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ABSTRACT. The type 4 cAMP-specific phosphodiesterases (PDE4s) arfe-bligpendent hydrolases that
catalyze the hydrolysis of'®-cAMP to AMP. Previous studies indicate that PDE4 exists in two
conformations that bind the inhibitor rolipram with affinities differing by more than 100-fold. Here we
report that these two conformations are the consequence of PDE4 binding to its metal cofactor such as
Mg2*. Using afluorescenceesonanceenergy transfer (FRET)-based equilibrium binding assay, we
identified that L-791,760, a fluorescent inhibitor, binds to the apoenzyme (free enzyme) and the holoenzyme
(enzyme bound to M) with comparable affinitiesy ~ 30 nM). By measuring the displacement of the
bound L-791,760, we have also identified that other inhibitors bind differentially with the apoenzyme
and the holoenzyme depending upon their structure. CDP-840, SB-207499, and RP-73401 bind
preferentially to the holoenzyme. The conformational-sensitive inhibiR)r@lipram binds to the
holoenzyme and apoenzyme with affinitid§s of 5 and 300 nM, respectively. In contrast to its high
affinity (Kq ~ 2 uM) and active holoenzyme complex, cAMP binds to the apoenzyme nonproductively
with a reduced affinity K4 ~ 170 uM). These results demonstrate that cofactor binding to PDE4 is
responsible for eliciting its high-affinity interaction with cAMP and the activation of catalysis.

3',5-Cyclic nucleotide phosphodiesterases (PDEse recognition that they are the primary enzymes responsible
families of divalent cation dependent hydrolases that catalyzefor the metabolism of CAMP in inflammatory and immune
the hydrolysis of cCAMP and cGMP, and thereby terminate cells §). In humans, they are encoded by four genes (4A,
their roles as second messengers in mediating cellular4B, 4C, and 4D) with each producing a series of isoenzymes
responses to various hormones and neurotransmitters. Temhrough alternative mRNA splicing and differential promoter
families of PDE enzymes, sharing a conserved catalytic usage. A unique N-terminal region with a common C-
domain ¢-270 amino acids) and exhibiting distinct substrate terminal and catalytic domain distinguishes the variants
specificity and regulatory properties, have been identified within each isoform. The ‘long’ variants are characterized
(1, 2. Most PDEs are encoded by multiple genes to produce by the presence of twopstreamconservedegions, UCR1
isoenzymes within each family with distinct regulatory and UCR2, that connect them to the common catalytic
properties and intracellular localization. It has been proposeddomain via two linker regions, LR1 (linking UCR1 to UCR2)
that this diversity, together with multiple adenylate cyclases and LR2 (linking UCR2 to the catalytic domain). The ‘short’
(AC) coupled with the different families of protein kinase variants lack the UCR1 domairv)( In addition to their
A and G anchoring proteins, provides the complex network jnyolvement in protein targeting and membrane anchoring
and specificity required for transducing the cAMP- and (7—10), the UCR1 of PDE4D3 also provides the conserved
cGMP-mediated signals3{-5). Arg-Arg-Glu-Ser (RRES) motif for PKA-mediated serine

The cAMP-specific type 4 phosphodiesterases (PDE4s) phosphorylation and activation by an increased affinity for
have been the focus of considerable attention following the the cofactor Mg* (11, 12. Conversely, the Erk2-mediated
serine phosphorylation at the conserved Ser-Pro-Ser (SPS)
f*BT'O \;}vhomtcorresdeGanC? Shgulfl be a&dreis?:d at tthté Detparimemmotif near the C-terminal region of the catalytic domain of
'cl)'her:)[;:eftri]glasl Ir:\)’/esgarch,o;gj. %rox ;Loogg?/boiﬁtg:CIairr%S-sborvzr rQeue%rec,.l:)DEA'D3 inhibits its _catalytlc a.CtIVIty 18- .[.)eSplte the
HOR 4P8, Canada. Fax: (514) 695-0693; Tel: (514) 428-3143; increased understanding of the tissue-specific expression of

E-mail: zheng_huang@merck.com. different PDE4 isoforms, their biological functions remain
! Abbreviations: cAMP, 35-cyclic adenosine monophosphate; ga|ysive 10, 14, 15.

CDP-840, R)-(+)-4-[2-(3-cyclopentyloxy-4-methoxyphenyl)-2-phen- T )

ylethyl]pyridine; FRET, fluorescence resonance energy transfer; GST, ~ The complexity of PDE4 gene products may provide an

glutathioneStransferase; L-791,760, 4-[5-(3,4-dimethoxyphenyl)-3- explanation for the wide variety of physiological conse-

{[(4,6-dimethyl-2-pyrimidinyl)sulfanyl] methy}l-2-thienyl]benzene- it
sulfonamide; PDE, '%'-cyclic nucleotide phosphodiesterase; PDE4, quences of their inhibition. Over the years, several PDE4

type 4 phosphodiesterase; rolipram, 4-[3-(cyclopentoxyl)-4-methoxy- inhibitors have been shown to be antiinflammatory in vivo.
phenyl]-2-pyrrolidone; RP-73401, 3-cyclopentyloky(3,5-dichloro- Therefore, they represent a promising new class of agents

4-pyridil)-4-methoxybenzamide; RS-14203, 6-(4-pyridylmethyl)-8-(3- i i i
nitrophenyhguinoline: SB-207499 (Ariflo)sis4-[cyano-4-(3-cyclo- for the treatment of various inflammatory diseases such as

pentyloxy-4-methoxyphenyR)-1-cyciohexane]carboxylic acid: UCR, ~ @sthmag). However, early clinical trials with inhibitors, such
upstream conserved region. as rolipram, proved inconclusive due to dose-limiting side
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effects such as nausea and emeklis 17). Recently, clinical
efficacy was reported for SB-207499 (Ariflo, SmithKline

Laliberteet al.

describedZ1, 29. After elution with 5 mM glutathione from
the glutathione-Sepharose beads, the fusion protein was

Beecham) in asthmatics and patients with COPD (chronic concentrated and further purified on a Mono-Q column using
obstructive pulmonary disease) at doses below the occurrence 0—1 M KCl linear gradient in a buffer containing 20 mM
of significant side effects, indicating that an increased HEPES (pH 7.2), 1 mM EDTA, 1 mM DTT, and 10% (v/v)

therapeutic window can be achieved for PDE4 inhibif) (

glycerol. The resulting GST-PDE4#, homogeneous on

Despite significant advances in developing potent and SDS-PAGE, had a specific activity ina) for cAMP
selective PDE4 inhibitors, an important issue remains to be hydrolysis at 5-10 umol mg* min~* in the presence of 10

clarified regarding their multiphasic interaction with PDEA4.
Along with inhibiting PDE4-mediated cAMP hydrolysis,

mM Mg?*, aKn, of 2 uM, and an EG of 100uM for Mg?*
at 0.1 uM cAMP. The sameK, and Vmax for cAMP

some PDE4 inhibitors have been found to interact with the hydrolysis and similar catalytic potency for inhibitors listed

same enzyme with different affinities as typified biR){
rolipram. Under similar conditionsRj-rolipram has been
reported to bind to PDE4 with a high affinity (1 to 5 nM
Kg) and a low stoichiometry, while its potency on inhibiting

were observed between the fusion protein and its PFE4A
fragment, which was obtained by cleaving the fusion protein
with a catalytic amount of thrombin. The fusion protein was
stored at—80 °C in a buffer containing 20% (v/v) glycerol,

catalysis with the same enzyme varied with enzyme sourcel mM EDTA, 1 mM DTT, 20 mM HEPES (pH 7.5), and

and sample batch from 5 to 1000 ni¥S-23). Results from

mutational studies, especially the mapping of rolipram-

sensitive mutations within a region ef70 residues in the
C-terminal end of the catalytic domaid, 21, 24-26), and
the simultaneous detection of 1 and 500 nR)-(olipram
binding within the PDE4B catalytic domain support the
hypothesis that the high-affinity rolipram binding site

200 mM KCI. Protein concentration was determined by its
Asgo reading using an extinction coefficient of 1.0 mgnL—*
cm ! calculated according to the method of PerkiB§)(
PDE4A-865from SF9 cells, purified using the same EDTA-
containing HPLC elution buffer at its last purification step,
had insignificant amounts<(0.1 mol fraction) of divalent
cations from direct metal ion analysi81).

represents one of two coexisting conformations of the PDE4 PDE Actwity Assay PDE4 catalytic activity in the

active site 27, 28.

presence of M was monitored by measuring the hydrolysis

To better understand PDE4 catalysis and its inhibition, we Of [’H]-CAMP to [*H]-AMP as previously described using a
designed L-791,760, a highly fluorescent and active-site- PDE-SPA kit from Amersham International). The typical

directed PDE4 inhibitorZ9). Utilizing its optimized fluo-

assay mixture (19@0L) contains 105 nM3H]-cAMP (1 uCi/

rescence property, a fluorescence resonance energy transfdflL) in the assay buffer (20 mM HEPES, 10 mM MgClL

(FRET)-based equilibrium PDE4 binding assay was devel-

mM EDTA, 100 mM KCI, pH 7.5) and 2uL of test

oped to monitor CAMP and inhibitor binding to both the compound in DMSO [the final DMSO concentration, 1%
PDE4 apoenzyme (free enzyme) and the PDE4 holoenzymelV/V), was below its inhibitory concentration at4%].

(enzyme bound to MY) independent of catalysis. Here we

Hydrolysis of PH]-cAMP was initiated by the addition of

report the characterization of this novel assay and the 10 4L of GST-PDE4A* (~50 pM final concentration) at
observation that the transition of PDE4 from its apoenzyme 30 °C. The reaction was terminated after 10 min (with0%

to the holoenzyme is responsible for the high-affinity binding
of cAMP and the differential binding of some PDE4
inhibitors.

MATERIALS AND METHODS

Chemicals Analytical grade HEPES, EDTA, and cAMP
and ultra grade MgGland KCI were from Sigma/Aldrich.
[®H]-cAMP, [2,8-*H]-cyclic adenosine '3 -monophosphate,
was from Amersham International Inc. PDE4 inhibitors [SB-
207499, RP-73401, R)-rolipram, and RS-14203] were

substrate conversion) by the addition of d0of PDE-SPA
beads.JH]-AMP, captured by the SPA beads, was quantified
on a Wallac-Microbeta scintillation counter. A linear reaction
progress curve (up to 30 min) and a linear enzyme
concentration response (from 0 to 500 pM) were observed
with respect to product generation under these conditions.
The 1G; value of an inhibitor was calculated from a 11-
point dose-response curve performed in duplicate using a
4-parameter least-squares nonlinear regression fit. Tae IC
values were the average a3 experiments unless otherwise
stated. The relationship between the binding affinities of

prepared at Merck Frosst. CDP-840 was from Celltech. jnhibitors to PDE4 apoenzyme and holoenzyme and their
L-791,760 was prepared according to the procedure describedc, values in catalysis inhibition will be presented and

(29). Its spectral properties are as followsH NMR
(acetoneds), 8.00 (d, 2H), 7.80 (d, 2H), 7.53 (s, 1H), 7.25
(d, 1H), 7.21 (dd, 1H), 7.00 (d, 1H), 6.90 (s, 1H), 6.64(bs,
2H, NHy), 4.5 (s, 2H), 3.89 (s, 3H), 3.84 (s, 3H), 2.33 (s,
6H); mass spectrum 528.4 (ML)" (APCI).

Absorbance and Fluorescence Specirhe fluorescence
spectrum and the 90dight scattering were measured on an

LS-50B spectrophotometer (Perkin-Elmer) equipped with

discussed in a separate report.

L-791,760 Aqueous SolubilityL-791,760, soluble in
organic solvents such as methanol or DMSO, has an
absorptionmax at 340 nm and an extinction coefficient of
20 000 AUcm *-M~t in methanol. Its solubility is limited
in aqueous solution due to hydrophobicity. The presence of
L-791,760 aggregates was detectable in the assay buffer when
its total concentration exceedee200 nM, leading to an

four stirred quartz cuvettes. The absorbance spectrum wasncreased 90light scattering at 400 nm. These aggregates

recorded on a Cary UV-spectrometer (Varian). All experi-
ments were conducted at room temperatur@3 °C).
PDE4 EnzymeRecombinant human PDE4%& 88 was

became visible when its total concentration exceed2gM.
The presence of aggregates below 200 nM, less sensitive
toward the 400 nm light, was inferred from an increased and

expressed as a GST fusion protein in a baculovirus/SF9 cellscattered nonspecific FRET signal when its concentration
expression system and purified to homogeneity as previouslyexceeded-80 nM. A stable L-791,760 solution{60 nM)
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Ficure 1: Inhibitor structures.

was obtained by dissolving 100 nM L-791,760 in the assay concentration vs percent specific FRET intensity. The limited
buffer and equilibrated for 18 h at room temperature. Its solubility of L-791,760 in buffer prevented the direct
concentration was determined by measuring the fluorescenceneasurement of th&y value of a competing ligand by

intensity of 100uL of the sample in 90L of 80% (v/v)

varying its concentration. Th€y value of a competing ligand

methanol/buffer against a standard curve (excitation, 340 nm;was estimated from the formul&y = ICs¢/(1 + [L-791,760]/
emission, 465 nm). Samples with different amounts of K4-~791789 assuming a competitive binding with L-791,760.

L-791,760 were prepared from this stock solution with each

concentration verified using the standard curve.
FRET-Based PDE4 Equilibrium Binding Assayhe
typical assay solution (1 mL) contained-%0 nM GST-
PDE4/48 30 nM L-791,760, 10 mM EDTA (for apoen-
zyme) or 5 mM MgC} (for holoenzyme), 130 mM KCI, and
20 mM HEPES (pH 7.5). FRET intensity was recorded by
monitoring the emission at 465 nm (slit width 10 nm) with
the selective excitation of PDE4 at 285 nm (slit width 5 nm).
Inhibitor was added via &L of DMSO. The presence of
0.5% (v/v, final) DMSO had a minimal effect on the FRET
intensity and the catalytic activity of PDE4. The FRET
intensity derived from the L-791,760/PDE4 binding was

cAMP Binding to PDE4 Apoenzyme and Holoenzyroe
cAMP binding to PDE4 apoenzyme, 1&g of GST-
PDE4/8 (in a 15uL buffer solution containing 10 mM
EDTA) was addedd a 1 mLstirred solution containing 10
mM EDTA, cAMP (from 0 to 1.6 mM), 30 nM L-791,760,
130 mM KCI, and 20 mM HEPES (pH 7.2). High cAMP
concentrationsX100x«M) reduced the intrinsic fluorescence
of L-791,760 (4% reduction at 100M and 40% reduction
at 1.6 mM cAMP) due to its absorbance of the excitation
light. The specific FRET intensities displaced by cAMP were
corrected for the quenching effect when cAMP concentra-
tions exceeded 100M, assuming an identical quenching
efficiency. For cAMP binding to PDE4 holoenzyme, GST-

obtained by subtracting the total fluorescence at 465 nm from PDE4A*€holoenzyme (1.5 in a 15uL buffer containing
the residual emission of L-791,760 due to its direct excitation 10 mM Mg?") was addedd a 1 mLsolution containing 5

at 285 nm. Specific FRET intensity, resulting from L-791,760

mM MgCl,, cAMP (up to 100zM), 30 nM L-791,760, 50

binding to the PDE4 active site, was defined as the portion uM EDTA, 130 mM KCI, and 20 mM HEPES at pH 7.5.

of the FRET intensity £90%) which was eliminated in the

AFRET intensity was determined by subtracting the final

presence of saturating concentration of RS-14203 (70 nM). FRET intensity from the initial intensity. The delay time was
ICso values of PDE4 inhibitors were determined using a the duration to recover 50% of th&®FRET intensity. No
4-parameter least-squares nonlinear regression fit of inhibitor quenching correction below 100M cAMP was made to
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Ficure 2: Inhibition of PDE4 catalysis by L-791,760 with respect nm

to increased cAMP concentration. Thes¢@alues (average of 3 FicUre 3: Fluorescence spectra of L-791,760, GST-PDE&AN

experiments) were determined in the presence of 0.05 nM GST-_, ~-" . L -
PDE4/ and 10 mM Mg". Linear regression analysis gave an their mixture. (A) Excitation spectrum of GST-PDE#A(~25 nM)

: ) with emission at 340 nm (dashed line); (B) emission spectrum of
Lr}_t\t;/lr%ept of 27 £3) M and a slope of 51) nM L-791,7604M GST-PDE4A*8 with excitation at 285 nm @); (C) excitation

spectrum of L-791,760 (30 nM) with emission at 475 nm (dashed
. o S line); (D) emission spectrum of the solution containing L-791,760

the AFRET intensities due to its insignificances4% and GST-PDE4A® with excitation at 285 nm (solid line, complex
reduction). To minimize estimation error, the delay time at is the major species here); (E) emission spectra of L-791,760 with

1004M cAMP was used to calculate the turnover number excitation at 285 nm (thin solid line). A blue-shift fromgax of
of CAMP. 475 nm (in E) to amax 0f 465 nm (in D) accompanied the binding

of L-791,760 to PDEA4. The fluorescence resonance energy transfer
between L-791,760 and PDEA4 led to an increased emission at 465
RESULTS nm (difference between D and E near 465 nm) and a decreased

. . emission of PDE4 near 340 nm (the difference between B and D
L-791,760 Is a Highly Fluorescent and Compe®tPDE4 5 340 nm) as marked by the arrows. The background spectrum
Inhibitor. To gain a better understanding of PDE4 catalysis from the buffer alone has been subtracted from each trace.

and its inhibition, we recently prepared L-791,760, a highly
fluorescent and potent PDE4 inhibitor. L-791,760 was acceptor (the transfer efficiency is proportional to*)/and
derived from an initial screening lead, compouh¢Figure thus only occurs efficiently between the excited state of
1), a furan derivative, which inhibits cAMP hydrolysis with  PDE4 and its bound ligan®8). When PDE4 was selectively
an 1G, of 2.5uM at 0.1uM cAMP (32). Madifications using  excited at 285 nm, a fluorescence resonance energy transfer
a novel three-dimensional combinatorial chemistry approach occurred from the excited state of PDE4 to the bound L-791,-
around compound led to the identification of a class of 760, leading to an increased emission centered at 465 nm
substituted thiophene derivatives with significantly improved from the bound L-791,760 and a decreased emission near
potencies, many of which were highly fluoresce2)( This 340 nm from the bound PDE4 as marked by the arrows in
led to the discovery of L-791,760. Shown in Figure 2 is the Figure 3 [comparing the emission spectra of GST-PDEZA
effect of the cCAMP concentration on its 4¢values for the  (B), of L-791,760 (E), of the solution containing the complex
inhibition of the PDE activity of GST-PDE4%®. A linear (D), all with excitation at 285 nm]. Therefore, the fluores-
relationship was observed with a slope of 5 nM L-791,760/ cence at 465 nm with excitation at 285 nm (D in Figure 3)
uM cAMP and an intercept at 27 nM. The result supports was composed of (a) the FRET intensity due to the energy
that L-791,760 is a competitive PDE4 inhibitor. transfer from the excited PDE4 to its bound L-791,760, and
The delocalized structure of L-791,760 resulted in its (b) the intrinsic fluorescence of L-791,760 from excitation
strong absorbance near 340 nm [extinction coefficieht (  at 285 nm (E in Figure 3). The PDE4-induced FRET intensity
of 20 000 cm*-M~* in methanol], which overlapped well was dose-dependently reduced by the presence of RS-14203,
with the PDE4 intrinsic fluorescence [Figure 3: emission a competitive PDE4 inhibitor3d) with an IGs, value of 0.07
spectra of GST-PDE4#8 (B) compared with the excitation  nM in inhibiting the catalytic activity of GST-PDE44 at
spectra of L-791,760 (C)]. The excited state of L-791,760 0.1 uM cAMP (Table 1). The addition of GST-PDE4#&
decayed exclusively via fluorescence in high quantum yield (5 nM) to a solution (1 mL) containing 30 nM L-791,760
with an emissiommax ~ 475 nm in aqueous buffer (E in  and 10 mM EDTA resulted in an instantaneous increase in
Figure 3). The combination of its high absorbance and a near-fluorescence at 465 nm due to the rapid formation of a
quantitative fluorescence quantum yield permitted the detec-L-791,760/PDE4 apoenzyme complex (Figure 4). The ad-
tion of as low as 1 nM L-791,760. In addition, no significant dition of RS-14203 at point B (via L of DMSO) rapidly
photobleaching was detected after 12 h of continuous decreased the PDE4-induced FRET intensity in a dose-
excitation, indicating that L-791,760 was stable photochemi- dependent manner (RS-14203 binding to PDE4 had no effect
cally. on the PDE4 intrinsic fluorescence in the absence of L-791,-
L-791,760 Binds Specifically to PDE4 Apoenzyme and 760; the fluorescence of L-791,760 was not affected by RS-
Holoenzyme The maximal spectral overlap between the 14203; and DMSO introduced a negligible perturbation of
PDE4 intrinsic fluorescence and the absorbance spectrumthe fluorescence intensity). Over 90% of the FRET intensity
of L-791,760 permitted the development of a sensitive FRET- was eliminated in the presence of a saturating concentration
based equilibrium PDE4 binding assay. The assay utilizes of RS-14203 (70 nM), with the remaining portion insensitive
the fact that fluorescence resonance energy transfer decaysoward any inhibitor tested in the presence or absence of
rapidly with increased distance between the donor and Mg?t as marked in Figure 4. The inhibitor-insensitive
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Table 1: Potency of Inhibitors on Catalysis and Their Apoenzyme 801 B
and Holoenzyme Affinities > ] +,+/’
£ 6o
apoenzyme holoenzyme catalytic § i $/+( -]
affinity affinity potency E 40 // 4*’
inhibitors (ICs0, NM) (ICs0, NM) (ICs0, NM) B y/w*
compoundl  ND ND 2500 £ 201 bid * B
L-791,760  Kgq= 27 (£5) Kq= 30 (&5) 30 (£15) Pt~ pam T
CDP-840 >5000 10 ¢5) 4 (+2) e e e e
SB-207499  >5000 100 £:30) 45 (15) 0 10 20 30 40 50 60
RP-73401 >5000 =<5 (assay limit)  0.34£0.2) L-791,760 (nM)
(R)-rolipram 600 (-200) 10 @&5) 5 &3) = . P
. . IGURES: L-791,760 binding to PDE4 apoenzyme and holoenzyme.
RS-14203 =5 (assaylimity <5 (assaylimif) 0.07:0.05) Apoenzyme (5 nM GST-PI%EAIZA8 in 10 Fr)nM E)I/DTA) and holoen){
a Apoenzyme and holoenzyme affinities gt SEM) were the zyme (in 5 mM Mg*) were mixed with increasing concentrations

average of 3 experiments using 5 nM GST-PDE%A30 nM of L-791,760. The nonspecific FRET intensities, (EDTA; a,
L-791,760, 10 mM EDTA (apoenzyme), or 5 mM Ktgholoenzyme). Mg?*, insensitive to the presence of 70 nM RS-14203) were linear
The correspondingq values were estimated at 50% of thed@alues with respect to increasing L-791,760 concentration up to 45 nM.
since the concentration of L-791,760 was close to its estimited The specific FRET intensities) (EDTA) and® (Mg?"), became
Both apparent |6 values for RS-14203 were at the detection limit of less reproducible above 60 nM L-791,760. Nonlinear regression
the FRET assay. Thiq values of L-791,760 were estimated from its  analysis of the specific FRET intensities gavgof 27 (+5) nM
binding curves in Figure 5. Catalytic potencies {§G& SEM) were and aAFnax of 110 (10) units for its apoenzyme binding and a

the average of 4 experiments using 0.05 nM GST-PDE4A0.1uM Kg of 30 (£5) nM and aAFax 0f 80 (#=10) units for its holoenzyme
cAMP, and 10 mM M§". binding.
holoenzyme, and both were nearly eliminated by the presence
90 of a saturating concentration of RS-14203 (70 nM). The
80— DMSO nonspecific FRET intensities increased linearly and ac-
> M counted for less than 10% of the total FRET intensity.
% 70 Saturation binding analysis of the specific FRET intensity,
E 60— v 20M which increased monophasically with increased concentra-
§ tions of L-791,760, gave estimatéq values of 27 and 30
8 50 e 8 NM nM with a Hill coefficient close to 1 for both its apoenzyme
g and its holoenzyme binding. Above 60 nM L-791,760, the
2 40 PDE4 — FRET intensities became less reproducible and were associ-
30 __,‘J\f __________ ﬁ\ ____________ ated with increased and scattered nonspecific FRET intensi-
ties. This was likely due to the contribution from the
0T T r T T T T T T nonspecific binding of the fusion protein with L-791,760
0 100 200 300 400 aggregates. Their presence was detectable by an increased
Time (S) 90° light scattering at 400 nm when the total L-791,760

FIGURE 4: Formation of a PDE4 apoenzyme/L-791,760 complex concentration exceeded 200 nM (the particles became visible
monitored by the FRET assay. Total fluorescence intensity is above~2 uM). Thus, concentrations of L-791,760 from 20
displayed. Addition of GST-PDE4A® apoenzyme{5 nM)to a  to 40 nM and GST-PDE4#8 (=5 nM) were typically used
solution containing 30 nM L-791,760 and 10 mM EDTAaT0s g evaluate the competing binding of other inhibitors to

resulted in a rapidly increased emission at 465 nm from 3084 . . . .
intensity units (excitation at 285 nm). RS-14203 (introduced at point ensure a robust dynamic range with a good detection limit.

B) dose-dependently and rapidly reduced the specific FRET Under these conditions, a signal-to-noise ratic-at1 was
intensity. 0.5% (v/v) DMSO had a minimal effect. The nonspecific typically achieved.
portion of the FRET intensity~5 units) was insensitive toward Differential Binding of Inhibitors with PDE4 Apoenzyme
further increases in RS-14203 concentration or the presence of othery HoloenzymeBy monitoring the displacement of the
inhibitors. bound L-791,760 from its apoenzyme or holoenzyme com-
(nonspecific) FRET signal could be derived from the binding plex, we identified that other PDEA4 inhibitors interact
of L-791,760 to either the GST domain or the PDE4 domain differentially with the apoenzyme and holoenzyme depending
outside its active site (nonspecific FRET signals were upon their structures (see Table 1). CDP-840 (Figure 6A),
observed between L-791,760 and GST or BSA). In addition SB-207499, and RP-73401, competitive inhibitors with
to the efficient fluorescence resonance energy transfer, therespect to cCAMPX9, 22, 23, competed with the holoenzyme
binding of L-791,760 to PDE4 also induced a detectable blue- binding of L-791,760, yielding 16 values at 10, 100, and
shift in its emission spectrum fromiaax ~475 nm to~465 <5 nM, respectively. These kgvalues corresponded ¥
nm, consistent with the change of its surrounding environ- ~ 5 nM for CDP-840K4 ~ 50 nM for SB-207499, an#4
ment from a polar aqueous buffer to a more hydrophobic < 5 nM for RP-73401 for their holoenzyme interactions after
protein binding pocket33). taking into account (a) the L-791,760 concentration used was
Shown in Figure 5 are the doseesponse curves of the near itsKq and (b) the 5 nM detection limit of the assay due
specific @ with Mg?"™ andO with EDTA) and the nonspe-  to the presence of5 nM PDE4. In the presence of 10 mM
cific (a with Mg?" and A with EDTA) FRET intensities EDTA, less than 30% of the specific FRET intensity from
with respect to increased L-791,760 concentration in the the apoenzyme binding of L-791,760 was displaced by either
presence or absence of 5 mM RfigBelow 45 nM L-791,- 10 uM SB-207499, 1QuM CDP-840, or 1(uM RP-73401,
760, the FRET intensities were almost exclusivei90%) demonstrating that they bind preferentially to the holoen-
derived from its specific binding to PDE4 apoenzyme or zyme.



6454 Biochemistry, Vol. 39, No. 21, 2000

z

100 3

s i e

@ 80

g ] ¥

g 60 /
a
Ry,
e 40 +/
o 7 &
: 207 /, /O/Q/
'3 Q /+ -

. i o
1 10 100 1000 10000
[nM] CDP-840

B) 100 —

- T //*

é 80 *’ //
(7] T / /0
§ 60 y ¥

[-% d / /

2 / /

5 40 *. jg

= i

£ 20 + A /ﬁ

® 1.7 ¢

ofT—— "o

01 1 10 100 100010000
[nM] (R)-rolipram

Ficure 6: Displacement of the bound L-791,760 from the
apoenzyme®) and the holoenzymdl) by CDP-840 (A) andR)-
rolipram (B). The data were the average of 3 experiments. The
ICso values were as follows: CDP-840, 18%) nM for holoenzyme
and >5000 nM for apoenzyme;R}-rolipram, 10 &5) nM for
holoenzyme and 60G4200) nM for apoenzyme.

100 .~ SB207499
7 Mg+2

> 80 «

] i e, RS14203
-,

§ 60 b {

£ 4

= 40

E T (t,~92s)

20

<«— PDE4 N\ EDTA
T T T T T T T T T 71

200 400 600 800 1000 1200
Time (S)
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a first-order process with &, of 92 s. RS-14203 (200 nM) was
added at~1150 s. The dashed line marked “No In” was the
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SB-207499/holoenzyme complex. fcalone, in the absence

of SB-207499, induced a slow decay of the FRET intensity
as illustrated by the dashed line marked “No In". This was
traced to a gradual and irreversible loss of PDE4 to the
surface of the quartz cuvette, which was confirmed by a
parallel loss of PDE activity and PDE4 in the solution by
Western analysis (the loss of PDE4 to the cuvette surface
could be reduced with the use of an increased amount of
PDE4). The addition of excess EDTA (10 mM&a630 s)
resulted in a first-order recovery of the FRET intensity with
a half-life of ~92 s. After taking into account the reduced
window from the loss of protein, the FRET signal displaced
by SB-207499 in the presence of fgwas quantitatively
recovered. This was consistent with the disruption of the SB-
207499/holoenzyme complex and the formation of a L-791,-
760/apoenzyme complex due to the loss of 2MgThe
relatively slow transition would suggest that the Vg
dissociation was rate-limiting. Saturating concentration of
RS-14203 (200 nM) was added near the end of the time
course to confirm the specificity of the FRET intensity.

In contrast to the near-exclusive holoenzyme binding of
CDP-840, SB-207499, and RP-734(R)-(olipram competed
with both the holoenzyme and the apoenzyme binding of
L-791,760 with 1Go values of 10 and 600 nM, corresponding
to Kq values of 5 and 300 nM, respectively (Figure 6B). RS-
14203, its structure differing significantly from the others,
had high affinities for both PDE4 apoenzyme and holoen-
zyme with the apparent Kg values at the 5 nM assay
detection limit. Thus, its holoenzyme and apoenzyme af-
finities could be below 5 nM.

Selectie and Productie Binding of cAMP to PDE4
Holoenzyme In addition to the structure-dependent dif-
ferential binding of inhibitors, cCAMP binds selectively to
the PDE4 holoenzyme. In the absence oM ghe formation
of a low-affinity cAMP/PDE4 apoenzyme complex was
detected as illustrated by the dose-dependent displacement
of the FRET intensity by cAMP (Figure 8A). The presence
of high cAMP concentrations>(100uM), in addition to its
specific competition, also led to a reduced fluorescence due
to the absorbance of the excitation light at 285 nm by cAMP.
After correcting for the quenching effect, ansiGralue of
340uM was detected for cAMP binding to the apoenzyme
(Figure 8C0). This translated to &4 ~ 170uM for cAMP
after taking into account the presence of 30 nM L-791,760.
On the other hand, when PDE4 holoenzyme was added to
solutions containing cAMP in the presence of ¥gthe

fluorescence decay time course in the absence of SB-207499 afterFRET intensity of the holoenzyme/L-791,760 complex was

the addition of M§". It was caused by an irreversible loss of PDE4
to the cuvette surface.

The near-exclusive binding of SB-207499 to PDE4 ho-
loenzyme provided the opportunity to monitor its dissociation
triggered by the removal of Mg as illustrated in Figure 7.

A L-791,760/apoenzyme complex was formed instanta-
neously after the addition of GST-PDE#A(at ~170 s) to
a buffer solution containing 30 nM L-791,760 and 1 mM
EDTA. The addition of SB-207499 (200 nM at300 s)

potently displaced by cAMP initially (Figure 8B). However,
the rapid depletion of cCAMP, due to its hydrolysis to AMP,
resulted in the recovery of the FRET intensity due to an
increased formation of the holoenzyme/L-791,760 complex.
Thus, theAFRET intensity reflected the occupancy of the
PDE4 active site by cAMP with the recovery duration
representing the time needed for the near-complete hydrolysis
of cAMP. It took ~430 s to hydrolyze 1 mL of 10@M
CAMP (100 nmol) by 15 pmol of PDE4 holoenzyme, which
translated to a turnover number of 15!sfor cAMP

resulted in a small decrease of the FRET intensity due to its hydrolysis. From the\FRET intensity/cAMP response curve

weak affinity with the apoenzyme. The addition of Md2
mM at ~ 380 s) triggered a rapid decrease in the FRET
intensity due to the competing formation of the high-affinity

in Figure 8C @), an 1G; value of 3.8uM was obtained,
translating to &~ 1.9uM for cAMP binding to the PDE4
holoenzyme.
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Ficure 9: Scheme for cAMP and inhibitor binding to PDE4
apoenzyme and holoenzymgholo, K@ro, Kfolo, andKgPo are the
dissociation constants of inhibior and cAMP with the PDE4
holoenzyme and apoenzyme, respectivilys is the dissociation
constant of M&" with the apoenzymek. is the rate constant for
CAMP hydrolysis.
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Table 2: Comparison of cAMP Binding and Hydrolysis Using the
FRET Binding Assay and PDE Activity Assay

assay parameter apoenzyme holoenzyme
FRET binding affinity 340 (45) 3.8¢0.4)
(|C50, luM)

estimateKs (uM) 170 (£23) 1.9 ¢0.2)
turnover (s%) not detected 15

[*H]-cAMP Km (uM) - 2 (£0.5)

hydrolysis

Keat (S71) not detected 917

a Results of the FRET binding assay were from Figure-&A The
Ks values for cAMP binding to holoenzyme (5 mM Kfg and
apoenzyme (10 mM EDTA) were estimated usiig= ICsy/(1 +
[L-791,760]Kq4) whereKjy is the binding affinity of L-791,760. The
Km andkeae values were determined by monitoring the hydrolysis of
[®H]-cAMP (from 0 to 20uM) to [*H]-AMP in the presence of 10 mM
Mg?*. kea typically ranged from 9 to 1773 (Vimax from 5 to 10umol
mg 'min~1) for different preparations of GST-PDEZ& No [*H]-
cAMP hydrolysis was detected with the apoenzyme ratie2 h
incubation (10 mM EDTA, 1M [3H]-cAMP, 50 nM enzyme).

conformational states. Mg binding to PDE4 is responsible
for eliciting its high-affinity interaction with cAMP, the
activation of catalysis, and the differential binding of
inhibitor. CDP-840, SB-207499, and RP-73401 bind pref-
erentially to the holoenzyme, whereas L-791,76B)- (
rolipram, and RS-14203 bind to both holoenzyme and

FiGure 8: cAMP binding to PDE4 apoenzyme and holoenzyme apoenzyme as illustrated by the scheme in Figure 9. The

and its hydrolysis monitored by the FRET binding assay. (A)

Apoenzyme (1.5ug of GST-PDE4A&% in 10 mM EDTA) was

added to solutions containing 30 nM L-791,760, 10 mM EDTA,

affinities of the inhibitors for the apoenzyme and holoenzyme
are summarized in Table 1 together with their potencies on

and increasing concentrations of CAMP. The specific FRET the catalytic activity of GST-PDE4A’. Their inhibitory
intensities displaced by cAMP, after correcting for its quenching potencies on catalysis at saturating ¥goncentration (10
effect above 10gM (see Materials and Methods for detail), were  mM Mg2* compared with its E€; of 0.1 mM) mirrored their

used to estimate its Kgin panel C. (B) Holoenzyme (1.Bg of
GST-PDE4A&8in 5 mM Mg?") was added to solutions containing

30 nM L-791,760, 5 mM Mg, and increasing concentrations of

holoenzyme affinities from the FRET assay except for RP-
73401 and RS-14203, whose inhibitory potencies of 0.3 and

CAMP at~70 s. Excess RS14203 (70 nM) was added to the solution 0.07 nM were below the detection limit of the FRET assay.

containing OuM cAMP at ~190 s to define the specific FRET
window. The time to recover 50% of th&FRET intensity was

~430 s at 10tM cAMP, which corresponded to a turnover of 15
s 1for cAMP hydrolysis. (C) Doseresponse curves of the specific

FRET intensities displaced by cAMP in the presence of 10 mM

EDTA (O) and theAFRET intensities in the presence of 5 mM
Mg?" (@). The 1G; values of cAMP binding to GST-PDE4#
were 3.8 {£0.4) uM in the presence of Mg and 340 {45) uM

in the presence of EDTA with a near-unity Hill coefficient for both
curves.

DISCUSSION

The apoenzyme and holoenzyme affinities of cCAMP and its
catalytic turnover from the FRET assay are summarized in
Table 2, together with itsK,, and k., determined by
measuringJH]-cAMP hydrolysis. Its binding affinity of 1.9
UM (Kg) with the holoenzyme was similar to ik, of 2 uM
from activity measurement. In addition, the turnover number
for cAMP hydrolysis was similar from the two assays. Thus,
the FRET-based PDE4 binding assay provides a convenient
alternative approach to evaluate the structiaetivity rela-
tionship of cAMP analogues and active-site-directed agents.

The results presented here demonstrate that the active site A higher specific FRET intensity was detected in the
of PDE4 apoenzyme and holoenzyme exists in two different apoenzyme complex\Fmax~ 110 intensity units) compared



6456 Biochemistry, Vol. 39, No. 21, 2000 Laliberteet al.

with its holoenzyme complexAFmax ~ 80 intensity units) NH,
from extrapolating the binding curves in Figure 5. This was NN
likely derived from a response difference between the two o <N 'N/J
complexes. Either a more efficient energy transfer in the /j:{
apoenzyme complex due to an altered dipole moment /,0?,,\0 OH
alignment of the PDE4 excited state with the bound L-791,- Mg+_2___'o )

760 or a changed environment could account for the change \OH

in AFmaX(Mgz+ had no detectable effect on the fluorescence Ficure 10: Scheme for M -induced high-affinity cAMP bindin
spectrum of L'791’760.)1 There Is no eVIdence.t.O suggest t.heand catalysis activation. The dual roleg ofM@r)(/a (@) enhancin%
presence of any additional binding. In addition to their camp pinding and activating phosphate by chelating with the
monophasic binding curves, the uniform nature of the L-791,- phosphate oxygens and (b) providing an activated hydroxyl
760 interaction with either conformer was supported by the nucleophile near neutral pH. It remains to be clarified whether they
monophasic and complete displacement curves of cAMP anda'® fulfilled by a single metal ion as illustrated or by two nearby
o metal ions analogous to that found in adenylyl cycles®).(
other inhibitors.

PDEA4 catalysis requires the presence of a divalent metalcommonly accepted diffusion rate ef10° M~* s (43).
cation such as Mg, Cc&*, Zn?*, Ni2", or Mn?" (31, 34, The slow association between the cofactor and the apoen-
35). Structurally, the metal binding site is likely composed zyme signifies the presence of a structural reorganization of
of one or both of the “Z#-binding” amino acid motifs,  the residues involved. The Mgbinding to PDE4 apoenzyme
conserved within the catalytic domains of mammalian PDEs. was not accompanied by a detectable change in its intrinsic
Their importance in both catalysis and inhibitor binding was fluorescence, consistent with the absence of a global con-
confirmed from mutational studies on PDE3, PDE4, and formational change between the two conformers. Further-
PDE5 @5, 37-39). The EGp value of Mg" in activating more, the ability of both conformers to bind cAMP and some
CAMP hydrolysis, which typically ranged from 0.1to 1 mM inhibitors implicated that the overall topology of the active
for various PDE4s, was within its free intracellular concen- site remains conserved with only limited area being perturbed
tration range of 0.30.7 mM, and suggests that Ffgis the by the presence of cofactor. Our results showing the selective
endogenous cofactod {, 40. In contrast, the E& values binding of cAMP to the PDE4 holoenzyme differ from earlier
for Zn?*, Mn?*, and C8" as cofactors, which ranged from reports of the random equilibrium binding of ®fgand
0.5 to 5uM, were above their known free physiological cGMP to the cGMP-specific PDE5 and PDEB(45. This
concentrations (low nanomolasy, 47). may reflect a difference between these PDEs.

Theoretically, a catalytically essential metal cation could  In addition to inducing the high-affinity cAMP binding
play one or several roles in activating the PDE catalytic and activating catalysis, the conformational difference be-
machinery. It may act as a structural metal ion that induces tween the two conformers influences the binding of inhibi-
the high-affinity binding of cAMP by either directly or  tors. This was first noted by Schneider and co-workers, who
indirectly interacting with it. Second, it may act as a catalytic determined that Mg was required for the high-affinityR)-
metal ion that coordinates to the phosphate oxygens of cCAMP rolipram interaction with PDE4-containing rat brain mem-
to increase its chemical reactivity. A third role for the brane preparationgt§). Percival and co-workers have also
catalytic metal ion would be to chelate a water molecule to reported that the potencies of several competitive inhibitors,
provide the catalytic hydroxide nucleophile near neutral pH. such as R)-rolipram and CDP-840, were shifted in the
The stereochemistry of the PDE-mediated hydrolysis of presence of Z&t compared to their potencies in the presence
CAMP proceeded with an inversion of configuration at the of Mg?* (31). Here we have demonstrated that inhibitors
phosphate, consistent with an in-line attack by a metal- bind differentially to the apoenzyme and holoenzyme
hydroxide @2). The identification of the weakKy ~ 170 depending on their structures. A cofactor-dependent interac-
uM) but presumably nonproductive cAMP/apoenzyme com- tion dominated the binding of SB-207499, RP-73401, and
plex in the present study (néH]-AMP production detected =~ CDP-840 to PDE4, whereas the binding of L-791,760 and
after 2 h incubation) demonstrated that the cofactor binding RS-14203 with PDE4 relied heavily on a cofactor-indepen-
to PDE4 was responsible for inducing not only its high- dent interaction. In the absence of detailed structural
affinity interaction with cAMP but also the activation of the information to confirm the hypothesis, it is still tempting to
catalytic machinery. These results are consistent with the speculate that the cofactor-dependent interaction might
hypothetical scheme in Figure 10 to account for the dual involve the potential metal binding motifs, such as the vicinal

roles of the M@" cofactor. dialkoxyphenyl moiety, common among many PDE4 inhibi-
Contrary to ZA" hydrolases, PDE4cofactor binding has  tors @7—51). The structure-dependent differential binding
been found to be rapidly reversible. PDE4#S purified in of inhibitors to the apoenzyme and holoenzyme offers an

the presence of EDTA lacked any significant amount of opportunity to selectively target inhibitors at one of the two
divalent cations €0.1 mol fraction) based on direct metal conformations in vivo. However, it remains to be demon-
ion analysis. Its Z&" binding, close to stoichiometric in the  strated whether this approach would provide any benefits.
absence of cCAMP, had K4 of 0.5uM and a dissociation The binding of M@" to PDE4 has been shown to be
half-life of ~30 s @1). The dissociation rate of Zn and upregulated by serine phosphorylation. A partially phospho-
the slow transition triggered by EDTA in Figure 7 both rylated PDE4D3 exhibited a biphasic Kigresponse curve
supported a slow association ofZror Mg?+ with the PDE4 with EGsp values at~0.3 and>10 mM, respectively. Further
apoenzyme. The estimated apparkptof ~4 x 10* M1 phosphorylation by PKA on S&rin the conserved RRES

s ! for Zn?" binding to PDE4 apoenzyme, based on its 0.5 motif converted the remaining low-affinity population into
uM Kg, was several orders of magnitude slower than the the high-affinity state, leading to activity activation and an
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increased catalytic potency foR)-rolipram (L1). We have
obtained similar results using a partially purified PDE4%6¢
expressed in SF9 cells. The inhibitory potency &)-(
rolipram was shifted from~120 to~8 nM after treatment
with PKA in the presence of 5 mM Mg. A similar potency
shift for (R)-rolipram was achieved without PKA treatment
by increasing the Mg concentration from 5 to 200 mM to
favor holoenzyme formation. In addition to the regulation
by phosphorylation, variable Egvalues for Mg" have been
reported for several mutants of PDE4 that lacked the PKA
activation site 23, 40. These results support the hypothesis
that the Mg@" binding affinity in PDE4 is modulated readily,
and this in turn leads to the regulation of its activity. This
may represent an efficient regulatory machinery for control-
ling the cAMP-mediated processes through either phospho-
rylation or protein/protein interaction.

The differential binding of some inhibitors to both PDE4
apoenzyme and holoenzyme, coupled with the active binding
of cCAMP to the latter, complicates the kinetics of PDE4
inhibition. The kinetic consequence from the presence of the
multiple enzyme species in Figure 9 is dictated by its rate-
limiting transition, which remains to be resolved. Under the
equilibrium assumption, the dual bindings of an inhibitor to
both conformers lead to its catalytic potency to partition
between its holoenzyme and apoenzyme affinities depending
on the apoenzyme/holoenzyme ratio, with thegl@alue
approaching its holoenzyme affinity under a saturating
concentration of cofactor. This is consistent with the data
listed in Table 1. In addition, the model predicts a shallow
titration curve for inhibitors such adR}-rolipram using a
partially activated enzyme preparation, which is likely
responsible for much of the reported behaviorRfolipram
(23). On the other hand, a rate-limiting exchange between
its apoenzyme complex and its holoenzyme complex, in
comparison with the cAMP turnover, would further com-
plicate the titration curve for rolipram. The last scenario
might be related to the time-dependent inhibition of PDE4B
by (R)-rolipram @8). Thus, dissecting the transition times

among the enzyme species becomes essential in further 19.

clarifying the remaining issues in the kinetic inhibition of
PDE4. The formation and breakup of the FRET complexes,
such as those in Figure 4, were too fast to be quantified using
the current instrument setup. Further analysis of these
transitions on a faster spectrophotometer may help to uncover
some of the embedded rate constants.

In conclusion, we have developed a novel FRET-based
equilibrium PDE4 binding assay, capable of monitoring the
occupancy of the PDE4 active site continuously. We
demonstrated that the Mginduced PDE4 conformational
change is responsible for eliciting its high-affinity interaction
with cAMP, the activation of catalysis, and the differential
binding of inhibitors. High- and low-affinity R)-rolipram
bindings were detected owing to its differential interaction
with the PDE4 holoenzyme and apoenzyme.
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