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Abstract: The second messenger cAMP has been implicated in numerous cellular processes such as glycogen metabo-
lism, muscle contraction, learning and memory, and differentiation and development. Genetic evidence suggests that the
enzyme that produces cAMP, adenylyl cyclase (AC), may be involved in pathogenesis in many of these cellular proc-
esses. In addition, these data suggest that membrane-bound ACs may be valuable targets for therapeutics to treat patho-
genesis of these processes. The development of a robust real-time adenylyl cyclase assay that can be scalable to high-
throughput screening could help in the development of novel therapeutics. Here we report a novel fluorescence-based cy-
clase assay using Bodipy FL GTPyS (BGTPYS). The fluorescence of the Bodipy™ moiety of BGTPYS was dramatically
enhanced by incubation with the minimal catalytic core of wild-type-AC (wt-AC) and a mutant with decreased purine se-
lectivity (mut-AC), in an AC activation-dependent manner. No increase in fluorescence was observed using Bodipy FL
ATPYS (BATPYS) as substrate for either wt-AC or mut-AC. Using BGTPYS, forskolin, GsaesGTPYS and the divalent
cation Mn*" potently enhanced the rate of fluorescence increase in a concentration-dependent manner. The fluorescence
enhancement of the Bodipy moiety was inhibited by known inhibitors of AC such as 2'deoxy,3'AMP and 2',5'-dideoxy-
3'ATP. Furthermore, the fluorescence assay is adaptable to 96-well and 384-well multiplate format and is thus applicable

to high throughput screening methodologies.
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INTRODUCTION

The hormone-regulated form of adenylyl cyclase (AC) is
an integral membrane-bound enzyme localized at the plasma
membrane. Hormone receptors on the cell surface communi-
cate with AC through coupling with the heterotrimeric, gua-
nine nucleotide binding proteins, or G proteins. The two
families of Go that regulate AC are Gsa, or stimulatory G
protein (Gojfo. and Gsa) and Gial, or inhibitory G protein
(Goa, Giyo, Giyo, Gizo and Gza). GPy also directly regu-
lates AC activity. In addition to direct modulation of these
isoforms by G proteins, other second messengers such as
Ca?" are potent regulators. There are nine genes that encode
for at least nine forms of these enzymes (termed ACL1 to
AC9) [1]. The nine forms can be divided into four groups
based on their regulation: AC1, AC3 and AC8 (activation by
Ca*?-calmodulin, inhibition by GBy), AC2, AC4 and AC7
(activation by Gy and regulation by protein kinase A), AC5
and AC6 (inhibition by Gio., inhibition by Ca®*) and AC9
(regulation by calcineurin, but not regulated by the diterpene
activator forskolin).

The isoform-specific regulatory properties and their dif-
ferential tissue distribution engaged investigators to make
AC a therapeutic target. CyclicAMP is an extremely impor-
tant second messenger involved in cellular processes such as
glycogen metabolism, muscle contraction, learning and
memory, and differentiation and development. Moreover,
many pathologic states have been described implicating
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defects in the signaling pathway that regulates cAMP ho-
meostasis. Indeed, treatment of disease has classically in-
volved the use of therapeutics that target the receptors that
regulate ACs. Accordingly, B-adrenergic, adenosine, gluca-
gon and prostanoid receptors are but a few receptor classes
that function to stimulate cAMP production. Inhibition of
these receptors has been used for treatment of a variety of
diseases ranging from asthma, glaucoma, and cardiac failure
[2, 3]. Genetic studies using transgenic and knockout mouse
models also suggest that specific isoforms may be involved
in cardiac diseases and potentially the treatment of disease
[2-8]. Until recently, targeting effector proteins has rarely
been successful. The recently reported identification of com-
pounds that directly target adenylyl cyclase, including ade-
nine nucleotides and nucleosides, as well as forskolin deriva-
tives (a diterpene isolated from Choleus forskohlii and
known activator of adenylyl cyclase) [9-11], are encourag-
ing. The location of the nucleotide binding site, the active
site, and the forskolin site have been elucidated by our work
(and others) on the crystal structure of catalytic domain of
adenylyl cyclase [12, 13]. These data also permit the model-
ing of the structure and putative mechanism of evolutionarily
related adenylyl cyclases, and the closely related nucleotide
lyases, guanylyl cyclases [14]. In addition, the structures
have revealed the sites on adenylyl cyclases that have the
potential to be pharmacologically targeted.

Part of the difficulty in the development of therapeutics
that target adenylyl cyclase has been the lack of high
throughput assays that directly measures cyclase activity.
Common methods for detecting adenylyl cyclase activity are
monitoring the conversion of isotopically-labeled ATP to
CAMP, or by using various immunoassays involving RIA
(radioimmunoassay) or EIA (enzyme immunoassays, eg
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HitHunter, Discover RX, Fremont CA, or cAMP-EIA, Cay-
man Chemicals, MI) [15]. More recently AC activity in cells
has been detected by following the activation of cyclic nu-
cleotide-gated channels (CNG channels) and Ca?* mobiliza-
tion as visualized by fluorescent dyes [16]. Implementation
of the classic AC assays to high-throughput screening for-
mats has been limited due to the requirements for radioiso-
topes, chromatography, filtration, centrifugation and/or wash
steps. Here we report a novel approach to measure real-time
adenylyl cyclase activity by fluorescence spectroscopy using
Bodipy ™-conjugated y-thionucleotides (Invitrogen). The
robust assay reflects all the regulatory properties of adenylyl
cyclase including inhibition of activity by known AC inhibi-
tors. Furthermore, the assay is adaptable to a 96-well and
384-well microplate format highlighting the feasibility of
high throughput screening methodologies. The application to
high throughput screening should simplify a search for cy-
clase ligands that may have therapeutic potential.

MATERIALS AND METHODS

The catalytic domains, C1 and C2 of wildtype and mu-
tant (carrying point mutations Lys938GIlu and Aspl1028Cys
and displaying increased Michaelis constant, Km, for
Mg?**ATP and a significantly lower Km for Mg®**GTP)
adenylyl cyclase were expressed and purified as described by
Sunahara et al. [17, 18]. For the remainder of the manuscript
the wild-type enzyme will be referred to as wt-AC whereas
the mutant will be referred to as mut-AC. Bodipy FL GTPyS
(BGTPyS), Bodipy FL ATPyS (BATPYS), and Bodipy FL
iodoacetamide (BIA) were obtained from Invitrogen
(Carlsbad, CA). All nucleotides, including 2'deoxy-3'-adeno-
sine monophosphate (2'd-3'AMP), 2',5'-dd-3'-ATP and Mant-
GTP, were obtained from Sigma (St. Louis, MO). The diter-
pene forskolin was obtained from Calbiochem. [*H]JcAMP
and [**PJATP were purchased from Perkin-Elmer (Waltham,
MA). The stimulatory G protein, Gso., was purified and acti-
vated with GTPyS as described by Lee et al. [19]. All rea-
gents were of analytical or molecular biology grade.

The Detection of Spectral Changes in Bodipy FL
GTP9S Fluorescence in the Presence of Adenylyl Cyclase:
The emission spectra of four Bodipy FL compounds, Bodipy
iodoacetamide (BIA), Bodipy FL ATPyS (BATPYS), Bodipy
FL GTPyS (BGTPYS), and Bodipy FL thiophosphate (BSP),
were measured on a Photon Technology International spec-
trofluorometer (Birmingham, NJ). BSP was prepared as de-
scribed in Jameson et al. [20] Samples containing 50 nM
fluorophore were prepared in 20 mM Hepes pH 8.0, 2 mM
MgCl,, 1 mM EDTA and 1 mM DTT (Buffer A) containing
5 mM MnCl; in a final volume of 750 pL. Fluorescence was
measured using excitation at 485 nm and emission was
scanned from 495 to 560 nm. Slit widths were 4 nm for exci-
tation and 2 nm for emission.

The increase in fluorescence of BGTPYS in the presence
of wt-AC or mut-AC was measured on a multiplate fluores-
cence detector (Victor™, Perkin-Elmer) with fixed emission
wavelength of 535 nm (excitation at 485 nm). Excitation was
typically measured for 100-500 ms and sampled every 30-60
S. Unless otherwise stated the final concentration of each
domain is 200 nM and 10 uM for the C1 and C2 domains (or
the mutant), respectively. Reactions were carried out in
Buffer A in the absence or presence of 5 mM MnCl, in a
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volume of 100 uL (96-well plate) or 20 uL (384-well plate).
In all cases, the reaction was initiated by the addition of sub-
strate (either BATPYS or BGTPYS). The rate of change in
fluorescence was determined by linear regression of the ini-
tial linear portion of curve usually within the first 300 s.
Stimulation of wt-AC or mut-AC by the diterpene, forskolin
(100 uM), was measured as the increase in fluorescence of
the Bodipy moiety. The forskolin dose-response was meas-
ured using concentrations ranging from 100 pM to 3 uM. For
G protein studies with GTPyS-bound and therefore active
Gsa. (Gsa-GTPyS), samples containing 500 nM C1, 2 uM
C2, and 500 nM BGTPYS were mixed with varying amounts
of Gsa-GTPyS (0-3 uM) in the absence or presence of 10
uM forskolin and were analyzed immediately. The Bodipy
moiety was excited at 485 nm (0.2 s), and the fluorescence
emission was measured at 535 nm. For inhibitor studies, the
enzyme was pre-incubated in the presence of forskolin (100
uM) and inhibitor for 3 min. at 23°C. The reaction was initi-
ated with the addition of 500 nM BGTPyS/Mn?* (final).

Adenylyl Cyclase Assays: Radioactive adenylyl cyclase
assays were performed as described by Smigel [21]. Enzyme
preparations were pre-incubated with either forskolin or
GTPyS-activated Gso. for 10 min at 4 °C. The enzyme activ-
ity (from 5 nM C1 and 5 uM of either wild-type or mutant
C2) was initiated by the addition of substrate ([*P]JATP) and
terminated (after 15 min 30°C) with a buffer containing ex-
cess cold ATP, [*H]JcAMP and SDS. CyclicAMP was puri-
fied using Dowex and alumina column chromatography. The
conversion of [*?P]JATP to [**PJcAMP was determined based
on the recovery of the [*H]cAMP standard.

Immunoassay Detection of cGMP from BGTPyS: Cy-
clic GMP from BGTPyS was detected using an immunoas-
say kit (¢cGMP EIA from Cayman Chemicals, Ann Arbor,
MI) as recommended by the manufacturer.

Assay Setup for High-Throughput Assay: Three hun-
dred and twenty compounds from a small molecule com-
pound library (Maybridge, Cambridge, England) were pre-
spotted (1 uL of 200 uM) on to a 384-well microtiter plate
using a Beckman Biomek-FX (Center for Chemical Genom-
ics, University of Michigan Life Sciences Institute) just prior
to the assay. Enzyme preparations of wt-AC were added to
the compound and allowed to incubate for 15 min at 23°C in
a Buffer A. Reaction was initiated by the addition of
BGTPYS in buffer so that the final Mn?* concentration was 5
mM and allowed to incubate at 23°C. The reaction final vol-
ume was 20 pL. Following a 30 min incubation period, the
fluorescence of the plate was monitored using a Victor fluo-
rescence detector (Perkin Elmer).

RESULTS AND DISCUSSION

Classic methods for detecting adenylyl cyclase activity
have been restricted to following the conversion of isotopi-
cally-labeled ATP to cAMP or by utilizing antibodies against
cAMP coupled to various reporters [15]. While these meth-
ods have proven to be the most accurate representation of
adenylyl cyclase activity, their application to high-
throughput biology has been very limited. The requirements
for numerous separation steps and the use and disposal of
radioisotopes have deemed them cumbersome for high
throughput screening assays. In addition, the cost of enzyme
immuno- or radio-immunoassay is relatively high in a high-
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throughput setting. As such, considerable effort has been
spent on developing spectroscopic methods for measuring
cAMP accumulation, most of them being cell-based. Here
we describe a novel approach to achieve real-time measure-
ments of adenylyl cyclase activation using fluorescence
spectroscopy.

We take advantage of the unique spectral properties of
Bodipy ™-conjugated y-thionucleotides (Invitrogen). Fig. 1A
illustrates the emission spectra of 50 nM solutions of BSP,
BIA, BGTPyS, and BATPyS following excitation at 485 nm
(BGTPYS structure shown in Fig. 1B. Note that the fluores-
cence intensity of BSP and BIA are similar to that of
BATPyS but dramatically higher than that of BGTPYS. What
makes Bodipy-conjugated guanine nucleotides spectrally
unique is an electron quenching effect by the guanine ring on
the Bodipy moiety, resulting in fluorescence quenching. Al-
teration in the spatial relationship between the Bodipy moi-
ety and the guanine ring through binding to nucleotide-
binding proteins, or through cleavage of the phosphoester
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bond, relieves the electron quenching and results in increase
quantum vyield of the fluorophore. Accordingly, previous
demonstrations that cleavage of the Bodipy™ moiety
BGTPYS by Fhit, a diadenosine hydrolase, or alteration in
the structure of BGTPYS through binding or cleavage by G
proteins, results in a similar five- to seven-fold increase in
fluorescence [20, 22].

In this current study we take advantage of purified forms
of the minimal catalytic core of adenylyl cyclase [18]. In
addition, we utilize a mutant of adenylyl cyclase (mut-AC),
where the residues that dictate nucleotide specificity have
been altered to recognize guanine nucleotides [17, 23]. Fig.
1C,D illustrate the X-ray crystal structure of the C1 (mauve)
and C2 domain (green) bound to forskolin and an ATP ana-
logue ATPaS(RP) [14]. Panel D illustrates the highly con-
served lysine (LysSgsg) and aspartate (Aspiois) residues that
together coordinate the purine ring of ATP. Although these
residues are not conserved in guanylyl cyclases, their posi-
tions in the cyclase fold are conserved. The substitution of
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Fig. (1). A) Emission spectra of Bodipy FL iodoacetamide (BIA) Bodipy FL thiophosphate (BSP), Bodipy FL ATPYS (BATPYS) and Bodipy
FL GTPyS (BGTPYS) excited at 485 nm. The fluorescence of BGTPYS in quenched in comparison to BIA, BSP and BATPYS (each at a con-
centration of 50 nM). B) Structure of BGTPyS. C) Structure of the catalytic domain of adenylyl cyclase. The C1 domain from AC5 (dark
grey) and the C2 domain from AC2 (light grey) together form the catalytic core of AC. Bound in the catalytic core is the diterpene, forskolin
(Fsk), and ATP. The coordinates for the non-hydrolyzable ATP analog, ATPaS(RP), bound to C1 and C2 were used to generate the model
(PDB ID: 1CJK). D) Residues within the active site of adenylyl cyclase responsible for stablizing the purine ring of ATP. Highlighted are
Aspio1s and Lysgsg of the C2 domain and are mutated to Glu and Cys residues, respectively, in mut-AC.
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Lysgss and Aspigs With Glu and Cys, respectively, the corre-
sponding residues in guanlylyl cyclases, converts the
adenylyl cyclase to a non-selective purine cyclase (mut-AC)
[17, 23]. Note that unless otherwise stated mixtures of
C1eC2 or Clemut-AC will simply be referred to as wt-AC or
mut-AC, respectively.

Forskolin Stimulates the Fluorescence Enhancement of
BGTPyS by Cyclase: Fig. 2 illustrates that cyclase activity
of both wt-AC and mut-AC increased the fluorescence of the
BGTPYS in a time-dependent manner. No increases in fluo-
rescence were observed with BATPYS with either wt-AC
(Fig. 2C) or mut-AC (not shown). In the presence of Mg%,
forskolin (10 uM) dramatically enhanced the rate of fluores-
cence increase in the presence of the mut-AC mutant but not
with wt-AC (Fig. 2A). The increase in fluorescence was lin-
ear for at least 60 min and is consistent with enzymatic activ-
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ity rather than simply binding of BGTPYS to the mut-AC.
Furthermore, thermal denaturation of the enzyme during the
reaction had no effect on the fluorescence, although it failed
to increase with time (data not shown). Fig. 2B illustrates
that the addition of Mn®" further enhanced the fluorescence
increase with mut-AC; surprisingly the enhancement was
observed with wt-AC as well, although to a lesser extent
(Fig. 2D). This increase in Bodipy fluorescence in the pres-
ence of wt-AC, however, is completely dependent on the
presence of Mn?*. The capacity of Mn*" to alter nucleotide
substrate specificity has been identified previously with
guanylyl cyclase [24-26]. Furthermore, Mn?* increased the
potency of a variety of guanine nucleotide-based inhibitors
of adenylyl cyclase activity [10]. The enhanced rate of fluo-
rescence increase was sufficient to merit inclusion of Mn?* in
all subsequent assays.
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Fig. (2). Forskolin and Mn?" enhance the fluorescence of the Bodipy™ moiety of BGTPYS in the presence of either wt-AC and the mut-AC
mutant of adenylyl cyclase. A) Fluorescence enhancement of Bodipy™ occurs in a time-dependent and linear fashion in the presence of the
mut-AC mutant and forskolineMg?* (open circles). B) The rate of fluorescence increase is enhanced by mut-AC in the presence of the diva-
lent cation, Mn?* (squares) under basal (solid) and forskolin-stimulated (open) conditions, in comparison with Mg?* (circles) under similar
respective stimulation. C) Lack of enhancement of flurorescence of the Bodipy™ moiety of BATPYS with wt-AC under the identical condi-
tions as in B). D) The presence of Mn*" and forskolin (open) dramatically enhances the fluorescence of the Bodipy ™ moiety of BGTPYS by
wt-AC (squares), in comparison to mut-AC (circles) and under basal (solid) conditions. Note that all assays included the C1 domain (500
nM) and the C2 domain (5 uM) of either the wt-AC or the mut-AC mutant were incubated with BGTPYS (200 nM) in the presence or ab-
sence of 100 puM forskolin. Assays contained 10 mM Mg** or 5 mM Mn?". Fluorescence was excited at 485 nm and emission was collected

at 525 nm every 90 s.
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Fig. (3). Comparison of the rates of fluorescence increase using BGTPYS and various enzyme combinations under various conditions. A)
Comparison of the rates of increase in fluorescence in Fig. 2. B) A representation of the fold-stimulation by forskolin over basal conditions
of wt-AC and the mut-AC in the presence of Mg?* or Mn®". C) Comparison of the rates of fluorescence enhancement by wt-AC (C1) in
comparison to the catalytically-impaired mutant (C1(AspsgsAla)) reconstituted with the C2 domains of either mut-AC or wild type (C2).

Reaction conditions were similar to those used in Fig. 2.

Fig. 3 expresses the data as a fluorescence rate increase
as determined by linear regression over the first 500 s after
addition of BGTPyS. The rate of fluorescence enhancement
varied depending on the enzyme, divalent cation, and pres-
ence of forskolin as shown in Fig. 3A. While it is clear that
forskolin-and Mn?*-stimulated mut-AC displayed the fastest
rate of fluorescence enhancement, Fig. 3B clearly illustrates
that the magnitude of the fold-increase in the rates of fluo-
rescence (forskolin over basal) was greater with wt-AC.

No increases in fluorescence were observed with
C1(AspsgeAla) in any combination of activator or C2 domain
was observed (Fig. 3C). Aspsgs is one of two Asp residues
that are highly conserved in all cyclases (ACs and GCs) and
contribute toward the coordination of the two metal sites in
the active site [14]. These data support the hypothesis that
the increase in fluorescence is dependent upon enzymatic
cleavage of BGTPYS.

Bodipy™ Fluorescence Enhancement by Cyclase Dis-
plays Michaelis Kinetics: The increase in the rate of fluores-
cence of BGTPYS appears to display Michaelis kinetics with
an apparent maximum rate of fluorescence increase (Fmax)
of 72 + 1.2 Absorbance units (AU)/s and a Km 4.9 £ 0.2 uM
for Mn?*«BGTPyS (Fig. 4A). Incubation with forskolin low-
ered the Km to 1.7 + 0.2 uM while raising the Fmax to 97 +
3). AU/s. Extrapolation of Vmax based on the calibration
curve of fluorescence to the molar equivalents of BSP (not

shown) suggests that the Vmax for forskolin/Mn®*-
stimulated mut-AC was approximately 18 + 0.5 nmol/min/
mg, substantially lower than the previously reported values
for maximal velocity of wt-AC using Mg***ATP of ~100
umol/min/mg [18]. In addition, the Km value for
Mn?*BGTPYS is significantly lower than the Km for
Mg®**GTP previously reported for mut-AC [17]. Fig. 4B
illustrates how Mn®* dramatically affects the activity of mut-
AC in the presence or absence of forskolin and is consistent
with previously described effects of Mn?*" on adenylyl cy-
clase activity [27].

As described earlier (Fig. 3C), wt-AC in the presence of
Mn?* displayed a larger fold-activation in comparison to
mut-AC, largely due its lower basal activity. Since one of the
goals of HTS development is to ascertain conditions that
display optimal signal-to-noise ratios, the use of wt-AC as an
enzyme source is preferable. In order to assess the pharma-
cological relevance of the fluorescence assay, we tested
whether known adenylyl cyclase modulators could regulate
wt-AC. It is our intent that the fluorescence assay would
reveal regulatory properties that are comparable to those
detected by classical methods.

Forskolin and Gsa*GTPyS Enhances Bodipy™ Fluo-
rescence: Forskolin induced a concentration-dependent fluo-
rescence enhancement of the Bodipy™ moiety using mut-
AC in the presence of Mn*" (ECs,~460 nM + 48 nM, (Fig.
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Fig. (4). The rate of change in fluorescence of Mn®**BGTPYS by forskolin-stimulated adenylyl cyclase displays Michaelis kinetics. A) The
mut-AC was incubated with varying concentrations of BGTPYS (in 5 mM Mn?*) in the presence (triangles) or absence (squares) of 100 uM
forskolin. Also illustrated is in the basal activity of mut-AC in the presence of 10 mM MgCl,. B) The effect of Mn*? the rate of change in
fluorescence of BGTPYS in the presence (shaded bars) or absence (open bars) of 100 uM forskolin.

5A). For comparison the ECsq for forskolin on wt-AC using
Mg?**ATP, as measured by the classic assay that monitors
the conversion of [*P]JATP to [*P]JcAMP, was approxi-
mately 366 = 81 nM (Fig. 5A). Similarly, activated-Gso
(GsoeGTPYS) enhanced the fluorescence of Bodipy™ in the
presence of wt-AC and Mn?* with an ECs, of greater than 1
uM (Fig. 5B). Under these conditions we did not reach satu-
ration, so a precise ECs, determination could not be made. It
does appear that the values will be higher than values using
classical activity measurements (ECs0~312 nM + 68 nM,
data not shown) [18].

The positively cooperative effect of forskolin on Gsa
stimulation on AC activity was recapitulated in the fluores-
cence assay (Fig. 5B). Forskolin (10 wM) enhanced both the
apparent Vmax of AC and also decreased the ECs for Gso
by greater than 30-fold, consistent with published values
using the classical assays [18]. We still, however, observed a
10-fold higher ECso for Gso. under these conditions. The
altered ECsq may imply that the conformation of the enzyme
that Gsa induces, in contrast to forskolin, is not optimal for
BGTPYS binding and subsequent catalysis.

To demonstrate that the fluorescence enhancement fol-
lowing GsoeGTPYS activation was due to cyclase activity
and not GTPase activity of Gsa, we measured hydrolysis by
a cGMP enzyme immunoassay (EIA, Fig. 5B inset).
GsaeGTPYS (400 nM) stimulated the conversion of BGTPyS
into cGMP and also Bodipy-pyrophosphate (B+PPi), with an
activity of ~11 nmol/min/mg. Analysis of the products of
BGTPYS by capillary electrophoresis confirms that BsPPi is
the major fluorescent product that accumulates following
activation (data not shown).

The Fluorescence Enhancement Requires Both the C1
and C2 Domains: It is known that the affinities of the two
domains that comprise the minimal catalytic core of AC can
be enhanced by the presence of activators such as forskolin.
Fig. 6 demonstrates that in the presence of forskolin, the C1
domain (C1) has an appreciable affinity for the wt-C2 do-
main (C2, apparent Kd~1.6 + 0.1 uM) when assayed by fluo-
rescence spectroscopy. Similar values were obtained using
classical adenylyl cyclase assays while monitoring the con-
version [*P]JATP to [*P]JcAMP. In addition, the reciprocal
experiment (i.e. varying the concentration of the C2 domain,
C2), also in the presence of forskolin/Mn?*, indicated an ap-
parent Kd ~3.3 = 0.6 uM (inset). These data support the no-
tion that in order to obtain maximal fluorescence enhance-
ment under forskolin stimulation at 100 nM of the C1 do-
main, a concentration of the C2 domain of at least 10 uM is
required (100-fold excess).

Inhibition of Fluorescence Enhancement by Adenylyl
Cyclase Inhibitors: Forskolin-stimulated enhancement of
Bodipy™ fluorescence by wt-AC using BGTPYS as a sub-
strate was potently inhibited by the known AC inhibitor 2',5'-
dd-3-ATP (Fig. 7A), Ki~ 200 = 61 nM). Although the inhi-
bition of fluorescence was concentration-dependent and ap-
peared to occur through a single site, the apparent Ki was
approximately 10-fold higher than reported for wt-AC using
Mn?*-ATP as a substrate [10]. Other inhibitors were also
tested against forskolin-stimulated wt-AC using Mn®*-
BGTPYS as a substrate (Fig. 7B). Like 2'5-dd-3-ATP, all
compounds tested inhibited activity in a concentration-
dependent manner but had higher Ki values than previously
reported [10]. A possible explanation for this discrepancy
may be due to the relatively low Km that we observe for
Mn®**BGTPYS. The poor capacity of the P-site inhibitor 2'd-



Fluorescence-Based Adenylyl Cyclase Assay

‘# 250 100

D + —©— Change in Rate

) - —®— AC activity

< 200 80

) C

2 150 60

3 r

@ r

o C

5 100 F 40

= C

% L

- 50} 20

5 -

@ C

& 0
1019 102 108 107 106 100

[Forskolin], M

—o— (Bwiyuiwyjown)

Combinatorial Chemistry & High Throughput Screening, 2007, Vol. 10, No. 4 295

B

SOOI— |||||I'IT| IIIIITITI ||||I111] ||||1I'I'I'| |l||rl11'1
> ® C 212 ]
O L 210 ]
) S a00F ZFa =
= 8 r &84 ]
< @ b &z :
O B 300 == Cont +Gsa =
3 = C §
D e  —&— Control ]
w < 200 |~ —
@ ...6 - —®—4+FSK ]
& o .k :
= = 100 @ =]
< c ) .
Or— r|||1u_|l |||||u|] 11|||,u|] III[ILuI |||||_uﬂ

100® 0% w0 1w’ 10° 10°

[Gsa-GTPyS], M

Fig. (5). The rate of change of fluorescence enhancement by the stimulatory G protein, Gsa, and forskolin correlates with adenylyl cyclase

activity. A) Concentration-dependence of forskolin on the rate of fluorescence enhancement of BGTPYS with wt-AC in the presence of Mn?

+

(open circles) in comparison to measurements of adenylyl cyclase activity using Mg?*s[*2P]ATP (closed circles). B) Concentration-
dependence of GTPyS-activated Gso (GsasGTPYS) on the rate of fluorescence enhancement of wt-AC in the presence of Mn®* using
BGTPYS as a substrate in the absence (open circles) or presence of 10 uM forskolin (closed circles). Inset, bar graph representing the conver-
sion of BGTPYS to cGMP in the absence (open bars) or presence of 400 nM GsoeGTPYS (shaded bars) by wt-AC, as measured by EIA.

3'AMP to inhibit the fluorescence increase (ICso~50 uM) is
likely to be related to the poor Vmax of the enzyme using
BGTPYS as a substrate (~18 nmol/min/mg). P-site inhibitor
binding to the active site has previously been reported to be
positively cooperative with pyrophosphate (PPi), one of the
products of purine cyclases [28, 29]. The potency of P-site
inhibitors is therefore dramatically influenced by the cata-
lytic activity of the enzyme. The poor catalytic activity of
AC using BGTPYS may not allow accumulation of
Bodipy ™-thio-PPi at high enough concentrations to display
cooperative binding of 2'd-3'AMP. Alternatively, Bodipy ™-
thio-PPi itself may be incapable of inducing a positive allos-
teric effect on 2'd-3'AMP binding.

The Application of Fluorescence Cyclase Assay to High
Throughput Screening (HTS): Taken together these data
suggest that the fluorescence assay may be suitable as a
method to screen both cyclase activators and inhibitors in a
high-throughput format. All fluorescence assays described
thus far have utilized the 96-well microtitre plate. We have
also adapted the assay to a 384-well microtiter plate format.
In doing so we have decreased the reaction volume from 100
uL to 20 pL, thus conserving reagents. This screen may be
used to identify compounds that either stimulate cyclase ac-
tivity (through increasing the basal fluorescence) or inhibit
forskolin-stimulated cyclase activity (decreasing forskolin-
stimulated fluorescence). We observe that in response to
forskolin stimulation, the 384-well microplate fluorescence
cyclase assay produces a significantly robust signal over
basal activity and has an observed Z’ score of 0.61 (not
shown). Such a score would deem this assay as sufficient for
HTS applications. As an example of the application of the
fluorescence assay, Fig. 8A,B illustrate a screen for activa-
tors of adenylyl cyclase. A single plate representing 320
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Fig. (6). Measurement of the forskolin-dependent interaction be-
tween the C1 and C2 domains by fluorescence spectroscopy. Vary-
ing concentrations of the C1 domain (C1) with a fixed concentra-
tion of the C2 domain (100 nM wild-type-C2) domain were incu-
bated with 100 uM forskolin in the presence of 500 nM BGTPYS
and 5 mM Mn?. Both the rate of change in fluorescence (using
MnZ?**BGTPYS, open circles) or the adenylyl cyclase activity (using
Mg?*[**P]ATP, closed squares) are compared. Inset, the rate of
change in fluorescence of BGTPYS at varying concentrations of the
C2 domain (wild-type-C2) with a fixed concentration of the C1
domain (100 nM C1) domain were incubated with 100 puM
forskolin in the presence of 500 nM BGTPYS and 5 mM Mn?*.

compounds from a commercial compound library (diversity
set based on chemical space, Maybridge, Cornwall, UK) was
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Data are represented as a percent of maximal rate of change of fluorescence. B) ICsqvalues (inhibitory concentrations at which 50% of the
activity was inhibited) of various adenylyl cyclase inhibitors and substrates on forskolin-stimulated wt-AC. Values were determined from

inhibition curves under conditions similar used in A).

screened for fluorescence enhancers in comparison to
forskolin. Controls samples included BGTPYS and wt-AC in
the absence (well #1A, 2A, 1B, 2B, M23, M24, N23 & N24),
or presence of 10 uM forskolin (C1, C2, D1, D2, 023, 024,
P23 & P24). Substrate, compound library and enzyme were
included in rows A to P, columns 3 to 22. Fig. 8A,8B illus-
trate the robust responses from sub-maximal concentrations
of the positive control forskolin. Potential positive hits that
represent adenylyl cyclase activators are identified in wells
H10, H18 and K12.

Also illustrated is an example of an inhibitor screen in
the 384-well microplate format (Fig. 8C). Using forskolin-
stimulated wt-AC, the same 320 compounds as above were
tested for their ability to inhibit cyclase activity. Of the 320
compounds tested, none were found to significantly inhibit
forskolin-stimulated activity.

In summary, we have identified a powerful fluorescence-
based cyclase assay that describes the activity of adenylyl
cyclase in response to stimulators, Gso*GTPYS and forskolin
as well as inhibitors such as 2'5'-dd-3'ATP. The assay entails
measuring the increase in fluorescence that occurs during the
conversion (and fluorescence unquenching) of BGTPyS to
Bodipy-FL-yPPi, with cGMP as a biproduct. The enhanced
fluorescence is a result of catalysis, rather than unquenching
as a result of binding to AC: demonstrated by the resistance
to thermal denaturation and the fact that the accumulation of
cGMP (the other product) was assessed by enzyme immuno-
assay. It is important to emphasize that this fluorescence
increase does not occur with BATPYS hydrolysis, as its fluo-
rescence is not normally quenched. Although BGTPYS is not
an optimal substrate, it does appear to reflect the sensitivity

of AC to various modulators in a qualitatively similar man-
ner as classical AC assays. The fluorescence assay, however,
is a real-time measurement of AC activity that is adaptable to
a 96-or 384-well microplate HTS format. Conversion of the
assay to the 384-well format reduced reagent use by five-
fold, although the sensitivity should be sufficient to reduce
the assay down to a 1524-well microplate format.

Clearly, genetic studies by the Ishikawa and Storm labo-
ratories using the mouse model have strongly suggested that
pharmacological targeting of AC isoforms may be useful for
the treatment and/or prevention of various ailments: cardiac
hypertrophy (AC5 and AC6), memory (AC1 and AC8 [30]),
anosmia (AC3 [31]) and perhaps male fertility (AC3 [32]).
This concept was solidified by recent work by lwatsubo et
al. [33] where they reported that a small molecule inhibitor
of AC5 (R,4R-3-(6-aminopurin-9-yl)-cyclopentanecarbo-
xylic acid hydroxyamide) protected cardiac myocytes against
hyper B-adrenergic receptor-stimulated apoptosis [34]. The
application of HTS, using methods such as the fluorescence
assay described here, might aid in the identification of modu-
lators of AC activity. Novel small molecule or fragments
derived from these screens could thus provide the foundation
for the development of more potent and isoform-selective
therapeutics.

ACKNOWLEDGEMENTS

The authors would like to thank Aimee Felczak and Mar-
garet Sadoff for technical assistance. Support was obtained
from the NIGMS (GM-068603 to RKS and GM39561 to
RRN), NSF Grant CHE-0242440 (RTK), the Michigan Dia-
betes Research Training Center (NIH5P60 DK20572 from



Fluorescence-Based Adenylyl Cyclase Assay

>

Fluorescence (AU)

0

n,
W

Combinatorial Chemistry & High Throughput Screening, 2007, Vol. 10, No. 4 297

30000
25000
20000
15000
10000

5000

Basal Activity

5.9 (-3 A e L ) A o Q.9 -] SR T -] A L A Lo QO O
PP PP S PP P I E ¢ AT S B PP P PP S B SR I LIS S %

(C Forskolin-Stimulated Activity

Fig. (8). Fluorescence detection of adenylyl cyclase activity (wt-AC) using 384-well microplate HTS format. A) and B) a 384-well plate was
prespotted with a subset of a 320 compound diversity set library dissolved in DMSO (Maybridge). Data are represented as a bar graph from
data across the entire plate (A) or as a three-dimensional illustration of the fluorescence values of the plate itself. C) An example of a screen
of the same compounds for their capacity to inhibit forskolin-stimulated (30 uM) wt-AC activity. The assay was initiated by the addition of
BGTPyS/Mn2+ and allowed to incubate for 30 min at 25 °C. 30 uM forskolin was used as a positive control in the upper panel (wells C1,C2,
D1,D2, 023,024, P23 and P24).

NIDDK), the Dalton and Zannoni Fellowship for Summer
Students to JS and the University of Michigan Biological
Sciences Scholars Program to RKS. JMC was partially sup-
ported by a Natural Sciences and Engineering Research
Council of Canada (NSERC) post-graduate scholarship. We
also would like to thank Cayman Chemicals for their gener-
ous gift of the EIA kit to RTK.

ABBREVIATIONS

AC

ATP

AMP

ADP

AC

2'd-3'AMP
2'5'-dd-3-ATP
ATPoS(RP)

Adenylyl cyclase

Adenosine triphosphate

Adenosine monophosphate

Adenosine monophosphate

Adenylyl cyclase
2'deoxy-3'-adenosine monophosphate
2'-5’-dideoxy-3'adenosine triphosphate

Rp enantiomer of adenosine-5'-[y-thio]
triphosphate

BATPYS
BGTPYS

BIA
BSP
cAMP
cGMP
DTT
EDTA
EIA
Fhit
GC
Gso

GTP

Bodipy FL adenosine-5'-[y-thio]tri-
phosphate

Bodipy FL guanosine-5'-[y-thio]tri-
phosphate

Bodipy iodoacetamide

Bodipy FL thiophosphate

Cyclic adenosine monophosphate
Cyclic guanosine monophosphate
Dithiothreitol
Ethylenediaminetetraacetic acid
Enzyme immunoassay
Diadenosine hydrolase

Guanylyl cyclase

Alpha subunit of the stimulator G
protein Gs

Guanosine triphosphate
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GTPyS = Guanosine-5'-[y-thio]triphosphate

Ki = Inhibitory constant

Km = Michaelis constant

Mant-GTP = 2'/3-0O-(N-methylanthraniloyl)guano-

sine triphosphate

RIA = Radioimmunoassay

Vmax = Maximal velocity
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