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ABSTRACT: Purified recombinant human type 4 phosphodiesterase B2B (HSPDE4B2B) exists in both a
low- and a high-affinity state that bind (R)-rolipram withKd’s of ca. 500 and 1 nM, respectively [Rocque,
W. J., Tian, G., Wiseman, J. S., Holmes, W. D., Thompson, I. Z., Willard, D. H., Patel, I. R., Wisely, G.
B., Clay, W. C., Kadwell, S. H., Hoffman, C. R., and Luther, M. A. (1997)Biochemistry 36, 14250-
14261]. Since the tissue distribution of the two isostates may be significantly different, development of
inhibitors that effectively inhibit both forms may be advantageous pharmacologically. In this study, enzyme
inhibition and binding of HSPDE4B2B by (R*,R*)-(()-methyl 3-acetyl-4-[3-(cyclopentyloxy)-4-meth-
oxyphenyl]-3-methyl-1-pyrrolidinecarboxylate (1), a novel inhibitor of phosphodiesterase 4 (PDE 4), were
investigated. Binding experiments demonstrated high-affinity binding of1 to HSPDE4B2B with a
stoichiometry of 1:1. Inhibition of PDE activity showed only a single transition with an observedKi

similar to the apparentKd determined by the binding experiments. Deletional mutants of HSPDE4B2B,
which have been shown to bind (R)-rolipram with low affinity, were shown to interact with1 with high
affinity, indistinguishable from the results obtained with the full-length enzyme. Bound1was completely
displaced by (R)-rolipram, and the displacement showed a biphasic transition that resembles the biphasic
inhibition of HSPDE4B2B by (R)-rolipram. Theoretical analysis of the two transitions exemplified in
the interaction of (R)-rolipram with HSPDE4B2B indicated that the two isostates were nonexchangeable.
Phosphorylation at serines 487 and 489 on HSPDE4B2B had no effect on the stoichiometry of binding,
the affinity for binding, or the inhibition of the enzyme by1. These data further illustrate the presence
of two isostates in PDE 4 as shown previously for (R)-rolipram binding and inhibition. In contrast to
(R)-rolipram, where only one of the two isostates of PDE 4 binds with high affinity,1 is a potent, dual
inhibitor of both of the isostates of PDE 4. Kinetic and thermodynamic models describing the interactions
between the nonexchangeable isostates of PDE 4 and its ligands are discussed.

Phosphodiesterases (PDEs)1 comprise a large, divergent
family of enzymes that catalyze hydrolysis of the second
messengers cAMP and cGMP to produce a 5′-nucleoside
monophosphate. The enzymes in this family can be cat-

egorized into at least seven types, which differ in their kinetic
properties, substrate selectivity, response to activators and
inhibitors, primary sequences, etc. (1-3). Dependent upon
the type and tissue distribution, altered activity of PDE has
been implicated in a number of biological disorders, includ-
ing retinal degeneration (4, 5), congestive heart failure (6,
7), asthma (8, 9), and inflammation (11, 12). Therefore,
type- or tissue-specific inhibitors of PDE are of great interest
pharmacologically.

From early studies, (R)-rolipram (Figure 1), a type 4 PDE-
specific inhibitor, was reported to bind the enzyme with a
Kd ∼ 1 nM (13, 14) but only to inhibit the enzyme with an
affinity that is 1000-fold less (Ki ∼ 1 µM) (15). As a result,
type 4 PDE was thought to have two sites for (R)-rolipram
binding with different catalytic and binding characteristics.
Because the inhibition appeared to be competitive versus
substrate (15), the “low-affinity site” was proposed to be an
enzyme active site. Coexpression of both human type 4 PDE
activity and high-affinity (R)-rolipram binding in yeast
suggested the presence of the “high-affinity site” on the same
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enzyme molecule (16). However, high-affinity binding was
not shown previously in any inhibition studies, and therefore,
this site was thought to be noncatalytic. Its location in the
primary structure and the functional relationship with the
low-affinity site remained elusive and puzzling. The avail-
ability of purified human PDE 4 B2B (HSPDE4B2B) in
milligram quantities (17, 18) prompted us to reevaluate the
mechanism of (R)-rolipram binding of PDE 4 (19). Analysis
of progress curves for the HSPDE4B2B reaction in the
presence of (R)-rolipram indicated time-dependent inhibition
(19). Subsequent preincubation of enzyme with (R)-rolipram
revealed a biphasic inhibition curve displaying a previously
unseen nanomolarKi, indicative of a catalytic function for
the high-affinity site (19). Filter binding, equilibrium
dialysis, and microcalorimetry confirmed a stoichiometry of
no more than 1:1 for (R)-rolipram binding (19). These data
unambiguously demonstrated the existence of one site, but
two states, of HSPDE4B2B that are both catalytically active.
Data from examining truncational mutants indicated that the
N-terminal amino acid residues of HSPDE4B2B are impor-
tant in determining the high-affinity state. (R)-Rolipram,
although it is type 4 PDE-specific, is a poor inhibitor for
the low-affinity state of the enzyme.
It is intriguing if the expression of the two isostates of

HSPDE4B2B is restricted to (R)-rolipram binding and, if not,
whether these states will display the same type of kinetic
and thermodynamic properties in their interactions with other
inhibitors. In this study, we describe a novel compound,
(R*,R*)-(()-methyl 3-acetyl-4-[3-(cyclopentyloxy)-4-meth-
oxyphenyl]-3-methyl-1-pyrrolidinecarboxylate (1, Figure 1),
that binds and inhibits both states of HSPDE4B2B with high
affinity.

EXPERIMENTAL PROCEDURES

Materials. (R)-Rolipram and 1 were synthesized as
described (20). [3H]1 (82 Ci/mmol) was prepared by Dr.
Shimoga Prakash (Glaxo Wellcome Research Institute,
Research Triangle Park, NC). Ninety-six-well microtiter
plates were from Costar; 96-well microâ scintillation plates
and Optiphase High Safe 3 scintillation fluid were from
Wallac; and the microdialyzer and equilibrium dialysis
membranes were from Hoeffer Scientific. Nucleotidase and
all other chemicals were of the highest grade from Sigma.
Expression, Mutation, and Purification of HSPDE4B2B

Constructs.HSPDE4B2B constructs 1-564, 81-564, and
81-564 with serine to alanine mutations at residues 482,
487, and 489 (81-564 S∆A), and 152-528 and 152-528
with serine to alanine mutations at residues 482, 487, and
489 (152-528 S∆A) were expressed and purified as previ-
ously described (17-19).

Protein Concentration Determination. Protein concentra-
tions were determined both by a modified Bradford analysis
(BioRad) and by quantitative amino acid analysis. Gas-phase
hydrolysis with 6 N HCl was carried out for 1 h at 150°C.
Free amino acids were analyzed using an Applied Biosystems
420A derivatizer with a 130A separation system and a 920A
data analysis module. Insulin was used as a calibration
standard in the same buffer as HSPDE4B2B.
PDE ActiVity Assays. All PDE enzyme activity assays

were performed at 22°C, pH 7.5, as described previously
(19).
Inhibition Kinetics. Compound1 was prepared in 10%

DMSO and added to the reaction mixture for assaying PDE
enzyme activity with 10× dilution such that the final DMSO
concentration was maintained at 1%. The concentration of
cAMP was kept at much less than itsKm throughout the
inhibition studies. Thus the pseudo first-order rate constant
(V/K) was calculated as-ln([S]/St)/∆t, where S is substrate;
St, the total concentration of substrate; and∆t, the reaction
time. The kinetic inhibition data were fit to

where (V/K)0 is enzyme activity in the absence inhibitor, [I]
is the concentration of inhibitor, andKi is the inhibition
constant. The constantb represents the background due to
flow-through of radioactivity during the filtration step in the
absence of enzyme.
Filter Binding Assays. All filter binding assays were

conducted in 2 mM Tris-HCl, pH 7.5, containing 0.2 mM
DTT, 0.2 mM EDTA, 1 mM MgCl2, and 0.5 mg/mL BSA.
Glass fiber filter mats were pretreated with 0.3% PEI for 2
h and dried before use. Solutions containing [3H]1 and
HSPDE4B2B at specified concentrations were prepared in
96-well plates. The mixtures were incubated at room
temperature (22°C) for 1 h and cooled for 15 min at 4°C
before filtration. All of the subsequent steps were performed
at 4°C. The binding mixtures were filtered through a PEI-
treated glass fiber filter mat in a Tomtec cell harvester by
an automated sequence of aspiration and washing. A 5-s
aspiration trapped the enzyme-ligand complex on the filter
mat. The free ligand was removed immediately by a 3.5-s
(unless specified otherwise) wash with 25 mM Tris-HCl, pH
7.4, containing 100 mM NaCl. The filter was dried for 15
s with house vacuum attached to the harvester and further
dried to complete dryness in air in a hood at room
temperature. The dried filter mat was placed between two
sheets of Meltilex solid scintillant in a plastic scintillation
bag. This was heated on a hot plate at 80°C until the
scintillant was uniformly soaked into the filter mat. The
scintillation bag was heat-sealed, placed in a cassette, and
counted for tritium in a Wallac 1450 microâ scintillation
counter. The counts were converted to molar concentration
of bound ligand after correction for counting and capturing
efficiencies.
Determination of Off-Rates for Dissociation of1 from the

1-HSPDE4B2B Complex.The filter binding assay procedure
was used to determine off-rates of1 from 1-HSPDE4B2B.
Solutions containing [3H]1 (2 nM) and HSPDE4B2B 1-564
(1 nM) were prepared in 96-well plates. The concentrations
of enzyme-ligand complex in these solutions were deter-

FIGURE 1: Chemical structures of (R)-rolipram and (R*,R*)-(()-
methyl 3-acetyl-4-[3-(cyclopentyloxy)-4-methoxyphenyl]-3-methyl-
1-pyrrolidinecarboxylate (1).

R≡ 1- V/K + b
(V/K)0

)
[I]

Ki + [I]
(1)
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mined by the filter binding procedure (see Filter Binding
Assays) using different washing times. Triplicates were
performed for each time point. The data were analyzed
according to a first-order decay to obtain the off-rate constant,
koff.
Determination of Kd by Filter Binding Assay.HSPDE4B2B

1-564 at a fixed concentration of 1 nM was mixed with
various concentrations of [3H]1 in a 96-well plate. After
incubation at room temperature for 1 h, the plate was chilled
at 4 °C for 15 min. The inhibitor-enzyme complex was
trapped and quantitated by using the filter binding assay
procedure described above. The dissociation constant,Kd,
was determined by fitting the data to

where [EI] represents the concentration of enzyme-inhibitor
complex andEt andIt are the total concentrations of enzyme
and inhibitor, respectively.
Thermodynamic Equations for a Two-State System. The

thermodynamic system for a two-state binding reaction is
depicted in Scheme 1. The dissociation constantsKd1 and
Kd2 and the equilibrium constantsKE andKEI are defined,
respectively, as

and

where the subscripts 1 and 2 represents the states 1 and 2,
respectively. The mass balances are given by

and

whereI t and [I] are total and free inhibitor concentrations,
respectively. AssumingI t . Et, I t can be approximated by
[I]. Using eqs 3-8, it can be demonstrated that the
equilibrium concentrations of enzyme-inhibitor species are
given by (Appendix A):

where

and

and

where

and

If E1 and E2 are not exchangeable, eqs 9 and 12 can be
reduced, respectively, to

and

whereE1t andE2t are total concentrations of E1 and E2.
Filter Binding Displacement of1 by (R)-Rolipram.Solu-

tions containing [3H]1 at 2 nM and a HSPDE4B2B construct
at 1 nM were prepared as for filter binding assays. (R)-
Rolipram at various concentrations was included in the
mixture. The concentration of bound [3H]1was determined
as described in Filter Binding Assays. The data were fit
either to a one-state model or to a model of two nonex-
changeable states, respectively, according to (see Results)

Scheme 1: Inhibitor Binding to a Two State Enzyme
Systema

a I is inhibitor, E1 and E2 are the isostates 1 and 2 of enzyme,
respectively,Kd1 andKd2 are dissociation constants for E1I and E2I,
respectively; andKE and KEI are the equilibrium constants for the
equilibria between E2 and E1 and between E2I and E1I, respectively.

It ) [I] + [E1I] + [E2I] (8)

[E1I] ) Et
A1[I]

(Kd1)app+ [I]
(9)

A1 ) 1

1+ 1
KEI

(10)

(Kd1)app) KEI

1+ KE

1+ KEI
Kd1 (11)

[E2I] ) Et
A2[I]

(Kd2)app+ [I]
(12)

A2 ) 1
1+ KEI

(13)

(Kd2)app) KE

1+ KE

1+ KEI
Kd2 (14)

[E1I] ) E1t
[I]

Kd1 + [I]
(15)

[E2I] ) E2t
[I]

Kd2 + [I]
(16)

[EIh] )
[EIh][I c])0

1+
[I c]

(IC50)

+ b (17)

[EI] ) 1/2(Et + It + Kd - x(Et + It + Kd)
2 - 4EtIt) (2)

Kd1 )
[E1][I]

[E1I]
(3)

Kd2 )
[E2][I]

[E2I]
(4)

KE )
[E1]

[E2]
(5)

KEI )
[E1I]

[E2I]
(6)

Et ) [E1] + [E2] + [E1I] + [E2I] (7)
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and

where the subscripts h and c represent radiolabeled1 and
cold (R)-rolipram, respectively, and the IC50 values for states
1 or 2 are given by

whereKdc andKdh represent the dissociation constants for
the cold and hot inhibitors, respectively.
Job Plot Assays. Job plot filter binding assays of

HSPDE4B2B-inhibitor binding were performed according
to published procedures (19) with minor modifications. A
solution of [3H]1 estimated at 100 nM was prepared in the
Tris buffer (see Filter Binding Assays) containing 1%
DMSO. The actual concentration of1was then determined
by measuring the radioactivity of the solution against a
tritium standard and by using the known specific activity
(82 Ci/mmol) of [3H]1. The stock solutions of different
constructs of HSPDE4B2B were prepared at the same
concentration as the [3H]1 solution. Solutions of [3H]1 and
enzyme at various molar fractions of enzyme but at a constant
sum of enzyme and ligand were prepared in a 96-well plate.
Concentrations of enzyme-ligand complex, [EI], of the
solutions were determined according to the procedure
described in Filter Binding Assays and plotted against the
molar fraction of enzyme,øe. The data corresponding toøe
values of 0-0.3 (data set 1) and 0.7-1.0 (data set 2) were
fit to the following linear functions, respectively,

and

where s1 and s2 are the slopes for data sets 1 and 2,
respectively, andi2 is the intercept of they axis for data set
2. The values of molar fraction that correspond to the [EI]
value at the intercept of the two lines, (øe)s, is given by

The stoichiometry of the binding,n, is calculated by (21,
22)

TheKd for a binding reaction with 1:1 stoichiometry can be
obtained by fitting the data to (Appendix B)

whereCt is the sum of the total concentrations of enzyme
and ligand.

Equilibrium dialysis Job plot assays were performed for
binding reactions of1 and HSPDE4B2B 81-564 S∆A or
152-528 S∆A mutants using a Hoeffer microdialyzer. The
protein stock solutions, in 50 mM HEPES, pH 7.5, 150 mM
NaCl, 2.5 mM MgCl2, and 0.5% DMSO, were prepared at
the same concentration (2µM) as [3H]1. The [3H]1 and
enzyme, with various molar fractions but at a constant sum
of enzyme and ligand, were added to one side of an
equilibrium dialysis chamber. An equal volume of 50 mM
HEPES, pH 7.5, 150 mM NaCl, 2.5 mM MgCl2, and 0.5%
DMSO was added to the other side. The chambers were
separated by a 12-14 kDa molecular weight cutoff mem-
brane. The enzyme-inhibitor solution was dialyzed at 4°C
for 20 h. Fifty microliters of sample from the HSPDE4B2B-
inhibitor side (bound+ free ligand) and the same volume
from the side without protein (free ligand) were pipetted into
separate wells of a 96-well microâ scintillation plate. After
addition of 200 µL of Optiphase High Safe 3 liquid
scintillant, the plates were counted in the same counter as
above. The bound counts (cpm), [(bound+ free)- (free)],
were plotted against the molar fraction of enzyme,øe, and
the stoichiometry derived from eq 23.

RESULTS

Compound1Binds and Inhibits Full-Length HSPDE4B2B
with High Affinity. Filter binding assays were used to
examine the affinity of1 for purified full-length (1-564)
recombinant HSPDE4B2B. After the enzyme-ligand com-
plex was trapped on PEI-treated fiberglass filter mats, free
ligand was routinely removed by a 3.5-s buffer wash. To
assess whether the ligand that was bound with enzyme might
also have been washed off the filter, a time course of
radioligand remaining versus wash time was monitored. As
shown in Figure 2, the counting rate decays as the wash time
increases, but it does with a relatively long half-life (t1/2 )
69 s) compared to the duration of the wash (3.5 s).
Therefore, although principally a nonequilibrium method, the
filter binding procedure captured equilibrium concentrations
of bound ligand under the conditions used.
Nonspecific binding to filter mats became noticeable as

the total amount of radioligand increased. The amount of

[EIh] )
[E1Ih][I c])0

1+
[I c]

(IC50)1

+
[E2Ih][I c])0

1+
[I c]

(IC50)2

+ b (18)

IC50 ) Kdc(1+
[I h]

Kdh
) (19)

[EI] ) s1øe (20)

[EI] ) i2 - s2øe (21)

(øe)s )
i2

s1 + s2
(22)

n)
1- (øe)s
(øe)s

≡ s1 + s2
i2

- 1 (23)

[EI] ) 1/2(Ct + Kd - x(Ct + Kd)
2 - 4Ct

2(øe - øe
2) (24)

FIGURE 2: Time course of release of the [3H]1-HSPDE4B2B
complex from a glass fiber filter mat. [3H]1 (2 nM) and HSPDE4B2B
(1 nM) were mixed and incubated at 22°C for 1 h, followed by a
15-min chill on ice. The mixture was filtered at 4°C through a
PEI-treated glass fiber filter mat. The1-HSPDE4B2B complex
trapped on the filter mat was washed with 100 mM NaCl for various
durations. The bound ligand was then quantitated by3H counts.
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nonspecific binding as a function of the radioligand con-
centration was monitored. As shown in Figure 3, the
nonspecific binding was linear with the concentration of
radioligand with a slope of 381 cpm/nM. In subsequent
experiments, nonspecific binding, either estimated using the
linear relationship or determined in a parallel control, was
subtracted from total binding.

Titration of radiolabeled1 against a constant concentration
(1 nM) of full-length HSPDE4B2B is best described by an
apparent single binding transition (Figure 4) with aKd of
0.55( 0.05 nM, a value that resembles that for the high-
affinity state for (R)-rolipram. However, if present, a low-
affinity binding transition might have escaped detection by
the filter binding assays. To evaluate this possibility, we
turned to inhibition studies. The inhibition curve (Figure
5A) again reveals only a single transition with aKi of 0.54
( 0.10 nM (Table 1), a value that is indistinguishable from
theKd determined by the filter binding method. This is in
contrast with the results obtained for (R)-rolipram where data
clearly indicate two forms of enzyme with a several 100-

fold difference in affinity for the inhibitor between the two
forms (19). The failure of detecting a low-affinity binding
state for1 by the direct binding and inhibition experiments
suggests that the two previously observed states of
HSPDE4B2B may possess a similar affinity toward binding
1. To further investigate this, displacement of1 by (R)-

FIGURE 3: Correlation between the nonspecific binding of1 on
PEI-treated glass fiber filter mats and the concentration of1. [3H]-
1 was prepared at different concentrations and filtered though a
PEI-treated glass fiber filter mat. This was then followed by a 3.5-
s, 100 mM NaCl wash. Nonspecific binding was quantitated by
counting3H associated with the mat.

FIGURE 4: Percent of1-HSPDE4B2B complex ([EI]/Et) as a
function of the total concentration of ligand,It, determined by direct
filter binding experiments. The enzyme concentration was set to 1
nM for each value ofIt. The mixtures prepared in a 96-well plate
were incubated at room temperature (22°C) for 1 h and then filtered
through a PEI-treated glass fiber filter mat. After the filter mat was
washed with 100 mM NaCl for 3.5 s, the values of radioactivity
that correspond to different values ofIt were measured in a micro
â counter. Data were fit to eq 2.

FIGURE 5: Inhibition of HSPDE4B2B constructs and site-specific
mutants by1. The enzyme assays were carried out as described in
Experimental Procedures. The activity data at different [I] values
were analyzed according to the model of competitive inhibition,
and the results were plotted as the degree of inhibition,R (eq 1),
vs [I]. (A) HSPDE4B2B 1-564. (B) HSPDE4B2B 81-564. (C)
HSPDE4B2B 152-528. (D) HSPDE4B2B 81-564 S∆A. (E)
HSPDE4B2B 152-528 S∆A.
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rolipram and binding stoichiometry measurements were
performed.

Bound1 Can Be Fully Displaced by (R)-Rolipram. In a
displacement experiment, [3H]1 was kept at 2 nM, whereas
the concentration of (R)-rolipram was varied. If1 does not
bind to one of the two states for (R)-rolipram at all, the
experiment would show only a single displacement transition
and an IC50 for (R)-rolipram that corresponds to either high-
or low-affinity binding. On the other hand, if both the states
are occupied by1, a double isotherm that resembles the curve
for the inhibition of full-length HSPDE4B2B by (R)-rolipram
(19) should be observed (see below). Indeed, as shown in
Figure 6A, the two binding affinities for (R)-rolipram are
both present with the bound1 being fully displaced. The
apparent IC50’s (Table 2), calculated using eq 18, for the
high- and low-affinity forms for (R)-rolipram from the
displacement agree reasonably well with the values (Table
2) determined by independent inhibition and binding studies
performed previously (19). The data strongly suggest that
1 binds to both states of HSPDE4B2B with high affinity.

The Stoichiometry of1 Binding. If only one of the two
states of HSPDE4B2B binds1, the stoichiometry of binding
would be close to 0.5 since previously the ratio of the two
states of HSPDE4B2B was shown to be close to 1:1. On
the other hand, the binding of1 to HSPDE4B2B would show
a 1:1 stoichiometry if both states of HSPDE4B2B are
accessible by1with high affinity. The Job plot method (21,
22) was employed in filter binding assays to determine the
stoichiometry. In Job plots the amount of bound species is
followed as a function of molar fraction of enzyme at a
constant sum of enzyme and ligand. The highest amount of
binding occurs at the stoichiometric concentrations of enzyme
and ligand (21, 22). As described in Experimental Proce-
dures, the apex value may be evaluated by extrapolating the
linear portion of each side of the curve to the intercept of
the two lines using the slopes and they-intercept of the line
with negative slope (Table 3). As shown in Figure 7A, the
peak of the plot corresponds to a molar fraction of ca. 0.53
( 0.05 (Table 3). Using eq 23, the stoichiometry was
calculated to be 0.9( 0.1 (Table 1). Assuming a 1:1 molar
stoichiometry, aKd of 2.7( 0.7 nM (Table 1) was estimated
by fitting data to eq 24. This value is comparable to the
values determined by filter binding and inhibition of enzyme

activity. These data again support binding of1 to both states
of HSPDE4B2B with high affinity.

Table 1: Summary of Constants of Inhibition and Binding of
Various HSPDE4B2B Deletional Constructs and Site Mutants by1
Determined at pH 7.0 and 22°C

HSPDE4B2B Kd,a nM nb Ki,a nM

1-564 2.7( 0.7 0.9( 0.1 0.54( 0.10
81-564 1.9( 0.6 1.1( 0.2 0.62( 0.20
152-528 1.2( 0.3 0.9( 0.1 0.67( 0.13
81-564 S∆A NDc 1.0( 0.1 0.46( 0.19
152-528 S∆A NDc 0.8( 0.1 0.81( 0.12
a Kd is the dissociation constant from Job plot analysis (eq 24), and

Ki is the inhibition constant. The discrepancies between the values of
Ki andKd are ascribed to different systematic errors.b The standard
error in stoichiometry,n, which was predicted by eq 23, was calculated
by using the following error function:

σ(n) ) 1
ix[σ(s1)]

2 + [σ(s2)]
2 + [σ(i2)]

2(s1 + s2
i2 )2

cNot determined.

FIGURE 6: Displacement of bound1 by (R)-rolipram using filter
binding assays. The concentrations of enzyme and [3H]1 (Ih) were
set to 1 and 2 nM, respectively. [EIh] at various concentrations of
(R)-rolipram (Ic) was determined according to the filter binding
procedure described in Experimental Procedures. (A) HSPDE4B2B
1-564. Data were fit to eq 18. (B) HSPDE4B2B 152-528. Data
were fit to eq 17.

Table 2: Summary of Constants for Displacement of [3H]1 Bound
with HSPDE4B2B by (R)-Rolipram

HSPDE4B2B (IC50)1, nM (IC50)2, nM

1-564 340( 60 (390( 90)a 1.8( 0.8 (5.6( 1.6)a

152-528 1400( 200
a The values in parentheses were determined by inhibition of

HSPDE4B2B by (R)-rolipram after a 1-h preincubation of inhibitor
with enzyme (19).

Table 3: Summary of Job Plot Parameters for Stoichiometry of
Binding of 1 to HSPDE4B2B and HSPDE4B2B Truncates

HSPDE4B2B s1,a nM s2,b nM i2,c nM (øe)sd

1-564 94( 2 104( 6 102( 7 0.53( 0.05
81-564 103( 3 97( 7 97( 8 0.49( 0.05
151-528 95( 2 105( 4 104( 5 0.53( 0.03
81-564 S∆A 3881( 68 3837( 111 3836( 52 0.50( 0.01
152-528 S∆A 3370( 83 2748( 211 3339( 64 0.55( 0.02

a The slope from eq 20.b The slope from eq 21.c The intercept from
eq 21.d The value of molar fraction of enzyme corresponding to the
intercept of eqs 20 and 21 that is given by eq 22. The errors of (øe)s
were calculated by using the error function

σ((øe)s) ) 1
s1 + s2x[σ(i2)]

2 + ([σ(s1)]2 + [σ(s2)]
2( i2
s1 + s2)

2
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Equilibrium Systems with Multiple States. The presence
of two transitions in the displacement experiments described
above and in the inhibition and equilibrium binding studies
conducted previously (19) suggests that the two isostates of
HSPDE4B2B are not exchangeable. Theoretical analysis of

inhibitor binding in a system of two exchangeable enzyme
states, as shown in Scheme 1, and their reduction to
nonexchangeable states was performed (Experimental Pro-
cedures) to provide further insights. Assuming E1 and E2
are exchangeable, the sum of [E1I] and [E2I] is given by (sum
of eqs 9 and 12)

According to eqs 10 and 13,A1 + A2 ) 1, and from eqs
3-6, 11, and 14, (Kd1)app) (Kd2)app; therefore, eq 25 can be
expressed as

where

Equation 26 predicts a dose-response curve with a
monotonic transition that is characteristic of the apparent
dissociation constant (Kd)app. The value of (Kd)app falls
betweenKd1 andKd2, and depending upon the relative values
of KE and KEI, it may resembleKd1 or Kd2. For nonex-
changeable systems (eqs 15 and 16), the sum of [E1I] and
[E2I] is given by

Equation 28 describes a biphasic transition that is char-
acteristic ofKd1 andKd2 if the values ofKd1 andKd2 are
significantly different. This forms the basis for treating the
data from the displacement experiments using eq 18 as
described in Experimental Procedures.
For inhibition studies, the initial rate under thekcat/Km

condition is given by

If the system is nonexchangeable, eq 29 can be expressed,
using eqs 3, 4, 15, and 16, as

Equation 30 describes a biphasic function. If the system
is exchangeable, eq 29 can be expressed, using eqs 5 and
26, as

Equation 31 predicts a single transition in the initial rate.
Effect of Deletional Mutations on Properties of Inhibition

and Binding of HSPDE4B2B by1. HSPDE4B2B retains
enzyme activity after the first 151 and the last 36 amino acid
residues are truncated from the protein (152-528 construct)
(19). This truncate, however, appears to only possess the

FIGURE7: Job plot analysis of binding of1 to HSPDE4B2B mutants
by filter binding assays for HSPDE4B2B 1-564 (A), HSPDE4B2B
81-564 (B), and HSPDE4B2B 152-528 (C) and by equilibrium
dialysis (see Experimental Procedures) for HSPDE4B2B 81-564
S∆A (D) and HSPDE4B2B 152-528 S∆A (E). The concentration
of bound species, [EI], was then plotted against the molar fraction
of enzyme,øe. The linear solid lines with positive and negative
slopes are theoretical values calculated using eqs 20 and 21 for
data from 0 to 0.3 and from 0.7 to 1, respectively. The curves in
plots A-C are theoretical values calculated using eq 24.

[E1I] + [E2I] ) Et( A1
(Kd1)app+ [I]

+
A2

(Kd2)app+ [I] ) [I]
(25)

[E1I] + [E2I] ) Et
[I]

(Kd)app+ [I]
(26)

(Kd)app) (Kd1)app) (Kd2)app (27)

[E1I] + [E2I] )
E1t[I]

Kd1 + [I]
+

E2t[I]

Kd2 + [I]
(28)

ν ) (kcatKm
)
1
[E1][S] + (kcatKm

)
2
[E2][S] (29)

ν ) (kcatKm
)
1

E1t[S]

1+ [I]/Kd1

+ (kcatKm
)
2

E2t[S]

1+ [I]/Kd2

(30)

ν ) 1
1+ KE

((kcatKm
)
1
KE + (kcatKm

)
2
) Et[S]

1+ [I]/(Kd)app
(31)
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low-affinity form of HSPDE4B2B in binding (R)-rolipram
(19). Truncation of the first 80 amino acid residues (81-
564 construct) did not eliminate the high-affinity binding
(19). Here, studies were performed to determine if the
binding and inhibition of HSPDE4B2B by1 can be affected
by the truncations. Shown in panels B and C of Figure 5
are data of inhibition of HSPDE4B2B 81-564 and 152-
528 by1, respectively. The inhibitions show only a single
transition with aKi ∼ 1 nM (Table 1). The stoichiometries
(Table 1) were derived from filter Job plots (Figure 7B,C),
and theKd’s were obtained using eq 24 (Table 1). These
data resemble those of the wild-type 1-564 protein (Table
1). Additionally,1 bound to HSPDE4B2B 152-528 is fully
displaced by (R)-rolipram, but the displacement shows only
a single transition (Figure 6B). These data indicate high-
affinity binding and inhibition, by1, of the HSPDE4B2B
form that binds (R)-rolipram with low affinity.
Effect of Site-Directed Mutations on Inhibition and Binding

of HSPDE4B2B by1. Purified full-length HSPDE4B2B or
HSPDE4B2B 81-564 construct contains either monophos-
phorylation at serine 487 or diphosphorylation at serines 487
and 489. Recent data (19) indicated that (R)-rolipram
binding and inhibition of HSPDE4B2B as well as the ratio
of the two states of the enzyme were not dramatically
affected by mutations of these serine residues. We deter-
mined if phosphorylation had any effect on the properties
of inhibition and binding of HSPDE4B2B by1. Panels D
and E of Figure 5 show the results of inhibition of
HSPDE4B2B 81-564 S∆A and HSPDE4B2B 152-528
S∆A, respectively, and theKi values are listed in Table 1.
The data indicate that the mutations had little effect on the
inhibition of HSPDE4B2B by1. The fact that binding
stoichiometries, as shown in panels D and E of Figure 7 by
equilibrium dialysis Job plot assays, are close to 1:1 for both
HSPDE4B2B 81-564 S∆A and 152-528 S∆A mutants
(Table 1) rules out the presence of a state in HSPDE4B2B
81-564 S∆A that is not inhibited by1.

DISCUSSION

Contrary to early reports of a catalytically inactive high-
affinity binding site for (R)-rolipram and a catalytically active
low-affinity site for the same inhibitor that coexist on PDE
4 (16), recent studies (19) demonstrated the presence of two
HSPDE4B2B states with both the states being catalytically
active, but differing in their affinities for (R)-rolipram. The
low-affinity state binds (R)-rolipram at>200 nM and does
so rapidly, whereas the high-affinity state binds (R)-rolipram
at ca. 1 nM, and this tight binding develops relatively slowly
with time. While maintenance of the low-affinity state for
(R)-rolipram only requires the catalytic domain (152-528),
formation of the high-affinity state requires the presence of
the N-terminal residues 81-151 and the catalytic domain.
Oligomerization does not appear to contribute to (R)-rolipram
binding to the 152-528 construct, although its role in (R)-
rolipram binding to the full-length protein has not been ruled
out. The role of phosphorylation of the protein in the time-
dependent formation of the high affinity state remains
unresolved, although if it does play a role, it must do so in
the presence of the N-terminal residues. Although the
existence of two states in (R)-rolipram binding had been
demonstrated, whether the accessibility to these states by
other inhibitors required further investigation.

In the present study, we examined the interaction of a
novel PDE 4 inhibitor,1 (Figure 1), with HSPDE4B2B using
a combination of kinetic, thermodynamic, and molecular
biology approaches. The data presented here indicate the
capability of1 to interact with both of the isostates of PDE
4 that were observed in (R)-rolipram binding, thereby
demonstrating that the presence of isostates in PDE 4 is not
a unique phenomenon that is only associated with the (R)-
rolipram binding. However,1 is not discriminative in
binding and inhibition of the two isostates of HSPDE4B2B
as is (R)-rolipram. In contrast to displaying different
affinities for (R)-rolipram, the two HSPDE4B2B isostates
bind1with a single, high affinity. Given that theKi values
for 1 from inhibition of enzyme activity were obtained within
minutes, whereas theKd values from binding experiments
were determined after an hour long preincubation, it is
unlikely that a time-dependent component was involved in
developing the apparently high binding affinity of
HSPDE4B2B for1 as it was observed for (R)-rolipram. The
N-terminal residues 81 to 151 have no effect on the binding
affinity of HSPDE4B2B for1 as these residues do in binding
(R)-rolipram, nor does the phosphorylation state have any
effect on the binding and inhibition properties of1.
A fundamental question about the two isostate system of

HSPDE4B2B is whether the two isostates are physically
exchangeable. The observation of two transitions in the
equilibrium (R)-rolipram binding and inhibition of
HSPDE4B2B by (R)-rolipram (19) and in the displacement
of 1 bound to HSPDE4B2B by (R)-rolipram performed in
this study suggests that the two HSPDE4B2B isostates are
nonexchangeable. This is supported by theoretical analysis
of a general two isostate system (Scheme 1). As indicated
by eq 26 (Results), if the two isostates are exchangeable,
only a single, monotonic transition should be observed in
equilibrium binding of inhibitor or in equilibrium displace-
ment of a bound inhibitor by another, regardless how far
apart the two trueKd values are. The same conclusion can
be drawn for inhibition of the two states even if the two
states have distinct enzymatic activities (eq 31, Results). If
the two isostates are nonexchangeable, two transitions will
be observed by both binding (eq 28, Results) and inhibition
kinetics (eq 30, Results), provided that the dissociation
constants for the two isostates are significantly different.
The nature of the physical barrier to the interconversion

between the two isostates of HSPDE4B2B remains an open
question. Theoretically, deep wells in the free energy
conformational hypersurface of a protein may exist that can
trap certain molecular conformers and prevent the kinetic
interconversion between these conformers. Hypothetical
examples of such conformers may include protein or RNA
molecules in which a knot is formed.2 However, to date
there is no evidence supporting the existence of such trapped
conformers in HSPDE4B2B, and we consider such scenarios
unlikely. The absence of disulfides in HSPDE4B2B (W. J.
Rocque, unpublished data) rules out distinct, stable, three-
dimensional structures arising from swapping between dis-
ulfides. Since the presence of the two isostates requires the
presence of the N-terminal residues 81-151 of HSPDE4B2B,
the formation of nonexchangeable states cannot be ascribed

2 As pointed out by one referee, stable protein conformers may also
arise from the action of certain chaperonins.
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to the presence of potential stable conformers of inhibitor.
It is conceivable that structural differences due to changes
in the primary sequence may account for the presence of
nonexchangeable species. The recombinant HSPDE4B2B
purified from baculovirus expression was heterogeneously
phosphorylated at serines 487 and 489, and the ratio for the
unphosphorylated and the phosphorylated species was about
1:1 (17), resembling that (1:1) for the two isostates. The
biological relevance of the phosphorylation of PDE 4 is not
clear, although this phosphorylation can be accomplished by
MAPK in vitro (17). However, as pointed out by Rocque et
al. (19), the phosphorylation state does not appear to be
responsible for the observed high affinity for (R)-rolipram
binding to HSPDE4B2B, because 81-564 S∆A, which is
not phosphorylated, still retains the high-affinity (R)-rolipram
binding.
To better understand the results between (R)-rolipram and

1, we constructed kinetic and thermodynamic models that
can accommodate the data on inhibition and binding of
HSPDE4B2B. Since the high-affinity state of HSPDE4B2B
for (R)-rolipram develops only after a period of time upon
addition of (R)-rolipram (19), HSPDE4B2B must exist in
two low-affinity states prior to the binding by (R)-rolipram.
Here, these two low-affinity states for (R)-rolipram are
designated E1L and E2L (Scheme 2A), with the latter referring
to the low-affinity precursor to the high-affinity state, E2H.
As depicted by Scheme 2A, the equilibrium for binding of
(R)-rolipram, hereafter abbreviated as R, to the E1L state is
fast, forming an E1LR complex with aKd > 200 nM. The
binding reaction between (R)-rolipram and E2 is more
complicated due to the time-dependent nature of this binding
(19). Here we propose a two-step mechanism for this
binding (Scheme 2B). The first step is fast, forming a loosely
bound E2LR complex. This step is followed by a slow
reorganization within the loose complex that ultimately leads
to a tight-binding complex, E2HR. This two-step mechanism
is consistent with the observation of an initial inhibition of
HSPDE4B2B by (R)-rolipram, with aKd > 200 nM, that
precedes a time-dependent onset of a more potent inhibition
with an overallKd ∼ 1 nM (19). The precise kinetic and
thermodynamic properties associated with this process
require further studies. The mechanism for binding of1 to
HSPDE4B2B appears simpler. Compound1 binds to E1L
or E2L with aKd of ∼1 nM in a single, fast step as shown in

parts A and B, respectively, of Scheme 3. However, it cannot
be ruled out that binding of1 to E2L may also involve two
steps, as does binding of (R)-rolipram, and that both steps
are fast, leading to a final complex of E2H1without displaying
time dependence. These alternative mechanisms await
further investigation.
Generally, time-dependent inhibition can be reversible or

irreversible and may be caused by chemical transformations
or slow conformational changes in enzyme (22). Given the
apparent lack of chemically reactive centers in (R)-rolipram,
it is unlikely that the time-dependent inhibition of E2 by (R)-
rolipram is caused by chemical modification of HSPDE4B2B
by the inhibitor. It is more probable that the time dependence
is caused by a conformational change in E2 of HSPDE4B2B
upon (R)-rolipram binding. Since the N-terminal residues
81-151 are necessary for expressing the high-affinity state
for (R)-rolipram, conformational changes involving these
residues may be responsible for the observed time depen-
dence. HSPDE4B2B is known to oligomerize at micromolar
concentrations (18). Addition of (R)-rolipram to HSPDE4B2B
at micromolar concentrations does not appear to alter the
protein oligomerization states as revealed by light scattering
techniques (18). However, it cannot be ruled out that (R)-
rolipram binding may perturb the oligomerization states of
HSPDE4B2B under catalytic conditions and that this per-
turbation may play a role in the observed time-dependent
inhibition. It is puzzling that1 does not induce time-
dependence in its binding to HSPDE4B2B as does (R)-
rolipram. In the absence of the three-dimensional structure
of the protein-inhibitor complex, the nature of the confor-
mation-based time dependence in the inhibition of
HSPDE4B2B by (R)-rolipram will remain unresolved.
It is interesting that the isostates of PDE 4 described by

in vitro experiments were also observed in vivo with different
tissue distributions. For example, high affinity binding and
low-affinity inhibition of PDE 4 by (R)-rolipram were found
in brain and airway smooth muscles, whereas in many
peripheral tissues, only the low affinity form was detected
(13, 16). The variable distribution of E1 and E2 of PDE 4
in vivo suggests that these states may have different
biological functions. Since PDE 4 has been implicated in a
number of diseases, such as asthma and depression, state-
specific inhibitors of type 4 PDE may have different
therapeutic benefits. Given that it is a poor inhibitor of the
E1 state, (R)-rolipram may be considered as being only
specific for the E2 state. Now1, a novel PDE 4 inhibitor,
has been demonstrated to be equally potent for inhibition or
binding of both E1 and E2, adding a dual inhibitor of the

Scheme 2: Kinetic and Thermodynamic Models for
(R)-Rolipram Binding to HSPDE4B2Ba

a (A) Binding of R to the low-affinity state, E1L, of HSPDE4B2B.
(B) Binding of R to E2L, the low-affinity precursor to the high-affinity
state, E2H, of HSPDE4B2B and the time-dependent conversion of E2LR
to E2HR.

Scheme 3: Kinetic and Thermodynamic Models for Binding
of 1 to HSPDE4B2Ba

a (A) Binding of 1 to E1L of HSPDE4B2B. (B) Binding of1 to E2L
of HSPDE4B2B.
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HSPDE4B2B isostates. It remains to be seen if inhibitors
that are only specific for E1 can be identified.

APPENDIX A: DERIVATION OF EQUATIONS 9
AND 12 IN THE TEXT

For a two enzyme state system as shown by Scheme 1,
the following set of linear, independent equations can be
derived using eqs 3-7 in the text:

and

Solving for [E1I] and [E2I], we have

and

Equation A4 is identical to eq 9 in the text. Obeying the
principle of microscopic reversibility, the ratioKd1/Kd2 is
given by

Solving eq A6 forKd1 and substituting theKd1 in eq A5, we
arrive at

which is equivalent to eq 12 in the text.

APPENDIX B: DERIVATION OF EQUATION 24 IN
THE TEXT

For an equilibrium of binding between enzyme and
inhibitor, the concentration of EI complex, [EI], can be
calculated by

where Et and I t are total concentration of enzyme and
inhibitor, respectively, andKd is the dissociation constant.

In Job plot,

Et is given by

whereøe is the molar faction of enzyme. Accordingly,I t
may be expressed as

Bringing eqs B2, B3, and B4 into eq B1, we arrive at eq 24
in the text:
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