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ABSTRACT. The interactions betweeR)-rolipram and purified human recombinant ld, CAMP-specific
phosphodiesterase (HSPDE4B2B) constructs were investigated using biochemical, kinetic, and biophysical
approaches. The full-length protein (amino acidsc84) and an N-terminal truncated protein (amino
acids 81-564) exhibited high-affinityR)-rolipram binding, whereas an N-terminal and C-terminal truncated
protein (amino acids 152528) lacked high-affinity R)-rolipram binding. The 152528 and 81564
proteins had similaK's andke.a/Kn's and differed less than 4-fold compared with the5b64 protein.
(R)-Rolipram inhibition plots were biphasic for the-564 and 81564 proteins and fit to two states, a
high-affinity (Ki = 5—10 nM) state and a low-affinitykf = 200—400 nM) state, whereas the 15228
protein fit to a single statek{ = 350-400 nM). The stoichiometry for high-affinity binding using a
filter binding assay was found to bel mol of (R)-rolipram per mole of +564 or 81-564 protein.
Titration microcalorimetric studies revealed both a high-affinity state with a stoichiometry of 0.3 mol of
(R)-rolipram per mole of protein and a low-affinity state with a stoichiometry of 0.6 moRpf@lipram

per mole of protein for the 81564 protein. A single low-affinity state with a stoichiometry of 0.9 mol
of (R)-rolipram per mole of protein was seen using the-1528 protein. The data indicate that purified
HSPDE4B2B 1-564 and 81564 proteins contain a single binding site fB)-folipram and suggest that
the proteins exist in two different states distinguishable by their affinity Ryr¢lipram. Furthermore,

the high-affinity binding state of the protein requires amino acid residues at the N-terminusy8jLof

the protein and catalytic domain (15828), whereas the low-affinity binding state only requires residues
in the catalytic domain (152528). Phosphorylation at residues 487 and 489 of the5&# protein does

not appear to alter the substrate kinetics or the stoichiometry and binding affiniB)-obl{pram.

Phosphodiesterases (PDEsatalyze hydrolysis of the'3 Cieslinski, 1990; Torphy & Undem, 1991), and is, therefore,
phosphoester bond of cyclic nucleotides, such as cAMP, to an important target of inhibition for the treatment of asthma.

produce a nucleotide8nonophosphate. The effect of  Apjsozyme-selective inhibitor of Type 4 PDE that is well
increasing levels of cAMP has been linked to airway smooth gocumented in the literature is rolipram. This inhibitor has

muscle relaxation (Torphy & Hay, 1990; Torphy & Undem, peen shown to bind to rat brain homogenates stereoselec-
1991) and a decrease in inflammatory cell activation (Bourne tively and with high-affinity Ks = 1 nM; Schneider et al.

et al., 1974; Torphy & Undem, 1991). Thus, inhibitors of 1986 put it appears to only inhibit Type 4 PDE activity at
PDE activity could potentially be used as bronchodilators 1, ,cn higher concentration&(= 1 uM). The effective
or anti-inflammatory agents (Torphy & Undem, 1991). therapeutic concentrations of rolipram in vivo are, however,
At least seven different mammalian PDE isozymes (Types very similar to the appareidy of the observed high-affinity
1-7) have been identified, each having distinct biochemical (R)-rolipram binding and not to the apparéftof enzyme
and physiological properties (Beavo, 1988; Beavo & Reif- inhibition (Bolger et al., 1993). Previous studies usimy(
snyder, 1990; Michaeli et al., 1993). The Type 4 PDE, which rolipram revealed that some Type 4 PDE enzyme prepara-
exists in four isoforms (Bolger et al., 1993) and is character- tions exhibit a competitive inhibition pattern suggesting
ized by a lowKn for cCAMP, is the primary PDE isozyme inhibition at the catalytic site (Nemoz et al., 1989; Livi et
found in bronchial smooth muscle and inflammatory cells al., 1990), whereas other enzyme preparations have complex
(Silver et al., 1988; Nicholson et al., 1990; Torphy & inhibitory kinetics (Torphy et al., 1992; Bolger et al., 1993;
McLaughlin et al., 1993; Amegadzie et al., 1995), suggesting
* To whom correspondence should be addressed at Glaxo WeIIcomethe pr?sence of multiple b'”d'”g f‘?m_‘s 9f PD_E', To
Inc., Five Moore Dr., Research Triangle Park, NC 27709. Phone: (919) determine whether PDE 4 has an intrinsic high-affinity for
483-3106. Fax: (919) 483-4320. rolipram, Torphy et al. (1992) expressed a human recom-

* These authors contributed equally to this paper. ; ; ; ;
® Abstract published iddvance ACS Abstract€ctober 15, 1997. binant monocytic Type 4 PDE in yeast cells and determined

1 Abbreviations: PDESs, phosphodiesterases; Type 4 PDEKiqw-  that high-affinity rolipram binding and cAMP turnover were
CAMP rolipram sensitive PDE; HSPDE4B2B, human recombinant Type coexpressed. In addition, other investigators have now linked

4 PDE isoform B; DPDE and DPD, dunce-like PDE; S#podoptera s high-affinity rolipram binding to other cloned and
frugiperdg T. ni, Trichoplusia nj MOI, multiplicity of infection; isof h | .
HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; EGTA, €xpressed Type 4 PDE isoforms (Torphy et al., 1992;

[ethylenebis(oxyethylenenitrilo)]tetraacetic acid. McLaughlin et al., 1993; Pillai et al., 1993; Amegadzie et
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al., 1995; Rocque et al.,, 1997; this manuscript). It is Invitrogen; Grace’'s media, gentamycin, and Sf900Il media
therefore curious how an inhibitor can bind to Type 4 PDEs from Gibco; lactalbumin hydrolysate and yeastolate from
with high-affinity and have a comparable in vivo effect, yet Difco; fetal bovine serum from Hyclone Laboratories; Sf9
the enzymatic activity is inhibited only at much higher levels. cells from the ATCC; Bradford protein dye from Pierce

One explanation for the discrepancy between the behaviorsChemical Co.; Q-Sepharose Fast Flow resin, Superdex-200
of rolipram in vitro and in vivo may be that the inhibition ~column resin, and QAE-Sephadex from Pharmacia; hy-
of Type 4 PDE enzymatic activity is not necessary to produce droxyapatite column from Koken; 96-well filter plates from
the therapeutic anti-depressant action (Torphy et al., 1992),Millipore; 96 well microtiter plates from Costar; 96-well
and only the interaction of the high-affinity form of the ~microbeta scintillation plates and Optiphase ‘High Safe’ 3
enzyme expresses the observed biochemical effects. Th|§C|nt|”at|0n fluid from Wa"a.C; minOdialyzer and equilibrium
explanation is not satisfactory considering that the only dialysis membranes from Hoeffer Scientific; hydroxyapatite
known function of PDE is its enzymatic activity. Recently, for rolipram binding experiments from BioRad; bovine serum
HSPDE4B2B, expressed and purified from baculovirus- albumin from Boehringer Mannheim; Bellco bottle biore-
infected Sf9 cells, was found to be monophosphorylated on actors from Bellco; Centriprep concentrators from Amicon;
residue 487 and diphosphorylated on residues 487 and 489P0ros Q media from Perseptive Biosystems; Cibacron Blue-
(Lenhard et al., 1996). This finding is significant because 300 resin, nucleotidase, and all other chemicals at the highest
this differential phosphorylation could offer a structural basis grade from Sigma
for the presence of high- and low-affinity rolipram binding. ~~ Generation of HSPDE4B2B Constructs in Baauos.

But this does not address directly how the phosphorylated HSPDE4B2B is a 564 amino acid protein (McLaughlin et
states correlate with the different binding affinities and al., 1993; Obernolte et al., 1993). The following list
catalytic activities. One major reason for the poor under- represents the amino acid residues (in parentheses) of the
standing is that the stoichiometry for the interaction between truncations and site-directed mutants of HSPDE4B2B that
rolipram and PDE has not been resolved unambiguously. Were constructed and expressed using a baculovirus expres-
Depending upon the stoichiometry, the low and high binding sion system. HSPDE4B2B 8564 (81-564); HSPDE4B2B
affinities may be assigned either to two different forms of 81—564 with serine to alanine mutations at residues 482,
the enzyme or to two binding sites per enzyme molecule. 487, and 489 (81564 AA); HSPDE4B2B 152528 (152~

The resolution of this issue is not only fundamental to the 528); and HSPDE4B2B 152528 with serine to alanine
understanding of the kinetic and thermodynamic properties mutations at residues 482, 487, and 489 (1528 AA).

of rolipram—PDE interactions in vitro but also crucial to the These constructs were generated as previously described
understanding of the effects of rolipram in vivo. Recently, (Lenhard et al., 1996; Rocque et al., 1997) using standard
Jacobitz et al. (1996) report that high-affinity rolipram baculovirus techniques (O'Reilly et al., 1992; Summers &
binding to HSPDE4A is not at an allosteric site but suggest Smith, 1987). HSPDE4B2B 81564 and 152528 proteins

that amino acids outside the Cata|ytic domain may form a were expressed in Sf9 cells using SF900Il media. All other
high-affinity binding site. Alternatively, they suggest the constructs were expressed in T. ni 5B14 cells using Excell
amino acids outside the catalytic domain may be required 405 media. Optimal growth conditions for obtaining a large
for the enzyme to assume a conformation that binds rolipram quantity of protein were determined for baculovirus expres-
with high-affinity at the catalytic site. sion by varying the harvest time and the multiplicity of

To further evaluate high-affinity rolipram binding to Type infection (MOI). Purified HSPDE4B2B 1564 (1-564) was

4 PDE, we have overexpressed in Sf9 and T. ni insect ceIISSlIJpP"efd as ﬁ kind gift from DrsH -II—Iim Martins and Vince
and purified to homogeneity an isoform of Type 4 PDE, Fono. rom the ICOS Corp., Bothell, WA.
HSPDE4B2B (McLaughlin et al., 1993; Obernolte et al., _Purification of HSPDE4B2B ConstructsHSPDEAB2B

1993), and deletion and point mutants of this enzyme. Using 122 528 and 152528 SAA were purified using a four
the purified enzymes, we have determined the stoichiometry €0lUmn step procedure; HSPDE4B2B-8364 and 81564
of (R)-rolipram binding using several binding assays, and SAA were purified using a five column step procedure
have characterized the proteins with respect to their bio- (Lénhard et al., 1996; Rocque et al., 1997). All samples

chemical, thermodynamic, and kinetic properties. As will Were quality-controlled for molecular weight, purity, and
be shown, these studies have led to the conclusion that (1)PFOtein concentration by electrospray ionization mass spec-

HSPDE4B2B has a single binding site f@&®){rolipram, (2) trometry, Edman sequencing, SBgolyacrylamide gel elec-
HSPDE4B2B exists in both a high- and a low-affinity trophoresis, and quantitative amino acid analysis. Each

binding state for rolipram binding, (3) amino acid residues HSPDE4B2B protein was 95% homogeneous.

in the N-terminal domain (83151) and catalytic domain PDE Actbity Assays. All the activity assays were
(152-528) are critical for high-affinity rolipram binding. ~ Performed at 22C using the following assay buffer: 2 mM
Tris-HCI, pH 7.5, 1 mM MgCJ, 0.2 mM EDTA, 0.2 mM

EXPERIMENTAL PROCEDURES DTT, 0.5 mg/mL BSA, 0.05%n-octyl glucoside, 15 nM
aprotinin, 200 nM leupeptin, 100M pefabloc A, 1ug/mL
Materials. [2,8-*H]cAMP and [84‘Cladenosine were soybean trypsin inhibitor, 10&M benzamidine, 13uM
purchased from DuPontNew England Nuclear. R)-[3H]- bestatin, 0.Jtg/mL pepstatin A, and 0.2g/mL calpain. To
Rolipram (82 Ci/mmol) was prepared by Dr. Shimoga a well of a 96-microwell plate were added 60 of a 1.67x
Prakash (Glaxo Wellcome Research Institute, Researchconcentrated assay buffer, 40 of 1x buffer, and 1QuL
Triangle Park, NC). R)-Rolipram was synthesized at Glaxo of a mixture of 0.3uL of [*H]cAMP (1 uCi/uL) and 1.5uL
Wellcome Research Institute, Research Triangle Park, NC.of [*“C]adenosine (0.02Ci/uL). This mixture was incubated
Other reagents purchased were as follows: M13 from New at 22°C for 15-20 min. To initiate the reaction, 20L of
England Biolabs Inc.; cation liposome transfection kit from an enzyme mixture containg 10 of 5'-nucleotidase (100
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ug/mL) and 10uL of PDE was added. The final concentra- that DMSO concentrations of 1% did not affect PDE activity.
tion of CAMP was 94 nM. To stop the reaction, 20 of a The enzyme was incubated witR)¢rolipram far 1 h prior
solution containing 50 mM 3-(cyclohexylamino)-1-propane- to assaying. The kinetic inhibition data were analyzed by
sulfonic acid (CAPS), pH 10, was added. Following the either a one-site (state) or a two-site (two-state) noncoupling
quench, 8QuL of the reaction mixture was transferred to model according to the following equations as described by
200uL of a 50% slurry of QAE Sephadex in 5 mM CAPS, Cleland (1970), respectively:
pH 10, in a filter bottom plate (Millipore, no. MAGVN2250)

and vacuum-filtrated. Eighty microliters of the filtrate was Vv (VIK),
transferred to a Pharmacia counting plate and ABCof K™ m
scintillation cocktail added. Samples were counted in a !
Wallac 1450 microbeta scintillation counter. The ratio of
3H/C of the filtrate, BH/AC)siate, t0 3H/C of the reaction ~ and
mixture before addition of enzyme®H/**C),, was used to
calculate the activity by v (VK)q (VIK)or2)

K™ 1+ [V K T Kiy +b (7)

(6)

3
v__1 nLC)f”"ate (1)

K At (3|_|/14(;)O where V/K), is enzyme activity in the absence of inhibitor,
[1] is the concentration of inhibitor, anl{; is the inhibition

where V/K represents the pseudo-first-order rate constant constant. In egs 6 and B,represents the background and
under the condition where [Sk Kn, and At is the assay  the subscripts 1 and 2 are designated for sites (states) 1 and

time. 2, respectively.
Time-Dependent Inhibition of PDE by Roliprarinzyme Job-Plot Filter Binding Assays.All the assays were
assays were run in the presence or absence:df fiolipram conducted in 2 mM Tris-HCI, pH 7.5, containing 0.2 mM

under the assay conditions described in the seddbi DTT, 0.2 mM EDTA, 1 mM MgC}, and 0.5 mg/mL BSA.
Activity Assays A 2 mL reaction mixture was made, and Glass fiber filter mats were pretreated with 0.3% poly-
an 80uL aliquot was quenched at different time points60 ethylenimine (PEI) fo2 h and dried before use 2H]-(R)-
min). The data for progress curves in the absence of inhibitor Rolipram was prepared as follows. A solution &f[-(R)-

were analyzed by rolipram estimated at 200 nM was prepared in the Tris buffer
containing 1% DMSO. The actuaR)-rolipram concentra-

@ = o (VK ) tion was then determined by measuring the radioactivity of

S the solution against a tritium standard and by using the

known specific activity (82 Ci/mmol) of the3H]-(R)-
In the case where inhibitor was present, a two-step reversiblerolipram. Stock solutions of the different HSPDE4B2B
model: constructs were then prepared at the same concentration as
the PH]-(R)-rolipram solution. The3H]-(R)-rolipram and
E+| éEI éEI* ©) enzyme solutions with various molar fractions, but at a
ke constant sum of enzyme and ligand, were then mixed in a
) o 96-well plate. The mixtures were allowed to stand at room
was used to analyze .the. d_ata, where | is the |nh_|b|tor and El temperature (22C) for 1 h and then cooled for 15 min on
and EI* are enzymeinhibitor complexes. In this model, oo hefore filtration. All of the subsequent steps were
the first step is fast, leading to formation of an initial performed at £C. A filter mat pretreated with PEI was
enzyme-inhibitor complex EI. The second step, character- ,jtioned onto the platform of a Tomtec cell harvester and
ized by the rate constanks andk, is responsible for the  hg|q tightly with the filter mat clamp. The plate containing
observed time dependence. The progress curve data Wergnqing mixtures was placed under an aspiration manifold
then analyzed according to the equation: with aspiration tips submerged and nearly touching the
[s] bottom of the wells. The filtration was then initiated by an
L g VK IVIK)o— (VIK) kopsde ™ osbd} (4) automated sequence of aspiration and washing. A 5 s
S aspiration trapped the enzymkgand complex onto the filter
mat, and this was followed by a 3.5 s wash with 25 mM
where ¥/K)o and {/K)s represent, respectively, the PDE  Tris-HCI, pH 7.4, containing 200 mM NaCl, to remove the
activities att = 0 and after the time-dependent event, and free ligand. The filter was then semi-dried for 15 s with the

kovsais the observed inhibition rate constant given by house vacuum attached to the harvester and subsequently
fully air-dried. The dried filter mat was sealed in a plastic
— Kyl + (5) scintillation bag with 2 sheets of Meltilex solid scintillant.
bsd K, + [l 4 The plastic scintillation bag was heated on a hot plate at 80

°C until the scintillant was uniformly soaked into the filter
Inhibition Kinetics. The inhibition experiments were mat. The enveloped sheet was placed in a cassette and the
carried out as described undebE Actwity Assaysexcept radioactivity per well determined in a Wallac 1450 microbeta
in the presence ofR)-rolipram at defined concentrations. scintillation counter. The counts (cpm), which are propor-
(R)-Rolipram was prepared in 10% dimethyl sulfoxide tional to the amount of enzymdigand complex, were
(DMSO) and added to the reaction mixture withxl@ilution plotted against the molar fraction of enzyme, The
such that the final DMSO concentration was 1%. We found stoichiometry of the binding is given by
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Runs were performed at 10 000, 12 500, and 15 000 rpm at
4 °C for HSPDE4B2B 81564, at 10 000, 15 000, and
20 000 rpm at £C for HSPDE4B2B 152528 proteins, and

at 1000, 2000, and 3000 rpm at°€ for HSPDE4B2B
1-564. Equilibrium was judged to be achieved by the
absence of change between plots of several successive scans
after approximately 20 h; 18@200uL of each sample was
centrifuged against 250L of equivalent buffer, 50 mM
HEPES, 250 mM NacCl, pH 7.5. Protein concentrations used
were 0.28 and 2.8 mg/mL for HSPDE4B2B-8364; 0.09,
0.45, and 0.9 mg/mL for HSPDE4B2B 15328 AA; and

1.7 mg/mL for HSPDE4B2B 1564. Solvent density was
determined empirically at 4C using a Mettler DA-110
density, specific gravity meter (Mettler, Highstown, NJ)
calibrated against water. The partial specific volume of each
protein, v, was calculated using the method of Cohn and
Edsall (1943). The effect of temperature was taken into
account using the method of Durschlag (1986), usimglues
derived for each amino acid at 2& (Laue et al., 1992).
Data sets were obtained as radial distance versus absorbance.
The raw data were analyzed by a Beckman/Microcal Origin
separate wells of a 96-well microbeta scintillation plate. Two nonlinear regression software package using mu|t|p|e itera-
hundred microliters of Optiphase “High Safe” 3 liquid tions of the MarquardtLevenberg algorithm for parameter
scintillation fluid was added to each well, and the plates were estimation (Marquardt, 1963). Multiple models were em-
counted in a Wallac 1050 microbeta scintillation counter ployed to determine the most accurate description of the
(Wallac Inc., Gaithersburg, MD). Dialysis membranes were protein solution state (McRorie & Voelker, 1993). Equi-
also counted to determine any nonspecific binding to the Jibrium constants K.s) obtained from data fitting were
membranes. Data were plotted a®)ffolipramjree vs [(R)- converted to molar dissociation constants. These dissociation
roliprampound[HSPDE4B2B] and fit by a nonlinear least-  constants were then used to calculate theoretical concentra-
squares regression program to obtain the stoichiomejry ( tions of monomer, dimer, and tetramer species at any given
and the equilibrium constank{). Protein concentrations  protein concentration (McRorie & Voelker, 1993).

were determined before and after dialysis.

Isothermal Titration Microcalorimetry.The titration of
HSPDE4B2B constructs withRj-rolipram was carried out
using a MicroCal MCS titration calorimeter (MicroCal Inc.,
Northhampton, MA). The instrumentation and experimental
design for the titration calorimeter have previously been
described (Wiseman et al., 1989)R){Rolipram was dis-
solved in 50 mM HEPES, 250 mM NacCl, 2 mM Mggl
and 0.5% DMSO, pH 7.5, and protein was solubilized in
the same buffer without DMSO. In a typical experiment,
(R)-rolipram (100uM in a 250uL syringe) was titrated over
25—30 injections of varying volumes {612 uL ) into purified
HSPDE4B2B 81564, 81-564 AA, or 152-528 SAA (11
uM in the cell) at either 16 or 28C. Titrations were
performed at 3.5 min intervals at a stirring speed of 600 rpm.
The amount of heat due toR)-rolipram binding to determined to be heat shock protein 70 (hsp70), was found
HSPDE4B2B constructs was measured by integrating thein both Sf9 and yeast preparations. The hsp70 and
area of each titration peak. Data analysis and curve fitting HSPDE4B2B 81564 protein could only be separated using
were carried out using the Origin software package supplied hydroxylapatite chromatography. Hsp70 was only found in
by Microcal using either a one-site model (for HSPDE4B2B small amounts during the HSPDE4B2B 13228 purifica-
152—528) or a two independent site model (for HSPDE4B2B tion and could be removed using gel filtration chromatog-
81—564 and 81564 AA). The equations for these models raphy.
have been previously described (Wiseman et al., 1989; Lin  Each protein construct eluted from a Superdex-200 sizing
et al, 1991). The heat measured at each titration wascolumn in a manner consistent with a self-associating species

(8)

where {.) corresponds to the value of molar fraction at the
highest cpm.

Equilibrium Dialysis. To assess low-affinityR)-rolipram
binding, equilibrium dialysis experiments (Klotz et al., 1946)
were performed using a Hoeffer Microdialyzer. Experiments
were performed by dialyzing-26 uM purified HSPDE4B2B
1-564 or 81-564 against increasing concentrations (
rolipram; 100uL of enzyme, in 50 mM HEPES, 250 mM
NacCl, and 2.5 mM MgCl, pH 7.5, was added to one side of
a 12-14K molecular weight cutoff membrane, and an equal
volume of fixed fH]-(R)-rolipram and varying concentrations
of cold (R)-rolipram (0.04-30 «M final) were added to
the other side in the same buffer with 0.5% DMSO.
HSPDE4B2B andR)-rolipram were dialyzed at 4C for
20 h. Fifty microliters of sample from the HSPDE4B2B
(R)-rolipram side (bound- free ligand) and the same volume
from the side without protein (free ligand) were pipetted into

RESULTS

Expression and Protein PurificationCell lysates of the
overexpressed HSPDE4B2B proteins produced high levels
of Type 4 PDE activity andR)-rolipram inhibition compared
to control cells lacking the HSPDE4B2B construct. The
Cibacron blue column was a critical step that typically gave
15—20-fold purification. All of the HSPDE4B2B proteins
bound to Cibacron blue resin and could not be eluted with
1.5 M NacCl. High levels of cAMP#%5 mM) were necessary
to elute the enzyme from the column.

The association of other cellular proteins with HSPDE4B2B
constructs was also noted during the purification of
HSPDE4B2B 1564 and 81564. A copurifying protein,

corrected for the heat of dilution oR}-rolipram into buffer

(larger than monomeric). All but the-15564 protein eluted

before data analysis. Protein concentrations were determinedyith molecular masses 200 kDa, suggesting the proteins

by quantitative amino acid analysis.

Analytical Ultracentrifugation. Sedimentation equilibrium
analytical ultracentrifugation was performed using a Beck-
man XL-A centrifuge (Beckman, Fullerton, CA) with two-

were no larger than tetramers. The364 protein, however,
appeared to exist as a large multimer (molecular n¥e&@0
kDa) and eluted in the exclusion volume of the column. The
purified proteins were>95% pure as determined by mass

channel 12 mm charcoal-filled epon centerpieces. Scansspectrometry, by SDS gels, and by Western blotting against

were taken at 280 nmtd h intervals throughout the run.

an antibody directed toward the catalytic domain (data not
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shown). Mass spectrometric analysis of all of the purified
proteins also indicated the correct molecular mass for the
nonphosphorylated serine to alanine mutants and a mono-
phosphorylated (Ser 487) and diphosphorylated (Ser 487,
489) species in the proteins with serine residues present
(Lenhard et al., 1996). The ratio of monophosphorylated to
diphosphorylated protein was approximately 1:1 for each
protein.

Enzymatic Actiities of HSPDE4B2B Constructshe K,
for cAMP (2—5 uM) was similar for all HSPDE4B2B
constructs tested (data not shown), indicating amino acid
residues +151 are unimportant for cAMP recognition. Also,
keafKm values were similar among the deletion constructs
HSPDE4B2B 81564 and 152528, and 3-4 times higher
than thek../Km value for the HSPDE4B2B-1564 protein.
There were undetectable levels of cGMP hydrolyzing activity

[SVIS],

(<1% of cAMP activity) found for each of the purified 157
proteins. Mutating serines 482, 487, and 489 to alanine in 8 B
HSPDE4B2B 81564 and 152528, to eliminate phospho- ;:
rylation of these proteins, had no effect on the specific 5
activity of the purified enzymes or the ability to hydrolyze o o S
cGMP. Thus, phosphorylation alone of HSPDE4B2B is @
apparently not a mechanism for modulating cAMP turnover. % *
An HSPDE4B2B protein truncated by 151 amino acids at — , o

the N-terminus and 86 amino acids at the C-terminus {152
478) was not active when expressed in Sf9 or yeast but was
detected on Western blots using an antibody directed toward
the HSPDE4B2B catalytic domain. However, a truncation 0.1+
of 151 amino acid residues at the N-terminus and 59 amino

acids at the C-terminus (15505) was completely active

when expressed in baculovirus-infected T. ni cells. 1t is

unknown whether this lack of activity of the 15278 Ficure 1: Progress curves of the reaction of HSPDE4B2B with
.2 ; (A) 1-564 in the presence)) or absenceA) of 100 nM R)-
construct was due to the loss of critical catalytic and/or rolipram at pH 7.0, 23C, and (B) 152528 in the presence)

structural amino acid residues. This 15278 protein lacks or absence®) of 100 nM R)-rolipram at pH 7.0, 23C. The data
the stretch of amino acids at the extreme C-terminus of the in the absence of inhibitor for HSPDE4B2B-564 and for 152

catalytic domain that are phosphorylated (residues-4p%; 528 were fit to eq 2 whereas the data for HSPDE4B28564 in
Lenhard et al., 1996). This region (47805), phosphoryl- gwe presence of inhibitor were fit to eq 4 (see Experimental
. A . rocedures).
ated or not, may be important for maintaining an active
conformation for catalysis. binding assays used for binding studies were routinely
Biphasic and Time-Dependent Inhibition of HSPDE4B2B conducted wit a 1 hincubation of enzyme and inhibitor
with (R)-Rolipram. Previous studies have shown that prior to filtration and washing. To gain insights into whether
HSPDE4 is inhibited at micromolar concentrations Bj-( the time difference played a role in the apparent difference
rolipram, but not inhibited atR)-rolipram concentrations that  in the values oK; and Ky, we conducted a progress curve
have been suggested to cause anti-depressant activity (Torphgnalysis of enzyme inhibition byRj-rolipram. To our
et al., 1992). However, when examined by filter binding surprise, we found that the inhibition is indeed time-
assays, R)-rolipram showed a singl&y value of ~1 nM dependent as revealed by the shape of the progress curve
for HSPDE4B2B 81564 (Rocque et al., 1997). In these (Figure 1). A half-life of about 15 min for the time-
assays, the lack of a secoKd, corresponding to the low-  dependent inhibition may be estimated by inspection of the
affinity (micromolar) inhibition of the enzymatic activity, progress curve. Based on the time-dependent inhibition
can be ascribed to the likely collapse of the loose inhibitor  exhibited by R)-rolipram, HSPDE4B2B was preincubated
enzyme complex during the wash steps. These observationsvith varying concentrations oRj-rolipram far 1 h prior to
suggest that the enzyme may have two sites or states: oneletermining initial velocity rates. Under these conditions,
site or state that has the enzymatic activity and is inhibited the initial rates were linear with respect to timeR){
by (R)-rolipram at high concentrations and a second site or Rolipram concentration-dependent inhibition using these
state that has no enzymatic activity but can bind the inhibitor conditions showed that HSPDE4B2B-%64 exhibited two
with a much greater affinity. Whether the discrepancy transitions. Analysis of the data according to eqs 6 and 7
betweenK; and Ky is due to differences in experimental (see Experimental Procedures) showed one transition is
conditions has not been carefully investigated. Reexamina-associated with &; of 390 nM corresponding to the low-
tion of the assay conditions for inhibition of enzymatic affinity inhibition site or state observed before with
activity and for binding of the enzyme byR)-rolipram HSPDE4B2B 81564 (Rocque et al., 1997). The second
indicated a time difference. The inhibition studies were transition, which has not been described before, hidscd
normally done with a 1815 min reaction time without 6 nM, similar to the value of th&y obtained by binding
preincubation of enzyme and inhibitor, whereas the filter studies of HSPDE4B2B 81564 (Rocque et al., 1997).

-
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Table 1: Summary of the Inhibition of HSPDE4B2B Constructs ByRolipram

HSPDE4B2B construct
kinetics 1-564 81-564 81-564 AA 152—-528 152-528 AA
state/sites 2 2 1 1 1
Ki (nM) 56+1.6 8.6+ 25 220+ 30 360+ 40 400+ 50
390+ 90 2404 100
% state 1:% state?2 35:65 50:50 NA NA NA

aThe percent of states was determined by takifig for state 1 and dividing by/K for state 2.° NA, not applicable.

These results strongly suggest that both sites or states of
HSPDE4B2B may have enzymatic activities. HSPDE4B2B
1-564 and 81564 were both shown to contain this high-
and low-affinity inhibitory state (Table 1). In contrast,
HSPDE4B2B 152528 had only one inhibitory state cor-
responding to the low-affinity site or state (Figure 2). The
high-affinity inhibition of the HSPDE4B2B 1564 and 81

564 proteins was similar to what has been reported for
high-affinity (R)-rolipram binding with crude lysates of
HSPDE4B2B expressed in yeast and insect cells (McLaugh-

lin et al., 1993; Amegadzie et al., 1995). 1.0

Binding of (R)-Rolipram to HSPDE4B2B Constructs by a "z 0.8
Filter Binding Assay.We have previously shown that]]- E 0.6
(R)-rolipram binds to HSPDE4B2B 81564 with high- % 0.4 -]
affinity (1.5 nM) using a filter binding assay, but the observed = 0.2

stoichiometries were<0.1 mol of R)-rolipram per mole of
HSPDE4B2B 81564 (Rocque et al.,, 1997). To further
examine the stoichiometry of high-affinityRJ-rolipram
binding to other forms of HSPDE4B2B and to determine
whether phosphorylation affected this stoichiometry, a dif-
ferent filter binding assay was designed, and the results were
analyzed by Job plots (Cantor & Schimmel, 1980). Using
equal protein concentrations, both the HSPDE4B2B- 81
564 and 1564 proteins boundR)-rolipram with high-
affinity (Figure 3), whereas the 15528 protein showed
very little binding under the same conditions. The stoichi-
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ometry of R)-rolipram binding to HSPDE4B2B-1564 was ' .....:,O o ..,1':,0; T
0.3 mol of R)-rolipram per mole of protein. The stoichi- [, nM

ometry with HSPDE4B2B 81564 was 0.6 mol of i)-
rolipram per mole of protein (Table 2). The stoichiometry
reported here for HSPDE4B2B 8564 was greater than that
previously reported (Rocque et al., 1997). This difference
is likely due to changes in the assay conditions and methods
of analysis.

The stoichiometries reported for HSPDE4B2B-&b4
and 1-564 by the filter binding assay above primarily
represent high-affinity binding since the filter binding assay
is a nonequilibrium binding method. If the low-affinity
binding state of R)-rolipram is a result of a fast off rate,
then low-affinity binding may not be readily detected with
this assay. Furthermore, the counts detected for high-affinity
binding would mask the counts binding at the low-affinity
site using this method of analysis. Thus, sinéd]{(R)-
rolipram bound to HSPDE4B2B 81564 and 1564 with
high-affinity, a low-affinity PH]-(R)-rolipram site/state could
not be readily detected using this method of analysis. In
contrast, analysis of the 15528 protein using the filter
binding assay showed 20- and 40-fold loweH]F(R)-
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rolipram counts bound compared to thed64 and 81564 Ficure 2: Inhibition of HSPDE4B2B constructs (A)-3564, (B)
proteins, respectively. We attribute these fewer counts bound192-528, (C) 152-528 SAA, (D) 81564, and (E) 81564 S\A

: T ; by (R)-rolipram. The data presented in (A) and (D) were analyzed
to the 152-528 protein to low-affinity binding, since these a%:/c(or)dingpto eq 7, and dgta presemeé i)n (B),((C):), and (E)ywere

re_sic_iual counts are no longer masked by high-affinity analyzed using eq 6 (see Experimental Procedures). The results
binding. When the 152528 data are analyzed by Job plots, can be found in Table 1.
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Table 2: Summary ofR)-Rolipram Binding to HSPDE4B2B Constructs

HSPDE4B2B construct
binding assay 1564 81-564 81-564 AA 152-528 152-528 AA
filter binding
stoichiometry (mol of ligand/mol of PDE) 0.3 0.6 1.1 0.9 0.9
equilibrium dialysis
stoichiometry (mol of ligand/mol of PDE) 0.5 0.74 ND ND ND
Kg (nM) 100 140 ND ND ND
titration calorimetry
stoichiometry (mol of ligand/mol of PDE) ND 0.28/0.55 0.26/0.69 ND 0.92
Kg (nM) ND 7.1/210 6.1/910 ND 1000
aND, not determined.
600x10° 06 ! ‘ ! :
A 5 .
500 — © 051 * T
s @
400 6% o 8 o4l 1
- N z
g - A a
& 300 A . og g sl
A 0% o V4 =
200 - a o0° ° ° 3
20° o § %271
1007 24° s H
8° & 01
0 18300000000000000000040 <
] I T T T T {
00 02 04 06 08 1.0 0 L= | ;
e 0.001 0.01 0.1 1 10
{(R)-rolipram], __ (uM)
20x10° 4 Ficure 4: Typical ®)-rolipram binding isotherm of purified
B HSPDE4B2B 1564 using equilibrium dialysis experimentsull
HSPDE4B2B 1564 protein was added to one side of a 200
15 (100uL/side) dialysis chamber and 0.680uM (R)-rolipram added
o to the other side. A specific radioactivity of 82 Ci/mmol was used
. 50 %o o for (R)-rolipram concentrations of 0.64€.3uM whereas a specific
<] 10 | o ©o, radioactivity of 0.33 Ci/mmol was used fdr)-rolipram concentra-
5 o tions >0.3 uM. The protein was dialyzed at4C for 16 h. 50uL
o 00 samples were removed from each side of the chamber and counted
5 | in a 96-well microtiter plate. In most cases, duplicate or triplicate
e o points were performed at eadR){rolipram concentration. Data are
o o plotted as [rolipramje Vs stoichiometryf), [rolipramyeund/[PDE].
o A stoichiometry of 0.5 mol ofR)-rolipram per mole of HSPDE4B2B
02 | , , , : 1-564 was obtained with Ky of 100 nM.
0.0 0.2 0.4 0.6 0.8 1.0
Ze measure a more “true” equilibrium binding constant and
Ficure 3: Analysis of R)-rolipram—HSPDE4B2B binding stoi- StOIChlometry for R)'m“pram using eq_UIIIbrl_um dialysis. In.
chiometry using Job plots. (A) The amount of the compR{ order to obtain adequate signal to noise, high concentrations

(R)-rolipram—PDE, in cpm, was plotted vs the mole fraction of 0of HSPDE4B2B proteins (25 uM) were necessary. This
protein, ye, for 1-564 (), 81-564 (1), and 152-528 (O). The meant only low-affinity R)-rolipram binding constants could
total concentration of inhibitor and enzyme was held at 133 nM. pe determined using these assays. We have previously

(B) An expanded view of the bottom trace, 15228 (©), shown
in part A. y. values corresponding to apexes in these plots were shown that HSPDE4B2B 81564 had an appareky of 140

used to calculate the stoichiometry values according to eq 8 "M with a stoichiometry of 0.74 mol ofR)-rolipram per
(Experimental Procedures). To aid in estimating;thealues, two mole of HSPDE4B2B 81564 (Rocque et al., 1997).
linear lines were calculated, one using the early half of the ascendingHSPDE4B2B 1564 had a stoichiometry of binding of 0.5
data points and the other using the late half of the descending datay,q| of (R)-rolipram per mole of HSPDE4B2B-1564 and
points of the same plot. The interception of the two linear lines - -
was equated to thg. value. The stoichiometry ofR)-rolipram an apparenkq of 100 nM (Figure 4). These binding data
binding to HSPDE4B2B can be found in Table 2. were consistent with other kinetic and binding experiments
in which a low-affinity binding site/state was observed. The
a stoichiometry of 0.9 mol ofR)-rolipram per mole of data obtained using equilibrium dialysis, however, are
protein is obtained (Figure 3B). Thus, the outcome of fil- important because they suggest the stoichiometryRpf (
ter binding assays suggests tha)-(olipram binds to rolipram binding to be<1, indicating a single binding site
HSPDE4B2B 81564 and 1564 with high-affinity whereas  on the protein, not two independent sites. However, because
HSPDE4B2B 152528 lacks this high-affinity site/state. of the inability to determine a saturable high-affinity binding
Binding of (R)-Rolipram to HSPDE4B2B Constructs by constant in constructs that showed high-affinity binding in
Equilibrium Dialysis. The filter binding technique for the filter binding assay, the other HSPDE4B2B constructs
determining stoichiometry and ligand affinity is not an were nottested. Instead, a third experimental approach was
equilibrium method; therefore, we designed experiments to taken to determine stoichiometries and binding affinities.
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(R)-rolipram / HSPDE4B2B (152-528 SaA)

(R)-rolipram / HSPDE4B28B (81-564)

(R)-rolipram / HSPDE4B2B (81-564 SaA)

Ficure 5: Examples of isothermal titration calorimetric data for the titrationR)frplipram into various purified HSPDE4B2B constructs.
Top panels: 1kM solutions of purified protein in 50 mM HEPES, 250 mM NaCl, 2 mM MgGind 0.5% DMSO, pH 7.5, were titrated
with 100 M (R)-rolipram in the same buffer. 27 injections were performed at 3.5 min intervals at a stirring speed of 600 rpm. An initial
2 ul injection was performed for each titration followed by the following injection schedule; 12, ijections; 7, 10uL injections; and
7, 12 uL injections. (A) HSPDE4B2B 152528 SAA, (B) HSPDE4B2B 81564, (C) HSPDE4B2B 81564 AA. Middle panels: The
area under each titration signal was integrated and plotted in the middle panel as a fundiprotipam/HSPDE4B2B construct molar

ratio. The solid line represents a nonlinear least-squares fit of the data assuming a single binding site for (A) and two independent binding
sites for (B) and (C). The heat of dilution dR)-rolipram into buffer was performed in a separate titration (not shown) and subtracted from

the data before curve fitting. The fitting paramet&gs(association constanth, and AH were determined from the best fit line. Bottom

panels: The bottom panels show the difference between the raw data points and the fitted curve. Each titration was performed 3 times, and

the results are shown in Table 3.

Binding of (R)-Rolipram to HSPDE4B2B Constructs
Determined by Isothermal Titration Calorimetryn order
to better understand the stoichiometry Igf-¢olipram binding
to HSPDE4B2B constructs, isothermal titration calorimetry
(ITC) experiments were performed. ITC provides the
thermodynamic parametefss, AH, andAS; Ky, (equilibrium
binding constant); and stoichiometny)(in a single experi-
ment. The data obtained using ITC were consistent with

which the serines at 482, 487, and 489 were mutated to
alanines. When HSPDE4B2B 8564 AA was analyzed

by ITC, the data fit best to two binding states (Figure 5C).
The stoichiometry for the high-affinity state was 0.26 mol
of (R)-rolipram per mole of 81564 AA, whereas the
stoichiometry of the low-affinity state was 0.69 mol &){
rolipram per mole of 84564 SAA. The apparenkq values

for the high- and low-affinity states were 6.0 nM and 910

data obtained using the other binding and kinetic techniques.nM, respectively. The low-affinity state had a slightly higher

The HSPDE4B2B 152528 SAA construct showed a single
binding state for R)-rolipram with a stoichiometry of 0.92
mol of (R)-rolipram per mole of enzyme and an appar€nt
of 1.0 uM (Figure 5A). The titrations of {)-rolipram and
HSPDE4B2B 152528 SAA were best fit to a single binding
isotherm. The HSPDE4B2B 815564 construct, however,
showed two distinct binding states with apparkgd of 7.0
and 210 nM, indicating the existence of high- and low-
affinity binding states, respectively (Figure 5B). The stoi-
chiometry of R)-rolipram binding to HSPDE4B2B 81564
was 0.28 and 0.55 for high- and low-affinity states, respec-
tively. Thus, the combined stoichiometry of 0.83 mol of
(R)-rolipram per mole of HSPDE4B2B 81564 suggests a
single binding site in two different states; a low- and a high-
affinity binding state. Consistent with the equilibrium

observed binding constant than the wild-type—864
protein. This difference may be due to the phosphorylation.
To date, ITC is the only technique that has provided
unambiguous results as to the number of binding states for
the HSPDE4B2B 81564 SAA protein. Filter binding data
and R)-rolipram inhibition data were ambiguous as to
whether there was a single state or two different states for
the HSPDE4B2B 81564 SAA protein.

Thermodynamics of (R)-Rolipram Binding to HSPDE4B2B
Proteins As Measured by ITCThe relevant thermodynamic
parameters ofR)-rolipram binding to HSPDE4B2B con-
structs are shown in Table 3. The total number of binding
sites was=<1 for each construct. The free energy f&){
rolipram binding to the high- and low-affinity state of the
nonphosphorylated HSPDE4B2B 8564 was—11.3 and

dialysis stoichiometries, the data again suggest a single—8.3 kcal/mol, respectively. These free energies are com-

binding site, not two different binding sites, fdR)¢rolipram.
The HSPDE4B2B 81564 protein has been shown to be

posed of a large favorable enthalpic term-&f0.2 and—17.3
kcal/mol for the high- and low-affinity states, respectively,

monophosphorylated at serine 487 and diphosphorylated atwith a large unfavorable entropic term. The free energy of
serine 487 and serine 489 at a 1:1 ratio (Lenhard et al., 1996).binding to the dephosphorylated 8564 protein was the

One possibility for the two different states (high- and low-
affinity) is this phosphorylation. To determine whether or
not phosphorylation was responsible for the t&p-(olipram
binding states, we used ITC to monit&){rolipram binding
to a dephosphorylated form of HSPDE4B2B-8364, in

same as the phosphorylated-8364 protein in the high-
affinity state, but 1 kcal/mol lower in the low-affinity state.
The difference in binding enthalpies of the high- and low-
affinity states was approximately 7 kcal/mol for the phos-
phorylated 81564 protein at 16 or 28C, whereas the
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Table 3: Thermodynamic Parameters Bj-Rolipram Binding to Purified HSPDE4B2B Constructs As Determined by Isothermal Titration
Calorimetry*°

construct binding affinity stoichiometryn) Ky x 1076 (MY AH (kcal mol?) AG (kcal moft) AS(eu)
81-564 high 0.28+ 0.08 140+ 98 —26.1+2.3 —-11.1+04 —49.7+ 8.5
low 0.55+ 0.07 48+ 0.4 —18.8+ 1.6 —9.24+0.04 —34.1+6.3
81-564 A high 0.26+ 0.08 164+ 74 —20.2+1.6 —11.3+0.3 —29.6+ 5.6
low 0.69+ 0.02 1.1+ 0.3 —-17.3+1.4 —8.3+0.2 —29.8+5.0
152—-528 AA high NA® NA NA NA NA
low 0.92+ 0.08 1.0+ 0.6 —16.0+ 0.8 —8.2+0.3 —25.8+ 3.6

2 All experiments were performed at 2&. ® The standard errors presented are from three separate titrétlAs.not applicable.

20 uM, the enzyme begins to form tetramers in solution.
o o o The region of amino acids (15528), therefore, is respon-

e ¢ sible for regular self-association into dimer and tetramer
804 e . complexes. Also, the data would suggest that under the
R conditions used for titration calorimetry and equilibrium
60 dialysis experiments (1M and 5uM, respectively), an
bo o e appreciable amount of dimer was present; however, no high-
affinity (R)-rolipram binding was detected in the titration
o calorimetry experiments. Under the conditions of the filter
o ° o, o binding and kinetic experiments (10 nM and 1 nM, respec-
20 - o o o tively), the 152-528 SAA protein existed in a monomeric
o ¢ o °© form. These results suggest that protein self-association is
. Sog ‘; °og not directly responsible for high-affinityR)-rolipram bind-

X ; ; — . : : ; ing. HSPDE4B2B 152528 SAA showed no high-affinity
10° 10 107 10®  40° 0% 10° 102 107 binding in filter binding or ITC experiments, yet is in
PDE 152-528 SAA (log M) different oligomeric states in these assays. Additional studies
Ficure 6: Calculated weight fraction distribution of monomer ~ USing dynamic light scattering also showed that HSPDE4B2B
dimer—tetramer species vs log of molar HSPDE4B2B 4528 152-528 AAA is a self-associating system and that equal
SAA concentration. Equilibrium constants, converted to molar molar concentrations ofj-rolipram produce no additional
d_issoci?tion constag‘_[s, were gste? to (;L;:ulatte th(?/oretical ngcentraprotein association (data not shown). The presence of
Hgﬂztzsr%/gn;mg', 'dnéﬁrétgg %etre?gm ef n‘?hzsmggog?rr?wultiple phosphate moieties_ on serines 487 and 489 had no significant
equilibrium constants at 2C, 20 000 rpm, was used to create this €ffect on the association state of the 528 construct (data
representation. The bar denotes the experimental concentration rang@ot shown).
(2—20 uM) within which ultracentrifugation data were collected. When HSPDE4B2B 4564 was analyzed by ultracen-
trifugation, the protein migrated withr30 HSPDE4B2B
difference in binding enthalpies was only 3 kcal/mol for the 1-564 protein molecules per unit. Unlike the 15828
dephosphorylated 81564 protein. These data suggest only SAA and 81-564 proteins, the association state ef564
slight differences in R)-rolipram binding to the phospho-  during kinetic and filter binding assays could not be
rylated and nonphosphorylated proteins. Similar to other extrapolated. However, gel filtration studies at the nano-
binding data presented, no high-affinity binding was detected molar protein concentrations used in filter binding and kinetic
in the 152-528 dephosphorylated protein; however, the free studies still show the HSPDE4B2B-564 protein migrates
energy of binding {8.2 kcal/mol) was consistent with  as a large multimer (data not shown). These results suggest
binding to the low-affinity state. Reducing the temperature the 1-564 protein self-associates under the conditions of

from 28 to 16°C decreased the low-affinity binding constant  high-affinity (R)-rolipram kinetic and binding assays.
of the 81-564 protein by almost 4-fold but decreased the

high-affinity binding constant2-fold (data not shown). The  DISCUSSION
significance of this finding, if any, is unknown at the present Two Type 4 phosphodiesterases, HSPDE4A and

time. o HSPDE4B2B, have been cloned from human brain and
Determination of HSPDE4B2B Construct Association State expressed in recombinant systems (McLaugh“n et a|_, 1993;

by Equilibrium Ultracentrifugation. To determine the native | jvj et al., 1990). Data from these studies suggest that these
association state of each HSPDE4B2B construct, analytlcalproteins contain a high-aﬁinitﬂ-ro”pram b|nd|ng site that

equilibrium ultracentrifugation studies were performed. At may represent an allosteric site or one of two distinct catalytic
the concentrations examined, HSPDE4B2B-864 migrated forms of the protein molecule (Torphy et al., 1992). In the
as a self-associating complex in solution, but when the datapast, it has been proposed that there could be two different
were fit to monomer/dimer, dimer, monomer/trimer, and rolipram binding sites on Type 4 PDEs: a high-affinity site,
monomer/tetramer association models, the results appearegesponsible for the pharmacological effects of rolipram; and
statistically indistinguishable. The appareKt of the 3 catalytic site, responsible for enzyme inhibition (Torphy
monomen-mer complex was 1820uM (data not shown). et al., 1992; Nemoz et al., 1989). Recently, Jacobitz et al.
In comparison, at concentrations of protein aboveVy, (1996) reported that HSPDE4A may contain a high-affinity
HSPDE4B2B 152528 SAA had a clear propensity to  rolipram binding site within amino acids 268332 of the
associate as dimers (Figure 6). THKg of the monomer/ protein, which is outside the catalytic domain. As an
dimer complex was 20M. At protein concentrations above  alternative, they suggest these residues are required for a
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conformation that binds rolipram at the catalytic site with
high-affinity.

Biochemistry, Vol. 36, No. 46, 19974259

binding R)-rolipram with high-affinity and the other binding
with lower affinity. For the HSPDE4B2B 152528 protein,

To eliminate any speculation of other proteins or cellular the (R)-rolipram inhibition profiles were similar in the

factors interfering with our analyses, we performed our presence or absence of preincubation. One possible reason

studies with purified proteins. From a baculovirus expression why the truncated HSPDE4B2B 15328 protein is not

system, we have purified to homogeneity HSPDE4B2B 81
564 and 152528 protein constructs to determine the
stoichiometry of R)-rolipram binding, the site(s) of binding,
and the role of HSPDE4B2B phosphorylation in tH&-(
rolipram binding and inhibition kinetics. Where possible,

inhibited at low nanomolarR)-rolipram concentrations is
that the protein lacks the conformation necessary to bid (
rolipram with high-affinity. If this hypothesis is correct, it
may indicate that amino acid residues in the N-terminus-(81
151) and/or C-terminus (529%64) are required, along with

we have compared these results to the purified full-length the conserved catalytic region (15228), to bind R)-
HSPDE4B2B 1564 protein. These studies were undertaken rolipram with high-affinity.

in an attempt to understand the physical nature R (

To further dissect the residues necessary for high-affinity

rolipram binding to HSPDE4B2B and to assist in designing binding, we expressed amino acid residues-828 in Sf9

better isozyme specific inhibitors of the enzyme.

cells. A partially purified preparation of this protein also

The expressed and purified proteins all exhibited similar bound R)-rolipram with high-affinity, suggesting that amino

Km values for cAMP with specific activities ranging from
10 to 40umol min~* (mg of proteiny®. The HSPDE4B2B
1-564 protein appeared-31-fold less active K../Km) than

acids in the N-terminus (81151) and catalytic domain
(152-528) are responsible for high-affinityR]-rolipram
binding, whereas residues in the catalytic domain itself are

the rest of the isolated HSPDE4B2B enzymes. The kinetic sufficient for low-affinity binding. These results are con-

results with HSPDE4B2B 4564 correlate well with those

sistent with those suggested by Jacobitz et al. (1996) for

reported on the analogous rat PDE3 protein (Jin et al., 1992)HSPDE4A, in that HSPDE4A (amino acids 26886;

in which a deletion of the first 97 amino acid residues

corresponding to amino acids 81-carboxy terminus of

increased activity 3-fold. Removing the first 80 amino acids HSPDE4B2B) bound rolipram with high- and low-affinity

from HSPDE4B2B results in a self-associating protein,

significantly less oligomeric than HSPDE4B2B—<%64),
suggesting a key role for the N-terminal domain-@D) in
regulating HSPDE4B2B. This N-terminal domain is not

but HSPDE4A (amino acids 333886; corresponding to
residues 133-carboxy terminus of HSPDE4B2B) only bound
rolipram with low-affinity.

The lack of high-affinity R)-rolipram binding in the

conserved among the different isoforms of Type 4 PDEs, HSPDE4B2B 152528 protein was further corroborated by
and therefore could be responsible for the specificity of titration calorimetry experiments. The HSPDE4B2B 152

action. Attempts to express and purify amino acids3@

528 SAA protein always showed a single binding state,

in E. colito determine if this domain self-associates and/or whereas the longer protein, 8564, showed two distinct
interacts with other proteins in the cell have been unsuc- binding forms. Due to the large oligomeric properties of

cessful to date.

After each protein was purified and exact protein concen-

the HSPDE4B2B 1564 protein and quantities of protein
necessary for multiple experiments, we were unable to obtain

trations were determined from quantitative amino acid accurate calorimetric information on this construct. Since
analyses, experiments were initiated to determine the stoi-HSPDE4B2B 81564 showed similar high- and low-affinity

chiometry of R)-rolipram binding to the various HSPDE4B2B
proteins. Kinetic, filter binding, equilibrium dialysis, and

binding and inhibition properties as the-564 protein, we
felt HSPDE4B2B 81564 was a suitable substitute for the

titration calorimetry experiments were set up to determine full-length protein. The cumulative stoichiometry of high-

if there was one or two binding sites foR)¢rolipram on

and low-affinity R)-rolipram binding was<1 for each of

HSPDE4B2B. In all the assays tested, the stoichiometry of the proteins tested in the titration calorimetry experiments.

(R)-rolipram binding to HSPDE4B2B was nevetl mol of
(R)-rolipram per mole of protein, suggesting only a single
(R)-rolipram binding site on the enzyme. The longer
HSPDE4B2B constructs,-1564 and 81564, bound R)-
rolipram with both high-affinity {7 nM) and low-affinity
(>100 nM), whereas the shorter HSPDE4B2B 1528
protein only bound R)-rolipram with low-affinity. (R)-
Rolipram binding to the low-affinity state is rapid and does
not require preincubation of enzyme with inhibitor. The
apparentKy for (R)-rolipram binding that we observe is
similar to the appareri; for enzyme inhibition previously

observed by others (Bolger et al., 1993; Nemoz et al., 1989);

therefore, it is likely that this represents binding &)+

Furthermore, the equilibrium between the high- and low-
affinity conformation appears to favor the low-affinity state
under the titration calorimetry conditions, since the ratio of
the low-affinity stoichiometry to the high-affinity stoichi-
ometry was always2:1. Again, from these results, we
conclude that a singleRj-rolipram binding site exists on
the protein. This site is able to exist in two different states,
one binding R)-rolipram with high-affinity and another
binding (R)-rolipram with low-affinity. The conformational
state of the N-terminus and catalytic domain that alloR)s (
rolipram to bind with high-affinity is unknown.

One could imagine that the N-terminal domain-851
and catalytic domain 152528 allow for high-affinity R)-

rolipram in the catalytic site of the enzyme. Only when the rolipram binding through protein self-association or the
HSPDE4B2B 1-564 and 81564 proteins are preincubated phosphorylation state of the protein. The HSPDE4B2B 81
with (R)-rolipram far 1 h do wedetect enzyme inhibition 564 and 152528 SAA proteins appear to be monomeric at
around 5 nM. These results also suggest that high-affinity the concentrations used for kinetic studies and filter binding
(R)-rolipram binding represents binding to the catalytic site assays but both monomeric and dimeric at concentrations
of the protein. Thus, it appears from the kinetic data that used for titration calorimetry experiments. The results from
there exists a single binding site fdR)(rolipram (i.e., the binding and kinetic experiments showed high-affinig)-
catalytic site) which can exist in at least two forms, one rolipram binding to the HSPDE4B2B 8564 protein but



14260 Biochemistry, Vol. 36, No. 46, 1997

no high-affinity ()-rolipram binding to the 152528 SAA
protein. Thus, it does not appear that dimerization of the
protein is responsible for the observed high-affinifg)-(
rolipram binding state. What still remains clear is that high-
affinity (R)-rolipram binding only occurs when amino acid
residues 8%151 and amino acids in the catalytic domain
(152—-528) are expressed on the same protein.

To further investigate whether phosphorylation affects
high- and low-affinity R)-rolipram binding, kinetic and
titration calorimetry experiments were performed. Given that

there are at least two populations of HSPDE4B2B in each
construct due to mono- and diphosphorylated species (Len-
hard et al., 1996), we constructed mutant proteins in which
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