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ABSTRACT. We previously showed that 8-[(4-bromo-2,3-dioxobutyl)thio]adenosiyie-&yclic monophos-

phate inactivates cAMP phosphodiesterase (PDE3A); however, millimolar concentrations were needed to
inactivate PDE3A because of ongoing hydrolysis. We have now synthesized a nonhydrolyzable reactive
CAMP analogue, %,)-8-[(4-bromo-2,3-dioxobutyl)thio]ladenosiné,3-cyclic S-(methyl)monophospho-
rothioate §,-8-BDB-TCAMPSMe). S,-8-BDB-TCAMPSMe inactivates PDE3A in a time-dependent,
irreversible manner, exhibiting saturation kinetics witk.ax of (19.54 0.3) x 1073 min~! and akK; of

3.5+ 0.3 uM. To ascertain whethe$,-8-BDB-TCAMPSMe reacts in the active site, nonhydrolyzable
analogues of the substrate cAMP, or the competitive inhibitor cGMP, were included to protect against the
inactivation of PDE3A. The order of effectiveness of protectants in decreasing the rate of inactivation
(with Kq values in micromolar) is as followsS,-cCAMPS (18)> R,-cGMPS (560) an,-cGMPS (1260)

> 5'-AMP (17 660),R,-cAMPS (30 110), and'8GMP (42 170). We docke8;-8-BDB-TcAMPSMe into
PDE3A, based on the structural model of PDE3A-cAMP and the kinetic data from site-directed mutants.
The S-8-BDB-TcAMPSMe fits into the active site in the model. These results suggest that inactivation
of PDE3A by the affinity reagent is a consequence of reaction at the overlap between cAMP and cGMP
binding regions in the active sit&§;,-8-BDB-TCAMPSMe has proven to be an effective active site-directed
irreversible cAMP affinity label for platelet PDE3A and can be used to identify amino acids in the active
site of PDES3A as well as in other cAMP phosphodiesterases.

The 11 known families of human cyclic nucleotide 25—30 genes with splice and initiation site variations. The
phosphodiesterases (PDEajere characterized on the basis catalytic domains of PDEs, comprising the carboxyl-terminal
of their sequence homology, substrate specificity, kinetic end of the molecules, consiste250 conserved amino acids,
characteristics, and inhibitor responses as well as physical which are conserved with identities of 385% among and
regulatory, and immunological propertie$).( These en-  60—65% within families. The regulatory domains of PDEs,

zymes, consisting of 5560 subtypes, are the products of comprising the amino-terminal portions, are highly variable
among families, which contain sites for phosphorylation,

cGMP binding, and membrane insertion.
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1 Abbreviations: 8-BDB-TcAMP, 8-[(4-bromo-2,3-dioxobutyl)thio]- .thereby mprs_isl_ng C?I\fP Ilevils' Thus,;heN%hySIOIOt?ICE)al.lly
adenosine ' -cyclic monophosphateg,-cAMPS andR,-cAMPS, S, important inhibition of platelet functions by NO Is probably
and R, isomers of the nonhydrolyzable adenosing &yclic mono- due to cGMP inhibition of PDE3A, leading to elevated
phosphorothioate, respectivel;;cCAMPS-(BDB), (§,)-adenosine'%'- intracellular cAMP levels.

cyclic S(4-bromo-2,3-dioxobutyl)monophosphorothioags:8-BDB- . .

TCAMPSMe, ,)-8-[(4-bromo-2,3-dioxobutyljthioJadenosine’, 3- The gene fo_r the catalytic domain of platelet PDE3A'from
cyclic S(methyl)monophosphorothioat&-cGMPS andR,-cGMPS, the HEL cell line @) has been cloned, and the functional
$ and R, isomers of the nonhydrolyzable guanosing5scyclic protein was produced utilizing a baculovirus-transfected Sf9

monophosphorothioate, respectively; NO, nitric oxide; PDEs, human insect cell expression system to investigate the active site

cyclic nucleotide phosphodiesterases; cAMP, cyclic AMP; HEL, human . . . o
erythroleukemia cell line; DBBD, dibromobutanedione; FBS, fetal of PDE3A @). Site-directed mutagenesis and enzyme kinetic

bovine serum; PIC I, Protease Inhibitor Cocktail set Il (100X). studies have been performed on several highly conserved
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amino acids within the active site8{5). However, this EXPERIMENTAL PROCEDURES

approach cannot elucidate the function of nonconserved ] ) ) )
amino acids unique to PDE3A. Materials. 1,4-Dibromobutanedione (DBBD), methyl io-

dide, and trifluoroacetic acid (TFA) were purchased from
Aldrich (Milwaukee, WI). 8-Bromoadenosine',3-cyclic
monophosphorothioat&, isomer (Figure 1, compounid,
was purchased from Biolog Life Sciences Institute (La Jolla,

. P ; CA). Lithium hydroxide, HPLC-grade acetonitrile, and
thio]Jadenosine '%'-cyclic monophosphate (8-BDB-TcAMP) : ; S :
in studies to identify amino acids within the active site of methanol were obtained from Fisher Scientific (Pittsburgh,

PDEs. 8-BDB-TcAMP irreversibly inactivates cAMP- I?]A).lsnica |c;]lates (Silica ﬁel 60, O-Zg“m thcijcllfnessl)zusl,\jd f?(r
hydrolyzing PDEs and has been used to probe the activethin-layer chromatography were obtained from E. Merc

site of PDE2A (0), PDE3A (1), and PDE4A {2). Inthe (Parmstadt, Germany). _
case of PDE4A, a peptide containing the residue modified _ Sf9 insect cell lines, the MaxBac Transfection and
by 8-BDB-TcAMP was isolated and the amino acid sequence Expression System, the Xpress Protein Purification System,
identified. However, the utility of 8-BDB-TcAMP is limited ~ the NuPage Protein Gel Electrophoresis, Xcell Il module,
because it inactivates PDEs only at millimolar concentrations, the Chromogenic WesternBreeze System, and Anti-Xpress
probably because of continuous hydrolysis to the\BIP Antibody were purchased from Invitrogen (Carlsbad, CA).
derivative by the enzymes that are being investigated. ~ Hink’s TNM-FH media and FBS were purchased from
We have recently demonstrated t&¢cAMPS is a potent ~ Cellgro (Mediatech, Inc., Herndon, VA). PIC Il was
competitive inhibitor whereaR,-cAMPS, like 3-AMP and purchased from Calbiochem (San Diego, CA). Microcon
5-GMP, is a weak inhibitor of PDE3ALE). We now report YM_—30 centrifugal filter devices were purchas_ed from
the synthesis of a new nonhydrolyzable reactive camp Millipore (Bedford, MA). Coomassie Plus Protein Assay
derivative, &,)-8-[(4-bromo-2,3-dioxobutyl)thioJadenosine Reagent Kit and GelCode Blue Staln_R_eagent were purchased
3 ,5-cyclic S(methyl)monophosphorothioateS,¢8-BDB- from Pierce (Rockford, IL). Geptammn sulfate, CAME;
TcAMPSMe), which contains both reactive bromoketo and ¢6MPS, R-cGMPS, 5AMP, 5-GMP, and NAD" were
dioxo groups adjacent to the C8 position of the base (Figure Purchased from Sigma (St. Louis, MGj-cAMPS andR-
1, compoundV). The bromoketo group can form covalent cAMPS used in protection sf[udles were purchased from
bonds with the nucleophilic side chains of many amino acids, BIOMOL Research !_abora,ltorle_s, Inc. (Plymouth Meeting,
including cysteine, aspartate, glutamate, histidine, tyrosine, PA)- [2,8°H]Adenosine 35-cyclic phosphate ammonium
and lysine {—9, 14), while the dioxo group provides the Salt ([2,8°H]cAMP) was purchased from NEN Life Science
ability to react with arginine residued, 16). We here Products Inc. (Boston, MA). Biodegradable counting cocktail,
demonstrate the use of this novel nonhydrolyzable cAMp Bio-Safe ll, was purchased from Research Products Inter-
reagent as an effective affinity label of the catalytic site of national Corp. (Mount Prospect, IL).
PDE3A. A preliminary abstract of this work has been  Synthesis of ($-8-[(4-Bromo-2,3-dioxobutyl)thioJadeno-
publishec? sine 3,5-Cyclic S-(Methyl)monophosphorothioate ,{&
BDB-TcAMPSMely)]. Figure 1 shows the scheme for the
2Hung, S. H., Madhusoodanan, K. S., Boyd, R. L., Baldwin, J. L., synthesis 0f3;-8-BDB-TcAMPSMe. CompoundV was

Colman, R. F., and Colman, R. W. (200Rjotein Sci. 10(Suppl 2), synthesized _fromqa)'B'_b_eroadenos_ine':5"CYC"C mono-
93 (A159). phosphorothioatd J by initial preparation of the more stable

Affinity labeling using reactive purine nucleotide ana-
logues has been proven to be useful for probing nucleotide
binding sites 6—9). We have previously described the use
of the cAMP affinity analogue 8-[(4-bromo-2,3-dioxobutyl)-
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Smethyl derivative ), followed by conversion of the
8-bromo derivative to the 8-mercapto derivative ), and
coupling with 1,4-dibromobutanedione to yield the product
(V).

(a) Preparation of (§-8-Bromoadenosine'%'-Cyclic
S-(Methyl)monophosphorothioatédl . 8-Bromoadenosine
3',5'-cyclic monophosphorothioat&f8-Br-cAMPS (), 11
mg, 34umol] was dissolved in 2 mL of a mixture containing

Hung et al.

umol) was dissolved in 250L of methanol, and the pH of
the solution was adjusted to 5.4 with triethylamine. The
solution was quickly mixed with an ice-cold solution of 1,4-
dibromobutanedione (40 mg, 164mol) in 250 uL of
methanol. The solution was vortexed for 3 min, and the
volume of the reaction mixture was reduced to 25Qunder

a stream of N gas. To this solution was added 13 mL of
ice-cold carbon tetrachloride, and the mixture was allowed

1 mL each of benzene and methanol. Methyl iodide (8.6 mg, to stand at ®C for 5 min. The precipitated products were

61 umol) was added to this solution, and the mixture was
stirred at 20°C for 4 h, at which time the reaction had gone
to completion, as indicated by TLC analysis (silica gel plate

with a fluorescent indicator, using a 75:10:15 butanol/acetic

acid/water solvent system; under these conditiGhsS-Br-
cAMPS had arR value of 0.6 and the product exhibited an

collected by centrifugation, washed three times with cold
CCl, (6 mL each time), and finally dried in a stream of.N
The yield was 2.3 mg.

Analytical ProceduresThe ultraviolet absorption spectra
were recorded using a Hewlett-Packard model Vectra XA
spectrophotometer, arfdP NMR spectra were recorded on

R: value of 0.8). Excess methyl iodide and solvent present a Bruker model DRX-400 instrument. The method for

in the reaction mixture were removed by rotary vacuum

determination of the organic phosphorus conten§g8-

evaporation under reduced pressure to give the pure producBDB-TcAMPSMe was described previousl$9). Briefly,

(1) in 98% vyield.
(b) Preparation of (§-8-Thioadenosine '¥-Cyclic S-
(Methyl)monophosphorothioate f8-SH-cAMPSMell] )].

samples containing organic phosphorus were digested prior
to analysis by incubating up to 10 nmol of sample (dry or in
up to 200uL) with 20 uL of 10 N H,SO, at 190°C for 2 h

This reaction was conducted by modification of the procedure in a tube closed with aluminum foil. If the residue was

reported previously1(7, 18). Lithium hydrogen sulfide (1
M LiSH at pH 7.6, 3 mL) was added to a round-bottom flask
containing §&)-8-bromoadenosine’3'-cyclic S-(methyl)-
monophosphorothioat&£8-Br-cAMPSMe), and the mixture
was stirred at 28C for 270 min with a steady flow of N

colored at this point, 5L of 30% H,O, was added and
the sample was incubated again at 2@0for 1 h in anopen
tube. A 156-200uL sample containing inorganic phosphate
was mixed with 2Q:L of 10 N (NH3).SO, and 800uL of a
fresh mixture (3:1) of malachite green (0.045% in 0.33 N

gas through the solution. Throughout the course of the HCI) and ammonium molybdate (4.2% B N HCI). The

reaction, the pH was maintained at 7.6. The reaction’s Asg Value was measured after 5 min. Determination of the
progress was monitored by ultraviolet absorption spectro- amount of hydrolyzable bromine present in synthetic samples
photometry. For this purpose, aliquots (typically, &0 of was performed according to a previously reported procedure
the reaction mixture were withdrawn periodically and diluted (19).
with water, and the ultraviolet spectra were recorded. Enzyme Expression and Purificatidexpression of PDE3A
Conversion 0fS;-8-Br-cAMPSMe to the 8-thio derivative  using a baculovirus insect cell system and preparation of Sf9
is accompanied by the decrease in absorbance at 263 nntell lysates have been previously describ&d I short, the
and increase in absorbance~a310 nm. After completion DNA fragment encoding the catalytic domain of platelet
of the reaction {270 min), the mixture was cooled on ice  PDE3A (nucleotides 6791141) isolated from a HEL cell
and acidified with acetic acid to pH 6.2. This solution was cDNA library was subcloned into the hexahistidine tag (HIS-
lyophilized and redissolved in 1 mL of a 0.1% TFA/water tag)-containing baculovirus vector pBlueBacHis2B (pB-
mixture. The solution was centrifuged, and the supernatantBH3031). The PDE3A recombinant virus was produced by
containing the crude product was subjected to HPLC cotransfecting Sf9 cells with pBBH3031 and linearized
purification. AcMNPV DNA (Invitrogen) using lipofection methods. Sf9

A Varian model 5000 HPLC system equipped with a cells grown at 27C in Hink’s TNM-FH media, containing
Vydac Gg analytical column (0.46 cnx 25 cm) was used  10% FBS and 1@g/mL gentamicin, were infected with the
for the purification of the crude product. The column was recombinant virus. After 72 h, cells were harvested, mixed
equilibrated with 0.1% trifluoroacetic acid in water (0.1% with protease inhibitor, and frozen as pellets—&80 °C.
TFA/water, solvent A). After injection of the sample, the All protein purification procedures were carried out at 4
column was eluted with solvent A for 15 min followed by a °C (4). Initially, cell pellets were thawed, suspended in
gradient from solvent A to 10% solvent B (0.1% TFA/ binding buffer 20 mM NaHPQy/NaH,PO,, 0.5 M NaCl,
acetonitrile mixture) over the course of 80 min. A steeper and 20% glycerol (pH 7.8)], retreated with PIC Il (1L
gradient was then run between 10 and 20% solvent B overin 1 mL of lysis buffer), and sonicated three times using a
the course of 60 min, followed by a rapid increase in the sonicator (Heat Systems-Ultrasonics, Inc., Plainview, NY)
amount of solvent B in the eluent from 20 to 100% over the at output control 5 and a 50% pulsed duty cycle for 1 minute
course of 60 min. A constant flow rate of 1 mL/min was at a time with 30 s rest intervals. Cell debris was removed
maintained throughout the course of the HPLC run. Elution by centrifugation at 120@p for 20 min using a Sorvall
of the product was monitored Atoo. Under these conditions,  refrigerated centrifuge (SS34 rotor, Dupont, Wilmington,
the product eluted at 16.8% solvent B. Desired fractions were DE). The supernatant was either immediately purified or
pooled and lyophilized to obtain the pure produidt X in flash-frozen in liquid nitrogen and stored &80 °C until
40% vyield. further use. HIS-tag PDE3A was isolated using the ProBond

(c) Synthesis of ¢F8-[(4-Bromo-2,3-dioxobutyl)thio]ad-  nickel resin column contained in the Xpress Protein Purifica-
enosine 35'-Cyclic S-(Methyl)monophosphorothioate,{S  tion System. Two milliliters of binding buffer and 2 mL of
8-BDB-TcAMPSMe I{/)]. 8-SH-cAMPSMe (3 mg, 10.3  resin were added to each 1 mL of cell lysate supernatant.
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The mixture was rocked for 20 min. The resiprotein S-cGMPS R,-cGMPS, 5-GMP, 3-AMP, and NAD' on the
complex was washed three times with binding buffer (pH rate of inactivation of PDE3A were evaluated by incubation
6.0) and 25 mM imidazole, once with binding buffer (pH of the purified enzyme with each compound for 2 min prior
6.5) and 75 mM imidazole, and once with binding buffer to the addition 0fS,-8-BDB-TcCAMPSMe. Aliquots of each
(pH 6.7) and 150 mM imidazole to remove non-HIS-tag- final reaction mixture (5uL) were removed at timed
containing impurities. The PDE3A was eluted in 10 fractions intervals, diluted 20-fold in a buffer at4C containing 47.5
of 0.5 mL using binding buffer (pH 6.7) and 250 mM mM HEPES (pH 7.04), 20 mM Mggl and 4 mM MES,
imidazole, concentrated, and exchanged into 50 mM Tris- and assayed in duplicate for residual PDE3A activity.
HCI buffer (pH 7.8) containing 10 mM Mggland 20% Docking of (§)-Adenosine 35'-Cyclic S-(4-Bromo-2,3-
glycerol using Microcon YM-30 centrifugal filter devices. dioxobutyl)monophosphorothioate f8AMPS-(BDB)] and
Each individual fraction was then assayed for catalytic S,-8-BDB-TcCAMPSMe to PDE3AVe used the previously
activity and protein identity using the NUPAGE Protein Gel constructed PDE3A-cAMP mode2{), which was based on
Electrophoresis System. Active fractions were pooled and the crystal structure of the catalytic domain of PDE2R)(
stored at—80 °C prior to further characterization. as the target for docking the affinity agen®,cAMPS-
Protein Concentration DeterminatiorThe protein con- (BDB) andS;-8-BDB-TcAMPSMe. Briefly, after side chain
centration was determined with the Coomassie Plus Proteinreplacement and loop grafting, the final PDE3A-cAMP
Assay Reagent using bovine serum albumin as the proteinstructure was subjected to four cycles of dynamics (200 steps)
standard. The absorbance at 595 nm was measured using and 50 steps of energy minimization. The minimization was
Bio-Tek automatic microplate reader (Bio-Tek Instruments, achieved by the conjugate gradient method using the Kollman
Inc., Winooski, VT). all-atom force field and GasteigeHuckle charges with a
Protein Gel Electrophoresis and Western Blot Analysis dielectric constant of 4 and a nonbonded cutoff of 12 A.
of PDE3A PDE3A-containing protein solutions and protein Each of the ligandsS,-cAMPS-(BDB) and S;-8-BDB-
standards were subjected to electrophoresis in a 10% Bis-TCAMPSMe, was docked into the PDE3A-cAMP model
Tris gel with MOPS running buffer using the NUPAGE using Flexidock in the Biopolymer module of the SYBYL
Protein Gel Electrophoresis System. Gels were either stainedMolecular Modeling Environment (Tripos Inc., St. Louis,
with GelCode Blue Stain Reagent or transferred to a PVDF MO). This program incorporates the van der Waals, elec-
membrane using the Xcell Il module at a constant voltage trostatic, torsional, and distance and angle constraint energy
of 25 V for 1 h atroom temperature for Western blotting. terms of the Tripos force field as defined in Sybyl 6.6 (force
Transferred membranes were processed using the Chrofield manual, p 81). The default conditions of Flexidock
mogenic WesternBreeze System and probed with Anti- differ from those of the Tripos force field only in three
Xpress Ab (1:5000 dilution) to detect HIS-tag PDE3A. respects. The hydrogen van der Waals radius is 1.0 A; the
Enzyme Actiity Assay PDE3A activity was measured as hydrogen van der Waalsis 0.03, and the van der Waals
previously described?(). Enzyme-containing solutions were  cutoff distance is 16 A between fragment centroids. The
added to buffer containing 50 mM Tris-HCI (pH 7.8), 10 protein is fixed in space, and the ligand is mobile. The
mM MgCl,, and 0.84M [3H]cAMP (10 000 cpm/assay) to  flexible side chain bonds of both ligand and protein are
yield a final volume of 10Q:L. Reaction mixtures containing  adjusted. Only nonring single bonds are rotatable, and
experimental samples or no enzyme were incubated at 30backbone atoms are considered fixed. A genetic algorithm
°C for 15 min. The assay was shown to be linear over this is used to determine the optimum ligand geometry. Charges
time period. Catalysis was terminated by serial addition of are computed using the Kollman all-atom method for the
0.2 mL of 0.2 M ZnSQ and 0.2 mL of 0.2 M Ba(OH) protein and the GasteigeHuckle method for the ligand as
Samples were vortexed and centrifuged at 1@J005 min. defined in Sybyl 6.6 (receptor-based design manual, p 39).
The pellets containing BaS@recipitated {H]-5'-AMP were First, the active site pocket was defined to consist of amino
discarded. Aliquots of supernatants containing unreaétflel[  acid residues (N845, E866, E971, F972, and F100) that
cAMP were removed, and counted in a Beckman KS1800 exhibited interaction with cAMP from our previous studies
liquid scintillation counter. Enzyme activity was measured (21), which utilized site-directed mutagenesis, enzyme kinet-
by comparing the amount of cAMP hydrolyzed in PDE3A- ics, and molecular modeling. We next extracted cAMP from
containing samples to controls without enzyme. These datathe target PDE3A. The water molecules were removed from
were then used to calculate enzyme specific activity in both S-cAMPS-(BDB) or S-8-BDB-TcAMPSMe and
nanomoles of cAMP hydrolyzed per milligram of protein PDES3A. The atom types were checked, and the hydrogen
per minute. and charge were added. The ligal®<AMPS-(BDB) and
Inactivation of PDE3A by $8-BDB-TcAMPSMePurified S-8-BDB-TcAMPSMe were prepositioned in the cavity, and
PDE3A (152ug/mL) was incubated at 2% with S,-8-BDB- the flexible docking between the target and ligand was then
TcAMPSMe at concentrations of 3:1.00uM in a reaction performed. The energy of th&-cAMPS-(BDB) or S;-8-
buffer containing 45 mM HEPES (pH 7.2), 20 mM MgCl  BDB-TcAMPSMe docking to PDE3A was obtained from
and 4 mM MES. At timed intervals, GL aliquots of the the log file after the completion of each docking process.
reaction mixture were withdrawn, diluted 20-fold in buffer Each of theS,-cAMPS-(BDB) andS;-8-BDB-TcAMPSMe
containing 47.5 mM HEPES (pH 7.04), 20 mM MgCand ligands was docked at least three times to the target enzyme.
4 mM MES, and assayed in duplicate for residual PDE3A
activity. Control samples were incubated under identical RESULTS
conditions except for the absence3}8-BDB-TCAMPSMe. Characterization of $8-Br-cAMPSMe, $8-SH-cCAMPS-
Protection by Ligands against ,8-BDB-TcCAMPSMe Me, and §-8-BDB-TcAMPSMeThe ultraviolet absorption
Inactivation of PDE3AThe effect ofS,-cAMPS,R,-CAMPS, spectrum ofS,-8-Br-cAMPSMe (Figure 1, compount )
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recorded in water at pH 6.4 exhibited a single peak with a
Amaxat 263 nm é = 17 000 Mt cm™). 3P NMR (in D,O,
pH 7.1) analysis revealed a single peak centered at 31.6 ppm
as compared to the value of 54.8 ppm exhibited338-
Br-cAMPS. This shift is consistent with the alkyl substitution
of a phosphorothioate28—26).

The ultraviolet absorption spectrum&#8-SH-cAMPSMe
(Figure 1, compoundll ) recorded in MES buffer (0.05 M,
pH 6.0) exhibited a maximum at 309 nfP NMR (in DO,
pH 7.1) analysis exhibits a single peak centered at 31.6 ppm,

E/Eq

showing the presence of an unaltered cyclic phosplsoro- 0.3 s e
methylthioate present i,-8-SH-cCAMPSMe. 0 10 20 30 40 50 60
The ultraviolet absorption spectrum &f8-BDB-TCAMPS- Time, min
Me (Figure 1, compountV) recorded in MES buffer (0.05 1
M, pH 6.0) exhibits a single peak with/a.ax 0f 271 nm E 0.9 :\\
= 14900 M cm™, based on the amount of chemically 0.8 A
determined organic phosphoru) present in the sample]. 0.7 \.‘\
Determination of the amount of hydrolyzable bromine shows 0.6 .
the presence of 1.3 mol of bromine/mol &-8-BDB- W
TcAMPSMe. These results are all consistent with the Y os
structure of compount shown in Figure 1.
Inactivation of PDE3A by $8-BDB-TcCAMPSMe To 0.4
determine whethe®,-8-BDB-TCAMPSMe inactivates PDE3A, B :
we incubated the enzyme with various concentratior,of 0.3
8-BDB-TcAMPSMe from 3.1 to 10&M for 60 min in 50 0 10 20 30 40 50 60
mM Hepes buffer (pH 7.5) containing 5 mM MgGind 20% Time, min
glycerol. The inactivation of PDE3A b§-8-BDB-TCAMPS- "
Me is a time-dependent, irreversible reaction (Figure 2A,B). 0.020 ¢
When incubated under the same conditions except for the
absence of reagent, PDE3A exhibits constant activity over 0.015 |
the course of 60 min at 95% of the residual activity (Figure &
2A). The initial rate constantkf,9 of inactivation was E 0.010
determined at each concentrationSyf8-BDB-TcCAMPSMe <
that was tested using the equation yin(— In(y2)]/(t1 — to),
wherey; is the residual activity®/E,) measured at timg 0.005
andy, is the residual activity measured at tirpe As seen C
in Figure 2C, the pseudo-first-order rate constant exhibits a 0.000
nonlinear dependence on the concentratior§e8-BDB- 0 20 40 60 B0 100
TcAMPSMe. Saturation of the enzyme is achieve&a8- Sp-8-BDB-TcAMPSMe, 1M

BDB-TcAMPSMe concentrations of 25 uM. This result FIGURE 2: Time course of the inactivation of PDE3A 8-8-
indicates that there is reversible binding followed by ir- BDB-TcAMPSMe. The enzyme was incubated at‘Z5with -

. . L 8-BDB-TcCAMPSMe in 50 mM Hepes buffer (pH 7.5), 20%
reversible inactivation. The observed rate constiap) (can glycerol, and 5 mM MgGL At timed intervals, 5L aliquots were

be described by removed, diluted 20-fold, and assayed in duplicate for PDE3A
catalytic activity. Plot A depicts the average of two experiments

KradR1 utilizing S,-8-BDB-TCAMPSMe: @) 0, (a) 3.1, () 6.3, and ¥)
Kobs = K + R 12.5uM. Plot B depicts the average of two experiments utilizing

 +[R] S-8-BDB-TCAMPSMe: @) 25, @) 50, and &) 100uM. Plot C

) ) depicts the pseudo-first-order rate constdgg) for inactivation
where [R] is the reagent concentration used for eagh of PDE3A by S-8-BDB-TCAMPSMe at concentrations ranging

kmax is the maximum rate constant at a saturating concentra-from 0 to 100uM.
tion of §-8-BDB-TCAMPSMe, andK; = (k-1 + Kmay/ka, tion (if it occurs), we chose a concentration of each ligand
the apparent dissociation constant of the enzyreagent equal to or higher than it&; value (L3) for the protection
complex. The data shown in Figure 2C were analyzed using assay. A nonhydrolyzable substrate analo§eAMPS (45
Enzfitter (Biosoft, Ferguson, MO). The calculategxequals uM), protects against inactivation of PDE3A 18¢-8-BDB-
0.0195+ 0.0003 min?, andK, equals 3.5+ 0.3 uM. S TcAMPSMe, causing a 18.2-fold decrease in pseudo-first-
8-BDB-TcAMPSMe irreversibly inactivates PDE3A, since order rate constankj,s= 0.0010 min! compared to 0.0182
no reactivation was observed upon dialysis following the min~! with no ligand present (Figure 3A)]. In contra&,-
inactivation reaction. cAMPS protects against inactivation only at higher concen-
Effects of Substrate, Inhibitors, and Products on the Rate trations (10 mM) causing an23% decrease ik (Figure
of Inactivation by $-8-BDB-TCAMPSMe.To determine 3B). The concentrations of two nonhydrolyzable cGMP
whether the reaction occurs within the active site, the ability analoguess,-cGMPS (750uM) and R,-cGMPS (750uM)
of various ligands to protect against 28\ S,-8-BDB- were chosen to be high relative to th&irvalues [305 and
TcAMPSMe inactivation was tested. To demonstrate protec- 210uM, respectively {3), as seen in Figure 3A,-cGMPS
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Ficure 3: Effect of §-CAMPS, R;-CAMPS, S-cGMPS, R;-
cGMPS, 5AMP, and 3-GMP on the inactivation of PDE3A by
S$-8-BDB-TcAMPSMe. The enzyme was preincubated with various
concentrations of protectants for 2 min; 28M S;-8-BDB-
TcAMPSMe was added to the reaction mixture, and at time
intervals, 5uL aliquots were removed and assayed for PDE3A
catalytic activity. Plot A depicts the concentrations of protectants
used in the studies:®) no protectant, M) 750 uM S,-cGMPS,
(a) 750uM R,-cGMPS, and ) 30uM S;-cAMPS. Plot B depicts
the concentrations of protectants used in the studi®} no
protectant, @) 20 mM 5-GMP, (a) 10 mM R,-cAMPS, and #)

25 mM 5-AMP.
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FiGure 4: Effect of NAD' on the inactivation of PDE3A b,
8-BDB-TcAMPSMe. The enzyme was preincubated with NAD
for 2 min before 25M S;-8-BDB-TCAMPSMe was added to the
reaction mixture. At timed intervals, AL aliquots were removed
and assayed for PDE3A catalytic activity. The experimental points
are as follows: @) no NAD" and @) 10 mM NAD™.

0.2

(750uM) and R;-cGMPS (75QuM) cause a decrease kgys

to 0.0122 and 0.0101 mih, respectively. The product of
catalysis, 5AMP (25 mM), and the inhibitor metabolite,
5'-GMP (20 mM), protect against inactivation only at much
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Table 1: ApparenKq Values of cAMP and cGMP Analogues
Measured from Protection against Inactivation by
S-8-BDB-TCAMPSMé

cAMP and cGMP analogue Kg (uM) Ki (uM)
S-CAMPS 18.3+ 1.8 47.6+ 6.2
R,-CAMPS 30110+ 5400 4400+ 2600
5'-AMP 17660+ 2110 9600+ 3060
S-cGMPS 1260t 260 305+ 54
R,-cGMPS 560+ 350 210+ 33
5'-GMP 42170+ 5900 5600+ 3110

a2 TheKq values were calculated using the equatigd = K-jigand/(1
+ [ligand]/Kjgand). Ligands are the cAMP or cGMP analogues. e
values are cited from ref3. The Ky, of CAMP is 0.46+ 0.20 uM.

ligand, andKy is the apparent dissociation constant for the
ligand. Table 1 indicates th&,-cAMPS has a smalleKq
value (18.3t 1.8uM) thanR,-CAMPS, S,-cGMPS, andR,-
cGMPS (30110t 5400, 1260+ 260, and 550t 350 uM,
respectively)R,-cAMPS, which does not inhibit the enzyme,
has aKy value which is 1600-fold greater than that §f
CAMPS. S-cAMPS, therefore, is the most effective ligand
in protecting PDE3A against inactivation bf§-8-BDB-
TcAMPSMe.

Flexidock of $cAMPS-(BDB) and $28-BDB-TcCAMPSMe
into the Active Site of PDE3ATo decipher the molecular
basis of affinity reagent§,-8-BDB-TCAMPSMe andS,-
cAMPS-BDB within the active site of the enzyme, we
docked these compounds individually into PDE3A. On the
basis of the model of PDE3A-cAMP and kinetic data from
site-directed mutants2({, 22), a defined cAMP binding
pocket consisting of N845, E866, E971, F972, and F1004
was chosen. Panels A and B of Figure 5 show the models
of PDE3A withS,-8-BDB-TcAMPSMe ands,-cAMPS-BDB
docked. The distance between two reacting carbons [C10
for S;,—%\-BDB-TCAMPSMe and C9 folS,-cAMPS-(BDB)]
is 8.6 A.

DISCUSSION

In this paper, we demonstrate that the nonhydrolyzable
CAMP analogueS;-8-BDB-TCAMPSMe acts as a reactive
affinity label, which irreversibly inactivates PDE3A. The
kinetic results from the protection against inactivation of
PDE3A by the substrate or inhibitor analogues and the
position 0fS;-8-BDB-TcAMPSMe in the model suggest that
the inactivation of PDE3A results in a reaction at the overlap
of both cAMP and cGMP binding regions in the active site.

We have previously shown that the valueKf for Ry

higher concentrations (Figure 3B), and these were in a CAMPS is 900-fold larger than that &,-cAMPS in the

concentration range higher than thijrvalues [9.6 and 5.6
mM, respectively 13)]. NAD*, a purine nucleotide that is

protection of inactivation byg,-cAMPS-(BDB) (13). In this
report, R,-CAMPS has &g value that is 1600-fold greater

neither a substrate nor a competitive inhibitor, does not affectthan that ofS,-cAMPS in the protection of inactivation by

the rate of inactivation of PDE3A b§,-8-BDB-TCAMPSMe
(Figure 4). These results suggest t§a8-BDB-TcAMPSMe

$-8-BDB-TcAMPSMe. This marked difference in thé&
values betweef§,-cAMPS andR,-cAMPS in the protection

targets the active site of the enzyme in the overlap region of inactivation by bothS,-cAMPS-(BDB) andS,-8-BDB-

occupied by both cAMP and cGMP.

Concentration Dependence of Protectants against Inac-

tivation of PDE3A by 25uM S,-8-BDB-TCAMPSMeTo
obtain the apparent dissociation constakt) (for each

TcAMPSMe is supported by the results conferred by the
docking models of both th&,-cAMPS- andR,-CAMPS-
bound enzymesl@). The difference in the diastereocisomeric
centers ofS,-cAMPS andR;-cAMPS has led to a distinct

protectant, various concentrations of ligands were tested. Thechange in their relative orientations in the active site. This

apparent dissociation constant for the protectaky was
calculated using the equatid@ys = K-iigand (1 + [ligand]/
Kq), wherekqps is the pseudo-first-order rate constant at a
given ligand concentratioft, jgand IS the rate constant without

difference has positiong&,-cAMPS out of the hydrophobic
range of F1004 (minimum distance of 7.0 A).

The nonhydrolyzable cAMP analog&e8-BDB-TCAMPS-
Me is as effective a§,-cAMPS-(BDB) for the inactivation
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Sp-8-BDB-TcAMPSMe Sp-cAMPS-(BDB)

FiIGURE 5: Models 0fS,-8-BDB-TcCAMPSMe andS,-cAMPS-(BDB) docked to PDE3A. Graph A shown in orange depicts3h&-BDB-
TcAMPSMe-enzyme docking model. Graph B shown in purple depictStheAMPS-(BDB)—enzyme docking model. The affinity agents,
S-8-BDB-TcAMPSMe andS;-cCAMPS-(BDB), are shown as ball-and-stick models. The amino acid residues (N845, E866, E971, F972,
and F1004) responsible for cAMP binding are shown in capped stick format. The backbone of the PDES3A is shown in tube/ribbon format.
The energies between the two compour&ls-BDB-TcAMPSMe and5,-cAMPS-BDB, docked to the enzyme ar€3.6+ 1.2 and—22.1

=+ 1.5 kcal/mol, respectively, which are similar to that$fcAMPS bound to the enzyme-@3.5+ 1.0 kcal/mol).
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