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The cyclic nucleotide-binding domain (CNBD) functions as a regulatory
domain of many proteins involved in cyclic nucleotide signalling. We developed
a straightforward and reliable binding assay based on intermolecular fluores-
cence resonance energy transfer (FRET) between an adenosine-3', 5'-cyclic
monophosphate analogue labelled with fluorescein and a recombinant CNBD
of human EPACI1 tagged with a cyan fluorescence protein (CFP). The high
FRET efficiency of this method (~ 80%) allowed us to perform several types
of binding experiments with nanomolar range of sample using conventional
equipment. In addition, the CFP tag on the CNBD enabled us to perform a
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advantages, this technique is useful to study poorly characterized CNBDs.
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The cyclic nucleotide-binding domain (CNBD) is an
evolutionarily conserved molecular switch that alters
its conformation in response to cyclic nucleotides
(cNMPs). The CNBD regulates the activity of several
types of proteins such as transcriptional factors in
prokaryotes, and kinases, ion channels and guanine
nucleotide exchange factors in eukaryotes [I].
Recently, a novel functional CNBD was also reported
as a testis specific protein named CRIS although its
exact function remains unknown [2].

The activity of a CNBD can be determined by mea-
suring cNMP dependence of each protein activity such
as kinase activity for PKA, but it is also possible to
study the molecular interaction between a cNMP and
the whole protein or the isolated CNBD. For instance,
a radioactively labelled cNMP can be used to deter-
mine specific binding to a CNBD by mechanical sepa-
ration (i.e. filtration and centrifugation) of free and
bound ligands [3]. When isothermal titration

Abbreviations

calorimetry is applied, the molecular interactions can
be determined even using nonlabelled cNMP [4-6].

On the other hand, it is known that some chemically
modified cNMP analogues, particularly at carbon-8 of
the purine ring, can work as functional analogues for
CNBDs [7]. Therefore, fluorescently labelled cNMPs,
such as 8-(2-[Fluoresceinyllaminoethylthio) adenosine-
3, 5’-cyclic monophosphate (8-Fluo-cAMP) and 8-(2-[7-
Nitro-4-benzofurazanyllaminoethylthio) adenosine-3/,
5’-cyclic monophosphate (8-NBD-cAMP) have been
employed as useful fluorescent analogues of cNMP. In
fact, 8-Fluo-cAMP, a bright fluorescent analogue of
cAMP, has been largely used to determine the molecular
interactions by means of fluorescence anisotropy [8.,9].
In contrast, 8-NBD-cAMP, a dim fluorescent analogue,
has been used to study some CNBDs since its fluores-
cence intensity changes several times depending on the
polarity of the environment, namely upon the binding to
a CNBD [5,6,10,11]. These methods based on

CNBD, cyclic nucleotide-binding domain; cNMP, cyclic nucleotide; FRET, fluorescence resonance energy transfer.

FEBS Letters 591 (2017) 2869-2878 © 2017 Federation of European Biochemical Societies 2869


http://orcid.org/0000-0002-7592-000X
http://orcid.org/0000-0002-7592-000X
http://orcid.org/0000-0002-7592-000X

FRET-based binding assay for cyclic nucleotide

fluorescence spectroscopy are useful but do not satisfy
both sensitivity and versatility at the same time.

Taking this situation into account, we developed a
simple technique to study the molecular interaction
based on fluorescence resonance energy transfer
(FRET) using 8-Fluo-cAMP and a recombinant
CNBD tagged with a cyan fluorescent protein (CFP).
Our method is more sensitive and versatile than those
reported previously.

Materials and methods

Materials

A plasmid encoding monomeric super enhanced CFP
(mseCFP) in pRSETB (mseCFP-pRSETB) was provided by
T. Nagai (Osaka University, Japan). There are several
mseCFP isoforms developed in distinct laboratories, so we
just called ‘CFP’ for mseCFP developed by T. Nagai in
order to simplify the name in this work. A plasmid encod-
ing the CNBD of human EPACI (EPACI-camps, a geneti-
cally encoded fluorescent cAMP sensor) [12] was provided
by M. Lohse (University of Wuerzburg, Germany). Fluo-
rescent analogue of cAMP (8-Fluo-cAMP) was purchased
from Axxora LLC (San Diego, CA, USA). Bacteria strains,
JM109(DE3) and BL21(DE3) were obtained from the
National BioResource Project Escherichia coli strain,
National Institute of Genetics (Mishima, Shizuoka). Most
of the enzymes for molecular biology were purchased from
Fermentas Inc. (Glen Burnie, MD, USA) except for Vent®
DNA Polymerase from New England Biolabs (Ipswich,
MA, USA). cOmplete™, Protease Inhibitor Cocktail
Tablet, was from Roche (Basel, Schweiz).

Preparation of plasmids

For EPACIlcngp-CFP  construction, CNBD of human
EPACI (E157-E316) was amplified by PCR using EPACI-
camps [12] as a template and the following oligonu-
cleotides, forward (5 GGC TAG CGA ATT CGA GGA
GTT GGC C 3') and reverse (5 GGG ATC CCC TCT
AGA TTC CAG CCG CA 3). The amplified product was
digested by Nhel and BamHI and inserted into mseCFP-
pRSETB (EPACIcnpp-CFP-pRSETB).

Production of recombinant proteins

Bacteria strains, JM109 (DE3) or BL21 (DE3), were trans-
formed with EPAC1cngp-CFP-pRSETB and the recombi-
nant proteins were expressed by growing the cultures in
200 mL LB (shaking 200 r.p.m.) around 22 °C in the pres-
ence of ampicillin for 2 days without Isopropyl-B-p-thioga-
lactopyranoside [13]. recombinant
proteins can be confirmed by yellowish colour of the cell
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suspension. The bacterial cell pellets were spun down by
centrifugation (2500 g for 20 min at 4 °C) and washed three
times with solution A (150 mm NaCl and 10 mm Tris-HCI,
pH 7.4). The washed bacterial pellets were suspended in
1 mL of solution A supplemented with protease inhibitors,
cOmplete™. The bacteria were processed by brief sonication
on ice (two to three times of 30 s of sonication with 90-s
interval). The disrupted cells were centrifuged (28 000 g for
10 min at 4 °C) and the supernatant that contains the
recombinant proteins was recovered as the unpurified
recombinant protein and used for some experiments. For
purification of the recombinant protein, this fraction was
applied to 1 mL of Ni-NTA Superflow column (Qiagen,
Hilden, Germany) equilibrated with solution A. Weakly
bound endogenous bacterial proteins were washed out with
5 mL of solution A supplemented with 50 mm imidazole.
The recombinant protein was eluted by addition of solution
A supplemented with 250 mm imidazole (yellowish colour
solution). The purified recombinant protein was confirmed
as a major single protein stained by Coomassie Brilliant
Blue in SDS/PAGE. The imidazole was removed by gel fil-
tration with Sephadex-G25 (Pharmacia, Uppsala, Sweden)
using solution A. The purified recombinant protein was con-
centrated using an Amicon Ultra 50 K filter (Cork, Ireland).
We determined the concentration of the recombinant pro-
tein by measuring absorbance at 435 nm using NanoDrop™
2000 (ThermoFisher Scientific, Waltham, MA, USA) in
solution A (the molar extinction coefficient of CFP is
32 500 M~ em ™). We also determined the concentration of
the purified protein by Bradford assay using BSA as a pro-
tein standard, which was almost consistent with the value
determined by absorbance of CFP (the difference was
< 5%). In all binding experiments, solution A was used as a
medium. In some experiments, we did not remove the imida-
zole from the purified protein and perform the binding assay
in the presence of residual imidazole. We confirmed that
100 mm imidazole did not alter the dynamic Ky value
between EPACIcngp-CFP and 8-Fluo-cAMP as shown in
Results section.

Spectrofluorometry

Fluorescence measurements were performed with Aminco
SLM 8000 spectrofluorometer upgraded by Olis (Bogart,
GA, USA) with a 450 W Xenon arc lamp as excitation
light source. To obtain only emission spectra, we also
used royal blue high power LED (Luxeon star V royal
blue Lambertian; Lumileds Lighting LLC, San Jose, CA,
USA) as an excitation light source instead of the Xenon
arc lamp. Samples in the spectrofluorometer were illumi-
nated through a liquid light guide attached to a LED
holder where D440/20ex bandpass filter (Chroma Technol-
ogy, Rockingham, VT, USA) was mounted. In general,
fluorescence intensities and spectra of sample solutions
(2 mL) were measured at room temperature using
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disposable plastic cuvette (Polystyrene Fluorimeter cuv-
ettes; Sigma-Aldrich, St. Louis, MO, USA). For concen-
trated samples (> 3 pum), 45 pL or 160 pL quartz cuvettes
(16.45F-Q-3 or 16.160F-Q-10; Starna Cells, Inc., Atasca-
dero, CA, USA) were used. Fluorescence determination
was performed with, at least, triplicate samples.

Binding kinetics measurements by Stopped-Flow
Spectrofluorometer

The ko and ko, values between EPACIcngp-CFP and 8-
Fluo-cAMP were determined using a Stopped-flow Spec-
trofluorometer SFM-20 equipped with MOS-200 (BioLogic,
Seyssinet-Pariset, France) at 22 °C. Each sample was
excited by monochromatic light at 440 nm through an opti-
cal fibre and the fluorescence intensity was detected using
long-pass filter (> 515 nm), which mainly corresponds to
the acceptor fluorescence. The excitation light intensity was
reduced by manipulating distance between the optical cell
and the end of the optical fibre and/or altering the align-
ment of Xenon arc lamp to prevent photobleaching during
the kinetics measurements. To elucidate the ko value,
EPAClcngp-CFP and  §8-Fluo-cAMP  complex (each
100 nm) was mixed with an excess of competitor (10 pum 8-
CPT-cCAMP) at flow rate 2 mL-s™'. To obtain the kg,
value, 200 nm (100 nm at final) EPACIlcngp-CFP was
mixed with 200 nm (100 nm at final) 8-Fluo-cAMP at flow
rate 2 mL-s~'. In both ko and ko, measurements, fluores-
cence intensities were recorded every 10 ms for 80 and 15 s
respectively. Three samples were prepared separately and
the average of 16 traces was obtained from each sample.

With the acquired data, k., and k. values were calcu-
lated from the averaged fluorescence traces in each sample.
The ko value was obtained from the dissociation kinetics
fitting to Eqn (1), where F(7) is the fluorescence intensity of
the acceptor (8-Fluo-cAMP) in function of time. Strictly
speaking, the light detected through the long-pass filter
(> 515 nm) includes the emission of fluorescein and a
bleed-through of CFP. However, there is a linear relation-
ship between the intensities of the detected light and the
FRET efficiencies. The constants, o and B, allow fitting of
the data (the fluorescence intensities) to the FRET efficien-
cies, which in turn represent the status of the molecular
interactions (free or bound forms of ligand).

F(r) = a(e) + B (1)

After the k¢ was determined, the k,, value was derived
by fitting data to Eqn (2).

a(1 — ela=bkonty
= dl( 1 — @ela)kont +PF (2)

Wherein:
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Also, o and B’ are similar constants to o and P for the
fitting of the association kinetics. Fitting was carried out
using R [14].

Determination of dissociation constant (K;) at
equilibrium binding condition

To determine the Ky at equilibrium (static Ky), first we pre-
pared 3.16 pm EPACIlcnpgp-CFP and 6.32 um 8-Fluo-
cAMP in the presence and absence of excess amount of
competitor (1 mm 8-CPT-cAMP). Then, we performed
serial dilution in disposable plastic cuvettes until
EPAC1cngp-CFP reached 0.032 nMm (using 3.16 as dilution
factor). Fluorescence emission spectra excited by 440 nm
light of all samples were measured using the Aminco SLM
8000 spectrofluorometer. Since fluorescence intensities were
quite different depending on the concentration of the sam-
ples, we modified the voltage of the photomultiplier to
obtain reasonable signals. In the diluted samples, we
repeated the scan of spectra and obtained the average of
traces (scan was carried out 20 times for the most diluted
sample). We also measured basal signal of the medium,
which is not negligible in the diluted samples, and obtained
the net fluorescence signals by background subtraction. We
added 0.1% BSA to all solution in this experiment to avoid
a nonspecific binding.

Once the spectrum was corrected, we established the
ratio between the fluorescence intensity of the FRET donor
(at 474 nm) and that of the isosbestic point (at 501 nm;
F474/Fs01). Our method is based on the theory of bimolecu-
lar (receptor—ligand) interaction with ligand depletion
(Eqn (3)).

oy <+ R+ Ko V(L) + [Rly + Ka)® — 4[L](R];
n 2

©)

Then, we simplified Eqn (3) considering the fact that
[Ll7 = 2[R]r ([Rl7 = x, [L]r = 2x) and the fraction of the
ligand-receptor complex ([RL]/[R]r) is proportional to rela-
tive FRET efficiency, which in turn has linear relationship
with —F,74/Fso;. Then, we obtained Eqn (4). Constants o’
and B’ are similar constants to constants o and B in
Eqn (1).

2
—lus o 3x+ Ka— 1/ (3x + Kq)” — 8x2 w8 @)
Fso1 2x

To determinate the value of Ky of each experiment, we
established the best-fitting using Eqn (4) with r [14].
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Competitive binding curves measured by
fluorescence plate reader

Competitive binding assay was performed using four
cNMP analogues (cAMP, ¢cGMP, 8-CPT-cAMP and 8-
CPT-cGMP) as competitors for 8-Fluo-cAMP binding to
EPACI1cngp-CFP. Each competitor was diluted (dilution
factor: 2) from 12.5 mm of 8-CPT-cGMP, 10 mm of
¢cGMP, 1 mm of 8-CPT-cAMP and 100 um of cAMP. The
competitors were mixed with 10 nm of CNBD-CFP and
20 nm of 8-Fluo-cAMP in 96-well plates (Corning® 96
Well Flat Clear Bottom Black Polystyrene TC-Treated
Microplates, Product #3603, Corning, NY, USA) and kept
for 30 min at room temperature in the dark. The fluores-
cence intensities of the samples (200 pL) were measured
with a fluorescence plate reader (FLUOstar omega micro-
plate reader; BMG Labtech, Ortenberg, Germany) using
440 nm (10 nm) bandpass filter for excitation light and
485 nm (12 nm) bandpass filter for emission light. Fluores-
cence values were determined by background subtraction.
Triplicated samples were prepared to obtain the average of
each condition. We determined K; values (Ky values
between EPAC1cngp and competitor) using the method of
Wang [15].

Results

Fluorescence spectra

We chose 8-Fluo-cAMP as a fluorescent analogue of
cAMP due to its high brightness and commercial
availability (Fig. 1A upper right). Then, we used a
cyan fluorescence protein (CFP) as a FRET donor for
8-Fluo-cAMP. Using the CNBD of human EPACI,
whose optimal expression condition in bacteria has
been established [5,12], we prepared the CNBD tagged
with CFP in the C terminus of CNBD (EPACIcngp-
CFP, Fig. 1A upper left) as described in Materials and
methods. Lower parts of Fig. 1A shows fluorescence
spectra of EPACIcnpp-CFP and 8-Fluo-cAMP. Fluo-
rescence emission spectra of CFP and fluorescence
excitation spectra of 8-Fluo-cAMP have a large spec-
tral overlap (Fig. 1B), which favours high FRET effi-
ciencies between two fluorophores. However, 8-Fluo-
cAMP is slightly excited by the excitation light
(440 nm) used in the assay (Figs 1C and 2B), which is
an undesirable feature for a FRET pair and is dis-
cussed later.

Binding assay based on FRET

Figure 2A  shows the fluorescence spectra of
EPACI1cngp-CFP (donor) + 8-Fluo-cAMP  (acceptor)
in the presence or absence of an excess of
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nonfluorescent potent cCAMP analogue, 8-CPT-cAMP,
for binding competition [16]. As the spectrum clearly
shows, the fluorescence intensity of CFP is smaller in
the absence than that with the competitor (particularly
the first emission peak), indicating that high level of
FRET occurred between CFP and fluorescein in the
absence of the competitor. That, in turn, indicates a
specific binding between EPACIlcngp-CFP and 8-
Fluo-cAMP. As mentioned previously, significant fluo-
rescence is detected from the donor (fluorescein) alone
(Fig. 2B green line). Therefore, the shape of fluores-
cence spectrum of EPACIcnpp-CFP + 8-Fluo-cAMP
in the presence of the competitor (Fig. 2A black line)
is distinct from that of EPAClcngp-CFP  alone
(Fig. 2B blue line), rather it is nearly identical to the
sum of fluorescence from individual fluorophores
(Fig. 2B brown line). When only CFP (without the
CNBD) was used in the assay, FRET was not
observed at all (data not shown). Also, we produced a
nonfunctional CNBD by mutation of arginine 279 to
glutamic acid at the phosphate-binding cassette [17]
(EPACIlRy79g-CFP) that gives no FRET signal
between  EPACIlgry79p-CFP  and  8-Fluo-cAMP
(Fig. S1). Therefore, our FRET-based assay detects
the specific molecular interaction between the CNBD
and the cAMP analogue. We observed the highest
FRET efficiency (0.81 4+ 0.05) upon mixing 50 nm
CNBD-CFP with 500 nm 8-Fluo-cAMP. As an addi-
tional positive example of our method, we prepared
CNBD-CFP using the CNBD of CAP/CRP, a tran-
scription factor of prokaryote (CAP/CRPcngp-CFP)
and observed specific FRET signal between CAP/
CRPcngp-CFP  and  8-Fluo-cAMP  in  micromolar
range (Fig. S2).

Binding assay using unpurified proteins

In the next experiment, we performed the same bind-
ing assay using unpurified protein, namely the soluble
extract of the bacteria that contains many endogenous
proteins besides EPACIcngp-CFP. Figure 3 shows
that our method still allows us to detect the specific
interaction between EPACIlcnpp-CFP and 8-Fluo-
cAMP. The FRET efficiency of the unpurified
EPACI1cnpp-CFP is slightly lower than that of the
purified protein. This is probably due to the interfer-
ence from endogenous proteins that interact with
cAMP and partial degradation of EPACIcnpp-CFP.

Association and dissociation rate constants

It is possible to measure the kinetics of the molecular
interaction between EPACIcngp-CFP and 8-Fluo-
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Fig. 1. Structure and fluorescence spectra of EPACTcngp-CFP and 8-Fluo-cAMP. Panel A shows chemical structures (upper part) and
fluorescence spectra (lower part) of EPACTcngp-CFP and 8-Fluo-cAMP (left and right respectively). Since crystal structure of EPAC1 is not
available, the corresponding 3D structure of EPAC2 was used to illustrate the structure of EPAC1cngp-CFP. Fluorescence spectra are
shown as normalized fluorescence intensities (Normalized Fl). Panel B shows the overlap between the CFP emission spectrum (em CFP)
and 8-Fluo-cAMP excitation spectrum (ex Fluo). Panel C shows excitation spectra of EPAC1cngp-CFP (CFP) and 8-Fluo-cAMP (Fluo), whose
fluorescence emissions were detected at 485 nm and 515 nm respectively. Fluorescence intensities are shown as fluorescence arbitrary
units (FAU). In all panels, dashed lines represent the excitation spectrum and continuous lines represent the emission spectra. Each

spectrum is representative of more than three measurements.

cAMP by monitoring the FRET signal in real time.
Therefore, we determined the association and dissocia-
tion rate constants between EPACI1cngp-CFP and 8-
Fluo-cAMP using stopped-flow spectrofluorometer.
Figure 4A shows representative dissociation kinetics
when excess of 8-CPT-cAMP (10 um) was added to
EPACI1cnpp-CFP/8-Fluo-cAMP complex (100 nm of
each compound). Figure 4B shows representative asso-
ciation kinetics of 100 nm EPACIlcngp-CFP  and
100 nm 8-Fluo-cAMP. In both figures, black dots indi-
cate the experimental data and red lines indicate best-fit
curves using Eqn (2) as described in Materials and
methods. We also performed the same binding kinetics
measurements in the presence of 100 mm imidazole in
order to determine the effect of this compound on the
molecular interaction (Table 1). There is no statistical
difference in the association rate constants (k,,) between
the two conditions, but the dissociation rate constant
(kofr) with imidazole is statistically smaller. However,
there is no statistical difference in dynamic Ky (Kogt/kon)
values between the two conditions (3.65 + 0.07 nm and

3.64 + 0.08 nm in the absence and presence of imida-
zole respectively). Therefore, we consider that the effect
of residual imidazole (30 mm at highest and < 2 mm in
most conditions in our experiments) on the molecular
interaction between EPACIlcngp-CFP and 8-Fluo-
cAMP would be negligible.

Dissociation constant obtained by fluorescence
spectroscopy in equilibrium-binding condition

Dissociation constant (Ky) is usually determined by
mixing a fixed amount (concentration) of a receptor
with various concentrations of a ligand until the recep-
tor saturation, then the free and bound ligand concen-
trations in each sample at equilibrium are measured to
calculate the Ky value (free ligand concentration which
allows 50% occupation of the receptor). Since both
the ligand and the receptor are fluorescently labelled in
our system with significant spectral overlap, it will be
required to determine the net CFP fluorescence intensi-
ties by subtraction of background fluorescence
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Fig. 2. Fluorescence spectra of EPAC1cngp-CFP and 8-Fluo-cAMP.
Panel A shows the fluorescence spectra of 100 nm EPAC1cngp-
CFP + 200 nm 8-Fluo-cAMP in the presence (black line) of absence
(red line) of excess of competitor (10 um 8-CPT-cAMP). Two-
headed arrow indicates the occurrence of FRET in this condition.
Panel B shows individual fluorescence spectra of 100 nwm
EPAC1cngp-CFP (blue line), 200 nm 8-Fluo-cAMP (green line) and
the sum of the two spectra (brown line). Fluorescence intensities
are shown as fluorescence arbitrary units (FAU). Representative
spectra of more than three measurements are shown.
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Fig. 3. Binding assay using unpurified EPAC1cngp-CFP. The
emission fluorescence spectra of the unpurified EPAC1cngp-CFP
(donor, 100 nm) + 8-Fluo-cAMP (acceptor, 200 nwm) in the presence
(black line) and absence (red line) of 8-CPT-cAMP (10 um) are
shown. Fluorescence intensities are shown as fluorescence
arbitrary units (FAU). Representative spectra of more than three
measurements are shown.
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Fig. 4. Binding kinetics ~ measurements by  stopped-flow

spectrofluorometry. Panel A shows the changes of fluorescence
intensities (> 515 nm excited at 440 nm) measured by stopped-
flow spectrofluorometry upon addition of 10 um 8-CPT-cAMP to
the mixture of 100 nm EPAC1cngp-CFP and 100 nv 8-Fluo-cAMP
(back dots). Theoretical values (red line) were obtained by best
fitted to single exponential decay. Fluorescence intensities are
shown as fluorescence arbitrary units (FAU). Inset shows the
difference (dFAU) between experimental results and the theoretical
values. Panel B shows changes of the fluorescence intensities
upon mixing 100 nm EPAC1cngp-CFP and 100 nv 8-Fluo-cAMP
(back dots) and a best-fitted curve using Eqn (2) (red line).
Fluorescence intensities are shown as the net change in
fluorescence arbitrary units (Delta FAU) so that the initial value
would be 0. Inset shows the difference (dFAU) between
experimental results and the theoretical values. Representative
traces of three measurements are shown.

intensities of the ligand (8-Fluo-cAMP fluorescence
excited by 440 nm light) in all experimental conditions
to calculate FRET efficiency. Particularly, when excess
amounts of the ligand (8-Fluo-cAMP) against the
receptor (EPACIlcngp-CFP) are used, this process
(subtraction of background fluorescence intensities of
the ligand, 8-Fluo-cAMP) will be indispensable. For
further accurate experiments, we have to add an excess
amount of competitor to all series of samples to obtain
FRET value in each condition. To simplify this labori-
ous process, we performed a binding experiment
between EPACIlcngp-CFP and 8-Fluo-cAMP in a
constant stoichiometry (1 : 2) in the absence and pres-
ence of an excess of competitor (8-CPT-cAMP). Then,
various concentrations of the ligand and the receptor
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Table 1. Rate constants of the molecular interaction between
EPAC1¢cnpp-CFP and 8-Fluo-cAMP.

With 100 mm
Without imidazole imidazole
Number of measurements 5 5
Ko (x 107 m~"s7") 2.62 + 0.05 2.59 + 0.05
Kot (x 1072577 9.55 + 0.02 9.42 + 0.02*
Ky (Kofi/Kon) (NM) 3.65 + 0.07 3.64 + 0.08

*P < 0.05 Wilcoxon rank sum test.

were prepared merely by serial dilution as described in
Materials and methods. The FRET efficiencies of each
condition were calculated as the peak fluorescence
intensity of the CFP (Acu 474 nm) divided with that of
the isosbestic point (At 501 nm), which is determined
by donor—acceptor stoichiometry but independent of
sample concentrations as observed in Fig. S3. Figure 5
shows FRET efficiency between EPACI1cnpp-CFP and
8-Fluo-cAMP plotted in the function of the total (not
free) ligand concentration. The Ky value of each exper-
iment was determined by best-fitting as described in
materials and methods. We obtained a Ky value of
5.7 £ 2.6 nm (n = 5) in the equilibrium condition (sta-
tic Ky), which is comparable to dynamic Ky value
(3.65 + 0.07 nm). In order to validate the static Ky
value determined by FRET-based method, we also
performed the similar binding experiments (equilibrium
binding condition) by measuring the anisotropy of 8-
Fluo-cAMP (Fig. S4). The K4 value obtained by aniso-
tropy is 15.8 + 3.5 nm (n = 3), which is slightly higher
than, but comparable to, the value obtained by our
FRET-based method. These K values of 8-Fluo-
cAMP to CNBD of human EPACI are much lower
than that of cAMP (4 um) [4.,5]. In other words, the
affinity of this fluorescent analogue to the CNBD is
much higher than intact cAMP.

Competition curve with cNMPs

In order to prove the versatility of our methods, we
also performed competitive binding assay using cAMP,
¢GMP and their 8-CPT analogues as described in
Materials and methods. As expected, cAMP has a
higher competitive activity than cGMP (Fig. 6). Each
8-CPT-cNMP analogue has a higher activity than the
intact cNMP as previously demonstrated [16], which
indicates that addition of an alkyl group at carbon-8 of
cyclic cNMP increases the affinity to the CNBD in gen-
eral although a ligand with high affinity does not
always serve as a potent EPAC activator [5,16,18]. We
calculated the K; values (K4 value of competitors) using
Wang's method [15] (with 5.7 nm as the K4 value of 8-
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Fig. 5. Molecular affinity determination at equilibrium binding.
Equilibrium-binding assays were performed wusing a fixed
stoichiometry of EPAC1cngp-CFP and 8-Fluo-cAMP (1 : 2) in different
concentrations as described in Materials and methods. Index of FRET
efficiencies (—F474/Fs01, averages of three measurements + SD)
were plotted in function of the total concentration of EPAC1cngp-CFP
(circles). The fraction of the EPAC1cngp-CFP bound to 8-Fluo-cAMP
is indicated with dotted lines from 0 to 1. The Ky value was
determined as described in Materials and methods. The best-fit
curve using Egn (4) is drawn with black line.

Fluo-cAMP): 8-CPT-cAMP (250 nm), cAMP (3.8 um),
8-CPT-cGMP (22 um) and ¢cGMP (140 pm). The K;
value of cAMP determined in this study is almost equal
to the Ky values reported previously 4.0-4.2 pum
(CNBD149-318)[4,5]. On the other hand, when the Kj4
value obtained by Anisotropy (15.8 nm) is used for the
calculation, the K; value of cAMP (7.0 um) is slightly
higher than the value previously reported. This result
also supports the relevance of our FRET-based binding
experiment. The K; value of 8-CPT-cAMP (250 nm) is
smaller than that of cAMP, however, it is still larger
than the Ky of 8-Fluo-cAMP determined in this study.

Discussion

In this work, we developed a simple FRET-based tech-
nique to study the molecular interactions between a
recombinant CNBD and a fluorescent analogue of
cNMP. In our methods, the recombinant CNBD is
prepared as a fusion protein with fluorescent protein
(FP). Therefore, in association with the property of
FP, there are several advantages to perform experi-
ments: (a) increased solubility of the recombinant pro-
tein, (b) visual tracking of the recombinant protein
during the expression, extraction and purification, and
(c) determination of the protein concentration using
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Fig. 6. Competitive binding curves determined by fluorescence
plate reader. The fluorescence intensities of the CFP were
determined by fluorescence plate reader from the mixture of
10 nm EPAC1¢cngp-CFP and 20 nm 8-Fluo-cAMP in the presence of
four distinct competitors with distinct concentration prepared by
serial dilution: 8-CPT-cAMP (open triangle), cAMP (closed triangle),
8-CPT-cGMP (open circle) and cGMP (closed circle). The averages
of three measurements & SD are shown. ICsq values of 8-CPT-
cAMP, cAMP, 8-CPT-cGMP and cGMP are 1.1, 17, 98 and 600 um
respectively.

absorbance of FP. Considering all these features, our
FRET-based binding assay is a user-friendly method
to study molecular interaction between CNBD and
cNMP.

Currently, there are two popular methods based on
fluorescence spectroscopy — fluorescence anisotropy
and fluorescence enhancement — to study molecular
interaction between CNBD and ¢cNMP. Fluorescence
anisotropy is an elegant technique and provides reli-
able results in a binding experiment. However, it is not
so versatile as FRET measurements because special
equipment (mobile polarizers) is required to perform
this experiment [19]. Moreover, the sensitivity of aniso-
tropy determination is diminished as the consequence
of reduction of fluorescence signals passed through
polarizers. Indeed, we did not use the results of aniso-
tropy obtained with less than the 10 nm of 8-Fluo-
cAMP to calculate the Ky value since the deviation of
anisotropy value of 3.16 and 1 nm of 8-Fluo-cAMP
was quite large in our system owing to use of
monochromator instead of bandpass filter to select
emission light. In this sense, FRET-based binding
assay is likely to be more sensitive than that of aniso-
tropy. On the other hand, fluorescence enhancement
using 8-NBD-cAMP can be performed with a
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conventional spectrofluorometer [6]. Nevertheless,
NBD is not as bright as CFP. In our measurement,
the fluorescence intensity of 8-NBD-cAMP in aqueous
solution is ~ 900 times dimmer than that of CFP. In
general, the fluorescence intensity of 8-NBD-cAMP
increases several times upon binding to isolated CNBD
[6,10], and this enhanced fluorescence intensity of
NBD is much lower than that of CFP. As a particular
case, it was reported that 8-NBD-cAMP showed a
100-fold increase in its fluorescence upon binding to
EPAC2 [11]. However, this bright state of 8-NBD-
cAMP is still dimmer than CFP. Therefore, the tech-
nique with 8-NBD-cAMP requires higher concentra-
tion of ligand and receptor (60-100 nm) [11] than our
method (10-20 nm) for a reliable binding assay in con-
vectional fluorescence plate reader. Therefore, our
FRET-based technique is more versatile and sensitive
than the assays based on fluorescence spectroscopy
described above. Since a Ky value of any ligand-recep-
tor interactions can be more accurately determined
using the receptor concentration close to (or less than)
its Ky value, the FRET-based method is a suitable
technique to study high affinity (nm range) interac-
tions.

Another prominent feature of our method is that it
is possible to perform the binding assay with unpuri-
fied recombinant protein. This feature may allow us to
study uncharacterized c¢NMP-binding proteins effi-
ciently. A recent bioinformatic analysis revealed that
there are many predicted CNBDs in uncharacterized
proteins in both prokaryotes and eukaryotes [1,20]. At
least, there are three well-defined examples, in which
their putative CNBDs do not function as canonic
CNBDs: prokaryote transcriptional factors CooA vy
CprK [21,22] and voltage-dependent K™ channels
(KCNH) [23,24]. Therefore, it is necessary to confirm
the activity of those predicted CNBDs by experiments
using natural or recombinant proteins. Our method
should work for this purpose.

In spite of the usefulness of the assay, there are
some disadvantages in our method. One of the nega-
tive properties is that the fluorescence spectra of CFP
and fluorescein are too close each other and the excita-
tion light for CFP slightly, but significantly, excites flu-
orescein (Figs 1C and 2B). This property makes us
difficult to perform typical binding experiment to
obtain static Ky value in the equilibrium condition. In
order to overcome this problem, we performed an
equilibrium-binding experiment with a constant stoi-
chiometry of the ligand and the receptor but different
absolute concentrations (Fig. 5). In our knowledge,
this method had never been used before, but it can be
an alternative method to determine a Ky value for
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molecular interactions. The Ky value of 8-Fluo-cAMP
determined in this study (5.7 nm) is much smaller than
that of cAMP (4 um) and even smaller than that of 8-
CPT-cAMP (250 nm, K; value determined in this
study). The k., of 8-Fluo-cAMP to the CNBD of
EPACI determined in this study (2.6 x 10" M 's71) is
closed to that of 8-MABA-cAMP reported previously
(1.4 x 10" m~"s7") [5]. On the other hand, the kg of
8-Fluo-cAMP from the CNBD (0.096 s~') is more
than 200 times smaller than that of 8-MABA-cAMP
(22 s7"). Therefore, the difference of Ky values
between 8-Fluo-cAMP (5.7 nm in this study) and 8-
MABA-cAMP (1.6 pum, previously obtained by ITC)
can be principally attributed to the difference of their
kogr values. Namely, the slow dissociation of 8-Fluo-
cAMP from the CNBD can explain its high affinity to
the CNBD.

Finally, we should keep in our mind that the study
of molecular interactions using a partial protein such
as an isolated CNBD does not fully reflect the activity
of this domain under the physiological conditions.
Therefore, the physiologically relevant parameters,
such as K4 and ligand specificity, should be obtained
using the entire protein instead of an isolated domain.

Conclusion

In this study, we developed a straightforward and reli-
able method to study molecular interaction between
cNMP and CNBD based on intermolecular FRET. Cur-
rently, in vivo intermolecular FRET is a popular tech-
nique to study protein—protein interactions, in which
each protein is tagged with a FP with a distinct fluores-
cence spectrum. In our case, we employed a small mole-
cule tagged with a chemically synthesized fluorophore
(fluorescein) as the FRET acceptor to study the interac-
tion between a cyclic nucleotide and its binding protein,
CNBD, tagged with CFP as the FRET donor. This
would be a useful method to study poorly characterized
or predicted CNBDs. Considering the technical advan-
tages of our method, the same principle can also be
applied to many other binding assays such as ligand-re-
ceptor and antigen—antibody interactions.
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Additional Supporting Information may be found
online in the supporting information tab for this article:
Fig. S1. Fluorescence spectra of CNBDg,79g-CFP and
8-Fluo-cAMP.

Fig. S2. Fluorescence spectra of CAP/CRPcngp-CFP
and 8-Fluo-cAMP.

Fig. S3. Fluorescence spectra of the mixture of
EPACI1cnpp-CFP and 8-Fluo-cAMP (1:2 stoichiome-
try) in the absence (red line) or the presence (black
line) of the competitor (§-CPT-cAMP).

Fig. S4. Fluorescence anisotropy of 8-Fluo-cAMP at
equilibrium binding.

2878 FEBS Letters 591 (2017) 2869-2878 © 2017 Federation of European Biochemical Societies



	Outline placeholder
	a1
	fig1
	fig2
	fig3
	fig4
	tbl1
	fig5
	fig6
	bib1
	bib2
	bib3
	bib4
	bib5
	bib6
	bib7
	bib8
	bib9
	bib10
	bib11
	bib12
	bib13
	bib14
	bib15
	bib16
	bib17
	bib18
	bib19
	bib20
	bib21
	bib22
	bib23
	bib24


