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and tissue distribution (1-3). PDE4, which is specific
Cyclic nucleotide phosphodiesterases (PDE), includ- for cAMP, has a low substrate Km and is sensitive to

ing PDE4A, contain two consensus sequences inhibition by Rolipram (4) is of interest as a target for
(HX3HX24-26E) which have been associated with Zn2/

anti-asthmatic and anti-inflammatory therapy (5). The
binding and activation with other proteins. This study PDE4 family contains four gene products (PDE4A-D),shows that Zn2/ activates purified recombinant human the diversity of which is further increased by differen-PDE4A with an EC50 of õ1 mM. The EC50 for Mg2/, the

tial mRNA splicing and post translational modificationgenerally accepted activating metal ion, is É100 mM.
(6). All PDEs sequenced to date contain a conservedZn2/ concentrations higher than 5 mM are inhibitory.
sequence of approximately 270 residues that likely con-Mn2/, Co2/ and Ni2/ also activate PDE4A with EC50 val-
tains the catalytic domain (2). Within this conservedues of approximately 2, 3 and 10 mM, respectively.
region exists two sequences (HX3HX24-26E) that have aPDE4A binds 65Zn2/ with a Kd of 0.4 mM and É1:1 stoi-
high degree of homology to the Zn2/-binding sequencechiometry. Titrations of PDE4A inhibition with Mg2/

of thermolysin (7). Bovine lung cGMP-binding, cGMP-and Zn2/ as activating metal ions showed that the com-
specific PDE (PDE5) and ROS-PDE (PDE6) both bindpetitive inhibitors R-Rolipram, CDP-840, RS-14203 and
and are activated by Zn2/ (7, 8), as is leukotriene A4KF18280 are shifted at least 10-fold to lower potency

in the presence of Zn2/. The effect is likely at the site hydrolase (9), which also contains the same Zn2/-bind-
of inhibitor binding as the Km for cAMP in the presence ing consensus sequence. From the sequence homologies
of Mg2/ and Zn2/ is similar (1-3 mM). The Kd of [3H]-R- of the PDE families and the fact that all PDEs require
Rolipram for PDE4A was increased at least 30-fold a divalent metal ion for activity (assays are generally
from 3 nM (with Mg2/) by the presence of Zn2/. The performed in the presence of 1-10 mM Mg2/), it may
high affinity of Zn2/ for PDE4A indicates that this be expected that a similar Zn2/ dependency would be
metal may play a role in the regulation of PDE4A activ- exhibited by PDE4. However, cGMP-inhibited PDE
ity. q 1997 Academic Press (PDE3) and PDE4D1 are not activated by Zn2/, al-

though PDE3 is inhibited by low concentrations of Zn2/

(10, 11). This report describes the metal ion dependency
of PDE4A activation and inhibition.Cyclic nucleotide phosphodiesterases (PDE) catalyze

the hydrolysis of cAMP or cGMP to their respective
MATERIALS AND METHODSphosphate monoesters and, as such, control the intra-

cellular concentrations of these important second mes-
Purification buffers were of the highest available purity and allsengers. Seven gene families of PDEs have been identi-

assay buffers and cAMP were passed through a chelex membranefied and are distinguished on the basis of their sub- (BioRad). Recombinant human PDE4A was expressed in a baculovi-
strate specificities, regulation, inhibitor sensitivities rus expression system (12). Sf9 cells (1 L) were grown to a concentra-

tion of 0.5 1 106 cells/mL in Grace’s insect cells medium (Gibco-BRL)
supplemented with 10% heat inactivated fetal bovine serum (Gibco-
BRL) in the presence of 50 mg per liter of gentamicine. Cells were1 A preliminary account of this work was presented at the Ameri-

can Thoracic Society Annual Meeting, San Francisco, May 18–22, infected at an MOI of 5 to 10 and collected 48 hours after the infection
(viability ú 80%). The cells were centrifuged, resuspended in lysis1997.

Abbreviations: BAEE; N-benzoyl-L-arginine ethyl ester, ICP; in- buffer (50 mM Tris-HCl pH 7.5, 5 mM EDTA, 5 mM DTT, 10 mg/ml
pepstatin A, 1 mM BAEE, 1 mM benzamidine and protease inhibitorductively coupled plasma, MOI; multiplicity of infection, PDE; Cyclic

nucleotide phosphodiesterase, PKA; protein kinase A, ROS; Rod cocktail (Complete, Boehringer)) and disrupted by sonication. The
lysate was centrifuged (15 min 10,000 1 g, 47C) and the supernatantouter segment, SPA; scintillation proximity assay.
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recentrifuged for 1 hour (100,000 1 g). The supernatant was applied incubated for 10 min in 100 mL 50 mM HEPES, pH 7.0, 1 mM EDTA,
5 mM Mg2/ or 4 mM Zn2/ with 0.1-100 nM [3H]-(R)-Rolipram (0.022to a Q-sepharose column (Pharmacia, 1.6 1 10 cm) equilibrated with

buffer A (50 mM Tris-HCl pH 7.5, 1 mM EDTA, 0.2 mM DTT) prior mCi/pmol), prior to rapid filtration (Tomtec Harvester96) through
GF/B filters presoaked in 1% polyethyleneimine. The filters wereto elution with a linear gradient (0 to 1 M KCl) over 10 column

volumes. Active fractions were pooled and applied to a Cibacron blue washed with ice cold 50 mM Tris, pH 7.5 and then counted.
agarose gel column (Sigma, 1.0 1 10 cm) equilibrated with buffer A.
After washing with 10 volumes of buffer A containing 1 M KCl, the RESULTSPDE4A was eluted with 50 mM Tris pH 10.6, 1 M KCl, 2 mM adeno-
sine. The fractions were neutralized to pH 8.0 with 1 M Tris-HCl

Expression and Purification of PDE4ApH 7.0. Active fractions were pooled and the protein concentrated
and dialyzed (Buffer A) by diafiltration (Amicon, YM10 membrane).

Recombinant full length PDE4A was expressed in aAs a final step the enzyme was applied to a POROS-Q column (0.46
baculovirus-Sf9 cell system (12) and purified to greater1 5 mm, Boehringer) equilibrated with buffer A and eluted with a

linear gradient of KCl (0 to 1 M) over 10 column volumes. PDE4 is than 90% homogeneity by a scheme involving Q-sepha-
highly susceptible to proteolysis, necessitating the presence of EDTA rose, Cibacron blue and POROS Q chromatography
during the purification (14). The purified protein was concentrated (Table 1). The final POROS column step gave a signifi-to 0.1-0.3 mg/mL (Millipore, Ultrafree-30) and dialyzed (1000:1v/v)

cant increase in specific activity but yielded low recov-for 6 h against two changes of 12 mM Chelex-treated HEPES, pH
eries (Table 1). It appears that full length PDE4 is7.0, 100 mM NaCl to ensure the removal of EDTA and adventitious

metal ions. The final POROS column step was also performed with- stable and readily manipulated in an impure state, but
out EDTA to ensure that trace amounts did not interfere in the undergoes aggregation (15) when highly purified.
binding assays in which relatively large volumes of enzyme was used.
No differences in activity or behavior in the binding assays were

Activation of PDE4A by Divalent Metal Ionsobserved between enzyme purified (POROS column) in the absence
or presence of EDTA. Protein concentrations were measured by Coo- The concentration dependence of a variety of divalentmassie blue binding (BioRad) using BSA standard.

metal ions on PDE4A activity was determined in theMetal ion analysis by ICP was performed by The Chemical Analy-
sis Laboratory (University of Georgia, Athens, GA). Cibacron blue presence of buffer containing 1.0 mM EDTA. The re-
column-purified PDE4A was dialyzed against two changes of chelex- sults (Fig. 1) show that in the absence of added metal
treated 5 mM HEPES, pH 7.0 for 24 h. No loss of activity was ob- ions insignificant activity was detected. If EDTA was
served over this time. The protein was concentrated on a Centricon- omitted variable activities (0.05-0.1 mmol/min/mg), con-30 microconcentrator (Amicon).

siderably higher than background were observed, indi-PDE activity was measured at room temperature by a scintillation
proximity assay (Amersham) in 200 mL 50 mM HEPES, pH 7.0, cating that very low levels of adventitious metal ions
containing 0.1 mM [3H]cAMP (0.2 mCi), 1 mM EDTA and 10 mM are capable of supporting enzyme catalysis. Of the met-
MgCl2 plus approximately 15 ng PDE4A. The reaction time was 10 als tested, Zn2/ was effective at stimulating PDE4 ac-
min and the reaction was stopped by the addition of 65 mL SPA

tivity at the lowest concentration (EC50É0.5 mM), fol-beads. The amount of product formed was always less than 10%.
lowed by Mn2/ (EC50É2 mM), Co2/ (EC50É3 mM), Ni2/

Inhibitors were dissolved in DMSO and added to the reaction buffer
such that the DMSO concentration was 1% (v/v). The reaction was (EC50É10 mM) and Mg2/ (EC50É100 mM). Ca2/, Cu2/

initiated with enzyme. and VO2/ did not stimulate activity (data not shown).
65Zn2/-binding to PDE4A was determined in a filtration binding These results parallel almost exactly those observedassay (7) in which PDE4A was added to 50 mL of a mixture containing

with PDE5 (7). Similarly, PDE4D and PDE3 are also10 mM HEPES, pH 7.0, 100 mM NaCl and 0-3 mM 65Zn2/ (262 cpm/
activated by Mn2/, Co2/ and Mg2/, but not by Zn2/ (10,pmol). After 15 min, 1 mL of ice cold 5 mM HEPES, pH 7.0, 50 mM

NaCl was added and the total volume filtered under vacuum on a 11). The effect of Zn2/ was maximal at about 1-3 mM
HAWP membrane (Millipore) which was previously wetted with cold Zn2/, higher concentrations resulted in inhibition of
buffer. The filter was rapidly washed with 2 mL cold buffer before PDE4A activity. The inhibition by Zn2/ does not appearcounting.

to be competitive with Mg2/ or Co2/. At 100 mM Zn2/,[3H]-(R)-Rolipram binding to PDE4A was determined in a rapid
filtration binding assay (13) in which PDE4A (0.84 mg, 8.4 pmol) was no increase in activity was observed when Mg2/ or Co2/

TABLE 1

Purification of PDE4A

Protein Activitya Specific activitya Purification Yield
Step (mg) (nmol/min) (nmol/min/mg) (fold) (%)

S100 269 105 0.39 — —
Q-Sepharose 158 109 0.69 1.8 100
Cibacron blue 4.7 42 8.85 23 40
Diafiltration 4 48 12.16 31 45
POROS-Q 0.26 11.6 44.8 115 11

a Activity was measured in the presence of 0.1 mM cAMP.
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FIG. 1. Effect of Metal Ions on PDE4A Activity. PDE activity
FIG. 2. Determination of cAMP Km in the presence of Mg2/ andwas measured by SPA (Materials and Methods) in the presence of

Zn2/. PDE activity was measured by SPA (Materials and Methods)Mg2/ (X), Zn2/ (ii/home2/milesgrsym/8point/gs91,1(3,0)), Co2/ ()),
in the presence of 10 mM Mg2/ (ii/home2/milesgrsym/8point/Mn2/ (() and Ni2/ (/). The metal free 50 mM HEPES, pH 7.0 buffer
gs91,1(3,0)) and 3 mM Zn2/ ((). The metal free 50 mM HEPES, pHalso contained 2 mM cAMP, 1.0 mM EDTA and 15 ng purified PDE4A.
7.0 buffer contained 2 mM cAMP, 1.0 mM EDTA and 9 ng purifiedThe results are the average of duplicate determinations.
PDE4A. The results are the average of duplicate determinations.

concentrations were increased from 10 mM to 10 mM. ing (at 1 mM) was completely ablated by co-incubationInhibition by Zn2/ has also been observed with PDE5 of PDE4A with 10 mM cold Zn2/ or 10 mM EDTA, but(7), PDE3 (10), leukotriene A4 hydrolase (16) and ther- was only reduced 10% by the presence of 50 mM Mg2/.molysin (17), although in the case of PDE3, the inhibi-
tion is apparently competitive with the activating
metal ion, Mn2/. For thermolysin, the inhibitory Zn2/

binds at a second distinct site (17).

Substrate Km in the Presence of Mg2/ and Zn2/

The substrate Km for cAMP hydrolysis was measured
at optimal Mg2/ (10 mM) and Zn2/ (2 mM) concentra-
tions (Fig. 2). The Km values obtained for Mg2/ (0.8 {
0.2 mM) and Zn2/ (2.1 { 0.4 mM) are within a factor of
2-3 and are close (for Mg2/) to reported literature val-
ues (14, 18). The Vmax for PDE4A with Mg2/ (0.45 mmol/
min/mg) is considerably higher than recently reported
(18) for PDE4A expressed by baculovirus-Sf9 (0.057
mmol/min/mg), but is similar (0.8 mmol/min/mg) to
PDE4A expressed in yeast (14) and PDE4D1 (0.318
mmol/min/mg) expressed in E. coli (11).

65Zn2/ Binding to PDE4A

Binding of 65Zn2/ to PDE4A was determined in a non-
equilibrium filtration binding assay. The saturation FIG. 3. Concentration Dependence of 65Zn2/ Binding. 65Zn2/

curve obtained (Fig. 3) gave a Kd of 0.4 { 0.1 mM Zn2/ binding to PDE4A (0.71 mg, 7.1 pmol) was measured in a filtration
assay as described (Materials and Methods). The data points are theand a Bmax of 1.0 { 0.1 mol Zn2//mol PDE4A. Maximal
average of duplicate determinations and the error bars represent thebinding was obtained after incubation of enzyme and
range. The data was fitted to the standard single binding site equa-65Zn2/ for the minimum time tested (15 min) and was tion which gave a Kd of 0.4 { 0.1 mM and Bmax of 1.0 { 0.1 mol Zn2//

stable for up to 4 h. Heat denaturation of PDE4A re- mol PDE4A. Less pure preparations of PDE4A gave similar Kd values
but lower Bmax values (0.5 - 1 mol Zn2//mol PDE4A).duced 65Zn2/ binding by greater than 85%. 65Zn2/ bind-
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FIG. 4. Effect of Mg2/ and Zn2/ on Inhibitor Sensitivity of PDE4A. Titrations of PDE4A inhibitors were measured in the presence of
10 mM Mg2/ (ii/home2/milesgrsym/8point/gs91,1(3,0)) and 3 mM Zn2/ (() as described (Materials and Methods). The titration of CDP-840
was also performed in the presence of 10 mM Mg2/ and 3 mM Zn2/ together (X). The metal free 50 mM HEPES, pH 7.0 buffer also contained
0.1 mM cAMP, 1.0 mM EDTA and 9 ng purified PDE4A. The results are the average of duplicate determinations and are representative of
2 separate experiments. The IC50 values were calculated using a four parameter least squares regression analysis and are as follows; (Mg2/,

Zn2/), CDP-840 (5 nM, 240 nM); R-Rolipram (110 nM, ú1000 nM), KF18280 (45 nM, 650 nM); RS-14203 (10 nM, ú100 nM).

A half time for the dissociation of 65Zn2/ of approxi- differences in the metal ion binding of the two PDE
isozymes. It is not likely due to prior occupation of themately 30 s was measured by treating the preformed

65Zn2/-PDE4A complex (1 mM 65Zn2/) with an excess of binding site(s) since the enzyme was purified in the
presence of EDTA which was shown to rapidly removeEDTA (10 mM) followed by rapid filtration at timed

intervals. Zn2/. Metal ion analysis of purified PDE4A showed in-
significant amounts of Zn2/ or other metal ions.The results obtained for 65Zn2/ binding with PDE4A

are very similar to those obtained with PDE5 (7). In
the latter case the Kd for Zn2/ was also approximately PDE4A Inhibitor Sensitivity and [3H]-(R)-Rolipram
0.5 mM, but a stoichiometry of É 3 mol 65Zn2//mol en- Binding
zyme was obtained. The lower stoichiometry (1.0 mol
65Zn2//mol enzyme) obtained in this study may result An increase in IC50 value of at least 10-fold was ob-

served for each inhibitor tested when Mg2/ was re-from the presence of inactive PDE4A, or may reflect
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crease in affinity on the order of 30-fold. It should be
noted that in three separate experiments a small, but
experimentally significant amount of [3H]-(R)-Roli-
pram binding (Kd É 1-5 nM) in the presence of Zn2/

was observed, although the Bmax was less than 10%
that obtained in the presence of Mg2/. Again, Mg2/

appears to be competitive with Zn2/ since the Bmax and
Kd values for [3H]-(R)-Rolipram binding in the presence
of 5 mM Mg2/ and 4 mM Zn2/ together, were the same
as those measured with 5 mM Mg2/ alone (data not
shown).

DISCUSSION

The identification of the in vivo activating metal ion
is difficult for enzymes that bind metals loosely (Kd Å
100301008 M), resulting in their loss during purifica-
tion. This is especially so when the isolated enzyme isFIG. 5. Effect of Mg2/ and Zn2/ on [3H]-(R)-Rolipram Binding to

PDE4A. [3H]-(R)-Rolipram binding to PDE4A (8.4 pmol) was mea- activated by a variety of metal ions (19). The results of
sured in the presence of 5 mM Mg2/ (ii/home2/milesgrsym/8point/ this study clearly show that PDE4A is activated by
gs91,1(3,0)), 4 mM Zn2/ (() and no added metal (,) in a filtration Zn2/. The Zn2/ binding site is likely comprised of oneassay as described (Materials and Methods). The data was fitted

or both of the tandem Zn2/-binding consensus motifs(Kaleidagraph) to the standard single binding site equation which
originally identified in thermolysin (7). Homology withgave a Kd of 2.9 { 0.5 nM and Bmax of 0.039 { 0.001 pmol [3H]-(R)-

Rolipram in the presence of 5 mM Mg2/. The data are representative this motif has previously identified leukotriene A4 hy-
of 3 separate experiments. drolase (9), as well as PDE5 (7) and PDE6 (8) as Zn2/

hydrolases. A mutagenesis study on PDE4A is also con-
sistent with the importance of these two motifs. Re-
placement of the two histidines (His433 and His437)placed by Zn2/ as the PDE4A activating metal ion (Fig.

4). When the titration of CDP-840 was performed in of the first motif by serine completely abolished both
activity and Rolipram binding, whereas mutation ofthe presence of both 10 mM Mg2/ and 2 mM Zn2/, the

IC50 was within experimental error of that in the pres- the second motif (His473 and His477) lead to a large
reduction in activity and Rolipram binding (20). Fur-ence of 10 mM Mg2/ alone (Fig. 4). These results are

consistent with the competition of Mg2/ and Zn2/ for thermore, mutation of any of the same putative Zn2/

ligands in leukotriene A4 hydrolase lead to the expres-the activating metal ion site. Since these PDE inhibi-
tors are competitive versus cAMP (14, Z. Huang, un- sion of protein devoid of both activity and Zn2/ (9).

Replacement of Mg2/ by Zn2/ as activating metal ionpublished results) and the substrate Km values in the
presence of Mg2/ or Zn2/ are similar, the increase in lead to large decreases in PDE4A-inhibitor affinities.

The plasma level for the therapeutic antidepressantIC50 values reflect a loss of inhibitor binding affinities
upon replacement of Mg2/ by Zn2/. Thus the identity effects of Rolipram is 10-100 nM (21) which is below the

IC50 value for Rolipram obtained here in the presence ofof the bound metal ion has a large effect on the affinities
of these inhibitors for PDE4A. Zn2/ and at the low end of the Kd measured in the

presence of Zn2/. However, the small sample size ofPDE4 contains a high affinity (KdÉ1-2 nM), metal
ion dependent (R)-Rolipram binding site of low stoichi- inhibitors tested in this study and the difficulties in

correlating purified enzyme IC50 values with those fromometry (13). The substantial difference in affinity be-
tween this site and the Ki for the inhibition of cAMP whole cell and animal assays makes it difficult to con-

clude from these experiments on the likelihood thathydrolysis (60 nMõKiõ1 mM) may be related to the
enzyme phosphorylation state (6). In a non-equilibrium Zn2/ is the PDE4A activating metal ion in vivo.

PDE4A is maximally activated by concentrations offiltration binding assay [3H]-(R)-Rolipram bound
PDE4A in the presence of Mg2/ with a Kd of 2.9 { Zn2/ (0.5-2 mM) which are approximately 3-orders of

magnitude lower than the commonly accepted activat-0.5 nM and a Bmax of 0.005 mol [3H]-(R)-Rolipram/mol
enzyme (Fig. 5). In contrast [3H]-(R)-Rolipram binding ing metal ion Mg2/ (Fig. 1). Intracellular concentra-

tions of Mg2/ are approximately 0.3-0.7 mM (22) indi-supported by Zn2/ was only slightly greater than in the
absence of added metal ion (Fig. 5). At the maximum cating that PDE4A would not be maximally activated

under these conditions. However, phosphorylation of[3H]-(R)-Rolipram concentration employed (100 nM),
binding in the presence of Zn2/ was approximately 50% PDE4D by PKA (6) does result in a shift in Mg2/ EC50

from approximately 3 mM to 0.05 mM, indicating that,of the maximum observed with Mg2/, indicating a de-
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