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Abstract

We previously constructed a collection of fission yeast strains that express various mammalian 

cyclic nucleotide phosphodiesterases (PDEs) and developed a cell-based high throughput screen 

(HTS) for small molecule PDE inhibitors. Here we describe a compound, BC54, that is a selective 

inhibitor of enzymes from the cAMP-specific PDE4 and PDE7 families. Consistent with the 

biological effect of other PDE4 and PDE7 inhibitors, BC54 displays potent anti-inflammatory 

properties and is superior to a combination of rolipram (a PDE4 inhibitor) and BRL50481 (a 

PDE7A inhibitor) for inducing apoptosis in chronic lymphocytic leukemia (CLL) cells. We further 

exploited PKA-regulated growth phenotypes in fission yeast to isolate two mutant alleles of the 

human PDE4B2 gene that encode enzymes possessing single amino acid changes that confer 

partial resistance to BC54. We confirm this resistance to both BC54 and rolipram via yeast-based 

assays and, for PDE4B2T407A, in vitro enzyme assays. Thus, we are able to use this system for 

both chemical screens to identify biologically-active PDE inhibitors and molecular genetic studies 

to characterize the interaction of these molecules with their target enzymes. Based on its potency, 

selectivity, and effectiveness in cell culture, BC54 should be a useful tool to study biological 

processes regulated by PDE4 and PDE7 enzymes.
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1. Introduction

The cyclic nucleotides monophosphate (cNMPs) 3′–5′ cyclic adenosine monophosphate 

(cAMP) and 3′–5′ cyclic guanosine monophosphate (cGMP) are important second 

messengers generated by cells in response to extracellular signals in the environment. Their 

levels regulate a diverse array of biological processes including cell growth, apoptosis, 

inflammation, cognition, and steroidogenesis in a variety of cell types. cNMP levels are 

controlled by their synthesis by adenylyl and guanylyl cyclases and their hydrolysis by 

cyclic nucleotide phosphodiesterases (PDEs) [1–4]. In addition, subcellular localization of 

these enzymes can produce microdomains of cNMPs such that individual enzymes can be 

involved in the regulation of some, but not all, cNMP-regulated processes within a given cell 

[4].

The study of cNMP signaling in mammals is complicated by the fact that many genes 

encode the nucleotide cyclases and PDEs that could be involved in any particular process. 

For example, there are ten different genes that encode adenylyl cyclases (ACs), nine of 

which encode integral membrane proteins and one of which encodes a soluble adenylyl 

cyclase [5]. There are also 21 genes that encode PDEs, which are pharmacologically 

grouped into 11 families [1, 4]. Of these, 16 genes representing 8 families encode PDEs that 

can hydrolyze cAMP (PDE4, PDE7, and PDE8 enzymes selectively hydrolyze cAMP, while 

PDE1, PDE2, PDE3, PDE10, and PDE11 enzymes hydrolyze both cAMP and cGMP). 

Although many cells appear to produce more than one species of AC and PDE, these 

enzymes do not necessarily act in a redundant manner. Anchoring proteins can nucleate 

protein complexes that include an AC, a PDE, and a cAMP-regulated protein such as the 

cAMP-dependent protein kinase PKA or an EPAC (Exchange Protein Activated by cAMP; 

[6]), which then allows for highly localized signaling events that may be regulated 

independently from other cAMP-regulated processes in the same cell [4]. As such, 

individual ACs and PDEs can regulate specific biological processes within a cell, which 

supports their status as druggable targets for the treatment of diseases or conditions 

associated with these processes.
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The PDE4 family, composed of four genes (PDE4A-4D), has long been seen as a promising 

drug target involved in inflammation and psychiatric disease. For example, rolipram, the 

drug that defines the PDE4 family, displays both anti-inflammatory and anti-depressant 

activity [7, 8]. However, efforts to develop rolipram, and most other PDE4 inhibitors, as a 

therapeutic have been hampered by common side-effects such as emesis and nausea [9], 

although some success has been seen with Roflumilast to treat chronic obstructive 

pulmonary disease and Apremilast to treat psoriasis and psoriatic arthritis [10]. It has been 

suggested that compounds that inhibit PDE4 enzymes together with a second PDE family 

could provide a therapeutic benefit at a concentration that does not cause emesis [11, 12]. Of 

the other PDE families, PDE7 (encoded by the PDE7A and PDE7B genes) is a leading 

candidate for this dual family approach as PDE7 enzymes are cAMP-specific and PDE7-

selective inhibitors show some anti-inflammatory activity on their own [13–15]. However, 

the most commonly-used PDE7 inhibitor, BRL50481, is actually a selective PDE7A 

inhibitor with relatively weak activity against PDE7B [13].

Here, we describe the characterization of a potent PDE4/7 inhibitor, BC54, identified from a 

yeast-based high throughput screen (HTS) using fission yeast strains that express either 

mammalian PDE4A, PDE4B, or PDE7A as the sole source of PDE activity [16]. Both yeast-

based screens and in vitro enzyme assays confirm that BC54 selectively acts on members of 

the PDE4 and PDE7 families, with equal potency against both PDE7A and PDE7B. BC54 

also displays exceptional anti-inflammatory activity and induces apoptosis in CLL cells, 

consistent with its effect on PDE4 and PDE7 enzymes. To better understand the interaction 

between BC54 and PDE4B, we carried out a genetic screen for compound-resistant mutant 

alleles of the human PDE4B2 gene using a yeast-based screen. We identified two alleles that 

possess single amino acid changes of residues that directly interact with the adenosine group 

of cAMP. One mutant protein (PDE4B2Y233H) retains too little PDE activity for biochemical 

characterization. However, we show with both yeast-based assays and in vitro enzyme 

assays that the second mutant protein, PDE4B2T407A, is significantly less sensitive to 

inhibition by both BC54 and rolipram. These studies show that the yeast-based screening 

system can be used to identify and characterize novel PDE inhibitors that display potent 

biological activity in mammalian cell culture-based assays. In addition, strains expressing 

the PDE4B2T407A protein could be used in the future to screen for PDE4 inhibitors that act 

at a distinct site from that of rolipram and BC54.

2. Materials and methods

2.1 Yeast strains, media, and growth conditions

The genotypes of S. pombe strains used in this study are presented in Table 1. Cells were 

cultured at 30°C in YES-rich (yeast extract medium with supplements), EMM-defined, or 

5FOA media as described previously [17–19]. Insertions of the murine PDE4A1 or 

PDE4B3, rat PDE4A5, human PDE4A1, PDE4B2, PDE4D3, PDE7A1 or PDE7B1 gene into 

the S. pombe cgs2+ (PDE) locus as well as fbp1-ura4+ and fbp1-GFP reporters have been 

previously described [18, 20, 21].
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2.2 Small molecules

BC54 (ethyl (2Z)-2-(acetylimino)-1-cyclohexyl-5-oxo-1,5-dihydro-2H-dipyrido[1,2- a:2′,

3′-d] pyrimidine-3-carboxylate) was purchased from ChemDiv (C098-0484). A second 

synthesis was carried out by Hai Le and James Morken, producing a compound with the 

same biochemical properties and biological activity as the original reagent.

2.3 5FOA growth assays

5FOA growth assays to screen for and to characterize PDE inhibitors were carried out using 

strains that express the PKA-repressed fbp1-ura4+ reporter as previously described [13, 20, 

22–25]. Dose response profiling of BC54 and rolipram was carried out at concentrations of 

0.05 μM to 50 μM.

2.4 High-throughput screens (HTSs)

HTSs were carried out at the Broad Institute’s Chemical Biology Program screening facility 

using strains expressing murine PDE4A1 (CHP1098), rat PDE4A5 (CHP1155), murine 

PDE4B3 (CHP1113), or human PDE7A1 (CHP1189). 100 nL of compounds (from 5 

mg/mL stock solutions) were pinned into wells of 384-well microtiter dishes with a final 

volume of 50 μl cells. The optical density (OD600) of each well was measured after 48 h 

growth at 30°C using a plate reader. Composite Z scores were calculated for each compound 

by scaling the vector [Zscore_A, Zscore_B] by the cosine correlation with the diagonal (i.e. 

identical Z-scores in both replicates). HTSs were evaluated by a Z′-factor test as previously 

described [25, 26], using DMSO (0.2%) as a negative control, and 5 mM cAMP in the 

growth medium as a positive control. All Z′-factors were above 0.5.

2.5 Cell isolation and apoptosis assays

Blood samples were obtained in heparinized tubes with Institutional Review Board-approved 

consent from CLL patients. Whole blood was layered on Histopaque 1077 (Sigma-Aldrich) 

and PBMC isolated after centrifugation. PBMC were washed and resuspended in RPMI 

1640 (Gibco) supplemented with 10% FBS (Sigma-Aldrich), 20 mM L-glutamine, 100 

IU/ml penicillin and 100 g/ml streptomycin (Fisher), and plated at a concentration of 1 

million cells per well. Cultures were treated with drug (20μM) or vehicle as indicated. Cells 

were incubated for 48 h at 37°C with 5% CO2. Cells were harvested, and Hoechst 33342 

(Molecular Probes) was added to a final concentration of 0.25 μg/mL. After incubation at 

37°C for 10 min, cells were analyzed on a LSR-II flow cytometer. Data were analyzed using 

FlowJo software (Tree Star).

2.6 In vitro PDE assays

In vitro PDE assays were performed as previously described [22], using the Ba(OH)2 

precipitation assay [27], with recombinant human PDE1C, PDE3B, PDE5A1, PDE8A, 

PDE9A2, PDE10A1, PDE11A4 (BPS Bioscience Inc.), rat PDE2A (BPS Bioscience Inc.), 

and human PDE7A (BIOMOL International). Human PDE4A10 (Genbank accession 

number AF073745.2, amino acids 290-622), PDE4B2 (Genbank accession number 

NM_001037339.2, amino acids 152-487), PDE4D2 (Genbank accession number 

AF012074.1, amino acids 86-411) and PDE7B enzymes were obtained from Dr. Hengming 
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Ke. Substrate concentrations were 120 nM cGMP for PDE1C, 1 μM cGMP for PDE2A, 30 

nM cGMP for PDE3B, 40 nM cAMP for PDE4A, PDE4B, and PDE4D, 520 nM cGMP for 

PDE5A, 10 nM cAMP for PDE7A and PDE7B, 10 nM cAMP for PDE8A, 70 nM cGMP for 

PDE9A, 40 nM cAMP for PDE10A, and 120 nM cGMP for PDE11A. Additional assays 

were carried out using the human PDE4B2 catalytic domain (residues 152-487), either wild 

type PDE4B2+ or mutant PDE4B2T407A, expressed and purified from E. coli as previously 

described [28] (assayed using 500nM cAMP). Reactions were stopped with 200 μL 0.2 M 

ZnSO4 during the linear phase of the assay, and 5′-AMP was precipitated with 200 μL 0.25 

N Ba(OH)2 by centrifugation for 15 min at 14000 rpm. The radioactivity remaining in the 

supernatant was measured in 4 mL of scintillation fluid. The amount of hydrolysis was 

limited to ~50% conversion.

2.7 Isolation of compound-resistant PDE4B2 alleles

A pool of alleles of the human PDE4B2 gene (Genbank accession number L20971) were 

generated by PCR amplification of PDE4B2 inserted into the S. pombe cgs2 locus in 

plasmid pKG3-PDE4B2 [20]. PCR was carried out using the FailSafe™ PCR kit with 2X 

buffers B, C, J and L (Epicentre Biotechnologies), as these conditions produce both 

transition and transversion mutations (unpublished data). 20 cycles of amplification were 

performed using oligonucleotides cgsmut5′ (5′TCATAGCATACTTCTTCACCAAGC3′) 

and cgsmut3′ (3′AAAGTGTCCGATGAGAAAAGCGTG). The PCR products containing 

PDE4B2 were co-transformed together with StuI-linearized plasmid pKG3-dropout vector 

(Hoffman lab, unpublished) by gap-repair transformation [29] into strain CHP1346 (fbp1-
ura4+ cgs2-2; the cgs2-2 frameshift mutation eliminates endogenous PDE activity [19] 

leading to a defect in stationary phase entry [30]). Cells were plated to EMM-leucine to 

select for transformants. After colonies formed, cells were enriched and screened for 

expression of a BC54-resistant PDE4B enzyme as described in the text. Plasmids were 

rescued from Ura+ colonies to E. coli for DNA sequencing, leading to the identification of 

the PDE4B2Y233H and PDE4B2T407A alleles.

2.8 Expression of wild type and mutant PDE4B2 catalytic domains

A clone expressing wild type human PDE4B2 catalytic domain (residues 152 to 487; 

GenBank accession number NM_001037339.2; [27]) from the pET15b vector was obtained 

from Dr. Hengming Ke. Two mutant derivatives were constructed by site-directed 

mutagenesis using the QuickChange II kit (Agilent Technologies), using primers T407A-F 

(5′AATTGTACGGCAATGGGCAGACCGCATCATGGAGGA3′), T407A-R 

(5′TCCTCCATGATGCGGTCTGCCCATTGCCGATACAATT3′), Y233H-F 

(5′CCATTCTGACGTGGCACATCACAACAGCCTGAC3′), and Y233H-R 

(5′GTGCAGGCTGTTGTGATGTGCCACGTCAGAATGG3′). The mutations were 

confirmed by DNA sequencing.

PDE4B2 catalytic domains were expressed in E. coli BL21 (DE3) cells (New England 

BioLabs Inc.) grown at 16°C using an overnight IPTG induction. Purification of the catalytic 

domains was carried out using Talon beads (Clontech) followed by a Q-Sepharose ion 

exchange column (GE Healthcare Sciences) as previously described [27]. Coomassie 
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staining of SDS PAGE gels of the purified protein extracts showed a single band at the 

expected size of ~43kDa (data not shown).

3. Results

3.1 Identification of PDE4/7 inhibitor BC54 via a fission yeast-based growth assay

PKA activity in the fission yeast Schizosaccharomyces pombe can be monitored using a 

PKA-repressed fbp1-ura4+ reporter that confers 5FOA-sensitivity due to low PKA activity 

[18]. Using strains deleted for the gpa2+ gene that encodes the Gα that activates the Git2/

Cyr1 adenylyl cyclase [31–33], we constructed a series of strains that are 5FOAS due to the 

expression of mammalian cAMP-specific PDE4 and PDE7 enzymes expressed in place of 

the S. pombe Cgs2 PDE [13, 25]. We screened strains expressing either murine PDE4A1 

(CHP1098), rat PDE4A5 (CHP1155), murine PDE4B3 (CHP1113), or human PDE7A1 

(CHP1189) for small molecules that confer 5FOAR growth, presumably by inhibiting the 

PDE to elevate cAMP levels and activate PKA. One compound, BC54 (ethyl (2Z)-2-

(acetylimino)-1-cyclohexyl-5-oxo-1,5-dihydro-2H-dipyrido[1,2- a:2′,3′-d] pyrimidine-3-

carboxylate), showed remarkable potency in all four screens. It was one of the most effective 

PDE7A inhibitors and generally outperformed PDE4 inhibitors rolipram and zardaverine 

present in the Prestwick Bioactive compound library (Fig. 1A, B). In other previously-

published screens, BC54 was not a hit against PDE8A (composite Z score −2.35, ranking 

225,000 of 242,028 compounds; [34]) and a very weak hit compound against PDE11A 

(composite Z score 7.74, ranking 9840 of 193,561 compounds; [22]).

The exceptional potency of BC54 was confirmed in dose response assays using yeast strains 

that express human PDE4A1, PDE4B2, PDE4D3, PDE7A1 or PDE7B1 enzymes 

(Supplemental Fig. 1). With the exception of the strain expressing PDE4D3, BC54 is more 

effective than rolipram at inducing 5FOAR growth. In addition, BC54 is a potent inhibitor of 

both PDE7A and PDE7B, unlike BRL50481 [15], which is a highly selective inhibitor of 

PDE7A with significantly less activity against PDE7B as determined by both 5FOA growth 

assays and in vitro enzyme assays [13]. While many PDE4, PDE7, and PDE4/7 inhibitors 

were identified in these screens, BC54 was the only compound to show significant potency 

at sub-micromolar concentrations in the 5FOA growth assay, thus warranting further 

investigation of its activity. In vitro enzyme assays confirm that BC54 is a potent inhibitor of 

PDE4 and PDE7 (Fig. 1C). IC50 values range from 50nM to 110nM for PDE4A, PDE4B, 

and PDE4D (tested at a substrate concentration of 40nM cAMP), and were 140nM for both 

PDE7A and PDE7B (tested at a substrate concentration of 10nM cAMP). BC54 showed 

only modest activity (IC50 ~3μM) against PDE2A (tested at 1μM cGMP) and PDE11A 

(tested at 120nM cGMP), and little to no activity (IC50 >10μM) against PDE1C (at 120nM 

cGMP), PDE3B (at 30nM cGMP), PDE5A (at 520nM cGMP), PDE8A (at 10nM cAMP), 

PDE9A (at 70nM cGMP), and PDE10A (at 40nM cAMP) (data not shown). The activity 

against PDE11A is consistent with the observation that it came up as a very weak hit in our 

screen for PDE11A inhibitors [22] as mentioned above.
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3.2 BC54 displays biologically-relevant activity in cell culture

One argument for using a yeast cell-based assay as a small molecule discovery platform is 

that compounds identified in such screens are cell permeable and fairly specific for binding 

their target protein (compounds that interact with many proteins will likely prevent yeast 

growth by inhibiting an essential protein). We therefore tested BC54 in mammalian cell 

culture for activities associated with the inhibition of PDE4 and/or PDE7 proteins. 

Consistent with its PDE4/7 inhibitory activity, BC54 significantly reduces TNFα production 

by LPS-stimulated macrophage and IL-2 production by PMA-PHA stimulated Jurkat T 

cells, outperforming a combined treatment with rolipram (PDE4 inhibitor) and BRL50481 

(PDE7A inhibitor) in the TNFα assay (Fig. 2). Similarly, BC54 is superior to a combination 

of rolipram and BRL50481 for the induction of apoptosis in CLL cells (Table 2; 

Supplemental Fig. 2) from three different patients. These results are consistent with previous 

studies that identify PDE4 and PDE7 proteins as the prominent PDEs in CLL cells [35–37].

3.3 A yeast-based genetic screen for BC54-resistant alleles of PDE4B2

To study the interaction between BC54 and its target PDEs, we developed a genetic screen 

for mutations in PDE4B2 that produce an enzyme with reduced sensitivity to BC54. As 

shown in Fig. 3A, BC54 inhibits growth of S. pombe cells that express PDE4B2 and the 

PKA-repressed fbp1-ura4+ reporter in SC-ura (lacking uracil) medium. This is due to 

PDE4B2 inhibition leading to PKA activation, to repress fbp1-ura4+ expression. In addition, 

as cells with elevated PKA activity such as cgs1− (encoding the PKA regulatory subunit) and 

cgs2− (encoding the only S. pombe PDE) mutants display a defect in stationary phase entry 

[30], we used a cgs2-2 mutant host strain, CHP1346. This allowed us to enrich for 

transformants expressing a functional PDE4B2 enzyme by growing cells to stationary phase 

in the presence of BC54. As seen in Fig. 3B, BC54 reduces stationary phase viability in a 

strain that expresses the S. pombe Git2 adenylyl cyclase and the human PDE4B2 by 

approximately ten-fold, but has no effect on strains that lack either adenylyl cyclase or PDE 

activity. To identify BC54-resistant PDE4B2 alleles, we PCR amplified PDE4B2 under 

conditions previously-determined to introduce a modest level of mutations (see Materials 

and Methods). PCR using the FailSafe™ PCR kit with buffers B, C, J or L and 20 cycles of 

amplification leads to a low percentage of mutant alleles, most of which carry a single amino 

acid change due to either a transition or transversion mutation ([38] and unpublished data). 

These PCR products were cloned by gap repair transformation into an expression vector 

plasmid, thus simultaneously inserting the PCR products into the vector and expressing the 

candidate proteins in a strain lacking PDE activity. Transformants were originally plated on 

medium lacking leucine to select for receipt of the LEU2-marked expression vector and 

subjected to three consecutive rounds of enrichment by growing transformants to stationary 

phase for three days in YES medium containing 10μM BC54. Cells lacking PDE activity, 

either due to the absence of a functional PDE4B2 gene on the plasmid or due to BC54 

inhibition of the plasmid-expressed PDE4B2 protein, rapidly die in stationary phase, which 

enriches for transformants that express a PDE4B2 protein that remains active in the presence 

of BC54. These cells were then plated to SC-ura medium (also lacking leucine to select for 

transformants) onto which BC54 had been spotted to inhibit growth of cells that express a 

BC54-sensitive PDE as such inhibition would stimulate PKA activity to repress transcription 

of the fbp1-ura4+ reporter. From colonies that formed under these conditions, we identified 
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two plasmids that, when rescued to E. coli and reintroduced to strain CHP1346, conferred 

Ura+ growth on SC-ura plates in the presence of BC54. Sequence analysis of these alleles 

showed that one carries a single missense mutation converting tyrosine 233 to histidine 

(PDE4B2Y233H) while the other carries a mutation converting threonine 407 to alanine 

(PDE4B2T407A). These residues have been shown to be in direct contact with cAMP in a 

crystal of PDE4D (PDB ID: 2PW3; [39]) and with rolipram in a crystal of PDE4B (PDB ID: 

1RO6; [40]) (Fig. 4).

3.4 Cell-based assays confirm that PDE4B2Y233H and PDE4B2T407A display reduced 
sensitivity to BC54

To further characterize the PDE4B2Y233H and PDE4B2T407A alleles, we first integrated 

them into the cgs2 locus by homologous recombination so as to increase mitotic stability 

and reduce copy number, both of which can produce artifacts due to overexpression from 

autonomously-replicating plasmids in S. pombe. We then examined strains expressing either 

wild type or mutant PDE4B2 enzymes together with the fbp1-ura4+ reporter for sensitivity 

to BC54 using an SC-ura halo assay. As seen in Fig. 3C, strains expressing either mutant 

allele of PDE4B2 show a significant reduction in the BC54 growth inhibition halo. The 

strain expressing PDE4B2Y233H displays relatively weak Ura+ growth, indicating low PDE 

activity, thus requiring a longer incubation period to determine the effect of BC54. Due to 

the weak activity of the PDE4B2Y233H enzyme, further studies were only carried out on the 

PDE4B2T407A enzyme. Consistent with the halo assay, a strain expressing PDE4B2T407A 

displays significant resistance to both BC54 and rolipram in a 5FOA growth assay when 

compared to a strain expressing wild type PDE4B2 (Fig. 5A). Expression of a PKA-

repressed fbp1-GFP reporter for which PDE inhibition represses GFP expression [21, 24] 

confirmed the reduced sensitivity of PDE4B2T407A to BC54 and rolipram (Fig. 5B), 

although PDE4BT407A appears to be inhibited by high levels of both compounds. Consistent 

with both 5FOA assays and in vitro enzyme assays, the GFP data indicate that BC54 is a 

more potent PDE4 inhibitor than rolipram.

3.5 The PDE4B2T407A catalytic domain displays reduced sensitivity to BC54 and rolipram 
in in vitro enzyme assays

To further characterize the effect of the T407A substitution in PDE4B2 on inhibition by 

BC54 and rolipram, wild type and T407A mutant forms of the PDE4B catalytic domain 

(residues 152-487 of the 564aa protein, which has been used to characterize enzyme kinetics 

and inhibition; [27]) were expressed in E. coli and purified for in vitro enzyme assays. The 

Y233H mutant form of the catalytic domain was also constructed and purified, however it 

displayed too little activity for use in in vitro assays (data not shown). In vitro enzyme 

assays produced IC50 values for the wild type PDE4B2 catalytic domain of 6.5 ± 8.6 nM for 

BC54 and 503 ± 6.7 nM for rolipram, while the IC50 values for the mutant PDE4B2T407A 

catalytic domain are 124.3 ± 8.8 nM for BC54 and 1858 ± 4.9 nM for rolipram (Fig. 6; 

tested at 500nM cAMP). Thus, the mutant enzyme is more resistant to both BC54 and 

rolipram compared to the wild type enzyme, although the magnitude of the effect is much 

greater for BC54. However, consistent with the GFP assay data (Fig. 5B), the mutant 

enzyme retains some sensitivity to both compounds.
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4. Discussion

In this study, we identified BC54 as a new chemical probe to study the biological roles of 

PDE4 and PDE7 enzymes. It displays a greater than 20-fold selectivity for PDE4 and PDE7 

relative to PDE2A and PDE11A, and is relatively inert against enzymes from the other PDE 

families. One expectation when developing this platform was that compounds identified by 

their ability to inhibit heterologously-expressed PDEs in S. pombe would likely display 

biologically-relevant effects on mammalian cells as these compounds must be cell 

permeable and relatively stable so as to inhibit the target PDE during the 48 hour growth 

period. In addition, the compounds must be fairly selective in their binding specificity as 

promiscuously-binding molecules would likely affect some of the many endogenous yeast 

proteins required for growth. In our previous studies, we detected both rolipram and 

zardaverine in PDE4 inhibitor screens (Fig. 1; [25]), which are known anti-inflammatory 

drugs. We also identified the first-in-class PDE11A inhibitor BC11-38 that elevates cAMP 

levels, PKA activity, and cortisol release in H295R adrenocortical cells [22], as well as the 

PDE4/8 dual-specificity inhibitor BC8-15 that elevates steroidogenesis in Leydig cells [34]. 

Thus, we were not surprised to see that BC54 displays remarkably potent anti-inflammatory 

activity in both TNFα assays in macrophage and IL-2 assays in T cells (Fig. 2), as well as in 

CLL apoptosis assays (Table 2, Supplemental Fig. 2). Consistent with activity against PDE4 

and PDE7, BC54 outperforms the PDE4 inhibitor rolipram in anti-inflammatory assays for 

TNFα production by macrophage and IL-2 production by T cells (Fig. 2), and a combination 

of rolipram and the PDE7A inhibitor BRL50481 in TNFα assays (Fig. 2) and in CLL 

apoptosis assays (Table 2, Supplemental Fig. 2). Based on the tissue-specific expression of 

the various PDE genes [1, 4], it seems unlikely that the modest activity of BC54 against 

PDE2A and PDE11A contributes to its potency in these immune cell-related assays.

The relative efficacy of BC54 when compared to rolipram plus BRL50481 highlights a 

significant problem with PDE7 studies that use BRL50481 as a PDE7 or PDE7B inhibitor 

rather than a PDE7A inhibitor. BRL50481 development was guided by its activity against 

PDE7A and it had not been tested against PDE7B [15], although it is marketed as an 

inhibitor of both PDE7A and PDE7B. Our own studies using both a yeast-based assessment 

of PDE activity and in vitro enzyme assays show that BRL50481 is a relatively weak 

PDE7B inhibitor (IC50 = 12.1μM in comparison to 0.15μM for PDE7A; [13]). As such, 

studies that use BRL50481 as an inhibitor of both PDE7A and PDE7B or of PDE7B alone 

may fail to identify the importance of these enzymes in a biological process or may push 

researchers to use concentrations that promote inhibition of enzymes from other PDE 

families [41]. This is not to say that BC54 is the ideal PDE4/7 inhibitor as it retains some 

activity against other PDEs that could be relevant in certain assays. However, the PDE7 field 

lacks truly selective inhibitors such as those available to study PDE4 enzymes. While other 

PDE7 or PDE4/7 inhibitors have been described in the literature [42], none have been fully 

characterized for their activity against the 11 PDE families.

Along with identifying a potent PDE4/7 inhibitor, this study demonstrates the utility of the 

yeast-based system to characterize the interaction of a compound with its target via a genetic 

screen for compound resistance. The high PKA phenotype of the failure to enter stationary 

phase allowed us to enrich for transformants expressing rare PCR-induced mutations that 
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confer resistance to BC54. Similarly, PKA repression of fbp1-ura4+ expression to inhibit 

growth on SC-ura medium [18, 43] allowed us to identify individual transformants 

expressing PDE4B2 enzymes that are partially-resistant to BC54. Of the two mutant alleles 

we obtained in our screen, the Y233H substitution causes a dramatic reduction in activity, 

while the T407A substitution leads to a significant reduction in inhibition by BC54 or by 

rolipram. These results are consistent with a previous study by Houslay and Adams [44], 

that shows the Y233 residue taking part in substrate binding and the T407 residue taking 

part in rolipram binding. In addition, Pillai and co-workers identified the equivalent mutation 

in a rat PDE4B clone (mutant A5; T405A) among a collection of rolipram-resistant alleles 

obtained using a heat shock survival screen in S. cerevisiae [45].

In summary, we have used a yeast-based screen to identify a potent PDE4/7 inhibitor that 

could be a useful tool in the study of enzymes from these two families as it is very effective 

in three different mammalian cell-based assays. In addition, we have developed a genetic 

screen for compound-resistant PDEs that identify residues important for the action of a PDE 

inhibitor. This work also underscores the need for even better and more fully characterized 

compounds for the study of the biological roles of PDE7A and PDE7B.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Compound BC54 was identified in parallel cell-based PDE4 and PDE7 

inhibitor HTSs

• BC54 shows potent activity in TNFα and IL-2 anti-inflammatory assays

• BC54 outperforms rolipram (PDE4) plus BRL50481 (PDE7A) in a CLL 

apoptosis assay

• A plasmid-based screen identified BC54-resistant allele of PDE4B2

• The PDE4B2T407A protein is partially resistant to both BC54 and rolipram
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Fig. 1. 
Structure and HTS data for PDE4/7 inhibitor BC54 and PDE4 inhibitors rolipram and 

zardaverine. A) Chemical structures of BC54, rolipram, and zardaverine. B) Comparison of 

PDE inhibitory activity of BC54, rolipram, and zardaverine as judged by HTSs using strains 

expressing murine PDE4A1, rat PDE4A5, murine PDE4B3 or human PDE7A1. Composite 

Z scores were determined from duplicate plates as described in Materials and Methods. 

Using an arbitrary Z score cut-off of 40, there were 227 hit compounds in the PDE4A1 

screen, 335 hit compounds in the PDE4A5 screen, 1610 hit compounds in the PDE4B3 

screen, and 163 hit compounds in the PDE7A1 screen. BC54 was one of only three 

compounds to produce Z scores of >40 in all four screens. C) Inhibition of PDE4B, PDE7A 

and PDE7B by BC54 as measured by in vitro enzyme assays. Assays were carried out as 

described in Materials and Methods with substrate concentrations of 40nM cAMP for 

PDE4B and 10nM cAMP for PDE7A and PDE7B. One representative assay is shown for 

each enzyme.
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Fig. 2. 
Anti-inflammatory activity of BC54 in TNFα and IL-2 assays. The effect of the indicated 

compounds (at 20μM) was measured in TNFα assays using U937 cells and in IL-2 assays 

using Jurkat T cells. Values represent averages and SDs of three TNFα assays or two IL-2 

assays. *- P value < 0.05 compared to the DMSO vehicle control. **-P value < 0.01 

compared to the DMSO vehicle control. ***- P value < 0.01 compared to DMSO vehicle 

control and to all other compound-treated cells. Negative control values are that of 

unstimulated cells.
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Fig. 3. 
PDE4 inhibition prevents colony formation on SC-ura medium and reduces stationary phase 

viability. A) Approximately 5×105 cells of strain CHP1268 (PDE4B2 git3Δ) were plated to 

SC-ura medium after which four 5μl spots (10μM) of either the PDE4 inhibitor rolipram or 

the PDE4/7 inhibitor BC54 were added. Plates were incubated at 30°C for four days and 

photographed. B) Transformants of strains CHP1346 (git2+ cgs2-2; expressing either no 

PDE or PDE4B2) and CHP1207 (git2Δ cgs2-2; expressing PDE4B2) were grown to 

stationary phase for three days in EMM-leucine medium in the presence or absence of 10μM 

BC54. Cells were diluted 100-fold in fresh YES medium and further subjected to four 10-

fold serial dilutions. Five microliters of cells were spotted to YES and grown at 30°C before 

photographing. BC54 alters viability only in cells that express adenylyl cyclase and 

PDE4B2. C) Halo assay of strains expressing wild type and mutant PDE4B as performed in 

panel A. SC-ura plates with transformants expressing either wild type PDE4B or 

PDE4BT407A were incubated for 4 days. SC-ura plate with transformant expressing 

PDE4BY233H required a longer incubation period, indicating relatively low PDE activity.
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Fig. 4. 
Residues altered in BC54-resistant variants of PDE4B2 are located in the active site. A) 

Y233 (in red) and T407 (in blue) contact the adenosine ring of cAMP in a crystal of PDE4D 

bound to cAMP (PDB ID: 2PW3) [39]. B) Y233 (in red) and T407 (in blue) contact 

rolipram in a crystal of PDE4B bound to rolipram (note that both the R- and S-enantiomers 

of rolipram are shown) (PDB ID: 1RO6 [40]).
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Fig. 5. 
Cell based assays confirm reduced sensitivity to BC54 and rolipram by mutant 

PDE4B2T407A enzyme. A) 5FOA growth assays of strains CHP1401 (PDE4B2wt) and 

CHP1713 (PDE4B2T407A) expressing the fbp1-ura4+ reporter. PDE inhibition leads to 

5FOAR growth. B) GFP assays of strains CHP1641 (PDE4B2wt) and CHP1712 

(PDE4B2T407A) expressing the fbp1-GFP reporter. PDE inhibition leads to a reduction in the 

GFP signal.
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Fig. 6. 
In vitro enzyme assays confirm that PDE4BT407A is less sensitive to BC54 and rolipram as 

compared to wild type PDE4B. In vitro enzyme assays using the catalytic domains of wild 

type PDE4B and PDE4BT407A expressed and purified from E. coli. Values represent 

averages of inhibition ± S.E.M. from three independent assays carried out at 500nM cAMP 

substrate concentration.
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Table 1

S. pombe strain list.

Strain name Genotype

CHP1098 h+ fbp1::ura4+ ura4::fbp1-lacZ leu1-32 pap1Δ::ura4− cgs2::MmPDE4A1 gpa2Δ::his3+

CHP1113 h− fbp1::ura4+ ura4::fbp1-lacZ leu1-32 his3D-1 pap1Δ::ura4− gpa2Δ::his3+ cgs2::MmPDE4B3

CHP1155 h− fbp1::ura4+ ura4::fbp1-lacZ leu1-32 pap1Δ::ura4− cgs2::RnPDE4A5 gpa2Δ::his3+

CHP1186 h+ fbp1::ura4+ ura4::fbp1-lacZ leu1-32 pap1Δ::ura4− cgs2::HuPDE4D3 git11Δ::kan

CHP1189 h+ fbp1::ura4+ ura4::fbp1-lacZ leu1-32 pap1Δ::ura4− cgs2::HuPDE7A1 gpa2Δ::his3+

CHP1207 h− fbp1::ura4+ ura4::fbp1-lacZ leu1-32 his7-366 pap1Δ::ura4− cgs2-2 git2Δ::his7+

CHP1209 h− fbp1::ura4+ ura4::fbp1-lacZ leu1-32 pap1Δ::ura4− cgs2::HuPDE7B1 git3Δ::kan

CHP1262 h− fbp1::ura4+ ura4::fbp1-lacZ leu1-32 pap1Δ::ura4− cgs2::HuPDE4A1 gpa2Δ::his3+

CHP1268 h− fbp1::ura4+ ura4::fbp1-lacZ leu1-32 pap1Δ::ura4− cgs2::HuPDE4B2 git3Δ::kan

CHP1346 h+ fbp1::ura4+ ura4::fbp1-lacZ leu1-32 pap1Δ::ura4− cgs2-2

CHP1401 h− fbp1::ura4+ ura4::fbp1-lacZ leu1-32 pap1Δ::ura4− cgs2::HuPDE4B2 git2Δ::his7+

CHP1641 h− fbp1::GFP ura4::fbp1-lacZ leu1-32 pap1Δ::ura4− cgs2::HuPDE4B2 git2Δ::his7+

CHP1712 h− fbp1::GFP ura4::fbp1-lacZ leu1-32 his7-366 pap1Δ::ura4− cgs2::HuPDE4B2T407A git2Δ::his7+

CHP1713 h− fbp1:: ura4+ ura4::fbp1-lacZ leu1-32 his7-366 pap1Δ::ura4− cgs2::HuPDE4B2T407A git2Δ::his7+
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