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ABSTRACT

In both mammals and fission yeast, control of CAMP levels is maintained by adenylyl
cyclases (ACs), which synthesize cyclic nucleotide, and by cyclic nucleotide
phosphodiesterases (PDESs), which are responsible for its degradation. AC activity is
regulated by G proteins, which respond to signals from G protein-coupled receptors
(GPCRs) that detect extracellular signaling factors such as hormones. cAMP is a second
messenger that has several effectors, with protein kinase A (PKA) being a primary target
of activation that phosphorylates several downstream targets and results in modulation of
pathways such as cell growth and gluconeogenesis. Aberrant CAMP regulation has been
linked to several human disease states, such as McCune-Albright Syndrome, which is the
result of elevated CAMP levels. Whereas the targeting of PDEs with drugs and selective
inhibitors has been very successful, the AC-inhibiting compounds identified to date are
unfavorable for clinical use. Inhibitors may not necessarily bind to and inhibit a given AC
directly but instead act on a regulatory pathway such as calmodulin signaling.
Theoretically, they also may bind to the G protein, interfere with the AC-G protein
stimulatory complex, or regulate a factor of AC transcription. Since more than one AC
species is expressed in many human cell types, it is difficult to selectively reduce CAMP
levels. Therefore, for an AC inhibitor to be favored as a candidate for drug development,

it is likely that the compound should directly bind to and inhibit the AC. This thesis



describes my studies on a scaffold of 41 structurally related BCAC compounds, called the
BCAC51 scaffold, that was identified in a high-throughput screen (HTS) with
Schizosaccharomyces pombe strains transformed with GNAS and either mammalian AC4
or AC7. | carried out a series of experiments to examine whether the compounds bind to
and inhibit mammalian ACs directly. The most active compounds were further
characterized for potency and specificity against a panel of ACs. Several compounds
significantly reduced cAMP production, but it could not be determined if the compounds
directly or indirectly altered AC activity. | also cloned and constructed strains expressing
the human wild-type AC5 gene and the AC5 R418W mutant, which has shown an increased
sensitivity to GNAS. cAMP assays on these strains using various BCAC compounds
showed that while most compounds had similar effects on both forms of AC5, BCAC62
was significantly more effective on the wild-type enzyme than on the mutant AC5,
although the reason for this is unclear. To test whether the compounds could reduce AC
activity in the absence of GNAS (basal activity), a flow cytometry study was carried out
using a PKA-repressed GFP reporter. Results suggested that BCAC compounds do reduce
basal-AC activity and therefore do not act by binding to and inhibiting GNAS, by
interfering with the AC-GNAS stimulatory complex, nor by stimulating PDE. Finally, |
developed a molecular genetic screen for mutant alleles of an AC gene that confer
compound-resistance. One cycle of the screen is near completion, and the screen provides
a foundation for future examination of compound-resistant AC candidates. The results
presented in this thesis serve as a basis for further research into members of the BCAC51

compound series being putative direct inhibitors of mammalian ACs.
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1 INTRODUCTION

1.1 The Second Messenger CAMP

Cyclic adenosine monophosphate (CAMP) is an important second messenger in a wide range of
organisms that is intracellularly synthesized in response to extracellular signals (Robison et al.
1968). cAMP levels regulate a wide array of biological processes, enabled by cAMP’s binding to
a variety of downstream effectors. These include protein kinase A (PKA), a tetrameric CAMP-
dependent serine/threonine kinase, and cyclic nucleotide-gated channels (Biel et al. 2009,
Hoffman 2005a). cAMP binds to the regulatory subunits of PKA to trigger a cascade of
downstream phosphorylation that leads to the activation or inactivation of several proteins,
including transcription factors. These proteins mediate such cellular processes as passage
through the cell cycle and gluconeogenesis in mammals and sexual development and metabolism

in Schizosaccharomyces pombe.

CAMP levels are controlled by two families of proteins: adenylyl cyclases (ACs) catalyze the
synthesis of 3-5’cAMP (and inorganic pyrophosphate) from ATP, and cyclic nucleotide
phosphodiesterases (PDEs) hydrolyze cAMP to form 5’ AMP (Kamenetsky et al. 2006, Getz et

al. 2019).

1.2 Mammalian Adenylyl Cyclases (ACs) and G Protein-Mediated PKA Signaling
There are ten class Il mammalian AC enzymes, one of which is soluble (SAC/AC10), while the
other nine are integral transmembrane proteins (tmACs/AC1-AC9). The tmACs comprise 4

families, grouped based upon differences in regulatory mechanisms by heterotrimeric guanine



nucleotide-binding (G) proteins and other signal transductors, their membrane environment, and
their sensitivity to the plant-derived diterpene forskolin (Dessauer et al. 2017). The ACs
described in this thesis are derived from the following organisms: Homo sapiens (AC1, 2, 5, 7,
9), Rattus norvegicus (AC3, 4, 8, and sAC), and Canis lupis (AC6) (Getz et al. 2019). The
mammalian ACs are integrators for a variety of stimulatory and inhibitory signals. Agonists and
antagonists, including intermediate metabolite-ligands that trigger nutrient uptake (Husted et al.
2017) and growth hormones (Pavlos et al. 2017), bind to 7-transmembrane-domain surface G
protein-coupled receptors (GPCRs), which are upstream of the G proteins Gs and Gi (Rodbell
1995, Chang et al. 2016). G proteins are GTPases that regulate the action of ACs, as determined
by the binding state between their various subunits and AC (Simonds 1999). Gs stimulates all of
the transmembrane ACs: the interaction of the Gsa subunit with GTP maintains the AC’s active
state until its reassociation with both the GsPy dimeric subunit and GDP following stimulation
from a GPCR and a conformational change (Lambright et al. 1996). The only Gsa protein in
mammals is GNAS (Chang et al. 2016). Mutations in GNAS leading to the protein’s activation
are associated with elevated cCAMP levels and are implicated in several disease states, including
McCune-Albright Syndrome (MAS, OMIM #174800), an osteoblastic fibrous dysplasia, as well
as café-au-lait disorder of the skin and neoplastic transformation of endocrine cells (Chang et al.
2016, Weinstein et al. 2006, Levine 1999). Inhibition of some ACs by Gia (AC3, 5, 6) occurs
through a direct binding of the subunit and AC. Activation of the Gy heterodimeric subunit of
Gi also occurs following stimulation of the Gi-GPCR complex, which activates effector

complexes such as Src and ERK1/2 (Simonds 1999, Chang et al. 2016).



G protein-mediated signaling, affecting AC catalysis of cCAMP production and thus PKA
activation, is well-conserved between mammals and fission yeast. Therefore, S. pombe is a

suitable model organism for studying the mammalian ACs.

1.3 Phosphodiesterases (PDES)

All mammalian PDEs are classified as Class | enzymes, as they catalyze the hydrolysis of the 3’
cyclic phosphate bond of cAMP in a highly selective manner. Class | PDEs are grouped into 11
functional, pharmacological families based on variation in their isomorphic tertiary structures
and their modes of regulation. The 11 PDEs are encoded by 21 different genes, but these genes

produce at least 100 isoforms (Bender and Beavo 2006).

1.4 Feasibility and Successes of PDEs as Drug Targets

PDEs are favorable drug targets for a variety of reasons. Multiple types of PDEs are found in
nearly every tissue of the mammalian organism and are responsible for several different macro-
scale functions and associated disease states, such as chronic obstructive pulmonary disease
(COPD), when functional (Burgin et al. 2010). The pharmacokinetic principle that inhibition of
the “agent of degradation” of a second messenger such as CAMP is more attractive due to its
relatively higher rate of action than its synthesizing agent has made PDEs a druggable target
since their discovery. Furthermore, the diversity of unique structures of the catalytic cleft among
PDE families makes PDEs easier to selectively inhibit, as does the fact that cAMP levels in
mammals often do not reach higher than 10uM and can thus be competitively outcompeted
(Bendo and Beavo 2006). A variety of inhibitors to PDEs have been identified and have led to

the development of clinically successful drugs, including several potent antineoplastics and



antidepressants as well as agents used to treat erectile dysfunction and COPD (Yamamoto et al.
1983, Burgin et al. 2010). Drug development has occurred through a process of structure-based
modification and biological assay. PDE inhibitors have also been important in helping to

understand the biological role of the enzyme itself: inhibitors to specific families have revealed

the pathways in which they are a part (Maurice et al. 2014).

1.5 Drug Development Efforts with ACs have been Relatively Lacking

AC inhibitors have been developed, the majority of which target the enzyme’s catalytic cleft.
Inhibitor compounds that employ three different mechanisms of action have been isolated:
noncompetitive, competitive, and “activity-dependent” (Seifert et al. 2012). However, there are
limitations to these inhibitors. The potency of inhibitors on any given AC is difficult due to a
concept of pharmacokinetics: more than one AC species is expressed in many cell types, which
would result in a high dosage of inhibitor needed to achieve an effect on any one target AC
(Dessauer et al. 2017). The amount of inhibitor required would result in toxicity and severe side
effects to humans (Dessauer et al. 2017, Steegborn et al. 2014, Levin and Buck 2015). Some
have suggested that a localized application of inhibitors could be a strategy for drug
development, such as an application to the eye (Roth and Amory 2016), although one can
envision a very limited and financially unfavorable drug application in this case. Therefore,
development of AC inhibitors into drugs has been mainly silent, and this is a need that remains

unmet.



1.6 The fbpl:ura4 and fopl:GFP Reporters: Tools to Measure PKA Activity

The construction of fusion proteins consisting of reporter genes fused to the S. pombe fbpl
promoter has been useful in the determination of some phenotypes related to PKA activity, as
these reporter genes are repressed by PKA activity (Figure 1). The fbpl gene encodes the
gluconeogenic enzyme fructose-1,6-biphosphatase and is subject to transcriptional repression in
the presence of extracellular glucose (Vassarotti and Friesen 1985, Hoffman and Winston 1989).
The ura4 gene, which encodes the enzyme OMP decarboxylase that is used to catalyze the
synthesis of uracil, has been employed to construct the fbpl:ura4 fusion. The reporter’s
integration allows for selection in growth medium lacking uracil. In wild-type strains grown in a
glucose-rich environment, fopl is transcriptionally repressed by PKA, and thus cells are Ura;
conversely, glucose-starved conditions yield cells that are Ura*. The reporter also enables
“counterselection” in the presence of the pyrimidine analog 5-fluoroorotic acid (5FOA), since
expression of ura4 prevents growth in this condition. Therefore, in wild-type strains, a glucose-
rich environment will yield a high-PKA phenotype and 5FOA resistance (5FOAR), and a

glucose-starved environment will yield 5SFOA-sensitive cells (5SFOAS).



Figure 1. The fopl:ura4 reporter can be used to assess a variety of PKA-associated phenotypes
in different environmental glucose states. Cells are uracil-deficient (Ura’) and resistant to 5FOA
(5FOAR) in the presence of glucose, and they produce uracil (Ura*) and are sensitive to 5SFOA

(5FOAS®) when starved of glucose.
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Adapted from:
Ivey FD, Wang L, Demirbas D, Allain C, Hoffman CS. Development of a fission yeast-based high-throughput

screen to identify chemical regulators of cCAMP phosphodiesterases. J Biomol Screen. 2008 Jan;13(1):62-71.

The Aquorea victoria green fluorescent protein (GFP) gene encodes a protein very useful in
biochemical assays, such as fluorescence microscopy or flow cytometry. Construction and
expression of the fopl:GFP reporter in S. pombe has also allowed for a phenotypic assay, as

fluorescence is inversely related to PKA activity.

Other phenotypes that are not measurable with the fbpl:ura4 or fopl:GFP fusions, but are still

under control of PKA activity, are included in Table 1. These are observed as a consequence of



PKA’s transcriptional regulation of several genes involved in a variety of cell processes, such as
response to external stress, growth, sexual development, and metabolism (de Madeiros et al.
2013). For instance, PKA inhibits transcription of mei2, which directs the replication of DNA
pre-meiotically and the absence of which confers arrest of the cell cycle before S-phase

(YYamamoto 1996). High PKA activity, therefore, corresponds to partial sterility (Devoti et al.

1991).
Table 1. Phenotypes associated with Relative PKA Activity Levels in S. pombe
Process or Reporter High-PKA Phenotype Low-PKA Phenotype
Doubling time ~3 hours 4-6 hours
Cell length at septation 15-17 microns 10-12 microns
Sexual development Partial sterility Sexually competent
Stationary phase entry Defective: rapid cell death Successful entry
Salt stress KCl-resistance KCl-sensitivity
fbpl:lacZ Low B-gal activity High B-gal activity
fopl:GFP Low fluorescence High fluorescence
fopl:ura4 5FOAR; Ura 5FOAS; Ura*

1.7 Molecular Genetics Reveal the Genes Necessary for cCAMP Signaling in Fission Yeast
As part of a classical molecular genetics investigation into glucose signaling using the fission
yeast S. pombe, the genes involved in the pathway that leads to cCAMP production were
identified. Mutations that resulted in the constitutive expression of the fopl:ura4 translational
fusion in the presence of glucose led to the identification of 10 git (glucose-insensitive

transcription) genes, mutations in which led to a significant derepression of transcription of fbpl



in the presence of exogenous 8% glucose and cCAMP supplemented to the growth medium (both

are transcriptional repressors) (Hoffman and Winston 1990, 1991).

The git2 gene encodes adenylyl cyclase, as suggested by the derepression of transcription of fbpl
in a git2 null mutant and the restoration of repression upon cell re-exposure to exogenous CAMP.
Repression of fbpl is caused by cAMP’s activation of PKA, which phosphorylates downstream
signaling proteins, upon activation of adenylyl cyclase after exposure to glucose (Hoffman and
Winston 1991). Six other git genes were later found to activate adenylyl cyclase, and another
gene encodes the catalytic subunit of PKA. Several of git were then found to synthesize subunits
of a heterotrimeric G protein involved in cAMP signaling: git8, otherwise known as gpa2,
encodes the Ga subunit, git5 encodes the Gf3 subunit, and git11 encodes the Gy subunit. As with
other G proteins, regulation of effectors occurs via the Ga and Gy subunits. When Ga is bound
to GDP, the protein is inactive; stimulation from ligand-binding to a GPCR exchanges Ga’s
binding from GDP to GTP as well as a conformational change that alters Ga’s affinity for GPy.
git3 was later found to encode a GPCR, and it is speculated that the Gy dimer facilitates the
association of the Git3 receptor with the Gpa2 Ga subunit for Git3 to stimulate the G protein.
The Gpa2 Ga subunit directly binds to and activates the AC. The G protein-mediated PKA

signaling pathway in S. pombe is shown (Hoffman 2005a; Hoffman 2005b) (Figure 2).



Figure 2. G protein-mediated signaling in the fission yeast S. pombe responds to detection of
glucose through cAMP synthesis, which in turn activates PKA. A cascade of phosphorylation
subsequently affects the transcription of several genes, such as the repression of fopl. A number

of git genes moderate this signal transduction pathway.

Glucose

DO OCOO0TINAIONIO

% o Git5-Gbeta Git11-
b  Gpa: garmma GP,b
° S

Git2-Adenylate
cyclase

Git5-Gbeta
Git11-Ggamma

Git10

S o 4
——t 4

Inactive
PKA

fop ¥ transcription

1.8 fbpl Transcription also Responds to Cell Stress Signaling
Transcription of fbpl is also monitored by extracellular stress. Stress conditions, such as glucose-
starvation or severe physical or temperature disturbance, trigger a mitogen-activated protein

kinase (MAPK) signaling pathway initiated by the MAPKK kinases (MAPKKK) Wis4 and



Winl. These phosphorylate the Wis1 MAPK kinase (MAPKK), which itself activates the MAPK
Spcl (Stiefel et al. 2004). Spcl phosphorylates the downstream Atf1-Pcrl heterodimer that
transcriptionally activates fopl (Neely and Hoffman 2000) (Figure 3). Thus, in wild-type cells,
fbpl regulation remains under dual control: transcription is derepressed in response to stress and

repressed in response to glucose detection.

Figure 3. In S. pombe, the response to stress consists of a MAPK signaling cascade. In the final
step of the pathway, the MAPK Spcl (Styl) phosphorylates Atfl of the Atf1-Pcrl heterodimer to
activate transcription of fopl. Alternatively, PKA, which is activated in the presence of
extracellular glucose, represses fbpl transcription. Spcl is itself phosphorylated by the MAPKK

Wis1, which is activated by the MAPKKKs Wis4 and Winl.
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fbplI transcription

1.9 Yeast-Based Screens with the fopl:ura4 reporter
Research hypotheses in the field of chemical genetics often call for the investigation of a small-

molecule probe that targets a protein of interest. The use of high-throughput screens (HTSs) to

10



identify compounds of interest has become a successful and widely used method for identifying
novel small-molecule probes for biological targets since the 1990s. Many efforts to develop

inhibitors to PDEs and ACs have employed HTSs.

S. pombe cells that carry the fbpl:ura4 reporter allow for successful yeast-based HTSs to be
conducted, in order to determine potentially potent inhibitors to PDEs. The screens have allowed
for the detection of potent PDE inhibitors, including those to PDE4, PDES5, PDE7, PDES, and
PDE11. The screens were 5FOA growth readout assays that functioned as follows. As cells with
high PKA activity grow in the presence of 5FOA, and a PDE inhibitor would increase PKA
activity, hit compounds could be detected based on their ability to revert a 5SFOA-sensitive
(5FOAY) strain carrying the fbpl:ura4 reporter to grow in the presence of 5SFOA (5FOAR). Hit
compounds also needed to be cell permeable and stable for the 48-hour growth period employed

during this screen (Hoffman 2022).

A HTS was used to detect hit compounds that inhibited mammalian ACs or the stimulatory Gsa
subunit of GNAS. The screen used the PKA-repressed fopl:GFP reporter, with AC activity
being shown using fluorescence assays and mass spectrometry (measuring CAMP levels), and
was tested on strains expressing mammalian ACs. The ability of a compound to effectively lower
intracellular cAMP levels was expected to occur through one of four possible mechanisms:
inhibition of adenylyl cyclase directly, inhibition of GNAS, inhibition or obstruction of the
GNAS-AC stimulatory complex during interaction, or stimulation of a PDE. In the HTS,
diphenyleneiodonium chloride (DPI) was identified as a highly potent inhibitor of AC9. DPI

lowered CAMP production in a strain expressing the basal-AC9 gene, and DPI had a weak
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inhibitory effect on AC6. This suggests that DPI does not bind to and inhibit GNAS. DPI is still
effective on strains that express several PDEs, including PDE4 in the presence of the PDE4
inhibitor Rolipram, which suggests that DPI does not stimulate a PDE to lower CAMP levels in

cells (Getz et al. 2019).

1.10 Identification of Putative Adenylyl Cyclase Inhibitors

A scaffold of 41 putative inhibitor compounds (Boston College Adenylyl Cyclase 51, BCAC51,
scaffold) was previously identified in a HTS conducted by the Hoffman lab (unpublished data).
These compounds are all highly similar in their chemical structure. Preliminary experiments
have suggested that these compounds have different potencies to various mammalian ACs. Val
Watts’ lab identified the same scaffold in a cell-based screen involving membrane extracts of
ACL1 under stimulation of the A23187 calcium ionophore (Kaur et al. 2019). However, samples
failed to show activity in an enzyme assay in vitro. They concluded that the compounds do not
directly inhibit the AC and instead interfere with the calmodulin signaling pathway that is
required for AC1 stimulation (Val Watts, pers. comm.). However, the Hoffman lab screen
involved fission yeast strains expressing either AC4 or AC7 together with a mutationally-
activated GNAS (GNASR201C) and would thus not be influenced by calcium signaling. Therefore,

the possibility that the BCAC51 scaffold is active on adenylyl cyclase is of interest.

1.11 The GNAS-Sensitive R418W Mutation in Human AC5
The R418W polymorphism in human AC5 has been shown to confer increased sensitivity to
GNAS and is implicated in several diseases, such as familial dyskinesia (Dessauer et al. 2017).

This mutation is located in a linker region of the adenylyl cyclase, between the M1

12



transmembrane domain and the catalytic domain C1 (containing the ATP-hydrolyzing active
site), as pointed out in the AC5 schematic (Figure 4). As this mutation affected GNAS-mediated
activation, we wanted to investigate whether this AC5 mutant would respond differently than

wild-type loci to putative inhibitor compounds.

Figure 4. The R418W gain-of-function mutation in human AC5 has shown an increased
sensitivity to GNAS. The mutation is located in a linker region before the first catalytic domain

(C1a) and the M1 transmembrane domain.

C Mg?* Ga Forskolin

1.12 Research Objective

This project was designed to address the question of whether compounds of the BCAC51
scaffold bind to and inhibit mammalian ACs directly or whether they indirectly reduce cCAMP
production. Indirect mechanisms of compound action include modulation of an object of a
pathway that regulates AC activity, inhibition of GNAS, interference with the GNAS-AC

stimulatory complex, or stimulation of PDE activity. Since all 10 ACs are expressed in many
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human cell types, it is difficult to selectively reduce cCAMP levels (Dessauer et al. 2017).
Therefore, for an AC inhibitor to be favored as a candidate for drug development, it is likely that

the compound’s direct binding to the AC will be a very supportive characteristic.

The goals of this project were four-fold. The first goal was to identify the most active of the 41
compounds of the BCAC51 scaffold series and characterize their activity. Several compounds
significantly reduced cAMP production, but more repetition of experiments is needed to
determine if the compounds preferentially bind to and inhibit the ACs (act directly). The second
goal was to characterize the wild-type and R418W-mutant AC5 alleles by their sensitivity to
BCAC compounds. The alleles were shown to respond with similar significance to all
compounds except for BCAC62. The third goal was to examine whether compounds could affect
AC activity in the absence of GNAS (basal activity). The results suggest that BCAC compounds
do not act by binding to and inhibiting GNAS directly, by interfering with the AC-GNAS
stimulatory complex, nor by stimulating PDE activity. The fourth goal was to design a molecular
genetic screen for mutations in an AC gene that confer BCAC compound-resistance. The
potential screen was developed that provides a foundation for further isolation and examination
of compound-resistant candidates. This research should be complemented with experimental
repetition in an effort to characterize the mechanism of action of members of the BCAC51 series

conclusively.
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2 MATERIALS AND METHODS

2.1 MATERIALS

2.1.1 Growth Media

The standard medium used to grow and maintain Schizosaccharomyces pombe was a yeast
extract medium with nutritional supplements (YES), prepared as described by Gutz (Gutz et al.
1974). Edinburgh minimal medium (EMM) was used for liquid cultures and was supplemented
with leucine, lysine, histidine, adenine, and uracil (75 mg/L for all except L-leucine, which was
at 150 mg/L) required for strain growth. To grow Escherichia coli, LB (1% tryptone, 0.5% yeast

extract, 1% NaCl) was used.

2.1.2 Yeast

The S. pombe strains used throughout all experiments are listed in Table 2. Most strains carried

the fop1:GFP translational fusion, used as a reporter. Yeast was grown at 30°C.
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Strain
CHP731
CHP1466
CHP1744
CHP1760
CHP1817
CHP1826
CHP1829
CHP1831
CHP1892
CHP1901
CHP1919
CHP1923
CHP1925
CHP1927
CHP1928
CHP1943
CHP1949
CHP1952
CHP1953
CHP1960
CHP1963
CHP2009
CHP2023
CHP2026
CHP2027
CHP2107
CHP2443
CHP2445
CHP2486
CHP2489

+

his7

+
his7-366
+

¥

"

"

¥

+

¥
his7-366
¥
his7-366
his7-366
his7-366
his7-366
?

?

?

Table 2. Strain List

Other Markers

his3-D1

paplD::ura4- cgs2::PDE4D2
papl::urad- cgs2::ratPDE4AS5
papl::urad- cgs2::ratPDE4AS5

paplD::
paplD::
paplD::
lys2-97
paplD:
paplD::
paplD::
paplD::
paplD::
paplD::
paplD::
paplD::
paplD::
paplD::
paplD::
paplD::
paplD::
paplD::
paplD::
paplD::
paplD::
paplD::
paplD::
paplD::
paplD::
paplD::

urad-
urad-

urad-

cgs2::PDE4D2 [pLEV3-AC7] ars1[pNMT1-GNAS1R201C LEU2+]
cgs2::PDE4D2 [pLEV3-AC4] ars1[pNMT1-GNASIR201C LEU2+]
cgs2::PDE4D2 [pLEV3-AC7]

paplD::urad- cgs2::PDE4D2 arsl[pNMT1-GNAS1R201C LEU2+]
:urad- cgs2::PDE4D2 [pLEV3-AC3]

urad-
urad-
urad-
urad-
urad-
urad-
urad-
urad-
ura4-
urad-
urad-
urad-
urad-
urad-
urad-
ura4-
urad-
urad-
urad-
urad-

urad-

cgs2::PDE4A5  adh::[pLEV3-AC2 LEU2+]
cgs2::PDESA[LEU2] [pLEV3-AC4-LEU2+]
cgs2::PDE4D2  adh::[pLEV3-AC2 LEU2+] ars1[pNMT1-GNAS1R201C LEU2+]
cgs2::PDE1B adh::[pLEV3-AC7 LEU2+]
cgs2::PDE2A adh::[pLEV3-AC7 LEU2+]
cgs2::PDE4B3 adh::[pLEV3-AC7 LEU2+]
cgs2::kan-adh1-PDE1C4 [pLEV3-AC2 LEU2+]
cgs2::PDEhu4Al [pLEV3-AC7 LEU2+]
cgs2::PDEIC4  [pLEV3-AC7 LEU2+]
cgs2::kan-adh1-PDE1C4 lys2-97::pJV1L-exoY[lys2]
cgs2::PDE4D2 lys2-97 [pJV1L-AC6:4]
cgs2::PDE4D2 lys2-97 [pJV1L-AC6:4] ars1[pNMT1-GNAS1R201C LEU2+]
cgs2::PDE4D2 [pLEV3-AC4 LEU2+]
cgs2::kan-adh1-PDE1C4 lys2-97 pJV1tif-AC9:4(9)
cgs2::PDE4D2 lys2-97 pJV1tif-AC9:4(9)
cgs2::PDE4D2 lys2-97 pJV1tif-AC9:4(9) arsl[pNMT1-GNAS1R201C LEU2+]
cgs2-2 lys2-97 [pJV1tif-AC9:4(9)] [pLEV3-PDE3Bcat]
cgs2::PDE4D2 ars1[pNMT1-GNAS1R201C LEU2+] lys2-97::{pJV1-huAC5m2}
cgs2::PDE4D2 ars1[pNMT1-GNAS1R201C LEU2+] lys2-97::{pJV1-huAC5WS5:1}
cgs2::PDE4D2 lys7-2::pnmt1(lys7)-GNASR201C
cgs2::PDE4D2 lys2-97 lys7-2::pnmt1(lys7)-GNASR201C

git

+
git2-2::his7+(7)
gitll::kan
git3::kan
git2-2::his7+(7)
git2-2::his7+(7)
git2-2::his7+(7)
git2-2::his7+(7)
git2-2::his7+(7)
git2-2::his7+(7)
git2-2::his7+(7)
git2-2::his7+(7)
git2-2::his7+(7)
git2-2::his7+(7)
git2-2::his7+(7)
git2-2::his7+(7)
git2-2::his7+(7)
git2-2::his7+(7)
git2-2::his7+(7)
git2-2::his7+(7)
git2-2::his7+(7)
git2-2::his7+(7)
git2-2::his7+(7)
git2-2::his7+(7)
git2-2::his7+(7)
git2-2::his7+(7)
git2-2::his7+(7)
git2-2::his7+(7)
git2-2::his7+(7)
git2-2::his7+(7)

All strains carry the fbp1:GFP reporter except for CHP731, which still carries fbpl, and for CHP1466, which still carries

fbpl:urad. All strains carry the ura4:fbpl-lacZ reporter except for CHP731, which still carries ura4. All strains express

leul-32, ade6, and lys1.
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2.1.3 Bacteria

Plasmids (Invitrogen, San Diego) were purified from one of the following strains of E. coli:
ElectroTen-Blue electroporation-competent cells (Stratagene, La Jolla, CA) or XL-1 Red
competent E. coli cells (Agilent Technologies, Santa Clara, CA). Transformants were selected

for in LB medium containing 100 mg/L ampicillin and incubated at 37°C.

2.1.4 Enzymes
Restriction endonucleases were sustained in buffers provided from the manufacturer (New
England Biolabs (NEB), Ipswich, MA). Restriction digestion protocols provided by NEB were

followed.

2.1.5 Microscopy

Fluorescence by GFP signal was observed using the EVOS FL with a 4X objective (Life
Technologies, Carlsbad, CA) or using an Axioplan 2 microscope with a 40X objective (Zeiss,
Jena, Germany). Differential interference contrast (DIC) microscopy was conducted using an

Axioplan 2 microscope with a 40X objective (Zeiss, Jena, Germany).

2.2 METHODS

2.2.1 Cyclic Nucleotide Assays
Cultures were grown to exponential phase (5 x 106 to 1.5 x 107 cells/mL) prior to treatment with
BCAC compounds together with 40uM Rolipram, and cCAMP extracts were prepared and

measured by mass spectrometry (Eberhard and Hoffman 2021). Unless otherwise indicated,
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cultures were incubated at 30°C with shaking for 30 minutes following treatment with
compound, followed by cells being incubated with acetonitrile at room temperature for at least

15 minutes before pelleting.

2.2.2 GFP Assays by Flow Cytometry and Fluorescence-Activated Cell Sorting

Cultures were grown to exponential phase (5 x 108 to 1.5 x 107 cells/mL) to be treated with
compound and then incubated overnight following inoculation. Flow cytometry readings were
conducted by resuspending cells in PBS and then reading their fluorescent intensity by GFP
signal on a FACSAria Illu machine (BDBiosciences, Franklin Lakes, NJ). Sorting of cells by
GFP signal was also conducted on this machine, and cells (between 2000- and 10,000-count)
fluorescing below a specified fluorescence intensity were collected into 1 mL of liquid EMM and

spread onto YES.

2.2.3 Whole-cell PCR

PCR was performed using 2X buffer (Failsafe Buffer G, Lucigen), oligonucleotides, DNA
polymerase (Phusion, New England Biolabs) and a small amount (roughly the size of a pin’s tip)
of cells. Cells were incubated at 98°C for 10 minutes before entering a standard 40-cycle PCR
reaction. PCR product bands were loaded onto 1% agarose gel and visualized with ethidium

bromide/UV rays.

2.2.4 Plasmid Rescue from Yeast

Plasmids were rescued from yeast using the Smash and Grab protocol (Hoffman and Winston

1987). Yeast cells were suspended in 0.2 mL of Smash and Grab buffer, prepared as described
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by Hoffman and Winston, and then vortexed in the presence of 0.2 mL of phenol-chloroform and
0.3 grams of acid-washed glass beads. Cells were pelleted, and 10 pL of the aqueous layer was

added to 40 uL of sterile water. 0.5 uL of this solution was used in E. coli transformations.

2.2.5 Transformation of Escherichia coli

E. coli transformations used either ElectroTen-Blue electroporation-competent cells (Agilent) or
XL-1 Red competent cells (Agilent). For transformation of ElectroTen-Blue cells, cells were
electroporated (2250 V/cm, 200 Ohms, 25 microfarad) to achieve a time constant of 4.5 msec.
Electroporated cells were collected into 1 mL of S.O.C. broth (2% tryptone, 0.5% yeast extract)
(ThermoFisher) and incubated at 37°C for 1 hour with shaking before being pelleted for 7
minutes at 4000 RPM. The pellet was resuspended in 100 uL of S.0.C. and spread to an
LB+Ampicillin plate, which was grown overnight at 37°C. For transformation of XL-1 Red cells,
chemically competent cells were mixed with 1.7 uLL of B-mercaptoethanol and swirled every 2
minutes for 10 minutes while being kept on ice. 1 uLL of 50 ng/uL plasmid DNA was added, and
the mixture was incubated on ice for 30 minutes. The mixture was heat-pulsed at 42°C for 45
seconds before being incubated on ice again for 2 minutes. 0.9 mL of S.0.C. was added, and
cells were shaken at 37°C for 1 hour before being pelleted for 10 minutes at 1000 RPM. The
supernatant was poured off, and cells were plated to LB+Ampicillin plates and incubated for two

to three days at 37°C.

2.2.6 Plasmid preparations from Escherichia coli

Plasmids were prepared from E. coli transformed using the QlAprep Spin Miniprep Kit

according to the manufacturer’s instructions (Qiagen).
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2.2.7 Transformation of Schizosaccharomyces pombe

Yeast was grown overnight in YES liquid or, for non-AC-carrying strains, in EMM+1uM
CAMP+1uM Rolipram. Cultures were grown to exponential phase in EMM (5 x 108 to 1.5 x 107
cells/mL), pelleted for 3 minutes at 4000 RPM, and washed with sterile water to maintain log-
phase cell density. Cells were pelleted, resuspended in 1 mL of sterile water, and pelleted for 5
seconds in the microfuge at 14000 RPM. Cells were then washed with 1 mL of 1X LIOAC/TE
buffer, pelleted, and brought to 2 x 10° cells/mL in 1X LiOAC/TE. Cells (100 pL) were mixed
with 2 uLL of 10 mg/mL boiled carrier DNA (salmon sperm) and transforming DNA. The mixture
was incubated for 10 minutes at room temperature before adding 260 pL of PLATE buffer (40%
PEG, 100 mM LiOAc, 10mM Tris-HCI pH 7.5). Samples were incubated for 2-3 hours at 30°C.
Cells received 43 pL. of DMSO and were heat-shocked for 5 minutes at 42°C. Transformants
were plated to four EMM selection plates that were incubated at 30°C for several days. Smaller
transformations used from 10 to 50 pL of cells, and they followed the same protocol by adjusting

the volumes of DNA, PLATE buffer, and DMSO to maintain the same ratios.
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3 ANALYSIS OF cAMP PRODUCTION IN THE PRESENCE OF GNAS

3.1 Profiling Several ACs with 5uM BCAC Compounds Suggests Differential Sensitivities
To determine the effect of BCAC compounds on cCAMP production, strains carrying a variety of
ACs (A2, AC4, AC6, AC7, and AC9) were analyzed in the presence of BCAC compounds and
40uM Rolipram (to inhibit PDEs and thus triggering an increase in CAMP levels to reflect AC
activity). The ACs were under the stimulatory effect of mutationally-activated GNAS
(GNASR201CY cAMP assays were first conducted with a BCAC compound concentration of 5uM
and involved a 30-minute incubation period following inoculation. The fold-elevation of cAMP
production was calculated for DMSO vehicle controls and for samples treated with compounds,
and the results were compared using a paired t-test (two-tailed) to determine statistical
significance. Because the t-test was paired, the magnitude of the difference between the mean
fold-elevations of the DMSO controls and those of the compound-treated samples does not fully
reflect the variability seen among individual assays. CAMP production was calculated as a fold-
elevation as this eliminates fluctuation in the absolute CAMP elevation across experiments,

which is a function of cell density ranging between 5 x 108 and 1.5 x 107 cells/mL.

The results are shown for each AC (Tables 3-7, Figures 5-9). The fold-elevations of the DMSO
controls tend to range over the compounds tested on each AC, and the cCAMP extracted from
DMSO controls was sometimes greater than that extracted from compound-treated samples. This
is most likely due to variable quality of the growth medium or to strains’ varying responses to
Rolipram (loss of sensitivity to Rolipram would result in decreased cCAMP elevation). The results
of experiments were omitted (no more than 3 for each BCAC compound for each strain) that did

not show at least a three-fold elevation of cAMP in the DMSO-treated control or a “time=0
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minutes” CAMP level greater than that of the DMSO control. This suggested an issue with the

culture, such as loss of sensitivity to Rolipram. AC2 experiments with BCAC70, 87-92 are not

included, as their results all reflected sub-quality cultures.

Table 3. cAMP Production in CHP1923 (AC2) Following Treatment with 5uM Compounds

BCAC Fold-elevation — Fold-elevation — Fold-elevation — Fold-elevation — Number of
Compound DMSO controls DMSO controls BCAC compound | BCAC compound assays
of Treatment (mean) (std. dev.) (mean) (std. dev.)
(5uM)
54 6.44 5.62 3.97 0.62 4
61 6.44 5.62 3.55 0.55 4
62 6.44 5.62 2.62 0.41 4
63 6.44 5.62 5.74 0.89 4
66 6.44 5.62 5.71** 0.89 4
67 6.44 5.62 3.22 0.5 4

Statistical significance was calculated as the result of a paired t-test (two-tailed) comparing fold-elevations of DMSO-treated

samples with compound-treated ones and is indicated as follows: *=p<.10, **=p<.05, ***=p<.01. cAMP production was

Table 4. cAMP Production in CHP1826 (AC4) Following Treatment with 5uM Compounds

calculated as a fold-elevation, according to the following ratio:

extracted cAMP (units: spectral counts) at T=30 minutes after compound treatment

elevation =

extracted cAMP (units: spectral counts) at time of compound treatment (T=0 minutes)’

BCAC Fold-elevation — | Fold-elevation — Fold-elevation — Fold-elevation — Number of
Compound of | DMSO controls | DMSO controls BCAC compound | BCAC compound assays
Treatment (mean) (std. dev.) (mean) (std. dev.)

(5uM)
54 13.07 5.03 2.18** 1.97 9
61 13.07 5.03 1.67*** 1.52 9
62 13.39 5.27 1.65*** 1.42 8
63 13.07 5.03 0.90*** 0.30 9
66 13.07 5.03 2.41%** 1.33 9
67 13.07 5.03 1.48*** 1.02 9
70 5.14 1.84 4.57 0.88 4
87 514 1.84 2.79 0.3 4
88 5.14 1.84 4.68 1.09 4
89 5.14 1.84 4.92 0.95 4
90 5.14 1.84 7.88 8.24 4
91 5.14 1.84 5.1 0.53 4
92 514 1.84 6.52 0.79 4

Statistical significance was calculated as described beneath Table 3 and is indicated as follows: *=p<.10, **=p<.05, ***=p<.01. Fold-

elevation of cAMP was calculated as described beneath Table 3.
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Table 5. cAMP Production in CHP1963 (AC6) Following Treatment with 5uM Compounds

BCAC Fold-elevation — | Fold-elevation — Fold-elevation — Fold-elevation — Number of
Compound | DMSO controls | DMSO controls BCAC compound BCAC compound assays
of Treatment (mean) (std. dev.) (mean) (std. dev.)

(5uM)
54 11.65 4.11 6.18* 2.01 5
61 11.65 411 5.32%** 3.51 5
62 10.62 2.05 5.68** 2.16 5
63 10.62 2.05 4.46*** 0.87 5
66 10.62 2.05 5.61** 1.69 5
67 10.62 2.05 5.21** 1.43 5
70 5.03 0.56 4.76 1.67 3
87 5.03 0.56 3.28 2.25 3
88 5.03 0.56 5.06 1.02 3
89 5.03 0.56 4.94 3.79 3
90 5.03 0.56 3.27 1.02 3
91 5.03 0.56 4.72 1.39 3
92 5.03 0.56 5.08 1.54 3

Statistical significance was calculated as described beneath Table 3 and is indicated as follows: *=p<.10, **=p<.05, ***=p<.01.

Fold-elevation of cCAMP was calculated as described beneath Table 3.

Table 6. cAMP Production in CHP1817 (AC7) Following Treatment with 5uM Compounds

BCAC Fold-elevation — | Fold-elevation — Fold-elevation — Fold-elevation — Number of
Compound DMSO controls | DMSO controls BCAC compound BCAC compound assays
of Treatment (mean) (std. dev.) (mean) (std. dev.)

(5uM)
54 9.36 3.02 2.03*** 1.09 8
61 9.56 3.21 1.68*** 1.07 7
62 9.36 3.01 2.25** 1.51 8
63 9.36 3.02 1.30*** 0.61 8
66 9.36 3.02 3.01%** 1.89 8
67 9.36 3.02 1.78*** 0.87 8
70 4.56 0.31 4.32 1.37 3
87 4.56 0.31 3.11 1.17 3
88 4.56 0.31 5.03 1.72 3
89 4.56 0.31 4.52 1.49 3
90 4.56 0.31 4.28 2.99 3
91 4.56 0.31 5.33 2.06 3
92 4.56 0.31 5.72 1.69 3

Statistical significance was calculated as described beneath Table 3 and is indicated as follows: *=p<.10, **=p<.05, ***=p<.01.

Fold-elevation of cAMP was calculated as described beneath Table 3.
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Table 7. cAMP Production in CHP2027 (AC9) Following Treatment with 5uM Compounds

BCAC Fold-elevation — | Fold-elevation— | Fold-elevation — Fold-elevation — Number of
Compound | DMSO controls DMSO controls | BCAC compound | BCAC compound assays
of Treatment (mean) (std. dev.) (mean) (std. dev.)

(5uM)
54 11.79 6.88 5.52 4.12 5
61 11.79 6.88 2.85** 1.11 5
62 11.79 6.88 7.43 4.11 5
63 11.79 6.88 3.71** 1.45 5
66 11.79 6.88 7.49 2.95 5
67 11.79 6.88 5.42* 3.21 5
70 7.62 0.24 4.63 0.46 2
87 7.62 0.24 8.72 7.53 2
88 7.62 0.24 7.60 2.11 2
89 7.62 0.24 13.94 9.19 2
90 7.62 0.24 4.49 0 2
91 7.62 0.24 6.51 1.98 2
92 7.62 0.24 6.30 0.53 2

Statistical significance was calculated as described beneath Table 3 and is indicated as follows: *=p<.10, **=p<.05, ***=p<.01. Fold-

elevation of cCAMP was calculated as described beneath Table 3.
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Figure 5. CHP1923 (AC2) was treated with 5uM BCAC compounds and DMSO as a control
(plus 40uM Rolipram), and cAMP production was measured by mass spectrometry before and
after a 30-minute incubation period following inoculation with compounds. Statistical
significance was calculated as described beneath Table 3 and is indicated as follows: *=p<.10,
**=p<.05, ***=p<.01. Fold-elevation of CAMP was calculated as described beneath Table 3.
Mean fold-elevation was calculated for all the experiments done with each compound, and the

error bars represent the standard deviation.

CAMP Production in CHP1923 (AC2)
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Figure 6. CHP1826 (AC4) was treated with 5uM BCAC compounds and DMSO as a control
(plus 40uM Rolipram), and cAMP production was measured by mass spectrometry before and
after a 30-minute incubation period following inoculation with compounds. Statistical
significance was calculated as described beneath Table 3 and is indicated as follows: *=p<.10,
**=p<.05, ***=p<.01. Fold-elevation of CAMP was calculated as described beneath Table 3.
Mean fold-elevation was calculated for all the experiments done with each compound, and the

error bars represent the standard deviation.
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Figure 7. CHP1963 (ACG6) was treated with 5uM BCAC compounds and DMSO as a control
(plus 40uM Rolipram), and cAMP production was measured by mass spectrometry before and
after a 30-minute incubation period following inoculation with compounds. Statistical
significance was calculated as described beneath Table 3 and is indicated as follows: *=p<.10,
**=p<.05, ***=p<.01. Fold-elevation of CAMP was calculated as described beneath Table 3.
Mean fold-elevation was calculated for all the experiments done with each compound, and the
error bars represent the standard deviation.
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Figure 8. CHP1817 (AC7) was treated with 5uM BCAC compounds and DMSO as a control
(plus 40uM Rolipram), and cAMP production was measured by mass spectrometry before and
after a 30-minute incubation period following inoculation with compounds. Statistical
significance was calculated as described beneath Table 3 and is indicated as follows: *=p<.10,
**=p<.05, ***=p<.01. Fold-elevation of CAMP was calculated as described beneath Table 3.
Mean fold-elevation was calculated for all the experiments done with each compound, and the

error bars represent the standard deviation.
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Figure 9. CHP2027 (AC9) was treated with 5uM BCAC compounds and DMSO as a control
(plus 40uM Rolipram), and cAMP production was measured by mass spectrometry before and
after a 30-minute incubation period following inoculation with compounds. Statistical
significance was calculated as described beneath Table 3 and is indicated as follows: *=p<.10,
**=p<.05, ***=p<.01. Fold-elevation of CAMP was calculated as described beneath Table 3.
Mean fold-elevation was calculated for all the experiments done with each compound, and the
error bars represent the standard deviation.
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3.2 AC Profiling with Lower BCAC Concentrations Also Suggests Different Sensitivities

In an effort to profile all 41 members of the BCAC51 scaffold of compounds, we conducted
CAMP assays on strains expressing AC4, AC5, and AC7, as these ACs seemed to show the
greatest sensitivity to the compounds at 5pM. The strains also expressed mutationally-activated
GNAS (GNASR?1C) to stimulate the ACs. Strains were treated with lower concentrations of
BCAC compounds in an effort to reduce any effect of cell growth arrest; due to the lower
concentrations being used, the incubation time for cultures after inoculation was increased to 60
minutes to maximize the amount of cAMP extracted. The fold-elevation of cCAMP production
was calculated for samples treated with DMSO as a vehicle control and for those treated with
compounds, and the mean results for experiments done on each compound for all ACs are shown
(Tables 8-10, Figures 10-12). The average ratio of fold-elevation for compound-treated sample to
fold-elevation for DMSO-treated control was also calculated (Tables 8-10). Experiments were
conducted with sets of compounds at both 2.5uM and 1.25uM (plus 40uM Rolipram) with each
set having its own DMSO control. Between 3 and 6 assays were completed with each set. Again,
the fold-elevations of the DMSO controls tended to range over the compounds tested on each
AC-expressing strain, and the CAMP extracted from DMSO controls was sometimes greater than
that extracted from compound-treated samples. This is most likely due to variable quality of the
cell growth and loss of sensitivity to Rolipram. The results of 1 of the 3 experiments on AC4
were omitted from the calculations, as they did not show at least a three-fold elevation of CAMP
in the DMSO-treated control or a “time=0 minutes” cAMP level greater than that of the DMSO
control. This suggested an issue with the culture, such as loss of sensitivity to Rolipram or
irregular growth medium. Due to the high volume of data generated for many BCAC

compounds, the results for any compound that did not reduce the fold-elevation of CAMP to at
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least 60% that of the DMSO-treated sample (indicated by a fold-elevation ratio of less than .60)

were omitted.
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Table 8. cAMP Production in CHP1826 (AC4) Following Treatment with Sets of BCAC Compounds at 2.5uM and 1.25uM

BCAC compound #, Concentration Fold-elevation (mean) Std. dev. of fold-elevation Fold-elevation ratio
(mean)
DMSO 5.01 0.64
51 2.5uM 1.77%%* 0.74 0.19
511.25 uM 2.55%%% 0.61 0.39
52 2.5 uM 1.67** 1.06 0.17
Set1 52 1.25uM 2,03** 0.77 0.26
53 2.5uM 1.70%%* 0.85 0.18
53 1.25uM 1.46%** 0.17 0.11
54 2.5uM 0.91%** 0.29 -0.02
54 1.25uM 1.99%* 117 0.25
DMSO .15 524
57 2.5uM 4.98 2.62 0.56
57 1.25uM 6.48 3.37 0.77
61 2.5uM 2.06 0.14 0.15
Set 2 61 1.25uM 6.52%* 2.48 0.77
62 2.5uM 4.70 1.36 0.52
62 1.25uM 3.60%** 2.57 0.36
63 2.5uM 2.54 0.82 0.22
63 1.25uM 4,000 2.68 0.42
DMSO 8.96 3.95
64 2.5uM 5.92 4.19 0.62
64 1.25uM 5.16 4.94 0.52
65 2.5uM 4.35* 153 0.42
Set 3 65 1.25uM 13.00 9.21 151
66 2.5uM 3.49 1.16 031
66 1.25uM 6.99 3.46 0.75
67 2.5uM 4.84 1.33 0.48
67 1.25uM 2.10 073 0.14
DMSO 9.43 3.73
88 2.5uM 12.00 13.08 131
88 1.25uM 12.82 12.55 14
Set4 89 2.5uM 5.39 0.63 0.52
89 1.25uM 4.33 0.78 0.4
90 2.5uM 5.62 2.44 0.55
90 1.25uM 11.38 6.36 1.23
DMSO 10.53 5.02
91 2.5uM 6.31 2.89 0.56
91 1.25)M 11.15 15 1.06
92 2.5uM 5.80 2.23 05
Set 5 92 1.25uM 7.16 3.33 0.65
93 2.5uM 8.17 2.49 0.75
93 1.25uM 10.59 6.95 1.01
94 2.5uM 7.87 1.96 0.72
94 1.25uM 6.98 5.21 0.63
DMS0 0.24 2.05
99 2.5uM 3.61** 2.27 05
Set 6 99 1.25uM 3.82%* 1.86 0.54
101 2.5uM 5.74 0.59 0.91
101 1.25.M 7.08 101 116
DMSO 5.86 2.05
103 2.5uM 4.00 114 0.62
103 1.25uM 4.05 0.79 0.63
Set7 104 2.5uM 3.12* 133 0.44
104 1.25uM 3.87 1.16 0.59
105 2.5uM 2.48** 0.25 03
105 1.25uM 3.68* 0.98 0.55
——
DMSO 5.63 2.83
108 2.5uM 2.77 1.08 0.38
108 1.25uM 3.80 18 0.61
109 2.5uM 2.80 1.65 0.39
109 1.25uM 4.60 2.83 0.78
110 2.5uM 2.26* 1.08 0.27
Set 8 110 1.25uM 291 117 0.41
111 2.54M 1.86% 1.06 0.19
111 1.25uM 3.07 172 0.45
111 2.5uM 2.31* 1.04 0.21
111 1.25uM 3.95 117 0.47

Fold-elevation of cCAMP was calculated as follows:

extracted cAMP (units: spectral counts) at T=60 minutes after compound treatment

elevation = - - - .
extracted cCAMP (units: spectral counts) at time of compound treatment (T=0 minutes)

Statistical significance was calculated by comparing the fold-elevations of DMSO-treated samples with compound-treated ones (paired t-test, two-tailed) and is indicated

(cAMP fold—elevation for comound—treated sample—1)
(cAMP fold—elevation for DMSO—treated control-1)

as follows: *=p<.10, **=p<.05, ***=p<.01. The fold-elevation ratio was calculated as
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Table 9. cAMP Production in CHP2445 (AC5) Following Treatment with Sets of BCAC Compounds at 2.5uM and 1.25uM

BCAC compound #, Concentration Fold-elevation (mean) Std. dev. of fold-elevation Fold-elevation ratio
(mean)

DMSO 24.47 15.85
51 2.5uM 16.67** 10.84 0.67
511.25 uM 18.98* 12.06 0.77
522.5uM 17.67 11.86 0.71
52 1.25uM 20.86 4.23 0.85
Set 1 53 2.5uM 14** 7.64 0.55
53 1.25uM 14.11** 7.83 0.56
54 2.5uM 19.15 9.43 0.77
54 1.25uM 314 19.61 1.3
57 2.5uM 14.76 5.69 0.59
57 1.25uM 25.02 135 1.02

DMSO 17.27 8.65
61 2.5uM 6.14** 3.15 0.32
61 1.25uM 13.17 5.43 0.75
62 2.5uM 9.47** 7.28 0.52
62 1.25uM 12.23 4.44 0.69
Set 2 63 2.5uM 8.69* 3.99 0.47
63 1.25uM 13.12 5.9 0.74
64 2.5uM 23.81 6.67 14
64 1.25uM 19.26 4.69 1.12
65 2.5uM 12.06 1.02 0.68
65 1'25EM 10.48 %84 0.58

DMSO 13.83 1.38
66 2.5uM 18.54 2.54 1.37
Set 3 66 1.25uM 15.1 5.06 11
67 2.5uM 12.06 141 0.86
67 1.25uM 16.07 6.29 1.17

DMSO 25.42 ND
88 2.5uM 14.65 ND 0.56
88 1.25uM 19.97 ND 0.78
Set 4 89 2.5uM 19.47 ND 0.76
89 1.25uM 28.82 ND 1.14
90 2.5uM 20.42 ND 0.8
90 1.25uM 21.12 ND 0.82

DMSO 25.42 ND
91 2.5uM 26.98 ND 1.06
Set 5 91 1.25uM 11.48 ND 0.43
92 2.5uM 15.78 ND 0.61
92 1.25uM 10.13 ND 0.37

DMSO 26.94 19.15
99 2.5uM 18.85 14.59 0.69
99 1.25uM 19.81 15.06 0.73
101 2.5uM 15.96 ND 0.58
Set 6 101 1.25uM 15.52 ND 0.56
103 2.5uM 12.16 ND 0.43
103 1.25uM 16.54 ND 0.6
104 2.5uM 14.42 ND 0.52
104 1.25uM 7.27 ND 0.24
105 2.5uM 6.11 ND 0.2
105 1£5uM 9.09 ND 0.31

DMSO 26.73 19.32
108 2.5uM 22.23 ND 0.83
108 1.25uM 25.28 ND 0.94
109 2.5uM 21.67 ND 0.8
Set 7 109 1.25uM 26.1 ND 0.98
110 2.5uM 20.56 ND 0.76
110 1.25uM 30 ND 1.13
111 2.5uM 23.81 ND 0.89
111 1.25uM 17.52 ND 0.64

Statistical significance was calculated as described beneath Table 8 and is indicated as follows: *=p<.10, **=p<.05, ***=p<.01. Fold-elevation of cAMP and the fold-elevation

ratio were calculated as described beneath Table 8. Compounds for which standard deviations were not determined are indicated with “ND.”
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Table 10. cAMP Production in CHP1817 (AC7) Following Treatment with Sets of BCAC Compounds at 2.5uM and 1.25uM

BCAC compound #, Concentration Fold-elevation (mean) Std. dev. of fold-elevation Fold-elevation ratio
(mean)
DMSO 17.15 9.55
51 2.5uM 17.66 7.91 1.03
511.25 uM 5.73 2.26 0.29
52 2.5 uM 6.85 3.02 0.36
Set1 52 1.25uM 8.98 3.08 0.49
53 2.5uM 4.07 1.77 0.19
53 1.25uM 5.95 3.76 0.31
54 2.5uM 9.58 3.83 0.53
54 1.25uM 11.99* 6.66 0.68
DMSO 13.43 1.34
57 2.5uM 3.5%x* 0.73 0.2
57 1.25uM 11.34 2.42 0.83
61 2.5uM 3.98*** 0.91 0.24
Set2 61 1.25uM 5.37 2.66 0.35
62 2.5uM 6.19%* 0.04 0.42
62 1.25uM 8.06** 1.53 0.57
63 2.5uM 6.71%** 1.66 0.46
63 1.25uM 7.81%* 2.45 0.55
DMSO 13.87 5.32
64 2.5uM 11.74 4.33 0.83
64 1.25uM 10.03* 0.43 0.7
65 2.5uM 7.32 0.52 0.49
Set 3 65 1.25uM 11.25 3.25 0.8
66 2.5uM 9.7 3.39 0.68
66 1.25uM 10.69 4.18 0.75
67 2.5uM 10.22 4.26 0.72
67 1.25uM 8.43 0.65 0.58
DMSO 13.34 5.76
88 2.5uM 11.01* 4.64 0.85
88 1.25uM 11.45 6.01 1.04
Set4 89 2.5uM 13.84 5.85 0.55
89 1.25uM 7.81 6.16 0.85
90 2.5uM 11.46** 5.37 0.8
90 1.25uM 10.87 6.35 0.85
DMSO 11.67 7.73
91 2.5uM 1155 2.38 0.99
91 1.25uM 11.72 3.2 1
92 2.5uM 10.5 1.17 0.89
Set 5 92 1.25uM 11.44 421 0.98
93 2.5uM 11.35 3.33 0.97
93 1.25uM 10.26 4.84 0.87
94 2.5uM 12.71 3.84 1.1
94 1.25uM 11.62 5.05 1
DMSO 6.81 2.88
99 2.5uM 2.44 1.86 0.25
99 1.25uM 3.87 1.76 0.49
Set 6 101 2.5uM 3.51 0.83 0.43
101 1.25uM 4.96 1.11 0.68
DMSO 6.21 2.82
103 2.5uM 3.51** 2.1 0.48
103 1.25uM 5.95 3.24 0.95
Set7 104 2.5uM 4.16 5.26 0.61
104 1.25uM 4.95 3.01 0.76
105 2.5uM 2.3% 1.04 0.25
105 1.25uM 3.31 1.2 0.44
DMSO 8.64 2.77
108 2.5uM 3.52 1.27 0.33
108 1.25uM 4.4 0.38 0.44
109 2.5uM 5.02* 45 0.53
Set 8 109 1.25uM 3.18* 2.86 0.29
110 2.5uM 1.87 1.81 0.11
110 1.25uM 6.29 4.1 0.69
111 2.5uM 2.08%** 1.68 0.14
111 1.25uM 2.12%** 1.76 0.15

Statistical significance was calculated as described beneath Table 8 and is indicated as follows: *=p<.10, **=p<.05, ***=p<.01. Fold-elevation of cAMP and the fold-

elevation ratio were calculated as described beneath Table 8.
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Figure 10. cAMP assays were conducted on CHP1826 (AC4). Cultures were treated with either
2.5uM or 1.25uM BCAC compound and DMSO vehicle controls (plus 40uM Rolipram), and
they were incubated for 1 hour following inoculation. Fold-elevation of cAMP was calculated as
described beneath Table 8. The mean fold-elevation is graphed, and the standard deviation is
represented by the error bars. Statistical significance was calculated as described beneath Table 8

and is indicated as follows: *=p<.10, **=p<.05, ***=p<.01.

CAMP Production in CHP1826 (AC4) Treated With Lower Concentrations of Compounds
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Figure 11. cAMP assays were conducted on CHP2445 (ACS5). Cultures were treated with either
2.5uM or 1.25uM BCAC compound and DMSO vehicle controls (plus 40uM Rolipram), and
they were incubated for 1 hour following inoculation. Fold-elevation of cAMP was calculated as
described beneath Table 8. The mean fold-elevation is graphed, and the standard deviation is
represented by the error bars. Statistical significance was calculated as described beneath Table 8
and is indicated as follows: *=p<.10, **=p<.05, ***=p<.01.

CAMP Production in CHP2445 (AC5) Treated With Lower Concentrations of Compounds
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Figure 12. cAMP assays were conducted on CHP1817 (AC7). Cultures were treated with either

2.5uM or 1.25uM BCAC compound and DMSO vehicle controls (plus 40uM Rolipram), and

they were incubated for 1 hour following inoculation. Fold-elevation of cAMP was calculated as

described beneath Table 8. The mean fold-elevation is graphed, and the standard deviation is

represented by the error bars. Statistical significance was calculated as described beneath Table 8

and is indicated as follows: *=p<.10, **=p<.05, ***=p<.01.
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In an attempt to increase the likelihood of observing specificity of compound effect on certain
ACs, further assays were carried out with the most active compounds at 1.25uM (plus 40uM
Rolipram) on strains expressing AC4, 5, and 9. These experiments included a 30-minute
incubation period, since there was no longer a concern about the level of CAMP being extracted.
The fold-elevation of cCAMP production was calculated for samples treated with DMSO as a
vehicle control and for those treated with compounds, and the mean results are shown (Tables
11-13, Figures 13-15). The average ratio of fold-elevation for compound-treated sample to fold-
elevation for DMSO-treated control was also calculated (Tables 11-13). Between 6 and 9 assays
were done for each compound on each strain. The results of some experiments did not show at
least a 3-fold elevation of CAMP in the DMSO-treated control or showed the “time=0 minutes”
read as having the highest amount of cCAMP, suggesting an issue with the cultures (such as loss
of sensitivity to Rolipram). Therefore, these results were not included in the calculations, and

this resulted in the elimination of no more than 2 experiments for each strain.
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Table 11. cAMP Production in CHP1826 (AC4) Following Treatment with BCAC Compounds

at 1.25uM
BCAC Compound of | Fold-elevation (mean) Fold-elevation (std. Fold-elevation ratio
Treatment (5uM) dev.)
DMSO 7.84 3.98 --
51 3.67** 2.24 0.4
52 4.85* 3.64 0.55
53 3.06** 2.94 0.31
54 5.42%** 3.18 0.65
61 3.17** 1.33 0.3
62 4.23** 2.85 0.47
63 4.98*** 3.67 0.59
99 4.04** 3.04 0.46
105 3.48** 2.64 0.37

Fold-elevation of cAMP and the fold-elevation ratio were calculated as described beneath Table 8, except extracts

were obtained at T=30 minutes rather than at T=60 minutes.

Statistical significance was calculated as described beneath Table 8 and is indicated as follows: *=p<.10,

**=p<.05, ***=p< O1.

Table 12. cAMP Production in CHP1963 (AC6) Following Treatment with BCAC Compounds

at1.25uM
BCAC Compound of | Fold-elevation Fold-elevation (std. Fold-elevation ratio
Treatment (5uM) (mean) dev.)
DMSO 12.22 8.13 --
ol 7.41** 5.9 0.58
52 7.23** 7.13 0.55
53 4.75%** 4 0.34
54 6.86** 5.85 0.52
61 9.46 6.47 0.75
62 5.52** 3.33 0.4
63 7.1* 5.3 0.55
99 8.35** 6.85 0.65
105 5.36*** 4.74 0.38

Fold-elevation of cAMP and the fold-elevation ratio were calculated as described beneath Table 8, except extracts

were obtained at T=30 minutes rather than at T=60 minutes.

Statistical significance was calculated as described beneath Table 8 and is indicated as follows: *=p<.10,

**=p<.05, ***=p< 01.
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Table 13. cAMP Production in CHP2027 (AC9) Following Treatment with BCAC Compounds

at 1.25uM
BCAC Compound of Fold-elevation Fold-elevation (std. Fold-elevation ratio
Treatment (5uM) (mean) dev.)
DMSO 5.25 3.02 --
51 3.14** 1.69 0.5
52 2.71** 1.83 0.39
53 3.89 2.37 0.67
54 2.39** 1.6 0.34
61 5.25 5.42 1.01
62 4.36 2.68 0.8
63 3.35 2.84 0.56
99 4.7 2.56 0.85
105 4.08 1.82 0.7

Fold-elevation of cAMP and the fold-elevation ratio were calculated as described beneath Table 8, except extracts

were obtained at T=30 minutes rather than at T=60 minutes.

Statistical significance was calculated as described beneath Table 8 and is indicated as follows: *=p<.10,

*%=<,05, ***=p< 1.
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Figure 13. cAMP assays were conducted on CHP1826 (AC4). Cultures were treated with
1.25uM BCAC compound and DMSO vehicle controls (plus 40uM Rolipram), and they were
incubated for 30 minutes following inoculation. Fold-elevation of cCAMP was calculated as
described beneath Table 8. The mean fold-elevation is graphed, and the standard deviation is
represented by the error bars. Statistical significance was calculated as described beneath Table 8

and is indicated as follows: *=p<.10, **=p<.05, ***=p<.01.
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Figure 14. cAMP assays were conducted on CHP1963 (AC6). Cultures were treated with

1.25uM BCAC compound and DMSO vehicle controls (plus 40uM Rolipram), and they were

incubated for 30 minutes following inoculation. Fold-elevation of cCAMP was calculated as

described beneath Table 8. The mean fold-elevation is graphed, and the standard deviation is

represented by the error bars. Statistical significance was calculated as described beneath Table 8

and is indicated as follows: *=p<.10, **=p<.05, ***=p<.01.
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Figure 15. cAMP assays were conducted on CHP2027 (AC9). Cultures were treated with
1.25uM BCAC compound and DMSO vehicle controls (plus 40uM Rolipram), and they were
incubated for 30 minutes following inoculation. Fold-elevation of cCAMP was calculated as
described beneath Table 8. The mean fold-elevation is graphed, and the standard deviation is
represented by the error bars. Statistical significance was calculated as described beneath Table 8

and is indicated as follows: *=p<.10, **=p<.05, ***=p<.01.
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3.3 Interpretation and Discussion

These experiments were carried out to look for patterns of inhibition that might suggest whether
the compounds directly act on the various ACs or act indirectly on something that regulates AC
activity. If the BCAC compounds were to indirectly affect AC activity by binding to a target that
is part of a pathway modulating AC activity downstream (such as calmodulin signaling or
protein kinase C (PKC) phosphorylation), then the effects of compounds on different ACs would
be expected to follow a pattern that reflects the potency of the compound on the target, combined
with the importance of the target in regulating the activity of specific ACs. Since the compounds
are structurally similar, it is reasonable to assume that they act on the same indirect target if they
were to act on a pathway. Therefore, the differences in cAMP fold-elevation observed on each
AC would be explained by the given AC’s unique sensitivity to the impairment of the
compound’s target. However, the effects would likely vary slightly as a function of the
compound’s affinity for its target and of the state of the peripheral membrane environment of the

AC (Dessauer et al. 2017).

If the compounds were to act by directly binding to and inhibiting the ACs, then one might
expect to observe “cross-potency” wherein given compounds have significantly different effects
on the cAMP fold-elevations of different ACs, as the schematic shows (Figure 16). This
difference would be conferred by non-identical binding sites of the ACs, despite the high degree

of conservation among the AC catalytic core (Zhang et al. 1997).
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Figure 16. A schematic of cross-potency that is expected to reflect direct binding of BCAC

compounds to ACs. In this hypothetical example, one compound (BCAC1) is significantly more
effective inhibiting a particular AC (ACx) than is a second BCAC compound (BCAC2) (strength
as an inhibitor corresponds to thickness of the arrows). The opposite trend might be observed for

another AC (ACy), on which BCAC2 is significantly more effective than BCAC1.

BCAC1 BCAC?2

ACX  ACy

No statistically significant differences, as calculated by fold-elevation ratio (Table 8), were found
among the compounds in terms of their ability to impact the ACs at all compound concentrations
examined. Perhaps, one reason that statistical significance was not observed is that the
compounds’ binding sites on the ACs are highly conserved and that the differences in sensitivity
are too small to be captured with the number of assays conducted. Other reasons may include the
fact that the fold-elevation for the DMSO controls in some experiments was too low or that some

compounds were not good enough inhibitors.
Interestingly, many BCAC compounds appeared to be less effective on AC5 and AC6 than on

the other ACs at 2.5uM and 1.25pM. This may be due to the fact that AC5 and AC6 are both part

of the same AC classification group (Group 3) and may have less conserved binding sites for
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these compounds or, should these compounds actually work indirectly to affect AC activity, that

these ACs are more resistant to inhibition of said activity.

BCACbH54, 61, 62, 63, 66, and 67 were the most effective at reducing CAMP production to a
statistically significant level (compared to DMSO vehicle controls) at all concentrations and
across all ACs. The ACs examined are not calmodulin-sensitive (unlike Group 1 members AC1,
3, and 8), which suggests that the compounds do not act via interference with calcium
calmodulin signal transduction (Dessauer et al. 2017). Some of the compounds show promise for
future drug development. An analysis of Absorption, Distribution, Metabolism, and Excretion
(ADME) on several compounds of the BCAC51 scaffold obtained their half-life, metabolism,
and solubility data (James Inglese, pers. comm.). The results from BCACG63, 64, and 65 are the
most favorable for potential passage to a further stage of investigation or modification for
clinical use. BCACG63 is particularly enticing, as it was a highly potent inhibitor in the cAMP
assays | conducted. Future work should include more cAMP assays on BCAC54, 61, 62, 63, 66,
and 67 against various ACs in order to potentially observe statistically significant cross-potency
effects that will better characterize the structure-activity relationships (SAR) and mechanism of

action of these compounds.

The cAMP assays presented in this chapter were conducted in the presence of GNAS-
stimulation. Therefore, the prospect that the compounds act by interfering with the G protein or
with the GNAS-AC catalytic complex was not addressed by these data. A presentation and

discussion of experiments involving AC in the absence of GNAS is reserved for Chapter 6.
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4 ANALYSIS OF THE HUMAN WILD-TYPE AC5 GENE AND THE UNUSUAL R418W

MUTANT ALLELE

4.1 Cloning and Sequencing of Wild-Type and Mutant Alleles of Human AC5

The human AC5 R418W mutation has been shown to confer increased sensitivity to GNAS
(Dessauer et al. 2017). We therefore questioned whether this mutation affected GNAS-
stimulated AC activity in response to the putative BCAC inhibitor compounds. The wild-type
(WtAC5) and R418W mutant (mtAC5) alleles (courtesy of Val Watts) were amplified from
mammalian expression vectors and cloned by gap-repair transformation into the pJV1 expression
vector (Figure 17) (Kelly and Hoffman 2002, Bailey et al. 1986). PCR was used to confirm the
presence of the gene. Plasmids were rescued to E. coli, and sequencing confirmed that each

plasmid carried either wtAC5 or mtACS5.
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Figure 17. This schematic shows the construction of pJV1 expression vectors carrying the tif471
promoter and expressing either wtAC5 or mtAC5. Gap-repair transformation of each allele from
mammalian expression vectors into pJV1 plasmids, which were digested with the restriction
enzyme Sacll, was performed. pJV1 carried the lys2 selectable marker, and transformants were

selected for Lys*.
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pJV1 vectors were transformed and integrated into strain CHP1831. Mitotically stable
integration events with single-copy plasmids were indicated by colonies with a Lys* phenotype:
plasmids were digested with Ndel, which cuts within the lys2 gene to target recombination at the
host lys2 locus. To select for stable integrants, transformants were replica-plated from EMM-
lysine to YES (nonselective) to allow cells carrying autonomously-replicating plasmids to lose
the plasmid and revert to Lys", while cells in a colony carrying an integrated plasmid all
remained Lys*. After several rounds of replica plating to YES, colonies were replica plated back
to EMM-lysine to check for stable Lys* colonies, which were regrowing more quickly than
colonies with only a small number of Lys* cells. A representative example of the isolation of

stable integrants is a wild-type colony growing well on EMM-lysine (Figure 18). To verify
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integration of the plasmids, candidate strains CHP2445 and CHP2443 were crossed with
CHP1466, and the progeny were examined for a 2:2 segregation of the lys2* selectable marker.

This cross also served to exchange the fopl:GFP reporter with fopl:ura4.

Figure 18. A representative example of selecting colonies on EMM-lysine with mitotically
stable, integrated plasmids. The example shown is of a wild-type AC5-carrying plasmid, which
was transformed into CHP1831 and selected for on EMM-lysine. Colonies were replicated onto
EMM, to result in loss of autonomously-replicating plasmids. Colonies were replicated back to
EMM-lysine to select for well-growing Lys* colonies, such as the one circled on this EMM-

lysine plate.

4.2 Wild-Type and Mutant AC5 Show Similar Sensitivity to Most BCAC Compounds
Strains expressing the wild-type human AC5 gene (CHP2445) and the AC5 gene carrying the
R418W mutation (CHP2443) were analyzed through cAMP assays in the presence of BCAC
compounds, to assess whether the mutant and wild-type AC5 varied in their sensitivity to the

compounds. Both CHP2445 and CHP2443 also expressed mutationally-activated GNAS
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(GNASR?1C) sych that the ACs were stimulated. Experiments were carried out with a 30-minute
incubation period following treatment of the culture with 5uM compounds and 40uM Rolipram
(to inhibit the mammalian PDE4D2 phosphodiesterase in these strains, thus triggering an
increase in CAMP levels to reflect AC activity). Some experiments carried out earlier on did not
include the later-adopted step of incubating cells in acetonitrile for 15 minutes at room
temperature prior to centrifugation, thus potentially reducing the amount of cCAMP extracted.
cAMP production was calculated as a fold-elevation over time for both DMSO vehicle controls
and compound-treated samples, and the results were compared to determine statistical
significance (paired t-test, two-tailed). The data for each strain is shown (Tables 14-15, Figure
19). The fold-elevations of the controls ranged over the compounds tested on each allele, and
CAMP production in the controls was sometimes greater than that in the compound-treated
samples. This is most likely due to quality of the growth medium or to cells’ varying responses
to Rolipram. The results of some experiments did not show at least a 3-fold elevation of CAMP
in the DMSO-treated control or showed the “time=0 minutes” read as having the highest amount
of cCAMP, likely reflecting an issue with the cultures. Therefore, these results were not included
in the calculations, and this resulted in the elimination of no more than 2 experiments for each

strain.
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Table 14. cAMP Production in CHP2445 (wtAC5) Following Treatment with BCAC Compounds

BCAC Fold-elevation — | Fold-elevation — | Fold-elevation — | Fold-elevation — Number
Compound | DMSO controls | DMSO controls BCAC BCAC compound | of assays
of (mean) (std. dev.) compound (std. dev.)
Treatment (mean)
(5uM)
51 15.25 10.64 13.72 12.48 3
54 12.47 6.02 7.53** 4.09 11
61 12.47 6.02 3.81*** 1.36 11
62 14.26 8.06 5.72%** 3.13 26
63 12.47 6.02 5.20*** 2.43 11
66 12.47 6.02 6.50*** 2.86 11
67 12.47 6.02 6.95*** 3.41 11
70 5.78 2.22 5.3 0.92 4
87 5.78 2.22 5.13 1.75 4
88 5.78 2.22 6.72 1.57 4
89 5.78 2.22 6.53 1.69 4
90 5.78 2.22 3.65 1.19 4
91 5.78 2.22 6.3 1.75 4
92 6.1 2.05 6.77 1.84 5

Statistical significance was calculated as described beneath Table 8 is indicated as follows (paired t-test, two-tailed):

*=p<.10, **=p<.05, ***=p<.01. cAMP production was calculated as a “fold-elevation,” according to the following ratio:

elevation =

extracted cAMP (units: spectral counts) at T=30 minutes after compound treatment

extracted cAMP (units: spectral counts) at time of compound treatment (T=0 minutes)’

Table 15. cAMP Production in CHP2443 (mtAC5) Following Treatment with BCAC Compounds

BCAC Fold-elevation — | Fold-elevation — | Fold-elevation — | Fold-elevation — | Number
Compound of | DMSO controls | DMSO controls BCAC BCAC of
Treatment (mean) (std. dev.) compound compound (std. | assays
(5uM) (mean) dev.)
51 11.13 1.75 10.77 5.46 3
54 12.39 7.14 7.86%** 5.02 11
61 12.39 7.14 4.84%** 1.75 11
62 14.51 9.82 9.14*>** 5.25 26
63 12.39 7.14 6.54*** 3.56 11
66 12.39 7.14 8.13** 4.74 11
67 12.39 7.14 7.95** 5.18 11
92 21.26 11.69 28.32 7.12 2

Statistical significance was calculated as described beneath Table 8 and is indicated as follows: *=p<.10, **=p<.05,

***=p<.01. Fold-elevation of cCAMP was calculated as described beneath Table 14.

51




Figure 19. cAMP elevation in strains carrying (A) AC5 wild-type (CHP2445, wtAC5) and (B)

mutant (CHP2443, mtAC5) alleles was analyzed over a 30-minute period following treatment

with 5uM inhibitor compounds, plus 40uM Rolipram, and measured by mass spectrometry. The

fold-elevation was calculated as described beneath Table 14. Statistical significance was

calculated as described beneath Table 8 is indicated as follows: *=p<.10, **=p<.05, ***=p<.01.
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4.3 Interpretation and Discussion

Human ACS5 alleles containing the R418W mutation have been shown to confer an increased
sensitivity to GNAS. Several disease states have been linked to the R418W mutation, including
familial dyskinesia, chorea, and dystonia (Chang et al. 2016). Therefore, it was of interest
whether any BCAC compounds were more potent on mtAC5 than on the wild-type allele, as they

would likely be favorable for potential development into drugs.

In the analysis, the wild-type and mutant alleles appeared to respond to BCAC compounds with
similar significance. However, as measured by fold-elevation ratio (Table 8), wtAC5 appeared to
respond much more sensitively to BCAC62 (mean ratio=0.40) than did mtAC5 (mean
ratio=0.75) (p<.10). However, the mechanism (direct or indirect action of the compound) behind
this difference is unclear. The trend discussed in Chapter 3 that AC5 appears to be less sensitive
than the other ACs holds true according to the 5uM analysis. AC5 is part of a different AC

classification group than the other ACs, which could explain this result (Dessauer et al. 2017).

53



5 SENSITIVITY OF ACs TO BCAC COMPOUNDS IN THE ABSENCE OF GNAS-

STIMULATION

5.1 cAMP Assays Fail to Measure Compound Sensitivity of Basal-ACs

At first, CAMP assays, as described in Chapters 3 and 4, were conducted with strains expressing
various ACs but not GNAS (basal-ACs), since these assays were previously successful in
addressing whether the compounds affect AC activity in the presence of GNAS. However, a very
low signal was being read off the mass spectrometer which reflected the low level of cCAMP
production expected in the absence of GNAS-stimulation. Therefore, it was impossible to
determine whether the compounds affected basal-AC activity, and the decision was made to

pivot to a potentially more sensitive technique.

CAMP increases PKA activity, which can be monitored by expression of the fopl:GFP reporter.
GFP fluorescence is expected to inversely correspond to AC activity. | therefore examined the
possibility of assessing basal-AC activity by GFP flow cytometry, which would separate cells

based on their fluorescence signal.

5.2 Assessing Basal-AC Activity Via GFP Flow Cytometry

Twenty-three strains, carrying a variety of combinations of AC in the absence of GNAS (either
AC1, AC2, AC4, AC5, AC6, AC7, or AC9) together with various PDEs, were profiled to
determine their baseline fluorescence signal prior to any treatment with inhibitor compound.
Control strains carrying no mammalian AC, which would respond to compounds through

induction of fbpl via MAPK-mediated stress response, were also analyzed. Ultimately, five
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strains were selected for further study as they displayed an intermediate level of fluorescence
signal near the Quadrant 3/Quadrant 4 (Q3/Q4) border (Q3=low fluorescence and Q4=high
fluorescence) (Figure 20). As such, these strains might have been the most likely to display a
response to compound treatment. In addition to showing the distribution of cells displaying
varying levels of fluorescence, a median fluorescent intensity (MFI) of the population provides a
value that can be used as a quantitative measure of the culture. These strains express four

different mammalian ACs, along with one control strain that expresses the S. pombe Git2 AC.
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Figure 20. Flow cytometry readouts for (A) a low-GFP, negative control strain (CHP731) and
(B) a high-GFP, positive control strain (CHP2486) used during experiments with basal-AC
strains are shown. (C) A representative flow cytometry readout for basal-AC strains exhibiting
the “intermediate-GFP-fluorescent” phenotype, which were those exhibiting a range of
fluorescence signal near the Q3/Q4 border, is shown for CHP1925 (AC7). (D) A representative
flow cytometry readout for strains exhibiting the “high-GFP-fluorescent” phenotype, which were
those exhibiting a range of GFP signal almost entirely in Q4, is shown for CHP1822 (AC5). The
percentage of cells in Q3 and Q4, relative to the total amount in each sample, is nested in each

respective quadrant. GFP signal was measured by median fluorescent intensity (MFI).
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5.3 Selection of BCAC61 and BCACG63 as Test Compounds

To determine what compound(s) to use in the flow cytometry experiments, | initially examined
the effect of nine compounds on CHP1919 (AC4) by GFP fluorescence. Since AC4 had been
distinguished by its high degree of sensitivity to inhibitor compounds in earlier experiments (see
Chapter 3), CHP1919 was selected for this analysis. The fluorescence of cells following
overnight treatment with nine compounds, selected because of their effectiveness in reducing
cAMP levels during previously conducted assays, was examined (Figure 21). Treatment with
2uM compounds was selected because it was not so high a concentration as to affect cell growth

but was enough to observe a GFP response.

Figure 21. Strain CHP1919 (AC4) was subjected to fluorescence microscopy following

treatment with 2uM of a variety of BCAC compounds plus DMSO (vehicle control). Cultures

were inoculated and grown overnight, and they were visualized using the EVOS with a 4X

BCACS1 BCAC52 BCAC53 BCAC54

objective.

BCAC61 - BCAC62 BCAC63 BCAC99 BCAC105
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The highest level of fluorescence was observed following treatment with BCAC61 and
BCACSG63, suggesting that these compounds were the most effective at derepressing the
fop1:GFP reporter and, therefore, potentially the most potent inhibitors of AC4. Next, a culture
of strain CHP1919 was examined following treatment with DMSO, BCAC61, or BCAC63 using
differential interference contrast (DIC) light microscopy to analyze cell morphology, as well as
fluorescence microscopy and flow cytometry to examine GFP signal (Figure 22). The
morphological changes (shortening of cell length and rounding of cells) as well as the increase in
GFP fluorescence were observed upon treatment with these compounds. This is consistent with
the conversion of cells to a low-PKA phenotype. Furthermore, the alignment of flow cytometry
and microscopy data suggested that flow cytometry experiments would be suitable for analysis

of these basal-AC strains.
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Figure 22. One culture of strain CHP1919 (AC4) was analyzed following treatment with either
DMSO, 2uM BCACS61, or 2uM BCAC63. Cultures were grown overnight. Two phenotypes
were examined: (A) cell morphology using differential interference contrast (DIC) light
microscopy, (B) GFP signal using fluorescence microscopy, and (C) flow cytometry.

Microscopy was conducted using a 40X objective on the Zeiss.
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5.4 Profiling Basal-ACs Following Treatment with BCAC Compounds

Flow cytometry assays on the four selected mammalian AC-expressing strains plus CHP1744
were conducted to examine the effect of the compounds on basal-AC activity. A representative
flow cytometry readout for an experiment of treatment with either DMSO, 2uM BCAC61, or
2uM BCACG3 is shown for each strain (Figure 23). Average GFP fluorescence signal (median
fluorescent intensity) is also shown for these experiments (Figure 24, Table 16). A statistically
significant increase in GFP signal was observed upon treatment with both BCAC61 and
BCACSG63 for strains expressing AC2 and AC4 (p<.01) and upon treatment with BCAC61 for a
strain expressing AC9 (p<.05). Treatment of the AC7-expressing strain with either compound or
of the AC9-expressing strain with BCAC63 led to a large elevation of the MFI, however these
did not reach statistical significance. In contrast, the average MFI of cultures of the Git2-
expressing strain was actually lower in the compound-treated cultures than in the DMSO-treated

cultures.
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Figure 23. Representative flow cytometry readouts for GFP assays of four mammalian AC-
expressing strains and S. pombe Git2 AC-expressing CHP1744. GFP signal was evaluated by
median fluorescent intensity (MFI). Samples were inoculated with either DMSO, 2uM BCAC61,

or 2uM BCACG63 and incubated overnight.
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Table 16. Average of Median Fluorescent Intensity (MFI) Across Flow Cytometry Experiments

Involving Treatment with 2uM BCAC61 and 2uM BCAC63

Strain (AC) MFI (DMSO | MFI (DMSO | MFI MFI MFI MFI
control) (mean) | control) (SD) | (BCAC61) (BCAC61) | (BCAC63) (BCACB3)
(mean) (SD) (mean) (SD)
CHP1744
324.67 215.48 201.67 72.84 170.33 61.33
(Git2AC)
CHP1901
955.5 564.98 3823*** 561.44 3216*** 605.28
(AC2)
CHP1919
571.67 541.38 2918.67*** 822.42 3326*** 2087.24
(AC4)
CHP1925
297 52.33 12125 857.72 1367 743.88
(ACT)
CHP2023
766.5 795.5 4972** 449.72 3560 2552.66
(AC9)

Statistical significance is indicated as follows and is the result of a paired t-test (two-tailed) that compared MFI

values of each strain’s samples treated with DMSO with those treated with BCAC61 or BCAC63: *=p<.10,

**=p<.05, ***=p<.01.
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Figure 24. The average of the median fluorescent intensities (MFIs) from the flow cytometry
experiments conducted on four basal-AC-carrying strains and one S. pombe Git2 AC control
strain (CHP1744) is graphed below. Samples were treated with either DMSO (vehicle control),
2uM BCACG61, or 2uM BCACE3. A paired t-test (two-tailed) was conducted for each strain that
compared average fluorescent intensity for the DMSO vehicle control sample with the average
fluorescence intensity for the compound-treated sample, and statistical significance is indicated
above the respective strain’s compound data according to the following legend: *=p<.10,
**=p<.05, ***=p<.01.
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5.5 Interpretation and Discussion

Flow cytometry as a means of analyzing strains carrying mammalian ACs in the absence of
GNAS was shown to be more feasible than CAMP assays, as the CAMP assays were too
insensitive to the low level of cCAMP production that occurred in the absence of GNAS. The
negative, low-GFP (CHP731) and positive, high-GFP (CHP2486) control strains were important
during the flow cytometry readouts in delineating the border between Q3 and Q4 that would be

used in flow cytometry experiments.

BCACG61 and BCAC63 were determined to be effective at shifting the GFP signal from low to
high upon strains expressing AC2, AC4, AC7, and AC9. The strains did not express AC-
stimulating GNAS and, therefore, the effect of the compound on basal-AC activity was observed.
The statistically significant increase in GFP signal, represented as median fluorescent intensity,
on AC2, AC4, and AC9 rules out the possibility that BCAC compounds act by inhibiting GNAS
directly or by interfering with the AC-GNAS stimulatory complex. Furthermore, as both
CHP1901 (AC2) and CHP1744 (Git2) both express rat PDE4ADb, the differential response to
these compounds cannot be explained by PDE stimulation to lower CAMP levels. Thus, while
these results do not require the BCAC compounds to act directly on the ACs, they do rule out

several other mechanisms by which they could lower cCAMP levels as seen in Chapter 3.
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6 DESIGNING AND CONDUCTING A MOLECULAR GENETIC SCREEN TO DETECT

COMPOUND-RESISTANT AC MUTANT ALLELES

A molecular genetic screen for AC mutations conferring compound-resistance was developed
and piloted using flow cytometry in an effort to find mutations in an AC gene that might reveal
the site of action of the BCAC compounds. In this, a population of mutated plasmids were
screened for ones that produce an AC that remains active in the presence of an inhibitor
compound as judged by a low GFP signal (high PKA activity). The development of this assay
required the selection of a strain expressing a PDE whose activity would be overwhelmed by the
cAMP production due to a plasmid-expressed AC, as well as a BCAC compound that would shift

the balance of AC versus PDE activity to produce a low-PKA, high-GFP signal.

6.1 Selecting a Compound and Compound Concentration

Growth-inhibition assays were done on strains expressing AC4, AC5, and AC7, which consisted
of treating cultures with all 41 members of the BCAC51 scaffold of compounds at 2.5uM and
1.25uM. GFP signal was assessed to represent PKA activity, which was expected to correspond
with the degree of AC inhibition. In addition, optical density was inversely measured as a proxy
for growth inhibition, a phenotype associated with high concentrations of many BCAC
compounds. BCAC61 and BCAC63 were found to confer a high-enough GFP signal, such that a
low-to-high shift in fluorescence could be detected upon inoculation, without imparting
significant growth inhibition (data not shown). Further profiling by flow cytometry on strains
expressing AC4, AC5, AC6, and AC9 and inoculated with compound concentrations ranging

from 0.5uM to 4puM revealed that inoculation with BCAC63 at 2.5uM produced the highest

65



increase in GFP signal upon inoculation. Therefore, BCAC63 at 2.5uM was chosen for the

genetic screen.

6.2 Selecting a Target AC

The target AC to be used in the genetic screen was determined to be AC9 after a series of
profiling experiments on various ACs. A strain expressing AC9 showed the largest low-to-high
shift in GFP signal upon treatment with BCAC63. A representative flow cytometry readout

following treatment with 2.5uM BCAC63, plus a DMSO vehicle control, is shown. (Figure 25).

Figure 25. A representative flow cytometry readout following treatment of CHP2027 (AC9)
with 2.5uM BCACG63, plus DMSO as a control, is shown. Cells were cultured overnight. GFP
signal was measured by median fluorescent intensity (MFI). The shift in GFP signal from
MFI=61 to MFI=250 upon treatment with compound suggested that AC9 treated with 2.5uM

BCACG63 would be a suitable setup for the genetic screen for compound-resistant mutant alleles.

DMSO (control) B MFI =61

MFI =250

Treatment with
2.5uM BCAC63
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6.3 Generation of Mutant AC9 Alleles

XL-1 Red competent E. coli cells were used to generate mutations in the AC9 allele. XL-1 Red
is a mutator strain that is deficient in three DNA repair mechanisms, so that the passage of a
plasmid through it generates a collection of randomly mutated plasmids (Muteeb and Sen 2010).
Two pools of pJV1-AC9 transformants were isolated, and one of these pools’ DNA was used to

transform S. pombe (CHP2489) to Lys".

6.4 Isolation of Low-GFP-Fluorescent Candidates

Transformants were grown overnight in the presence of 2.5uM BCACG63 before being subjected
to fluorescent-activated cell sorting (FACS). Cells with a fluorescent signal of less than 50 were
sorted and collected potentially expressing compound-resistant mutant AC9 alleles, as BCAC63
had been previously shown to shift almost all cells expressing wild-type AC9 to a higher value
than 50 (Figure 26). Sorted cells were initially plated to form single colonies on YES plates

before testing to see whether the plasmid was responsible for the low GFP signal.
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Figure 26. Yeast transformants carrying plasmids, which carried mutational AC9 DNA prepared
from XL-1 Red competent E. coli cells, were treated with 2.5uM BCAC63 and DMSO (vehicle
control) and incubated overnight. Cells with MFI<50 were sorted and plated to YES. The cutoff

of MFI=50 targeted cells at the “tail” of the GFP signal distribution of compound-treated cells

for sorting.
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6.5 Examination of Plasmid Loss

The sorted cells were replica-plated from YES onto EMM-lysine and EMM-histidine plates.
EMM-histidine would allow all cells to grow regardless of whether or not they carried the pJV1-
AC9 plasmid. By comparing the GFP signal from cells in which the plasmid could be lost to that
of cells growing on EMM-lysine that should retain the plasmid, one can determine whether the
plasmid AC is responsible for the low GFP signal versus a host mutation. If the plasmid is
responsible, there should be a higher GFP signal in the EMM-histdine-grown culture. If a host

mutation is responsible, such as in the cgsl PKA regulatory subunit gene (Stiefel et al. 2004), the
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GFP signal would remain low even after plasmid loss. The EMM-histidine and EMM-lysine
replica plates were visualized by fluorescence microscopy, and candidate colonies that showed a
high GFP signal on EMM-histidine and whose equivalent colonies on EMM-lysine showed a
low GFP signal were selected for further analysis. Six candidates were selected. The equivalent
candidates from both EMM-histidine and EMM-lysine were assessed by flow cytometry to test
for plasmid loss, and two representative candidates are shown (Figure 27). Candidate 1 shows a
clear elevation in the GFP signal upon plasmid loss, while the elevation in candidate 2 is more

modest.

Figure 27. Candidate colonies carrying mutated AC9 alleles that exhibited high GFP in
nonselective media (EMM-histidine) and low GFP signal in selective media (EMM-lysine) were

read by flow cytometry to test for plasmid loss. Results from two representative candidates are

shown.
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6.6 Testing Candidates for Non-Responsiveness

Flow cytometry was conducted on the candidates, which were treated with either DMSO or
2.5uM BCACSG3 to test for non-responsiveness, which would potentially indicate a compound-
resistant mutant. Cultures were incubated overnight. The results from the same two candidates

shown in Figure 27 are shown (Figure 28).

Figure 28. Flow cytometry readouts are shown for experiments in which the two candidates
were treated with either DMSO or 2.5uM BCACG63 and incubated overnight. Their non-
responsiveness was examined in order to potentially determine the existence of a compound-

resistant mutant allele.
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Plasmids were rescued from the candidates and used to transform ElectroTen-Blue competent E.

coli cells for amplification. Plasmids were prepared from E. coli and used to transform yeast
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(CHP2489). Another flow cytometry experiment to test for non-responsiveness was attempted to
be performed, but a control strain transformed with pJV1-AC9 (wild-type) was also not showing
a low-to-high shift in GFP. Therefore, we were unable to proceed with these candidates. Some
preliminary experiments have suggested that inoculating cultures while at a cell density of 10°
cells/mL is optimal, and future experiments should consider this and other parameters in

undergoing the steps of this genetic screen (data not shown).

6.7 Interpretation and Discussion

This chapter describes the development of a plasmid-based molecular genetic screen for mutant
alleles of a mammalian AC gene that produce an AC displaying some degree of resistance to
inhibition by BCAC compounds. While a pool of pJV1-AC9 transformants showed a sufficient
shift from a low to a high GFP signal that allowed for sorting of candidate mutant transformants,

the full cycle of sorting and testing has not been completed as of now.

If the strain transformed with pJV1-AC9 were to show a low-to-high shift in GFP signal
following treatment with 2.5uM BCAC63, then future steps would include rescuing the
candidate plasmids from CHP2489 and sequencing them. The candidates will be sequenced in
order to detect altered amino acid residues. Some crystal structures of AC catalytic domains exist
that would allow one to locate and characterize a potential binding site of the BCAC compound.
Biochemical manipulation of the binding site could then possibly occur in the context of drug

refinement.
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Optimization of the genetic screen should be considered through repetition and through
examining different cell densities at which cultures are inoculated with compounds, as
preliminary experiments have suggested that the control strain shows the greatest shift in GFP
signal after compound treatment when it is at a cell density of 108 cells/mL. Detection of a
compound-resistant mutant allele is an imposing ambition, and the work that led to the design of
the molecular genetic screen as outlined can serve as a foundation for analysis of other

compound-sensitive AC alleles.
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