH 7.4) (Polysciences,

Eppelheim, Germany).

. 1 M HCL

. 0.22-pm cellulose acetate filter (Sigma, St. Louis, USA).
. pPCMV-VSVG vector.

. pMDLg-RRE (gag/pol) vector.

. pRSV-REV vector.

10.
. 37 °C/5% CO, incubator.
12.

Opti-MEM (Life Technologies).

Sterile low-protein binding 0.45-pm filter (VWR international
B.V., Amsterdam, Netherlands).

p24 Elisa 2.0 kit (ZeptoMetrix Corporation, New York, USA).

. Polyclonal anti-GLuc antibody (Nanolight tech., Pinetop, AZ,

USA).

. Secondary antibody fluorescent labelled: Alexa488 (Invitrogen,

Grand Island, USA).

. FACS buffer: PBS+0, 5% BSA.

. 96-well plates (Greiner bio-one, Alphena/d Rijn, Netherlands).

2. Puromycin (Invitrogen, Grand Island, USA).

gl W

. CellTiter 96H AQueous One Solution Cell Proliferation Assay

(Promega, Madison, WI, USA).

. ELISA microplate reader (VersaMax Molecular Devices,

Sunnyvale, CA, USA).

. 96-well dark plates (Greiner bio-one, Alphen a/d Rijn,

Netherlands).

. Puromycin (Invitrogen, Grand Island, USA).
. Phosphate buffered saline (PBS) pH 7, 4.
. Reporter lysis buffer (Promega, Madison, WI, USA).

. SpectraMax L luminescence microplate reader (Molecular

Devices, Sunnyvale, CA, USA).

. 96-well dark plates (Greiner, bio-one, Alphen a/d Rijn,

Netherlands).

. Tumor necrosis factor o (TNFa) 10 ng/mL (Sigma, St. Louis,

USA).
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2.8 Western Blot
Analysis

2.9 Caspase 3/7
Activity Assay

2.10 Xenograft
Model

2.11 Induction
of NF-kB

3.

Compounds to validate the cell line.

4. p-Luciferin (Synchem, Elk Grove Village, IL. USA) final con-

SN VS S

11.
12.

centration of 0, 5 mM.

. IVIS® Spectrum/Living Image Software 4.0 (Caliper, Alameda,

CA, USA).

. Coelenterazine (Nanolight tech., Pinetop, AZ, USA) final

concentration of 20 mM.

. Blotbufter: prepared from 10x concentrated solution Bio-Rad
100 mL blotbuffer 10x+200 mL MeOH + 700 mL aquadest.

.PBSpH 7, 4.

. PBST: PBS+0.1% Tween 20.

. Elk milk powder (Campina).

. Blockbufter: 2% (w/v) protifar in PBST (20 mL PBST +400 mg
protifar).

. SuperSignal chemiluminescent substrate (Pierce, Bleiswijk,
Netherlands).

. Nuclear and Cytoplasmic extraction reagents (Thermo

Scientific, Rockford, USA).

. Pierce BCA protein assay kit (Thermo Scientific, Rockford, USA).
. Nitrocellulose membrane (Sigma, St. Louis, USA).
10.

anti-P65 polyclonal antibody (Cell Signaling Technology,
Danvers, USA).

GAPDH antibody (Cell Signaling Technology).

IVIS Spectrum/ Living Image Software 4.0 (Caliper, Alameda,
CA, USA).

. Triple-colored MDA-MB-231 cells.

2. 96-well dark plates (Greiner bio-one, Alphen a/d Rijn,

Netherlands).

. D-Luciferin (Synchem, Elk Grove Village, IL USA).

4. Caspase-Glo 3 /7 Assay (Promega, Madison, WI, USA).

w

[ 2T N N S

. Triple-colored MDA-MB-231 cells.
. female athymic (BALB/c nu/nu) mice (6 weeks old).
. b-Luciferin (Synchem, Elk Grove Village, IL USA).

. Triple-colored MDA-MB-231 xenograft model.
.PBSpH 7, 4.

. TNFa (20 mg/kg) (Sigma, St. Louis, USA).

. Natural compound to validate the cell line.

. Celastrol (Cayman, Michigan, USA).



2.12 Induction
of Apoptosis

2.13 Immuno-
histochemistry
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. Triple-colored MDA-MB-231 xenograft model.

2. Natural compound to validate the cell line.

N OV Ul N~

. Z-DEVD aminoluciferin (50 mg,/kg) Promega, Madison, WI,

USA).

. Triple-colored MDA-MB-231 xenograft tumors.

. 4% formaldehyde.

. Ethanol (100, 96, 70%).

. Butanol.

. Paraffin.

. Starfrost glass slides (Knittel glass, Braunschweig, Germany).

. Polyclonal rabbit anti-GLuc antibody (Nanolight tech.,

Pinetop, AZ, USA).

. Anti-rabbit—FITC antibody (Santa Cruz, Dallas, Texas, USA).

3 Methods

3.1 Ethical
Statement

3.2 Cell Gulture

3.3 Lentiviral
Vectors Construction

. Review and approval of the Bioethics Committee of Leiden

University, The Netherlands for animal experiments.

. All animals received human care in compliance with the “Code

of Practice Use of Laboratory Animals in Cancer Research”
(Inspectie W&V, July 1999).

. Maintain MDA-MB-231 human breast cancer cells in

Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum, 100 U/mL penicillin and 0.1 mg/mL
streptomycin.

. Grow the cells at 37 °C in a 5% CO, humidified incubator.

. To create the pRRL-PGKCBG99: excise the click beetle green

99 (CBGYY) luciferase gene with Nbkel and Xbal from pGL3-
CBG99 and clone in the MCS of pRRL-PGK.

. Construct the bicistronic pLM-NF-xkB PpyRE9 vec-

tor by: amplifying the PpyRE9 luciferase gene from
the vector pGex-6p-2-PpyRE9  using the follow-
ing primers: forward primer with a Ncol restriction site
5'-GGCGGCCATGGAAGACGCCAAAAACATAAAG-3"and
reverse primer 5-GTCTAGATTAGATTTTCCGCCCTTCT
TGGCCTT-3" with a Xbal restriction site.

. Clone the PpyRE9 luciferase gene by replacing the luc gene in

the pGL3 control vector to create the pGL3-PpyRE9 vector
using the Ncol and Xbal restriction sites.
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3.4 Cell Transduction
and Selection

4. To create the pGL3-NF-kB PpyRE9 vector: Excise NF-kB

promoter responsive elements from the vector pGL4.32
[luc2P /NF-xB-RE /Hygro] with Kpnl and Ncol and clone
into the pGL3-PpyRE9 vector.

. Excise the NF-kB PpyRE9 cassette with Kpnl and Xbal restriction

enzymes, blunt and clone into the bicistronic bidirectional pNFAT
vector in which the NFAT-CBRed cassette had been deleted.

. Check the resulting bicistronic lentiviral vector (named pLM-

NF-xB PpyRE9) for orientation. The new plasmid contains
the original GLuc under the control of PGK promoter in one
direction and the NF-kB PpyRE9 cassette in the other direc-
tion (see Note 1).

Produce self-inactivating lentiviruses:

Day —1: Plate cells

HEK293T cells are usually split in a ratio of 1:15 twice a week.
Seed cells from one 10 ¢cm? dish to one T-175 flask. The
next day the confluency should be 60-70 %.

Day 0: Co-transfection of HEK293T cells, PEI method

Refresh medium (20 mL /flask) prior to transfection. Perform
transient transfection on HEK293T cells by overnight PEI
method:

Tube 1
pCMV-VSVG 7.5 pg
pMDLg-RRE (gag/ 114 pg
pol)
pRSV-REV 54 g

transfer vector plasmid  13.7 pg

Mix DNA plasmids;
Add Opti-MEM to a total volume of 1000 pL.

Tube 2

3 pL PEI (1 mg/mL)/pg DNA (see Note 2).

Add Opti-MEM to a total volume of 1000 pL.

Slowly add tube 1 to tube 2, while mixing. After 10 min, this

can be added to the medium of flasks containing HEK293T cells.
Incubate overnight in 37 °C/5% CO, incubator.

Day 1: Refresh medium

Remove the old medium, add 16 mL of fresh medium to the
cells in each T175 flask and put the cells back into the incu-
bator (se¢ Note 3).



3.5 In Vitro Assay
MTS and
Luciferase Assay

i
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Day 2: Harvest virus

48 h post transfection virus-containing supernatant can be
harvested by collecting medium to a sterile 50-mL tube. To
reduce blocking of the filter, spin down (5 min; ~700 x g;
table centrifuge) cell debris from supernatant. Add 16 mL
of fresh medium to the cells. This provides the possibility
to do a second round of harvesting within 1 or 2 days, with
almost the same viral yield as 48 h post transfection.

Day 3: Harvest virus, p24 ELISA

Harvest virus as described above. Filter the collected medium
(48 and 72 h post transfection) with the lentivirus through a
sterile low-protein binding 0.45-pum filter. After filtration, ali-
quot virus in tubes of 10 mL (or less) each, and store at
-80 °C (see Note 4). Additionally store a small aliquot (vol-
ume 10 pL), to be used for titration with a p24 ELISA assay.
The p24 ELISA assay is described in the manual of the kit:
http: / /www.zeptometrix.com/docs/PI10801008.pdf.  For
the standard curve make eight concentrations: 256, 128, 64,
32,16, 8, 4, and 2 pg/mL from HIV-1 p24 antigen standard
(2.5 ng/mL). The dilution factor of the virus depends on the
origin of the virus sample (see Note 5). For some experiments
(high moi; serum free) it might be necessary to concentrate
viral stocks (10-200 fold) by ultracentrifugation.

Day 4: Transduction cells.

Transduce MDA-MB-231 cells in sequential steps (see Note 6).
Firstly, transduce MDA-MB-231 cell with a lentivirus express-
ing pRRL-PGKCBG99 and select by limiting dilution meth-
ods. Secondly, transduce the obtained CBG99 luciferase
positive cell line with the pLM-NF-xB PpyRE9 lentivirus and
FACS-sorted using a polyclonal anti-GLuc antibody. This
leads to the production of a triple-colored MDA-MB-231
cell line as a tool for monitoring vitality and NF-kB promoter
activity as depicted in Fig. 1.

. Seed triple-colored MDA-MB-231 cells in 96-well plates.

. 24 h later, treat with different concentrations of puromycin (0.1-

10 pg/mL), a known selective antibiotic toxic to eukaryotic cells.

. After another 24 h of incubation, divide plates for the different

analyses.

. To assess cell viability: use an MTS colorimetric assay using

CellTiter 96°AQ,c0us One Solution Cell Proliferation Assay
according to manufacturers’ description. In brief, add MTS
solution to the medium for 2 h after which the absorbance was
measured at 490 nm with an ELISA microplate reader.

. To measure the luciferase activity biochemically: wash cells with

PBS, harvest in reporter lysis buffer and assay for luciferase
activity with a luminometer.

. Make the cell viability curve for both MTS -and luciferase assays.


http://www.zeptometrix.com/docs/PI0801008.pdf
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3.6 Reporter Gene
Activity Assay

Coelenterazine

Fig. 1 Cartoon of the multicolor MDA-MB-231 cell line. Lentiviral constructs are
integrated in the cell genome and lead to the expression of PpyRE9 luciferase
upon activation of NF-xB promoter, the constitutive expression of GLuc and the
constitutive expression of CBG99 luciferase that serves as availability control
reporter

1. Seed triple-colored MDA-MB-231 cells in 96-well dark plates
at a concentration of 5000 cells/well, 24 h prior treatment.

2. Validate the cell line for NF-kB responses by adding TNFa«
(10 ng/mL) for different time points of incubation (ranging
from 2 to 72 h).

3. After establishing the optimal period of TNFo stimulation,
investigate the effect of the plant-derived compounds on
TNEa-induced NF-xB activation in the MDA-MB-231 cells.

Treat cells with medium (negative control), TNFa (10 ng/
mL, positive control), TNFa together with: celastrol (0.1-
2.5 pM), followed by another 24 h of incubation.

4. Determine luciferase activity as follows:
(a) Replace the medium in plate with PBS and add d-Luciferin
at a final concentration of 0.5 mM (see Note 7).

(b) Measure luciferase activity using an IVIS Spectrum. Keep
the instrument stage at 37 °C and imaging set up is FOV C.

(c) Measure light output using an open filter and a series of
band pass filter (20 nm) ranging from 500 to 700 nm each
for 5 s, 5 min after substrate addition to live cells.

(d) Express all the data in photon-flux and analyze with Living
Image Software 4.0.



3.7 Western Blot
Analysis of P65
in Nuclear Extracts
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(e) Apply a spectral unmixing algorithm to the images to sepa-
rate the red and green luciferases. Select for the region of
interest and apply the unmixing algorithm using the Living
Image Software 4.0. Select for plate or mouse and indicate
that two components need to be separated. In the option
section, select a low pass (LP) filter at 560 nM for better
separation of the red signal.

(f) Calculate data depicting multiple region of interests
(ROIs) corresponding to the well areas of the 96-well
black plates in the images corresponding to the unmixing
results. CBG luciferase activity in the green spectrum (peak
emission wavelength 540 nm) has been used as an indica-
tion of cell vitality and the PpyRE9 luciferase activity in the
red spectrum (peak emission wavelength 620 nm) as an
indication of promoter activity.

(g) Carry out the measurement of extGLuc expression using
native coelenterazine at a final concentration of 20 pM.

Celastrol was shown to have an inhibitory effect on TNFa-induced
NF-kB signaling in MDA-MB-231 cells (see Fig. 2).

1.

To confirm the results of the reporter gene assays a western
blot was done to analyse NF-xB activity in the nuclear extracts.

. Seed MDA-MB-231 cells (1x10° cells/well) in 6-well plates

for 24 h, and treat with medium (negative control), TNFa
(10 ng/mL positive control), or TNFa (10 ng/mL) with
celastrol (0.1, 0.5, and 1 pM) or betulinic acid (0.5, 1, 10, and
30 uM).

. After 24 h of treatment, collect cells and make nuclear extracts

using Nuclear and Cytoplasmic extraction reagents.

. Determine total amount of protein of each sample by a Pierce

BCA protein assay kit.

. Apply 15 pg of nuclear extracts to a 10 % SDS-PAGE and trans-

fer onto a nitrocellulose membrane.

. Block in 2 % Protifar milk powder for 1 h at RT.

. After washing, incubate the membrane with an anti-P65 poly-

clonal antibody in TPBS 1:1000 dilutions overnight at 4 °C. Use
a GAPDH antibody to correct for the amount of total protein.

. Wash the blots, expose to an HRP-conjugated secondary anti-

body for 1 h at RT, and detect using enhanced chemilumines-
cence (ECL) reagents.

. Perform the detection of ECL signals with the IVIS Spectrum

and quantification of bands using Living Image Software 4.0.
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Fig. 2 (a) Graph representing the decrease in fold NF-xB induction in MDA-MB-231 cells using celastrol by the
multicolor assay (*p value < 0.05; **p value <0.01). (b) Composite image of the unmixed spectrum of lucifer-
ases: green signals represent CBG99 emission, red signals represent PpyRE9 emission spectrum and blue
signals represent ExtGluc expression in control cells (first column) and cells treated with TNFa in combination
with increasing concentrations of celastrol (0.1-3 puM). (c) Left: graph reporting the relative band intensity of
p65 protein from the nuclear extract of control sample and samples treated with TNFo (10 ng/mL) or
TNFo + celastrol (0.1 uM; 0.5 and 1 pM). Right. p65 protein detection in nuclear extracts and GAPDH used as
control protein (figure adapted from Mezzanotte L et al. [1])

3.8 Caspase 3/7 1. Seed triple-colored MDA-MB-231 cells in a 96-well dark plate
Activity Apoptosis for 24 h to attach.
Assay 2. Treat the cells with medium (negative control), or chemopre-

ventive natural compounds, followed by another 4 h or 24 h of
incubation (see Note 8).

3. Divide the rows of cells to estimate the effect of the different
compounds on cell viability and apoptosis.

4. Establish the cell viability by the addition of d-Luciferin to live cells.

5. Determine the caspase 3 /7 activity by adding the luciferase pro-
substrate, Z-DEVD-aminoluciferin of a Caspase-Glo 3 /7 Assay.



3.9 In Vivo Assays

3.9.1 Triple-Colored
MDA-MB-231 Xenograft
Model

3.9.2 Induction of NF-xB

3.9.3 Induction
of Apoptosis

3.9.4 Immuno-
histochemistry
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. Divide the bioluminescent signals generated by the addition of

the Z-DEVD-aminoluciferin by the signals generated by the
CBG99 luciferase upon addition of d-Luciferin in order to cor-
rect the data set for the amount of viable cells.

. Implant triple-colored MDA-MB-231 cells (2x10°) in the

mammary fat pads of female athymic (BALB/c nu/nu) mice
(see Note 9).

. Image Mice weekly. Tumors reached a palpable size (around

150 mm?) after 2—-3 weeks.

. Inject d-Luciferin (150 mg/kg) intraperitoneally and image

after 5 min using a FOV C and a 30 s acquisition time for both
open filter and band pass filters acquisition (see Note 10).

. When tumor growth reached an exponential increase in CBG

luciferase signals, randomize mice in three groups.

. A control group received an intratumoral injection of PBS and

an intravenous injection of PBS.

. The second and third group TNFa (20 pg/kg) was injected

intravenously in the second and third group. Next, these mice
were given an intratumoral injection of celastrol (2 mg/kg) or
PBS. Mice were imaged after the injection and after 24 h with
the same settings. Evaluation of NF-kB induction was per-
formed by comparison of images before and 24 h after
treatment.

Figure 3 shows the In vivo monitoring of NF-kB signaling by

bioluminescence imaging.

1.

2.

To measure induction of apoptosis, grow triple-colored MDA-
MB-231 tumors as described above, intratumorally inject with
celastrol and after 4 and 24 h inject Z-DEVD-aminoluciferin
(50 mg/kg) intraperitoneally.

Measure the activation of caspase 3/7, 20 min after injection
of substrate using an open filter and an exposure time of 30 s.

Eftects of the chemopreventive natural compound celastrol on

caspase 3/7-mediated apoptosis were demonstrated both in vitro
and in vivo (see Fig. 4).

1.

2.

Remove tumors surgically, fix in 4% formaldehyde overnight
and further process for paraffin embedment.

Make sections (5 pm) using a standard microtome and place
on glass slides.

. Use a polyclonal rabbit anti-GLuc antibody and an anti-rabbit-

FITC antibody to reveal the presence of GLuc positive tumor
cells.
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3.9.5 Statistical Analysis

b

Fig. 3 (a) Representative picture of unmixed and composite images obtained with unmixing algorithm applica-
tion at 0 and 24 h after TNFa injection in a mouse model of breast cancer. On the left, the images correspond-
ing to the green signal (vitality) while in the middle the images corresponding to the red signal (NF-xB
induction). The graphs represent the average unmixed red and green signals obtained 0 and 24 h after TNFx
injection in three different mice. (b) Representative picture of unmixed images obtained with ex vivo analysis
of tumors derived from mice challenged with or without TNFa. (¢) Image showing GLuc expression on the
membrane of cells derived from excised tumors and detected using a polyclonal anti-GLuc antibody and a

Vicky T. Knol-Blankevoort et al.

2. A Student’s #test has been applied to determine statistically sig-
nificant differences in the promoter activity between positive
controls and treated conditions. For in vivo experiments wherein
more than two groups were compared, one-way ANOVA fol-

1. Perform each in vitro experiment in triplicate with six replicate
samples per data point.

lowed by Tukey’s post-hoc test was used to determine signifi-
cant differences among treated groups.

Stimulated Tnf a Control

Photon flux ph/s

Photon flux phis

2.0=107

1.5x107 o s,
1.0x107
5.0x10%
s N
Unmixed Green signal
2.0x107
1.8x107
1.0x107
5.0x10%

o &
Unmixed Red signal

FITC-conjugated secondary antibody (figure adapted from Mezzanotte L, et al. [1])
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Fig. 4 (a) Graph representing effects of the chemopreventive natural compound
celastrol on caspase 3/7-mediated apoptosis measured with the caspase 3/7 glo
assay and corrected for cell vitality at 4 h after treatment. (b) Graph reporting
celastrol-induced caspase 3/7-mediated apoptosis in vivo. Caspase 3/7 activity
was measured using DEVD luciferin at 0, 4, and 24 h. A single treatment of
celastrol (2 mg/kg) significantly increased the fold induction of caspase
3/7 activity at 24 h compared to controls (*p value, 0.05; ***p value, 0.001)
(figure adapted from Mezzanotte L et al. [1])

4 Notes

1. In the process of designing and cloning the vectors for the
production of the desired reporter cell line it is important to
choose the right promoter-reporter couple. Green luciferase
shows a total light emission that is higher than the red lucifer-
ase when using the same promoter. Therefore if inducible pro-
moter is characterized by a strong induction, red luciferase is
preferred and the green luciferase needs to be cloned with the
constitutive promoter. This strategy will help to achieve better
separation of signals.
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2.

Ideally the PEI solution should be frozen and thawed between 4
and 10 times to reach the highest possible transfection efficiency.

. If your construct contains a GFP (or other fluorescent) marker

gene, the transfection efficiency can be checked easily 2448 h
post transfection.

. Multiple times freezing and thawing is not recommended as it

may result in loss of functional titer. Viral stocks should be
stable for a long time (at least 3 years) at -80 °C. For use after
this period, retitering of the stock is advised.

. Depending on the origin of the virus sample the dilution factor

tor p24 ELISA is as follows:

(a) Dilute medium at day 2 or 3 post transfection 1:2000 and
1:12,000 in assay diluent (virus production with a third-
generation production system)

(b) Dilute medium at day 2 or 3 post transfection 1:12,000 and
1:72,000 in assay diluent (virus production with a second-
generation production system)

(c) Dilute concentrated virus 1:40,000-1:1,500,000 in assay
diluent. Dilution factor depends on concentrating factor
and initial viral titer.

(d) No dilution of medium of transduced cells, which have
been washed and trypsinized several times. This is done to
test for the presence /absence of lentivirus in case cells have
to be transferred to a lower level safety lab.

. Sequential transduction using different lentivirus for the dif-

ferent promoter-reporter couple allows to select for a cell line
with the desired expression of the green or red luciferase. This
is important to achieve balanced expression of the reporters.
Sometimes a too high expression of a reporter in respect to the
other generates signals difficult to unmix.

. Risk of oversaturation of your image. In our experiments a con-

centration of d-Luciferin of 0.5 mM resulted in a proper amount
of signal. Depending on your condition d-Luciferin concentra-
tion may need to be adjusted in order to avoid saturation of pixels
in the image and also time of acquisition need to be adjusted.

. Consider possible toxicity of compounds when measuring cas-

pase activity. Depending on the compounds, concentration and
time of incubation should be adjusted in order to avoid excessive
cytotoxicity that results in low luminescent signals from cells.

. The protocol as used here has been optimized for triple-

colored MDA-MB-231 cells. If different cells are used, the
protocol may need to be adapted and optimized. To avoid an
allergic reaction in the mice, it is important that the cells are
washed with PBS and free of culture medium.
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10. When imaging using the Living Image software, grayscale images
are recorded first with dimmed light. Pseudo-color images are
recorded and superimposed over the grayscale white light photo
after photon emission is integrated. Pseudo-color maps can be
adjusted by changing the scale and threshold values, this is purely
graphic and has no effect on the actual measurement.
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Chapter 22

A Multichannel Bioluminescence Determination Platform
for Bioassays

Sung-Bae Kim and Ryuichi Naganawa

Abstract

The present protocol introduces a multichannel bioluminescence determination platform allowing a high
sample throughput determination of weak bioluminescence with reduced standard deviations. The platform
is designed to carry a multichannel conveyer, an optical filter, and a mirror cap. The platform enables us to
near-simultaneously determine ligands in multiple samples without the replacement of the sample tubes.
Furthermore, the optical filters beneath the multichannel conveyer are designed to easily discriminate colors
during assays. This optical system provides excellent time- and labor-efficiency to users during bioassays.

Key words Cortisol, Steroid hormone, Bioluminescence, Assay device, Single-chain probe

1 Introduction

Bioluminescence-based assays are intrinsically very simple,
sensitive, and do not require an external light source or other
cofactors in contrast to fluorescence-based ones [1, 2]. The bio-
luminescence assay is adapted in miniaturized analytical devices
such as microfluidic devices [3]. Although microfluidic devices
are versatile, they are generally integrated in a small chip and thus
sophisticated to operate.

An ideal optical platform for sensing bioluminescence is
required (1) to be highly sensitive to samples emitting weak biolu-
minescence, (2) to provide simplified and user-friendly protocols
upon sensing bioluminescence, (3) to allow a high sample through-
put and miniaturization in size.

The present protocol introduces fabrication of a high-precision
multichannel bioluminescence determination platform accommo-
dating bioluminescent probes. The optical system was equipped
with a variable slide holder carrying a multichannel microslide, an
optical filter, and a mirror-like interior design for focusing the gen-
erated photons to the detector. The bottom of the platform is

Sung-Bae Kim (ed.), Bioluminescence: Methods and Protocols, Methods in Molecular Biology, vol. 1461,
DOI 10.1007/978-1-4939-3813-1_22, © Springer Science+Business Media New York 2016
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designed to fit in the sample cell of conventional optical detectors
(diameter=3.5 cm), such as a luminometer (GloMax 20,/20n,
Promega) and a spectrophotometer (AB-1850, ATTO).

The practical advantage of the bioluminescence determination

platform is demonstrated by determining (i) a stress hormone in
human saliva and (ii) multicolor-imaging agonistic and antagonis-
tic effects of estrogens with the assay system. The present platform
may be broadly utilized in determining various hormones and
chemicals in physiological and environmental samples with a sim-
plified protocol, convenience, and high precision.

2 Materials

AN UL W

12.

13.
14.
15.

16.

17.

. COS-7 cell derived from the previously established CV-1

African green monkey kidney line.

. Human saliva collected from volunteers.

. Saliva collection tube (SARSTEDT) carrying cotton.

. Standard concentrations of cortisol as a control.

. Alysis buffer in a Renzlinluciferase assay kit (E291A, Promega).

. 100x Native coelenterazine (nCTZ) in a Renilla luciferase

assay kit (E2820, Promega).

. High glucose Dulbecco’s Modified Eagle Medium (DMEM)

supplemented with 10% fetal bovine serum (FBS).

. 10% Fetal bovine serum (EBS).

. 17p-estradiol (E,), a endogenous estrogen.
10.
11.

4-hydroxytamoxifen (OHT), a synthetic antiestrogen.
polychlorinated biphenyls (PCB), a synthetic chemical mim-
icking estrogen.

0,p’-dichlordiphenyltrichloroethane (o,p’-DDT), a pesticide
mimicking estrogen.

1x phosphate-buffered saline (PBS; Sigma).

A bioluminescence assay kit, Bright-Glo (E2820, Promega).

pcDNA 3.1(+) vector encoding “Simer-R2”, designed for illu-
minating antagonistic activities of estrogens in the authors’
previous paper [4].

pcDNA 3.1(+) vector encoding “Simer-G4”, designed for illu-
minating agonistic activities of estrogens in the authors’ previ-
ous paper [4].

pCS2+ vector encoding “cSimer7” for the probe expression in
mammalian and Xenopus cell lines in the authors’ previous

paper [5].
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3 Methods

The bioluminescence determination platform is fabricated and
utilized for the following experiments: (1) the determination of
stress hormones in human saliva using the bioluminescence determi-
nation platform and a single-chain bioluminescent probe carrying
the ligand binding domain of glucocorticoid receptor (GR LBD)
(see Note 1) in the luminometer (GloMax 20,/20n, Promega) and
(2) simultaneous determination of agonistic and antagonistic activi-
ties of woman sex hormones with multicolor imaging.
3.1 _F abr.lcatlan 1. On the basis of the blueprint (see Fig. 1a), manufacture the
of Bioluminescence parts 1-7 of the prototypical bioluminescence determination
Determination System platform, which is designed to accommodate a disposable
6-channel microslide (2.5x7.5 cm, p-slide VI®4; ibidi) grow-
ing mammalian cells (se¢ Note 2).

2. Assemble the above parts by an order including the disposable
6-channel microslide, the mirror cap with honeycomb-like

a Ver.1 Microsiide (2) Ver. 2 i
Mirror cap (1) Lo bo hicroslide (2) Mrror cap (1)
R el . . :
5 T S S G i e e i i o i
B VAW, modification 5 ___{ R Cotes B ok
@ BN AN e e
el e Microslide i D
i F 2 " Plastic holder (3) = e« ] L=
— 3 platform (4) = cap bolt
Filter Platform X / i "" 1
holder (6) d;mslander ] Platform To detector 7
stander (7)
b
f MiToCESH control zone sample zone
ave

Light detector

Fig. 1 Construction of a bioluminescent determination platform for determining steroid hormone levels in physi-
ological samples. (a) An illustration of the platforms ver. 1 and 2. The microslide is placed on a microslide holder
(3), which is designed to slide on to the plastic platform (4) like a conveyer belt. The microslide is fixed by bolts
and covered by a mirror cap (1). Numbers in the parenthesis represents part numbers. Inset a highlights a chan-
nel of the microslide. The bioluminescence (dotted line) is reflected by the mirror cap and focused on the detec-
tor side at the bottom. The insets b and ¢ show the practical pictures of the platforms ver. 1 and 2. (b)
Determination of a stress hormone levels in human saliva. COS-7 cells stably expressing ¢Simgr7 were exposed
to saliva samples, and the developed bioluminescence reflects the cortisol levels in the saliva samples (n=3).
The T, T,, and T, in the X-axis represent tested saliva samples which develop the optical intensities in the chan-
nels of the microslide (ibidi). Reproduced in part from Kim et al. with permission from Chem. Pharm. Bull. [5]
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internal barriers (se¢e Notes 3 and 4), the microslide holder
(part 3) (see Note 5), and the optical filter (ver. 1) (see Note 6).

3. For multicolor determination of bioluminescence, a filter
holder may be applied to carry three different optical filters (ver.
2), i.e., blue (470-nm bandpass), green (520-nm bandpass),
and red (600-nm long-pass) (se¢ Note 7).

3.2 Determination Cortisol levels as a stress marker in human saliva may be determined
of Stress Hormones in  using the bioluminescence determination platform as follows:

Saliva with the 1. Establish a COS-7 cell line stably expressing “cSimgr7” grow-

Bmlum’_nes?ence ing the cells in a culture medium containing G418 after tran-
Determination sient transfection of pcSimgr7 [5] (see Note 8) and subculture
Platform into 6-channel microslides (ibidi), where the three left chan-
nels are allotted to standards of cortisol, whereas the other
three channels are assigned for the determination of cortisol
in the saliva samples.
a CDNA constructs . b Schematic Assay Procedure
(F) *
pSimer-R2 CH RedH Sre SHZ ERLED CB Red-C / \
L Lw L N Step 1. Ligand stimulation Step 2. Lysis Step 3. Determination
e _* Culture medium Lysis buffer Assay buffer

(ca. 20 min) (ca. 20 min)

. Bioluminescence
’g—“’% Lysis Assay
Ripteer 09 NKHGLLLOLLTVKQH ‘ ‘ *Microslide
- é@ on the plateform
- . [T
Hingil ;" Bamil
GRIFINID3 ~ MALLRYLLDKD bioluminescent assay device b bioluminescent assay device
selin a spectrometer

st in a uminometer

X |

LXXLL Full length

motif :
Mon-c ) cortisol oy @uon-c
_—
MDn—N( — o
i ) !
i GRHLBD | Basal Activated

Luminometer, Globax mﬁ;fﬁ;mga] Specirophotometer, AB-1850 (ATTO)

Fig. 2 (a) Constructs of single-chain probes and the working mechanism. Abbreviations: GR HLBD the hinge
and ligand-binding domain of human glucocorticoid receptor, ER LBD the ligand-binding domain of human
estrogen receptor, Mon-N and -C the N- and C-terminal domain of Monsta, CB Red-N and -C the N- and
C-terminal domain of click beetle luciferase red, Src SH2 the SH2 domain of v-Src, LXXLL motifa conserved
motif of coactivators interacting glucocorticoid receptor, where “L” means leucine and “X” means any amino
acid. (b) A protocol for developing bioluminescence with mammalian cells, cultured in a microslide. The
cultured mammalian cells were exposed to hormones or chemicals beforehand. In response to the hormones,
the conformation of the single-chain probe is changed, where an intracellular protein complementation
occurs. The cells were lysed and exposed to an assay buffer comprising the substrate for light development.
The insets a and b shows pictures showing the platform is placed in a conventional luminometer (GloMax
20/20n, Promega) or a spectrophotometer (AB-1850, ATTO). The platform is designed to set in the chamber
of the luminometer and spectrophotometer. Reproduced in part from Kim et al. with permission from Chem.
Pharm. Bull. [5]
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2. Separately, collect the salivary samples from volunteers using a
specific saliva collection tube (SARSTEDT) carrying cotton.
Centrifuge the tube and stock the saliva in a 4 °C refrigerator
before use (see Note 9).

3. Stimulate the cells for 20 min with 60 pL of saliva samples or
standard cortisol concentrations (107, 108, or 10~ M) dis-
solved in culture media in a CO, incubator (Sanyo) (see Notes
10 and 11).

4. After washing out the solutions in the slide with a PBS buffer,
lyse the cells on the microslides with 40 pL of a lysis buffer
(Promega) for 20 min (sec Note 12).

5. Set the microslide on the bioluminescence determination plat-
form (see Fig. 2b) in a luminometer (GloMax 20,/20n; Promega).

6. Determine the optical intensities from each channel of the
microslides in order, immediately after injection of an assay buf-
ter dissolving nCTZ (Promega) to the channels (%=3) with a
multichannel pipet. The result is shown in Fig. 1a (see Note 13).

3.3 Multicolor The agonistic and antagonistic effects of estrogen are determined
Imaging of Agonistic in green and red colors using the multichannel bioluminescence
and Antagonistic determination platform (see Fig. 3).
Etfects of Wo’_"an Sex 1. Grow COS-7 cells in a 6-channel microslide (p-slide VI®4, ibidi)
Hormom’js Using using DMEM supplemented with 10% FBS.
the Multichannel . . .

L 2. Transiently cotransfect the COS-7 cells with pSimer-R2 and
Bioluminescence . . . . .

- pSimer-G4 (see Fig. 2a), and incubate for 24 h in a cell incuba-
Determination
tor (Sanyo).

Platform

3. Stimulate the cells in each channel of the microslide with 10-° M
of 17f-estradiol (E,), 4-hydroxytamoxifen (OHT), polychlori-
nated biphenyls (PCB), or o,p’-dichlordiphenyltrichloroethane
(0,p'-DDT) for 20 min.

4. Wash the channels in the microslide once with 1x PBS (Sigma)
and fill with 50 pL of Bright-Glo assay solution carrying
d-Luciferin as the substrate (Promega) (see Note 14).

5. Three minutes after further incubation in the cell incubator,
estimate the optical intensities from each channel near-
simultaneously by conveying the filter holder and microslide
holder of the optical platform ver. 2 set in the luminometer
(GloMax 20,/20n, Promega) (see Note 15).

6. Determine the optical intensities of the five hormone samples
first under a blue filter.

7. After switching the filter to green or red, estimate biolumines-
cence intensities from the same samples again for fidelity.



276 Sung-Bae Kim and Ryuichi Naganawa

LXXLL motif

a
-
ER LED !

- '
Agonist bﬂ
=

b @)convertto (@) convert to ¢
green filter red filter .

@) green color 17B-estradiol
(E2)
5 |
®)red color !
| g
= |
4 ) i
4-hydroxytamoxiten Il

{OHT)
(@ blue color

RLU ratio (+/-)
(5]

X oxx X
X 4

q 2
| X xx X
| X=HorCl
1 | p-hydroxylated H
polychlorinated
| biphenyls (PCB) [l
0
g =mMmO VO =mMO VO =mMOUo =]
) mmIOD G)MI(—)D !'DNIOD M
© z 589 z 38Y 2 I8S OOm
@© @ @© [ |
chemicals op-ooT M

Fig. 3 Multicolor imaging of agonistic and antagonistic effects of 17-estradiol (E,) and chemicals using the
bioluminescence determination platform. (a) Schematic drawing of the ligand recognition steps of pSimer-R2
and pSimer-G4. In response to antagonist, the ligand-binding domain of estrogen receptor (ER LBD) interacts
with the SH2 domain of v-Src. This interaction induces reconstitution of the fragmented click beetle luciferase
red (CB Red). Similarly, in response to agonist, ER LBD binds a common LXXLL motif of coactivators. This bind-
ing restores the green bioluminescence through the intramolecular interactions between the N- and C-terminal
fragments of CB green. (b) Relative optical intensities of blue, green, and red bioluminescence, shown in
signal-to-background ratios. The numbers indicates the experimental sequence including the timing of the
filter switching. The left, middle, and right bars in groups demonstrate blue, green, and red color intensities,
respectively. Reproduced in part from Kim et al. with permission from Chem. Pharm. Bull. [5]

4 Notes

1. Glucocorticoid receptor (GR) is responsible for many meta-

bolic actions including stress responses. Cortisol-activated GRs
are dimerized and recruit coactivators. Because all the coacti-
vators have a common o-helical peptide, called an LXXLL
motif, the binding between GR LBD and the LXXLL motif
was utilized for cortisol sensing in the present single-chain
probes (see Fig. 2a).

. The bioluminescence determination platform consists of a mir-

ror cap for focusing bioluminescence on the detector and
blockading outer interferences (part 1; see Fig. 1a), a 6-channel
microslide (ibidi) for raising cells (part 2), a variable microslide
holder for carrying the microslide (part 3), a plastic conveyer
platform for supporting the microslide holder (part 4), a set of
optical filters (part 5), a variable filter holder carrying 1-3
optical filters (part 6), and an inner-holed platform stander for
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supporting the platform and passing the generated biolumi-
nescence to the bottom (part 7).

3. The mirror cap is beneficial and useful for a weak light deter-
mination rather than a strong light. Another role of the cap is
to fix the microslide on the deck and thus allows a precise
determination of the samples in the platform.

4. The honeycomb-like internal barriers of the mirror cap (part 1)
efficiently blockades interference light from the other chan-
nels. As highlighted with dotted lines in Fig. la, biolumines-
cence emitted from each channel is reflected by the mirror cap
to the bottom slit (7x24 mm). The bioluminescent signal
passes the optical filter beneath the slit and finally reaches the
detector at the bottom.

5. The microslide holder (part 3) may be modified according to
experimental preference. A side of this microslide holder is
designed like a saw tooth to fit each channel of the microslide
on the bottom slit.

6. The optical filters in the tray are placed beneath the bottom slit
to be assembled according to experimental preference.

7. The variable optical filter holder is embedded into the surface-
plated device stand for a better reflection of the photons to
the detector.

8. “cSimgr7” is a single-chain bioluminescent probe that was previ-
ously developed for illuminating cortisol, a stress hormone [5].

9. The saliva is supposed to be collected at the same time and to
use up in 24 h after collection.

10. Although some cortisol is bound to globulin in saliva, majority
of the cortisol is free in saliva and extracted into the live cells
carrying cSimgr7 for emitting bioluminescence.

11. The known clinical range of salivary cortisol ranging from 0.2
to 2.8x10-% M.

12. After injection of a lysis bufter into the slide, gently homoge-
nize the slide on a shaker.

13. The excellent selectivity of the probe to cortisol reflects the
stress sensitivity of our body via a glucocorticoid receptor.

14. Since Simer-G2 and Simer-R4 are made of split-click beetle lucif-
erases green and red, any reagent kit comprising d-Luciferin, ATP,
and Mg?* is acceptable for the bioluminescence development.

15. The overall standard deviations (SDs) with the platform were
significantly decreased, where the averaged SDs in blue, green,
and red region were 0.10, 0.19, and 0.13 in RLU ratios,
respectively. These values are one-fourth smaller than those
without the device-aid.
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Chapter 23

A Bioluminescence Assay System for Imaging Metal
Cationic Activities in Urban Aerosols

Sung-Bae Kim, Ryuichi Naganawa, Shingo Murata, Takayoshi Nakayama,
Simon Miller, and Toshiya Senda

Abstract

A bioluminescence-based assay system was fabricated for an efficient determination of the activities of air
pollutants. The following four components were integrated into this assay system: (1) an 8-channel assay
platform uniquely designed for simultaneously sensing multiple optical samples, (2) single-chain probes
illuminating toxic chemicals or heavy metal cations from air pollutants, (3) a microfluidic system for circu-
lating medium mimicking the human body, and (4) the software manimulating the above system. In the
protocol, we briefly introduce how to integrate the components into the system and the application to the
illumination of the metal cationic activities in air pollutants.

Key words Air pollutant, Particulate matter 2.5 (PM2.5), Bioluminescence, Assay system, Luciferase,
Toxicity

1 Introduction

Bioluminescence-based assays are intrinsically very simple,
sensitive, and do not require an external light source, optical
filters, or cofactors for light emission, unlike fluorescence-based
ones [1, 2].

Because of the merits, bioluminescence-based assays can be
adapted into miniaturized analytical devices such as microfluidic
devices [3]. As the authors have separately developed three key
components, artificial luciferases (ALuc®), single-chain biolumi-
nescent probes [4, 5], and a bioluminescence determination plat-
form [6], we introduce a new bioluminescence assay system for
illuminating the activities of chemicals from air pollutants.

A series of single-chain bioluminescent probes carrying
engineered fragments of luciferases was expressed in mammalian
cell lines, which were grown in a multichannnel microslide. The
microslide is set on a bioluminescence determination platform in

Sung-Bae Kim (ed.), Bioluminescence: Methods and Protocols, Methods in Molecular Biology, vol. 1461,
DOI 10.1007/978-1-4939-3813-1_23, © Springer Science+Business Media New York 2016
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a bioluminescence assay system. The chemical-contaminated
medium is circulated in the microslide and stimulates the
single-chain bioluminescent probes in the mammalian cells. The
bioluminescence emitted from the single-chain probes is simul-
taneously determined by arrayed photon multipliers in the bot-
tom of the bioluminescence determination platform. The present
protocol briefly introduces the fabrication process of the biolu-
minescence assay system and the application to the determina-
tion of the metal cationic activities in air pollutants.

2 Materials

15.

. Glasgow Modified Minimum Essential Medium (GMEM).
. A certified reference material of urban aerosols (CRM14028,

National Institute for Environmental Studies (NIES)), soluble
in GMEM (see Note 1).

. A supernatant of the GMEM-diluted urban aerosol sample:

10 mg of the urban aerosol is diluted in 2 mL. GMEM and
overnight-incubated with a stirrer (final conc: 5 mg/mL). The
mixture was filtered by a 0.2 pm syringe-driven filter unit
(Millipore) and made the supernatant.

. A disposable 6-channel microslide (2.5x7.5 cm, p-slide VI%#;

ibidi).

. A single-channel photomultiplier (PMT; Hamamatsu).
. A single-pass medium circulation pump.

. ApOPTHM vector, which is a prokaryotic cell expression vec-

tor encoding ALucl6 for Escherichia coli (E. coli).

. Isopropyl p-d-1-thiogalactopyranoside (IPTG).
. A hen egg-white lysozyme (HEWL).

10.
11.
12.
13.
14.

An ethylenediaminetetraacetic acid (EDTA).

African green monkey kidney fibroblast-derived COS-7 cells.
TransIT-LT1 (Mirus), a lipofection reagent.

pcDNA 3.1 (+) vector, a mammalian expression plasmid.

A heavy metal cation-free Tris—HCI buffer (0.05 M, pH 8.2)
(see Note 2).

A stabilized standard light source for PMTs (L11494-525,
Hamamatsu).
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3 Methods

3.1 Construction

of a Bioluminescence
Assay System
Mounting

a Multichannel
Bioluminescence
Determination
Platform

3.2 Simultaneous

Determination of Metal

Cation-Driven
Bioluminescence
of ALuc®

The present bioluminescence assay system is fabricated from the
multichannel bioluminescence determination platform of Chapter
22 as follow.

1.

Manufacture a mirror cap with slantingly bored holes at the side
(Part #1), where the distance between the holes should be fit to
the channel distance of the disposable microslide (Part #2),
which grows mammalian cells (se¢ Notes 3 and 4).

. Array eight of single-channel photomultipliers (PMT) (Part

#3) in front of the circuit board inside the black container (see
Notes 5 and 6).

. Cap the light-sensing site of the PMT with a shutter unit (Part #4)

(see Note 7), and link it to the terminal of the sample stage (Part
#5) via a plastic light-conduction path (Part #6) (se¢ Note 8).

. Connect the PMT to the circuit units of a photon counter

(Part #7) and a controller (Part #8). The mechanical fan (Part
#9) cools down the circuit temperature by air.

. Connect the USB slot (Part #10) to a USB port of a personal

computer for the power supply and the system control.

. Optionally, a single-pass medium circulation pump (Part #11)

can be mounted at a side of the sample stage (se¢ Note 9).

. For controlling the 8-arrayed PMTs in the system, the following

specification of software needs to be custom-made (see Note 10):

(a) The software should consist of functions of the power sup-
ply to PMT and PMT signal acquisition.

(b) A function to turn on and off individual PMT.
(c) Signal acquisition time range: 0.5-600 s.

(d)

(¢)

¢

Signal acquisition interval: 0.5-100 s.

Signal display format: photon count in relative lumines-
cence unit (RLU).

(f) File format for data saving: binary or comma-separated
values (CSV) format.

(g) Operation system:Windows.

. Finely adjust the light paths and shutter units for normalizing

the photon counts from the eight-different PMTs using the
stabilized standard light source.

A heavy metal cation-free sample of an artificial luciferase (ALuc®)

should be prepared beforehand. We exemplify the ALuc purifica-
tion protocol with ALucl6, a variant of ALuc®, as follow:

1.

Generate a cDNA construct of ALucl6 carrying a Strep-11 tag
at the C-terminal end via a polymerase chain reaction (PCR).
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2.

10.

11.

12.

13.

Subclone the construct into a pOPTHM vector (providing a
cleavable N-terminal Hiss-MBP tag).

. Express the vector in the bacterial strain SHuffle T7 Express

lys§ (New England Biolabs) with 0.3 mM IPTG induction and
overnight incubation in 37 °C.

. Harvest the bacterial cells by centrifuge. Resuspend and soni-

cate the pellet in an ice-cold lysis buffer (50 mM Tris—-HCI
pH 8.0, 500 mM KCl, 5 mM imidazole, 0.2 mg/mL HEWL,
and 1 EDTA-free Protease Inhibitor Cocktail tablet (Roche
Diagnostics)).

. Centrifuge the lysate at 22,000 rpm for 40 min, and pass the

subsequent supernatant over a 5 mL HisTrap HP column (GE
Healthcare).

. Wash and elute the ALucl6 fusion protein using an AKTA

Purifier system (GE Healthcare) as follows:

(a) Wash the column with 100 mL of a wash bufter (20 mM
Tris—HCI pH 8.0, 50 mM potassium phosphate pH 8.0,
100 mM NaCl, and 15 mM imidazole pH 8.0)

(b) Elute ALucl6 in an imidazole gradient (15-300 mM) over
80 mL.

(c) Dialyze the eluted sample to a heavy metal cation-free
Tris—HCI buffer (0.05 M, pH 8.2) at 4 °C for 24 h, and

finally adjust the concentration to 1 mg/mL by dilution
(see Note 11).

. Further dilute the stock 5000-fold to 0.2 pg/mL with the

heavy metal cation-free Tris—HCI buffer (0.05 M, pH 8.2)
before experiments.

. Stand an 8-well PCR tube (200 pL) by fitting it into the bored

holes of the mirror cap (Part #1).

. Mix 20 pL of the diluted ALucl6 (0.2 pg/mL) with 20 pL of

a metal cation (Mn(II), Cu(Il), Zn(II), Cd(II)), or a superna-
tant of GMEM-diluted urban aerosols in each tube of a 8-well
PCR tube (200 pL) (Solution A).

Separately prepare the corresponding substrate solution carry-
ing native coelenterazine (nCTZ) by diluting the stock nCTZ
solution (Promega) 100 fold with the heavy metal cation-free
Tris—HCI bufter (Solution B).

Simultaneously inject 10 pL of Solution B into the Solution A
(40 pL) in the 8-well PCR tube with a multichannel micropi-
pette (Gilson).

Immediately mount the PCR tube on the sample stage (Part
#5) of the bioluminescence assay system equipped with a PMT
array (see Fig. 1).

Measure the optical intensities from the 8-well PCR tube with
the assay system controlled by the specific software in a personal
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computer (see Note 12). Figure 2a shows the typical results
representing the metal cation-driven bioluminescence intensi-
ties (see Note 13). Optionally, the measured photon counts
(RLUs) may be normalized according to the relative photon
sensitivities of the PMTs to the stabilized standard light source
(see Note 14).

14. Ensure the optical intensities from the 8-well PCR tube with
an image analyzer (LAS-4000, FujiFilm) equipped with a
cooled CCD camera (see Fig. 2b).

3.3 Determination 1. Grow COS-7 cells in a 6-channel microslide and transiently trans-
of Activities of Metal fect with a mammalian expression plasmid, pcDNA 3.1(+), encod-
Cations Extracted ing ALucl6 using a lipofection reagent, TransI'T-LT1 (Mirus).
into Mammalian Cells 2. Further incubate the cells in a CO, cell incubator (Sanyo,
Japan) for 16 h.
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Fig. 1 Instrumental construction of an 8-channel assay platform uniquely designed for simultaneously sensing
multiple optical samples. Multiple samples are designed to set in a mirror cap (Part #1). Alternatively, biolumi-
nescent cells can grow in a disposable 6-channel microslide (Part #2) and placed directly on the sample stage
(Part #5). Eight photomultipliers (Part #3) are arrayed and connected to the sample stage via shutter units (Part
#4) and plastic light-conduction path units (Part #6). The array of photomultipliers is connected to the corre-
sponding photon counter (Part #7) and controller circuit (Part #8). The platform is air-cooled by a mechanical
fan (Part #9) and connected to a personal computer via a USB slot (Part #10). Optionally, the medium in the
microslide can be circulated by the single-pass medium circulation pump (Part #11). The part numbers shows
in the parentheses
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Bioluminescence assay system (8 channels)
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Fig. 2 Heavy metal cation-driven optical intensities of artificial luciferases (ALucs). () The time course of the
optical intensities from 8-well PCR tube, where ALuc16 is mixed with vehicle (GMEM), Cu(ll), or the supernatant
of urban aerosol. The graphs shows average values of two independent measurement (n=2). (b) The corre-
sponding optical image of the 8-well PCR tube. The vehicle emits the strongest optical intensities, whereas the
supernatant of urban aerosol allows bioluminescence intensity between those of vehicle and 10 pg/L Cull).
The inset a shows the working mechanism of the cation-driven bioluminescence reaction in the PCR tube
(n=2). In metal cation circumstance, ALuc® exerts reduced optical intensities. Abbreviations: GMEM Glasgow
modified minimum essential medium, ALuc artificial luciferase, Cu(ll) divalent copper, PCR tube polymerase

chain reaction tube (200 pL)

. Remove the culture medium in the 6-channels of microslides

growing COS-7 cells with a micropipette and wash once with
the heavy metal cation-free PBS butffer.

. Fill the channels of the microslide with (1) 60 pL of a vehicle

solution (GMEM alone), (2) a heavy metal solution (Zn** or
Mn?*), and (3) the supernatant of the air pollutant solution
cocktail, respectively.

. Incubate the microslide in a CO, incubator for 30 min (see

Note 15).

. Remove the solutions and wash the channels of the microslide

3 times with the heavy metal cation-free Tris—HCIl buffer.

. Simultaneously inject 50 pL of Solution B into the vacant

channels of the microslide with a multichannel micropipette
(Gilson) and mount the microslide on the sample stage (Part
#5) of the bioluminescence assay system equipped with a
PMT array.

. Measure the optical intensities from the microslide with the

assay system using the custom-made software. Fig. 3 shows the
typical results showing the metal cation-driven biolumines-
cence intensities from living mammalian cells in the microslide.
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Fig. 3 Heavy metal cation-driven bioluminescence intensities of living COS-7 cells expressing ALuc16 in
microslides. (@) The time course of the optical intensities from a 6-channel microslide, where ALuc16 is
sequestered in the endoplasmic reticulum (ER). The cells are stimulated with vehicle (GMEM), 10 pg/mL Zn(1l),
or the supernatant of urban aerosol. The graphs shows average values of two independent measurement
(n=2). Inset a shows a plan view of the 6-channel microslide growing COS-7 cells. (b) The time course of the
optical intensities from a 6-channel microslide, growing COS-7 cells expressing ALuc16. The cells are stimu-
lated with vehicle (GMEM), 100 pg/mL Mn(ll), or the supernatant of urban aerosol. The graphs shows average
values of two independent measurement (n=2)

4 Notes

. The certified reference material of urban aerosols (CRM14028)

is originally collected in Beijing city, China, and now commer-
cially available from National Institute for Environmental
Studies (NIES), Japan.

. The heavy metal cation-free Tris-HCI buffer was previously

certificated with an instrumental analysis using an inductively
coupled plasma mass spectrometry (ICP-MS) in the authors’
precedent paper [7].

. The mirror cap is beneficial for both grip of the sample tubes

(or microslide) and focusing of weak bioluminescence. Fixation
of the microslide on the deck allows a precise determination of
the samples in the system. The internal surface of the mirror
cap is grinded to reflect bioluminescence.

. The mirror cap comprises honeycomb-like internal barriers

(Part #1), which efficiently blockade interference light from
the other channels. Bioluminescence emitted from each chan-
nel is reflected by the interior surface of the mirror cap and
reach to the terminal of the light-conduction path.

. The PMT works by USB3.0 bus power and generates photon

counts (relative luminescence unit, RLU) in response to lights.


https://en.wikipedia.org/wiki/Inductively_coupled_plasma_mass_spectrometry
https://en.wikipedia.org/wiki/Inductively_coupled_plasma_mass_spectrometry
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6

7

10.

11.

12.

13.

14.

15.

. It is useful to choose CMTs reporting a similar photon count
in response to a stabilized standard light source (1.11494-525,
Hamamatsu).

. An optical shutter is attached at the light-receiving area of the
PMT to protect the PMT from strong current.

. Because the assay system consists of eight single-channel
PMTs, the photon counts between PMTs needs to be adjusted:
e.g., every PMT should display a same photon count to a same
light source. The shutter units (Part #4) enable us to adjust the
photon counts between PMTs.

. The medium circulation pump is useful for determining tem-
poral elevation (time course) of bioluminescence from cells on
each channel of the microslide, where the cells are stimulated
by chemicals or urban aerosols.

This optical system allows simultaneous determination of bio-
luminescence from eight-different samples at once. This sys-
tem significantly increases the sample throughput, compared
to conventional luminometers including a 96-well plate reader,
which measures every sample one-by-one.

The authors recommend that the purified ALucl6 in a high
concentration (1 mg/mL) is dispensed in separate tubes and
stocked in an 80 °C refrigerator for a long-time preservation.
The stock may be diluted 5000-fold to 0.2 pg/mL with the
heavy metal cation-free Tris—HCI buffer (0.05 M, pH 8.2)
before experiments.

The present system allows to simultaneously monitor biolumi-
nescence from eight kinds of samples without the replacement
of the sample tube, in contrast to conventional instruments.

The optical intensities are dramatically decreased by divalent heavy
metal cations. It is considered that the artificial luciferase, ALLucl6,
comprises a putative cation-binding site called “EF-hand”. Every
heavy metal cation exerts unique activity to ALucl6. This feature
was previously reported in the authors’ precedent study [7].
Because urban aerosols contain various heavy metal cations in a
large quantity [8], they generally hamper the luciferase activity.

Every PMT in the assay system is supposed to report a same
photon count in response to a same standard light source.
However, the photon counts in RLUs between PMTs may be
variable even by the climate. The RLU datasets on different
scales can be adjusted by an appropriate formula and
normalization.

Steroids are saturated in COS-7 cells within 20 min [9].
However, in case of hydrophilic metal cations, at least 30 min. of
incubation time is required for the cell saturation by passive dif-
fusion. A precedent study showed that 30 min is required until
the majority of Mn?* is uptaken into mammalian cells [10].
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Chapter 24

Luminescence Imaging: (a) Multicolor Visualization of Ca?*
Dynamics in Different Cellular Compartments and (b)
Video-Rate Tumor Detection in a Freely Moving Mouse

Kenta Saito, Masahiro Nakano, and Takeharu Nagai

Abstract

Luminescence exerts an ideal optical readout for imaging living subjects including no external light source,
whereas the dim luminescence and poor color pallet should be addressed for the better utilities. To address the
demerits and to prevail the advantages, we developed a bright luminescent protein, named yellow Nano-
lantern, exhibiting about 10-20 times brighter than wild-type RLuc. In this chapter, we demonstrate two
luminescence-based protocols in detail: i.e., (a) multicolor visualization of Ca?* dynamics in different cellular
compartments in a single cell using Ca?* indicators based on cyan- and orange-Nano-lanterns and (b) video-
rate tumor detection in a freely moving mouse using yellow Nano-lantern.

Key words Bioluminescence, Calcium dynamics, Tumor imaging, Renilla luciferase, Bioluminescence
resonance energy transfer (BRET)

1 Introduction

Recent advances in fluorescence imaging techniques are revolu-
tionizing the way of research in medicine, pharmacology, and biol-
ogy. Fluorescence imaging is widely used for tracking, visualization,
and quantification of cellular and molecular process in living cells
as well as whole organisms. However external light illumination
required for fluorescence excitation sometimes causes problems
such as photodamage, autofluorescence, and photobleaching. On
the other hand, as luminescence imaging does not require external
light illumination, it can circumvent these potential problems in
fluorescence imaging. Despite its advantages, luminescence imag-
ing has remained underexploited because of the dim luminescence
and poor color variants. To prevail the luminescence imaging tech-
nique, we developed a bright luminescent protein, yellow Nano-
lantern [1]. It is a chimera protein of enhanced version of Renilin
luciferase (RLuc) 8 [2] and yellow fluorescent protein Venus [3]

Sung-Bae Kim (ed.), Bioluminescence: Methods and Protocols, Methods in Molecular Biology, vol. 1461,
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fused with high bioluminescence resonance energy transfer (BRET)
efficiency, which yields bright yellow light emission. Moreover, we
expanded the color pallets of Nano-lantern to cyan and orange
colors [4] by replacing the Venus in yellow Nano-lantern to mTur-
quoise2 [5], and mKO2 [6], respectively. Nano-lanterns exhibited
about 10-20 times brighter than wild-type RLuc. Owing to the
brightness, they enabled visualization of fine subcellular structures
such as actin and tubulin in living cells and simultaneous monitor-
ing multiple gene expression or Ca** changes in different cellular
compartments. Yellow Nano-lantern also enabled sensitive tumor
detection at video-rate in a freely moving unshaved mouse [7].

In this chapter, we describe in detail the protocols for (a) multi-
color visualization of Ca** dynamics in different cellular compartments
in a single cell using Ca** indicators based on cyan- and orange-Nano-
lanterns (CNL and ONL, respectively) and (b) video-rate tumor
detection in a freely moving mouse using yellow Nano-lantern (YNL).
In the section (a), we demonstrate how to not only utilize conven-
tional inverted microscope system for luminescence imaging but also
unmix the two colors for quantitative analysis. In the section (b), we
mainly instruct how to set up homemade imaging system for obtain-
ing alternate luminescence and bright-field images.

2 Materials

2.1 Reagents

and Samples

for Multicolor
Visualization of Ca*
Dynamics

2.2 Reagents

and Samples

for Video-Rate Tumor
Detection

Culturing medium for Hela cells (Dulbecco’s modification of
Eagle’s medium (SIGMA, cat. no. D6046) containing 10% fetal
bovine serum (FBS, GIBCO, S1500-500)).

— Observation medium (DMEM/F12 (1:1) (1x) (GIBCO,
11039-021)).

— Histamine.

— Coelenterazine-h (CTZh) (Promega, cat. no. S2011 or Wako
cat. no. 031-22993).

—  Methanol (for dissolving CTZh).

— HelLa cells expressing both CNL-Ca?* in mitochondria (mito-
CNL (Ca?*)) and ONL-Ca** in nucleus (nuc-ONL (Ca*"))
attached to 35 mm glass bottom dish.

— HelLa cells expressing only mito-CNL (Ca?*) or nuc-ONL
(Ca?*) attached to 35 mm glass bottom dish (reference sample
of linear unmixing).

1. RPMI1640 Medium “Nissui” 2 (Nissui) (for culturing colon26
cells).

2. Hank’s Solution “Nissui” 2 (Nissui) (for transplantation of
colon26 cells).



2.3 Equipment

for Multicolor
Visualization of Ca*
Dynamics

2.4 Equipment for
Video-Rate Tumor
Detection
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. 1x PBS (for injection of CTZh).

. Ethanol (for dissolving CTZh).

. Pentobarbital Sodium Salt (Nacalai Tesque, Inc.).
. Saline (Otsuka) (for dilution of pentobarbital).

. CTZh (Promega).

. YNL expressing colon26 cells.

. 5-week-old male BALB /¢ mice.

. Micropipette (2, 100, and 1000 pL)

. Pipette tips (2, 100, and 1000 pL)

. Microcentrifuge tubes (1.5 mL)

. Inverted microscope (se¢ Note 1)

. Objective lens (see Subheading 3.2)

. Electron multiplying charge coupled device (EM-CCD)

camera

. Excitation light source (Nikon, Intensilight, for checking

expression level of mito-CNL(Ca?*) and nuc-ONL(Ca?*) in
cells)

. Optical filter set for observing fluorescence of mTurquoise2

and mKO2 (for checking the expression level in cells)

— Animage splitting optics, W-VIEW GEMINI (Hamamatsu
Photonics)

— Dichroic mirror (Semrock, FF560-FDi01-25x36)

. Black curtain (for covering microscopy system)

. Imaging software

— DPersonal computer

. Culture dish

. Micropipette (2, 100, and 1000 pL)
. Pipette tips (2, 100, and 1000 pL)

. Needle (26G, 27G)

. Disposable syringe (1 mL)

BD Lo-dose syringes 30G (BD)

. Microcentrifuge tubes (1.5 mL)

. Black curtain

. Corrugated cardboard box (~60 cmx 60 cm x 60 cm)
. C-mount lens (HF12.58A-1) (Fujifilm)

. Aluminum angle boxes (small: ~30 cm x 30 cm x 30 cm, large:

~100 cmx 100 cmx 100 cm)
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12. Stainless box (~10 cmx 10 cmx 10 cm) (see Note 2)
13. Light source for bright-field illumination

14. Light diffuser

15. EM-CCD camera (see Note 3)

16. Multifunction wave generator (sec Note 4)

17. Electrical shutter unit (sec Note 5)

18. A couple of 50 Q BNC (or SMA) cables

19. BNC branch connector

20. Oscilloscope (see Note 6)

21. Personal computer (PC) and imaging software for EM-CCD
camera control and data analysis

3 Methods

3.1 Multicolor
Visualization of Ca?*
Dynamics

3.1.1  Setting Microscopy
System for Taking
Luminescence Image

3.1.2 Selecting
Objective Lens

3.1.3  Preparation
of CTZh Solution

Although Nano-lanterns are about 20 times brighter than com-
mercially available RLuc, emission signal of luminescent protein is
still weaker than that from fluorescent protein. Therefore, to get
the weaker luminescent signal by EM-CCD camera, we have to
remove unexpected signal from external environment. For remov-
ing the signal, we carry out following processes.

1. Cover an inverted microscope with a black curtain.
2. Cover panels which emit light with a black curtain.

3. Turn off power of the electrical machine such as the micro-
scope and filter wheel (if needed).

4. Take image with EM-CCD camera with opening camera shut-
ter and check whether unexpected signal is entering to the
camera or not.

To get luminescence signal from Nano-lanterns as much as possi-
ble, we use higher numerical aperture (NA) and lower magnifica-
tion objective lens. The combination of higher numerical aperture
lens and intermediate low magnification lens is also useful to get
the luminescence signal. For example, the combination of 40x,
1.3 NA, oil immersion objective lens and 0.5x intermediate mag-
nification lens are effective.

1. Dissolve 100 pg of CTZh in 40 pL of methanol (final concen-
tration is 6 mM).

2. Keep the tube on ice until use (sec Note 7).



3.1.4 Checking
Expression Level
of Nano-lanterns in Cells

3.1.5 Taking
Luminescence Image
of Nano-lanterns

10.
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. Exchange culturing medium to observation medium in the

glass bottom dish (see Note 8). We usually use 2 mL of obser-
vation medium in one dish.

. Put the glass bottom dish on the microscope and focus the

objective lens.

. Find a good cell expressing mito-CNL (Ca?*) and nuc-ONL

(Ca?) in cells by checking fluorescence of mTurquoise2 and
mKO2 (see Note 9).

. Take 3.2 pL. of CTZh in methanol into a new microcentrifuge

tube.

. Take 500 pL of the observation medium from the glass bot-

tom dish and mix with the CTZh solution.

. Add 500 pL of the solution in step 2 to the glass bottom dish

and mixed well by pipetting (final concentration of CTZh is
10 uM).

. Focus the objective lens again by checking fluorescence of

mTurquoise2 or mKO2.

. Cover the inverted microscope with black curtain.

. Taking luminescence image through an objective lens and

W-VIEW GEMINI with EM-CCD camera.

. Find best condition of EM-CCD camera by changing the

exposure time and the EM-gain.

. Start taking images with burst acquisition.

. After a few minutes, histamine was added to the dish (final

concentration of histamine is 10 pM) and continue taking
images.

The signals from mito-CNL(Ca*) and nuc-ONL(Ca*") are
separated by linear unmixing (see Fig. 1 and Note 10).

Fig. 1 Multicolor Ca?* imaging in different cellular compartments using Ca2* indicators based on CNL and ONL.
Luminescence image of Hela cell expressing mito-CNL(Ca?*) and nuc-ONL(Ca?*). (a) Merged image before
histamine stimulation. (b) Merged image after histamine stimulation. Green; mito-CNL(Ca?*), Magenta; nuc-
ONL(Ca?*). In this figure, we used 60x, 1.4 NA, oil immersion objective lens and iXon Ultra EM-CCD camera
(Andor Technology). Exposure time of the camera was 2 s and the binning was 2. Scale bars represent 20 pm
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3.2 Methods
for Video-Rate Tumor
Detection

3.2.1 Preparation
of Tumor Bearing Mouse

3.2.2 Construction

of Homemade
Luminescence-Imaging
System

3.2.3 Construction
of an Alternating Shutter
On/0ff Control System

(@

Fig. 2 Setup of homemade im

lens, (d) an output end of ligh
a small aluminum angle box,

1. Disperse colon26 cells stably expressing YNL (1.0x 106 cells/
mL) in Hank’s solution.

2. 17 days before imaging, 100 pL of single cell suspension was
subcutaneously transplanted on the back of anesthetized
BALB /c male mouse using a BD Lo-dose syringe 30G with a
30G needle (see Note 11).

3. Maintain the mice on a 12 h dark/light cycle, with constant
temperature and humidity until the imaging experiments.

1. Construct light-tight box from a large aluminum angle box
and a black curtain as shown in Fig. 2a.

2. Attach a C-mount lens to the EM-CCD camera and put the
EM-CCD camera with the lens in a small aluminum angle box.
The aluminum angle box and the EM-CCD camera should be
placed in a corrugated cardboard box to keep mice under the
imaging system (see Fig. 2b).

3. The small aluminum angle box, the EM-CCD camera and a
light source should be put in the light-tight box to block out
the stray light from experiment room.

4. Place the stainless steel box under the EM-CCD camera
(see Note 12).

To detect tumor cells in a freely moving mouse, it is necessary to obtain
both luminescence images of the tumor cells and bright-field images of
the whole animals by synchronously controlling EM-CCD camera and
electrical shutter unit. For example, iXon EM-CCD camera series
(Andor Technology) give “FIRE output” signals at the timing of
EM-CCD camera exposure. FIRE output can be used as external trig-
ger signals for a multifunction wave generator. Then multifunction
wave generator generates trigger signals for electrical shutter unit.

o N A X
(b) (© () (e ® (@
aging system. Pictures of the light-tight box (a) and the detail inside (b). The light-
tight box consists of (a) a large aluminum angle box, (b) a black curtain, (¢) an EM-CCD camera with a C-mount

t source with a light diffuser and an electrical shutter unit, (¢) a stainless box, (
and (g) a corrugated cardboard box
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1. Set the EM-CCD camera parameters for video-rate imaging
(30 frames/s at full-frame).

2. Connect the FIRE output from the EM-CCD camera to one
of the oscilloscope’s channels with a BNC cable and a BNC
branch connector.

3. Connect the FIRE output from the BNC branch connector to
the multifunction wave generator’s trigger input.

4. Set parameters for the multifunction wave generator to gener-
ate the following signals: Function generation mode, burst;
wave form, square; amplitude, 0-5 V; frequency, 15 Hz;
cycle number, 1; phase, —1°; duty ratio, less than 50 %.

5. To simultaneously monitor the FIRE output and multifunction
wave generator’s signal, connect the output signals of the mul-
tifunction wave generator to another channel of oscilloscope
(see Note 13).

6. To simultaneously control the EM-CCD camera and the electri-
cal shutter unit, connect the output signals of the multifunction
generator to the external input for the shutter (sec Note 14).

Fig. 3 Visualization of tumor cells in a freely moving unshaved mouse. Bright-field (a), luminescence (b), and
merged images (¢) of tumor cells stably expressing yellow Nano-lantern in a freely moving mouse. (d)
Consecutive frames of video-rate images of the tumor cells in a freely moving mouse
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3.2.4 Alternating
Bright-Field

and Luminescence
Imaging of a Freely Moving
Mouse

. Dissolve 8 pg of CTZh in ethanol, and then dilute it in 1x PBS

(see Note 15).

. Inject CTZh solution intratumorally with a BD Low-dose

syringe 30G.

. Put the mouse onto the stainless steel box in the light-tight

box, tightly close the black curtain and start video-rate
imaging.

. As shown in Fig. 3a, b, bright-field and luminescence images

of a freely moving mouse can be obtained in an alternating
sequence. Use imaging software to separate the odd numbered
image sequence (bright-field images, see Fig. 3a) and the even
numbered sequence (luminescence images, see Fig. 3b).

. Make merged image sequence of the both sequences (see Fig. 3¢),

which allows us to determine the localization of tumor cells in a
freely moving mouse (see Fig. 3d).

4 Notes

10.

. To avoid entering internal signal of microscope into EM-CCD

camera, it is better to use manual microscope because LED is
sometimes used in electrical microscope and this signal enters
into the EM-CCD camera.

. To prevent reflection of emitted light, inside of stainless box

should be painted matte black.

. To synchronously control electrical shutter unit with EM-CCD

camera, EM-CCD camera should be equipped with TTL/
CMOS output of exposure timing.

. Multifunction generator should be equipped with external

trigger input.

. Electrical shutter unit should be equipped with external TTL

trigger input.

. Oscilloscope is needed to check timing of EM-CCD camera

exposure time and shutter open time.

. After dissolving CTZh with methanol, do not stock for a long

time. We use the CTZh solution within 1 day.

. We find that the luminescence intensity is decreased by adding

fetal bovine serum to observation medium. Therefore, we use
the medium without FBS for short-term observation within 1 h.

. To avoid fluorescence photobleaching, we use weak excitation

light intensity as much as possible.

When you take the reference luminesce image for linear unmix-
ing, you should use the same condition of EM-CCD camera
with the condition of step 8 in Subheading 3.1.5.



11.

12.

13.

14.
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Keep the cell suspension on ice. Before filling the syringe with
cell suspension, it should be mixed well using a 1000 pL pipette
tip with the pointed end cut off.

To allow soft illumination into the stainless steel box, reduce
the light power (using ND filter or something similar), attach
a light diffuser to spread the light, and turn the output end of
the light source toward the roof of the black curtain.

The parameters generate “one pulse” signals in response to the
FIRE output from the EM-CCD camera. Duty ratio changes
the duration time of “turning on” during EM-CCD camera
exposure. Adjustment of phase is sometimes required to avoid
pulse generation during another exposure.

Because the shutter has both electrical and mechanical jitter
(the delay time from ideal time signals), to prevent the light
illumination from leaking into exposure for luminescence
imaging, you may require precise adjustment of two parame-

ters, phase and duty ratio.

15. The final concentration of ethanol should be less than 20 %.
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Chapter 25

Photon Counting System for High-Sensitivity Detection
of Bioluminescence at Optical Fiber End

Masataka linuma, Yutaka Kadoya, and Akio Kuroda

Abstract

The technique of photon counting is widely used for various fields and also applicable to a high-sensitivity
detection of luminescence. Thanks to recent development of single photon detectors with avalanche pho-
todiodes (APDs), the photon counting system with an optical fiber has become powerful for a detection
of bioluminescence at an optical fiber end, because it allows us to fully use the merits of compactness,
simple operation, highly quantum efficiency of the APD detectors. This optical fiber-based system also has
a possibility of improving the sensitivity to a local detection of Adenosine triphosphate (ATP) by high-
sensitivity detection of the bioluminescence. In this chapter, we are introducing a basic concept of the
optical fiber-based system and explaining how to construct and use this system.

Key words Photon counting, Optical fiber, Single photon detector, Avalanche photodiode (APD),
High sensitivity, Adenosine triphosphate, Luciferase, Bioluminescence

1 Introduction

The luminescence from fluorescent proteins or luciferases has
become widely used as an optical readout for monitoring a molec-
ular event of interest in a cell. The luminescence detection with a
single photon level can provide a high sensitivity to an occurrence
of the molecular event even in a low concentration of sample solu-
tion. A direct detection of photons emitted from the sample solu-
tion in a test tube is simplest, but the photon detector with a wide
photon-sensitive area typically becomes necessary. Hence, we are
introducing an alternative method, where the luminescent biomol-
ecules are immobilized at an optical fiber end and the biolumines-
cence is detected with a single photon detector optically coupled
to the optical fiber. The schematic setup is shown in Fig. 1. A basic
system of this method has been investigated for application to a
local detection with a fiberoptic biosensor [1, 2].

The biggest merit of this method is that single photon detec-
tors with a small photon-sensitive area are available, because a
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Fig. 1 Setup of optical fiber-based system. The luminescent biomolecules are
immobilized at an optical fiber end and emit photons at the leading edge
immersed in the sample solution. A part of the bioluminescence passes through
the optical fiber and detected with a single photon detector optically coupled to
another optical fiber end. The whole system is covered with the dark box to keep
external light blocked out

photon-emission area is almost identical to the cross-section of a
core in the optical fiber. Generally, single photon detectors with
smaller photon-sensitive area have lower intrinsic noise. This fea-
ture is quite essential, because it gives the upper limit of the sensi-
tivity of photon detection. Recently, single photon detectors with
avalanche photo diodes (APDs) (see Fig. 2) [ 3] have become widely
available with good performance, but their sensitive area is small
and typically 0.1 mm. The optical fiber-based system allows us to
tully use the merits of compactness, simple operation, high quan-
tum efficiency, and low noise of these APD detectors.

As an application of this method, we have focused on high-
sensitivity detection of Adenosine triphosphate (ATP), because
ATP is a good indicator of biochemical reaction or life activity.
Moreover, the ATP can be easily detected by using the lucit-
erin—luciferase reaction involving the bioluminescence [4]. In
this reaction, the oxidization of luciferin can be catalyzed by
the enzyme luciferase and one photon is emitted via the oxidi-
zation process of one luciferin molecule bound into one lucif-
erase molecule. The immobilization of luciferase molecules at
the optical fiber end enables highly sensitive and local measure-
ment of ATD.

Thus, we have constructed the optical fiber-based system with
the APD detector for an ATP sensing [5]. Here, we show our opti-
cal coupling system designed for the use of the APD detector and
how to construct the optical fiber-based system with our design
parameters (see Fig. 3) [6]. The improvement of the current
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photon-sensitive area \

APD package

Fig. 2 APD photon counting module, SPCM-AQR14, provided by Perkin Elmer
Inc. [3]. Recently, thanks to the development of semiconductor technologies, the
single photon detectors with APDs have become widely available with good
performance. Comparing to typical photo-multiplier tubes, they have the merits
of compactness, simple operation, highly quantum efficiency, and low electric
noise. A black piece located in the center of the APD package in the photo cor-
responds to the photon-sensitive area

Firstlens Second APD
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. - _): |(_
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Na | i
?| ||¢
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D et I

Fig. 3 Design of the optical coupling system between the optical fiber end and
the APD detector. The procedure to determine the parameters is explained in ref.
4. Aspheric lens of 352240-B and 354330-B is used as a first lens and a second
lens, respectively. Although d, is not exactly a distance between the flat surface
and the sensitive area, we approximated it by d, = 2.7 mm

sensitivity is possible, if the optical coupling is re-designed for
using a different photon detector with larger sensitive area and the
optical fiber we used [7]. This method is generally applicable to the
local detection of the luminescence emitted in the immediate vicin-
ity of the optical fiber end in the sample solution.
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2 Materials

2.1 Components
for Immobilization
and Sample

2.2 Components
for Optical Detection

Components for constructing the system include hand-made parts.
The list is classified by three categories: biochemical, optical detec-
tion, and electronics and data acquisition parts.

1.

Tris-buffer for cleaning up the optical fiber end: 0.25 mM
Tris—HCI with 0.15 M NaCl. Store at 3 °C. Here, we call it
Tris-buffer A.

. Solution of compound proteins containing a silica-binding

protein molecule (SBP) and a luciferase molecule (SBP-
luciferase) [8]. It is stored at —80 °C.

. ATP standard in ATP Bioluminescence Assay Kit CLS II

(Roche Co., Ltd). Store at 3 °C.

. Tris-buffer for sample solution: 250 mM Tris—HCI mixed with

50 mM MgCl,. Store at 3 °C. In the same manner, we call it
Tris-buffer B here.

. Commercial APD photon detector, SPCM-AQRI14, provided

by Perkin-Elmer Inc. [3]. Our design parameters are tuned for
using this photon counting module (se¢ Note 1).

. DC power supply for the present APD detector, which has a

capability of supplying the power of the voltage 5 V and the
maximum current 1.5 A.

. Two aspheric lenses, 352240-B and 354330-B, provided by

Thorlabs Inc. The usage of this pair of lenses is based on the
assumption of using the present APD detector.

4. Laser pointer of red light.

10.

. Several ND filters, but any filters are available if the red light

can be reduced (see Note 2).

. Dark box without a bottom plate and with a removable top

plate. The small hole on the wall is necessary for passing both
of signal and DC power cables (sec Note 3).

. Breadboard for constructing the optical detection system. The

system constructed on the breadboard is covered with the dark
box (see Note 4).

. Hand-made holder for supporting a test tube as shown in

Fig. 4 (see Note 5).

. Commercial adapter for connecting the optical fiber cable with

the FC connector and its holder (se¢ Note 6).

Hand-made holder for mounting two aspheric lenses as shown
in Fig. 5a and several setscrews with M1 size (see Note 7).
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Fig. 4 Our hand-made holder for supporting the test tube. The dimensions of two
acrylic blocks are 60 mm by 10 mm and 14 mm height. The size of the hole for
putting the test tube in has been determined suitable for the actual diameter of
the test tube we used. In our case, for example, the diameter is 8 mm. Two blocks
are fixed with two bolts and eight nuts as shown in the photo. We used the post
with the diameter of 12 mm, the post holder, and the base plate purchased from
other optics companies (see Note 5)

11. Aluminum plate for mounting the APD photon counting
module (see Note 8).

12. Several commercial opto-mechanical components, pillar posts,
post holders, post cramping arms, and two translation stages
(see Note 9).

13. Multimode optical fiber with a core diameter of 0.6 mm and a
numerical aperture of 0.37. One end of the fiber has a FC con-
necter and the other end does not (see Note 10).

14. Several blackout cloths.

15. Coaxial cable for using as a signal cable.
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M4 Tap
photo from side view schematic drawing

Fig. 5 (a) Photo of our hand-made holder for mounting two aspherical lenses provided by Thorlabs Inc. The
left-hand side of the holder is the fiber side and the right-hand side is the APD side. The thickness of the holder
is 8 mm and cut out from the aluminum plate. The post of ¢6 is attached to the bottom of the holder for being
fixed on the breadboard. (b) Schematic drawing of our holder. On the face drawn in the left-hand side, the first
lens 352240-B is set in the hole of ¢10.1. The second lens 354330-B is mounted in the hole of 6.5 on the
face in the right-hand side, which is directed onto the APD side

2.3 Electronics 1. Commercial pulse counter for the TTL logic pulse (see
and Data Acquisition Note 11).

2. Software for controlling the pulse counter and taking the num-
ber of counts as data (see Note 12).

3. Personal computer for data acquisition.

4. Connect the pulse counter to the PC and check a basic opera-
tion of data acquisition, which allows us to take a series of
numbers of counts by a certain time interval as a data-set (see
Note 13).

3 Methods

Once the optical fiber-based system is established, the procedure is
composed only of two steps: preparation and actual measurement.
After preparing the sensing part to the AT, you should start tak-
ing data as soon as possible.
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3.1 Construction
of the Optical
Fiber-Based System

1.

Mount the first lens of 352240-B and the second lens of
354330-B into the lens holder with three setscrews for each
(see Fig. 5a). Subsequently, align the position of two lenses

roughly to overlap the center of two lenses with the central axis
of the lens holder (see Fig. 3) (see Note 14).

. Mount the APD photon detector, SPCM-AQRI14, on the alu-

minum plate with normal screws. Subsequently, mount the
adapter for the optical fiber end to its holder and connect the
optical fiber end with the FC connector to the adapter.

. Arrange the location of all components on the breadboard,

which are the supporting holder, the fiber holder, the lens
holder, and the plate of the photon detector with pillar posts,
post holders, post cramping arms, and two translation stages
(see Fig. 1). Make a rough alignment of optical components
and subsequently fix them by tightening screws to the bread-
board (see Fig. 3) (see Note 15).

. Connect the signal cable from the APD detector to the pulse

counter and also connect the DC power cable from the APD
detector to the DC power supply, respectively (see Note 16).

. Set the laser pointer and the optical fiber end without the FC

connector and fix them with scotch tapes. Adjust the position
and the angle of the laser pointer to make the red light enter
into this end and secure it robustly. Confirm the outgoing red
light from the other end of the optical fiber. After that, block
the red light in front of the incident optical fiber end with a
white paper.

. Repeat the rough alignment of the optical fiber end, two

lenses, and the APD detector, with the outgoing red light from
the optical fiber end, which is turned on by removing the white
paper. In this stage, adjust two distances between the optical
fiber end and the first lens and between the second lens and the
APD detector (see Fig. 3) (see Note 17).

. Set the dark box to cover the all optical setup. Furthermore,

overlay the whole dark box with blackout cloths to block out an
external light from all optical components in the dark box. After
extremely reducing the power of the red light with several ND
filters, turn on the DC power supply for the APD detector and
monitor the number of counts in the PC screen (see Note 18).

. Open the top plate slightly and put your hands inside of the

dark box to carefully keep the external light blocked out. In
the following, make fine alignments by turning around adjust-
ment knobs of the fiber holder, setscrews of the lens holder,
and adjustment knobs of two translation stages to maximize
the counting rate of the APD detector. This is the most impor-
tant and difficult process. If the photon counting is completely
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3.2 Preparation

3.3 Photon Counting

lost, try again from the rough alignment introduced in the
step 6 (see Note 19).

. Turn off the DC power supply for the APD detector. Open the

top plate of the dark box and remove the optical fiber by dis-
connecting the fiber end from the holder and releasing the
other end.

. Cut the optical fiber end without the FC connector with a cut-

ter knife and clean the cut surface with ethanol and Tris-bufter
A. After cleaning up, immerse the cut surface in a solution of
SBP-luciferase and leave it at temperature of 3-6 °C for a
period of about 2 h. After that, take the fiber end from the
solution and let it immerse in the Tris-buffer B until beginning
measurements (see Note 20).

. Make a 1:4:4:31 mixture of 20 mM d-luciferin solution, Tris-

buffer B, ATP solution, and distilled water. To study the sensi-
tivity of the ATP detection, prepare a series of sample solutions
with different ATP concentration by diluting the original sam-
ple solutions. Furthermore, prepare an additional solution
without ATP by mixing distilled water instead of the ATP
solution.

. First, check and record the number of counts by using the

solution without ATP as a reference. Open the top plate of the
dark box and set the test tube containing the reference solu-
tion in the supporting holder.

. Connect one optical fiber end with the FC connector to the

holder and immerse the other end in the sample solution.
Close the top plate of the dark box and cover it with the black-
out cloths immediately, and then turn on the DC power sup-
ply. After the elapse of a certain period of time from immersing
the fiber end, start the operation of the data acquisition (see
Note 21).

. Stop the data acquisition after a certain time. Turn oft the

power supply and open the top plate of the dark box for
exchanging the other test tube. This is a reference data.

. Restart the data acquisition after setting other test tube of the

sample solution containing ATP. Confirm the excess of the

number of counts in comparison with the reference data (see
Note 22).

. After the confirmation, continue the measurements with the

sample solution of different ATP concentration. You can
obtain data-sets at various ATP concentrations. Our results are
shown in Fig. 6. From the data-set, we have successfully con-
firmed that this system has the sensitivity to the lower limit of
10-1 M of the ATP concentration [6] (se¢ Note 23).
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Fig. 6 Photon counts per 10 s as a function of time at various ATP concentrations. (© 2012 Masataka linuma,
et al. Originally published in ref. 6 under CC BY 3.0 license. Available from:10.5772/1379). The build-up time
was about 30 times longer than that in a solution containing only nonlocalized homogeneously dispersed SBP-
luciferase, but the reason is open question. There are experimental results claiming the decrease in activity of
immobilized luciferase molecules [9, 10]. From the data-set, we have successfully confirmed that this system
has the sensitivity to the lower limit of 10-'° M of the ATP concentration [6]

4 Notes

1. If you use other photon detector with larger sensitive area as a
cooled photo-multiplier tube, for example, higher sensitivity is
possible. But the optical coupling system has to be designed
again [7].

2. The huge reduction of a power of the red light to single pho-
ton level is necessary. In the case of using a typical laser pointer,
for example, it is required to reduce 10¢~10-* times lower
power than the initial power.

3. Our dark box is made of five aluminum plates with the thick-
ness of 3 mm and its dimension is about 40 cm by 40 cm and
40 cm height. The cardboard box is also available. The inner
surfaces of the box should be painted all black.

4. Although it is recommended to purchase a breadboard from
some optics companies, Thorlabs Inc., for example, it is also
possible to make a hand-made type out of aluminum plate. If
an optical anti-vibration table is available, it is easier to con-
struct on the table instead of the breadboard.
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5.

10.

11.

12.

13.

14.

15.

Our hand-made holder is shown in Fig. 4. It consists of two
blocks cut from thick acrylic board, two M6 bolts, and eight M6
nuts. The upper block has a hole for inserting the test tube and
the lower block has a M6 tap for connecting a pillar post.

. Two components are quite general and offered by some optics

companies. You can buy the commercial components, FC fiber
adapter plate (SIFC) and Mount (KMI1CE), provided by
Thorlabs Inc.

. Photo and drawing of our hand-made lens holder are shown in

Fig. 5a and b, respectively. This holder is made of aluminum
plate with 8 mm thickness. Two lenses are fixed with three
setscrews with M1 size for each.

. The aluminum plate with § mm thickness is cut with 90 mm

width and 150 mm length.

. These mechanical components are quite general and offered

by some optics companies. But it is much easier to get all at
once from one optics company, Thorlabs Inc., for example.

It is easier to cut the optical fiber cable (BFL37-600, 1 m length,
Thorlabs Inc.) at the center position with a normal cutter knife.

A PC-card type is convenient. We used CNT32-4MT(CM),
CONTEC Co., Ltd.

The sample software is almost attached together with the prod-
uct for user’s convenience. It is easier to directly use the sample
software. In most cases, taking the numbers of counts per a
certain time is one of basic operations of the sample software.

The test of data acquisition is so important. It is recommended to
check the performance with an additional pulse generator. The
confirmation is possible by comparing the counts expected from
the repetition rate of output pulses with actual counting data.

Don’t touch two surfaces of lenses directly. If done acciden-
tally, you should clean up the surface of lens by using a lens
wiper with ethanol. Don’t use the Kimwipes.

It is preferable to leave all components including the test tube
and the optical fiber on the breadboard without fixing them.
The location of the supporting holder is determined for not
giving unnatural stress to the optical fiber. In addition, it is
much better to use two translation stages as bases of the post
holders of the FC fiber adapter and the plate of the ATP detec-
tor. These translation stages are useful for adjustment of 4, and
4, in Fig. 3. In the following, the height of the optical fiber
end, the center of two lenses, and the center of the sensitive
area of the APD detector should be adjusted for making the
same level with a ruler. After that, they are roughly aligned as
shown in Fig. 3, where the line of holes on the breadboard is
useful as a mark of the straight line.
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16.

17.

18.

19.

20.

21.

In this stage, it is better to pass three cables, the signal cable,
the DC power cable, and the optical fiber through the small
hole of the dark box.

It is easier to fix the location of the lens holder as a reference
and to adjust the distances 4, and 4, with the translation stage.

Before turning on the DC power supply for the APD detector, it
is better to darken whole experiment room. If not, you have to
overlay the optical fiber end used as the entrance of the red light
with blackout cloths at least. Confirm that the voltage of the
power supply is firstly set to be zero for a safety operation and
then turn on the DC power supply. After turning on, increase the
voltage slowly and achieve to 5 V. If the counting rate is over 10°
counts per second, reduce the power of the red light to an appro-
priate level by using additional ND filters, because it is highly
probable that the APD detector is saturated in this case.

The tips of fine alignments are presented as follows. First, repeat
two adjustments of the optical fiber end and of the second lens
alternatively to get the maximum of the counting rate. It is rec-
ommended to adjust the fiber holder with adjustment knobs
after slightly turning one of setscrews of the lens holder toward
one direction for getting the highest counting rate and to repeat
these operations for maximizing the counting rate. In this align-
ment, it may be better to adjust the only second lens leaving the
first lens fixed. In the following, make the adjustments of 4, and
a4, with the translation stages to get the maximum counts. After
that, adjust the first lens with three setscrews and the optical
fiber end alternatively as the similar way. Repeat the above
sequential operations until the counting rate is saturated. The
significant points in this procedure are to keep the external light
blocked out and to spend enough time for the alignment.

Although the standard cleaving technique for cutting the opti-
cal fiber allows us to make a flat surface on the fiber end, the
sensitivity with the flat surface is about 10 times lower than
that with scabrous surface of the fiber end, which is created
with the normal cutter knife. For improving the sensitivity,
cutting without the cleaving technique is better [6]. After cut-
ting it, immediately clean up the fiber end with ethanol and
sequentially dry it with a dry air. It is better to use an air-gun
for blowing a nitrogen gas, which is connected to a nitrogen
gas tank. First, clean it with ethanol twice and then with Tris-
buffer A once. Just before immobilizing the luciferase mole-
cule, re-clean the fiber end with the ethanol and the Tris-buftfer
A and rinse it with new Tris-buffer A.

In taking data with the reference solution, it is a nice idea to
measure operation-elapsed time until completing the prepara-
tion after immersing the fiber end in the reference solution.
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. If the excess of the number of counts is not confirmed, it is
necessary to check the whole system carefully. There are
roughly two possible reasons. One is on the sensing part,
which is immersed to the solution of the SBP-luciferase, and
it is significant to check the whole preparation process about
the sensing part. The other is a possibility of making the mis-
alignment in the optical coupling system during the opera-
tion such as connecting or disconnecting the optical fiber to
the holder, giving an additional force to the optical fiber in
opening or closing the top plate, and touching the lens holder
accidentally, etc. In this case, you should check the number of
counts with the red light of the laser pointer entering into
one optical fiber end again.

It is better to start the ATP measurement from the sample
solution with lower concentration. In exchanging other sam-
ple solution, you should clean up the sensing part by immers-

ing it into Tris-buffer B.
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