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Abstract

Cyclic nucleotide phosphodiesterases constitute the only known mechanism to inactivate regulatory signals involving cAMP or cGMP. In our
laboratory a cAMP-specific phosphodiesterase associated to the flagellar apparatus7¢RDEY, was identified ifrypanosoma cruzi. By
using the catalytic domain sequenceloPDEL to screen @rypanosoma cruzi genomic data base, a nov@lcruzi phosphodiesterase sequence
was found and characterizett:PDE4 encodes a 924-amino acid protein and shows homology with the PDE4 vertebrate subfamily. The sequence
shows three conserved domains, FYVE, phosphohydrolase and PDEasel. The FYVE zinc-finger domain is characteristic of proteins recruited t
phosphatidylinosytol 3-phosphate-containing membranes, whereas the two others are characteristic of phosphohydrolases and members of
cyclic nucleotide phosphodiesterases. Sequence analysis shows all characteristic domains present at the type-4 phosphodiesterases specifi
cAMP. Moreover, TcPDE4 shows the inhibition profile characteristic for PDE4 subfamily, with an IC50 of 30Mtéor rolipram and 1.3.M
for etazolateTcPDE4 is able to complement a heat-shock-sensitive yeast mutant deficient in phosphodiesterase genes. The enzyme is specil
for cAMP, M@?*-dependent and its activity is not affected by cGMP of*Ca@he association ofcPDE4 with membranes was studied by
subcellular fractionation of recombinant yeast and extraction in several conditions. Most of the enzyme remained associated to the membrar
fraction after treatment with high salt concentration, detergent, or chaotropic agents. This support previous hypotheses that in this pBrasite cAM
phosphodiesterases, and consequently cAMP levels, are compartimentalized.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction PDEs are members of a superfamily comprising 11 different
families classified according to their sequence identity, bio-
Cyclic nucleotide phosphodiesterases (PDEs) catalyze thehemical and pharmacological properties, regulation and sub-
degradation of the second messengers cAMP and cGMP arafrate specificity. The fact that each family is composed of
constitute the only known mechanism for the rapid down regulaseveral genes and that many isoforms are generated by alter-
tion of cyclic nucleotide signals. In consequence, these enzymemtive splicing indicate the high complexity of this superfamily
play a pivotal role in the regulation of the biological action of [1,2].
cyclic nucleotides. Although in trypanosomatids, cAMP has beeninvolved in the
control of growth and differentiation as well as in osmoregula-
Abbreviations: PDE, phosphodiesterase; Ptdins(3)P, phosphatidylinosy1ion [3—9], very little is known about cAMP phosphodiesterases.
tol 3-phosphate; IBMX, 3-isobutyl-1-methylxanthine; EHNA, erythro-9-(2- The activity of these enzymes has been characterizdthin
hydroxy-3-nonyl)-adenine hydrochloride; ADH, alcohol dehydrogenase; PKApanosoma cruzi [10] Trypanosoma brucei [11] Trypanosoma
progsm kl:lastla At((j)N over-mgh(tj TS nontst(ejlect;\r/]e NA, not affecteld zrt'v'tihgamblense [12] and the related Organlsmelshmama mexi-
ote: Nucleotide sequence aata reportea In tnis paper are avallanle In the .
GenBankM databases Snderthe accesi‘wn number IgQF()J08164 [13]' HOV\_/eve_r, the. .gen.es that ,COde for these proteins
* Corresponding author. Tel.: +51 11 4783 2871; fax: +54 11 4786 8578. have been mainly identified ift brucei [14-17] where two
E-mail address: galonso@dna.uba.ar (G.D. Alonso). types of genes have been reportédPDE] [14] and those of
1 These authors contributed equally to this work. the ThPDE?2 family [15-17] ThPDEI is a single copy gene
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that is not related to the mammalian PDEs and is expressadycin. Cell viability was assessed by direct microscopic exam-
at very low levels, wherea%hPDE?2 is a small family of at ination.
least five genes, which shows a considerable similarity to all S. cerevisiae strain, J106 MATa leu2 his3 ura3 trpl ade8
11 mammalian PDE familie€bPDE! knockout experiments canl pdel::URA3 pde2::HIS3) was kindly gifted by Dr.
have shown that the gene is not necessary for the survival dfhevelein (see Ref22]). These strains were grown in YPD
T. brucei in culture or for the infection of tsetse fligg4]. On  medium at 30C before transformation. Transformants were
the contrary, compounds that inhifibPDE2A are lethal for selected in minimal medium containing 0.17% (w/v) yeast nitro-
T. brucei in culture[15]. In addition, RNAi experiments have gen base (without amino acids and ammonium sulphate), 0.5%
indicated thafhPDE2C is an essential enzyme for this parasite(w/v) ammonium sulphate and 2% (w/v) glucose, supplemented
[16]. with the corresponding amino acid mixture.
In Trypanosoma cruzi, the etiological agent of Chagas’ dis-
ease in Latin America, our laboratory has described a calciun®.3. Preparation of T. cruzi DNA and RNA
stimulated adenylyl cyclagé8] and a novel membrane-bound
cAMP-specific PDE, designateficPDE1, which is strongly Genomic DNA was purified as described by Pereira et al.
associated to the flagellum and shows significant homology witfi23]. Total cellular RNA was isolated from #Gepimastigote
T. brucei THPDE2 family[19]. cells in exponential growth phase using TRIzol reagents (Gibco
The past decade has revealed that many cytosolic pr®RL, Life Technologies, Rockville, MD) as described by man-
teins are recruited to different cellular membranes to formufacturers.
protein—protein and lipid—protein interactions during cell sig-
naling and membrane traffickin@®0]. Recruitment of these 2.4. Cloning of TcPDE4 gene
peripheral proteins is mediated by modular membrane-targeting
domains, such as the FYVE zinc finger binding domain, which The gene sequence corresponding to the catalytic site of
recognizes PtdIns(3)P in the membranes. In most cases, pré- cruzi TcPDEI phosphodiesterase (AAP49573) was used to
teins with FYVE fingers domains are recruited to Ptdins(3)P-screent. cruzi sequence databases using the WU-Blast2 algo-
containing endosomal vesiclgAl]. rithm. Five sequences that do not overlap with each other were
On the other hand, taking into consideration the success aflentified. Two oligonucleotides carrying hemi-restriction sites
phosphodiesterase inhibitors as chemotherapeutics in a varielf DE_ 703 FW_pET-Bam: 3-GGATCCAATGTCGG-AGGAC-
of physiological and pathological processes, it is important t?GCTGGGCTT-3 and PDE703 RV_Xho: 5-CTCGAGGCA-
explore the trypanosomatid PDEs as possible targets for family e TGCGTCAACAGAGTGG-3) were designed from the iden-
specific PDE inhibitors. tified sequence. PCR amplifications were carried out using
This paper reports the cloning and characterization of ®&00-800ng off. cruzi genomic DNA, 100 ng of each primer,
novel PDE inTrypanosoma cruzi, TcPDE4, which shows strong 2.5mM MgCh, 0.2mM dNTPs and 1-2 units of Taqg DNA
homology with PDE4 family members. This enzyme is mem-polymerase (Promega, Madison, WI). A band of 2772 bp was
brane associated, presents a high affinity and specificity foobtained and after its sequencing, we confirm that it carried the
cAMP, and is strongly inhibited by rolipram and etazolate. Somdull-length gene sequence ¢ PDE4.
of these properties point to a putative rolefoPDE4 in the reg-

ulation of localized levels of this second messenger. 2.5. Northern and Southern blots

2. Materials and methods For Northern blot analysis, 3bg of total RNA was elec-
trophoresed on a 1.5% (w/v) formaldehyde-agarose gel, trans-

2.1. Materials ferred to a Hybond N+ nylon membrane (Amersham Pharmacia

Biotech, Piscataway, USA) and hybridized at’@sin Church’s
All radiochemicals used in this work were purchased frombuffer (1% (w/v) BSA, 7% (w/v) SDS, 1 mM EDTA, pH 8,
Dupont NEN Life Science Products Inc., Boston, MA and0.5% (w/v) NaHPQy) with a specific 1070 bfcPDE4 probe
restriction endonucleases were from New England Biolabs Incgbtained by digestion of the 2772 bp fragment withnHI and
Beverly, MA. Bacto-tryptose, yeast nitrogen base and liverSacll. Blots were subjected to sequential stringent washes at
infusion were from Difco Laboratories, Detroit, MI. All other 65°C and exposed to AGFA CP-BU NEW films (AGFAGevaert
reagents were purchased from SIGMA Chemical Co., St. Louid\.V., Belgium). Southern blot analysis was performed wittgh

MO. of genomic DNA previously digested with the indicated restric-
tion endonucleases. The products were resolved on 0.8% (w/v)

2.2. Cell cultures agarose gels, transferred and hybridized as described for North-
ern blots.

T. cruzi epimastigote forms (CL Brenner strain) were cultured
at 28°C for 7 days in LIT medium (5g/l liver infusion, 5g/l 2.6. RT-PCR analysis
bacto-tryptose, 68 mM NaCl, 5.3mM KCI, 22mM bROy,
0.2% (w/v) glucose, 0.002% (w/v) hemin) supplemented with The RT-PCR reaction was carried out as followgglof total
10% (v/v) calf serum, 10 units/ml penicillin and 10 mg/l strepto- RNA from epimastigote cells was reverse transcribed with 50 U
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of SuperScript Il (Life Technologies) using random hexamer.10. cAMP phosphodiesterase assays

as primers. cDNA synthesis was performed according to the

manufacturer’s instructions for 50 min at 90. Thereafter, PDE activity was determined as described by Thompson and
the 8 end of TcPDE4 mRNA was amplified using an oligonu- Appleman[26] with the modifications introduced by Londes-
cleotide (SL sense) derived from tiecruzi spliced leader (SL) borough[27]. The reactions were performed in the presence
sequence as primer-BACGCTATTATTGATACAGTTTC-3,  of 20mM Tris—HCI, pH 7.5, 5mM M§" and 1 or 5quM [3H]

and another one corresponding to the?DE4 coding region cAMP. Incubations were carried out at 30 for 10 min in a total
that is positioned 668 bp downstream to i’ DE4 initiation ~ volume of 10Qul. For the determination of kinetic parameters,
codon: 5-ACTGACTCAATGCGAAGATGAG-3. The cycling  several independent assays were performed wiihglof pro-
profile was as follows: 94C for 15, 58C for 30s, and 72C  tein and 0.1-30Q.M cAMP. C&*-calmodulin response and ion
for 60 s, and was repeated 35 times. Finally, the amplified bandependence was analyzed in the same conditions adding 1 mM

was subcloned into pPGEM-T Ed8yector and sequenced. EDTA or 1 mM EGTA as chelator. The different ions were used
to a final concentration of 5mM in the assay, and calmodulin
2.7. Labeling DNA probes was tested using 0.05 units.

For inhibition studies, assays were performed in the presence
All probes were labeled with-P32]-dCTP using the Prime-  ©f 10ug of proteins and a different concentration range of each

a-Gene kit (Promega, Madison, WI) following the manufac-compound according to the inhibitor used.
turer’s instructions.
2.11. Expression of recombinant TcPDE4 in E. coli
2.8. Complementation assay
Full-length TcPDE4 gene was amplified using the follow-
Full-length TcPDE4 gene was amplified by PCR using the ing primers carrying hemi-restriction sites: POB3 FW_pET-
oligonucleotides PDEF03 FW_Bam: B-GGATCCATGTCGG- Bam: 8-GGATCCAATGTCGGAGGACGCTGGGCTT-and
AGGACGCTGGGCT-3and PDE703.RV_STOP-Xho: 5-CT- PDE. 703 RV_Xho: 5-CTCGAGGCACTGCGTCAACAGAG-
CGAGTCAGCACTGCGTCAACAGAGT-3 The PCRproduct  TGG-3, cloned into pGEM-T Easy plasmid (Promega, Madi-
was cloned into pGEM-T Ea$yvector, and subcloned into son, WI), and subcloned into pET22bf+)expression vec-
pADNS yeast expression vectf®4] using theNor | restric-  tor (Novagene, Inc.) in fusion with a C-terminal His-Tag.
tion sites. The J106 yeast strain, lacking the PDE genes, wdsxpression of the recombinant protein was performed in
transformed with the empty vector, tiePDEI gene[19], or  the BL2I(DE3)pLysS host E. coli B, F, dem, ompT, hsdS,
the vector carrying th&cPDE4 gene, using the lithium acetate (rb~, mjy), galA(DE3), [pLysS, cam’]). Bacterial cells carrying
procedure[25]. Transformant cells were selected in minimal the fusion7cPDE4-6His were grown to Olgyp=0.4-0.6 and
medium (without leucine) at 30C. For heat shock complemen- induced with 50uM isopropyl-1-thiof-p-galactopyranoside
tation assays, transformants were grown in minimal medium t@t 37°C for 2 h.
ODgpo=1.8-2 and further incubated at 55 for 30 min. After
f[reatment, cells were plated in YPD at different dilutions and, ;» Antibody preparation and Western blot analysis
incubated at 30C for 2 days.

TcPDE4 antiserum was obtained using a femBid.B/c
2.9. Soluble extracts and membrane preparation strain of mice immunized by intraperitoneal injection ofdd
of recombinant protein expressedincoli plus 0.1 ml of Fre-
Yeast transformants were grown in a minimal medium with-und’s adjuvant followed by two more subsequent injections
out leucine to Olggp=0.8-1.5. Cells were harvested, washedevery 15 days with incomplete adjuvant. Mice were bled by
twice with cold TE buffer, resuspended in lysis buffer (20 mM exposing the ocular cavity. Antibodies were tested to determine
Tris—HCI, pH 7.5, 20% (v/v) glycerol, 1mM dithiothreitol, titer and cross reactivity using the recombinant protein &And
0.1 mM phenylmethylsulphonylfluoride, 25 units/ml aprotitinin, cruzi extracts. No cross reactivity was observed at the dilutions
0.5mM tosyl-lysine chloromethyl ketone) and lysed by 10used for Western blot analysis. Proteins were resolved in 8%
cycles of 1min vortexing in the presence of glass bead$w/v) SDS-polyacrilamide gel electrophoresis as described by
(425-60Q.m) and cooling on ice. Cell debris was discardedLaemmli[28] and electrotransferred to Hybond-C membranes
by centrifugation at 2508 g at 4°C. The supernatants were (Amersham Pharmacia Biotech, Piscataway, USA). The mem-
further centrifuged for 1 h at 100,000g. The pellet was resus- branes were blocked with 5% (w/v) non-fat milk suspension
pended in 20 mM Tris—HCI, pH 7.5, 5% (v/v) glycerol plus the in TBS-Tween for 2 h. After overnight incubation with 1:1000
anti-protease mixture and used as membrane fraction. dilution of the mouse antixPDE4 antiserum, detection was
ForTcPDE4 membrane extraction, membranes were sequerrarried out by incubating with a 1:5000 dilution of a goat anti-
tially washed with lysis buffer containing 1 M NacCl, 0.1% (w/v) mouse IgG labeled with peroxidase (KPL Inc., Gaithersburg,
sodium cholate, 0.5% (w/v) sodium cholate, or 8 M urea@®@4 MA). The latter was developed with the ECL PlifsWestern
for 30 min. After each wash, membranes were centrifuged foBlotting Detection System (NEN Life Science Products Inc.,
40 min at 100,00 g and washed with lysis buffer. Boston, MA).
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2.13. Sequence analysis e2kl/tbal/ respectively) was performed with Wu-Blast2.
Sequence identity was analyzed with the BLASTP (URL
The search in & cruzi and T brucei genome databases http://www.ncbi.nlm.nih.gov/blast/index.htjnl and Clustal
(http://www.tigr.org/tdb/e2k1/tcaBhdhttp://www.tigr.org/tdb/ W (URL http://www.ebi.ac.uk/clustaly/Multiple Sequence

(a)
cacttattgaagacaccatgacggtaatgtttatttttgaatatttaattttttgttttgtttttgtttgattgcttg
tttgtactgctctttttttcttctettttgaacgag agagaagtttgggagtttcctectttggegttce

1 atgtcggaggacgctgggcttecocgtgecacggagtcagtgggttgagaggagetgtgegacgtgegggaag. .
1P M s £E b A GGL PV P R S Q WV E R S C A T C G K...

I

PDE1B_Mouse ----- ERMFRRTYTSVGPTYSTAVHNCLKNLDIJCFD SLNRAADDHA--—lRTIVFELLTRHSIISRE PTVFRMS
PDE2A_ Mouse = = ------ MYHMKVSDDEYTKLLHDG-IQPVAAIDSNF. TYTPRSLPEDD--TSMAILSMLODMNFINNY KMDCP!
PDE3B_Human = ------ QTNIEQEVSLDLILVEEYDSLIEKMSNGNFPIPELVEKMGEKSGRIIRSQVMYTLIZODT EIE PTQQFMNY
PDE_fruitfly ----SFTGERLPTFGVETPRENELGTLLGELDTIGIQINSIGEF SVNRP- - - |ETCVAYTIIZOSREIRLTSL PPKTFLNE
PDE4C_Human - - --SLSSATVPRFGVQTDOEEQLAKELEDTNKIGLDVIgKVADV SGNRP - - - TAT I FSIOERDLK THOMPADTIATY
PDE4_EF ---ASSVSQDLLHEVVKNKINSEDVTEFFKQEARDMDIPLLDTVSGNSP - - -[BVAAAYHVIJKARDISFSEM PSVFLNE
TcPDE4 ---LPPSIVODTILAVVPPKSCAAIGTDVDLROYGFDTYEVASRVPSVLO - - -~ SVAMHVALAWDFFAS QEERAQKWAFL
PDE5A Mouse = ------ SYHASAAEEETRELQALSAAVVPSAQTLKIT SFSDFELSDLE--TALCTIRI“ETDL OMKHEVIRCIY
PDE6_Human -RARLGKEPADCDEDELGEILKEE- - -LPGPTTFDIYEHFSDLECTELD - - KCGIQMYYELGWR QIPQE LEYRF
PDE7A_Mouse = ----- GATVCSSLDILDEDYNGQAKCMLEKVGNYNFDIBRLFDRLTNGNS - - -I#VSLTFH LHGEIE HLDMVEKIRRISG
PDEBA Mouse = ----- PLSNNLATPVSLHDVPPRIALAIENEEQQDFDIPYELEVATQNRP- - - IYLGLKT RFGMCEFLQCSETTI#RSW
PDESA Mouse ---SFLDNKK--LTPRRD-VPTYPKYLLSPETIEALRKPTFDVWLWEPNE - -MLSCLEHMYHDL@VRDESENPI LIdR)
PDE10Al_Human VTMEKLSYHSICTSEEWQGLMQFT- - fLPVRLCKEIET.EHFDf --IGPFE--NMWPGIFVYMVHRSCGTSCFELEKIRCIY
PDE11A_Human VALDVLSYHATCSKAEVDKFKAAN- - -IPLVSELAIDDIHFDDFSLDVDA - -MITAALRMIMELGMVQ DYETIRCIN
PDE_D.discoideum -TKSFLVSEFSSTTSRRNSIPTFPQTTYNRDTKEVIKGWEFDVFKYSEDD- —EMPLLVD ENFQIPE P IEKIROI8Y
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Fig. 1. (Continued).
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VII VIII
PDE1B_Mouse ELALVI EMVIBENENYS (R OQVK TMKTALQQLER - - == == = === === = === === IDKS LH SV
PDE2A_Mouse RMLDLMRD IR#SNS . AHBILR I FKDLOKMAEVG- - - - =~ === === = == — - YDRNNRQHHRL TSCIRIBEID KT
PDE3B_Human REQFLVIEAIRM DFLAEGNAKANDVNSNG- - -~ -~~~ -~~~ - IEWSNEN LLVCQVCIK 3p\ T NGPAVRDL
PDE_fruitfly T MSLLADLKTMVETKKVAG- - - - - - - - - - SGVLLLDNYTDII QViREN#vH LPL
PDE4C_Human SLIERMVI DMVIENENYS KIEMNLLADLKTMVETKKVTS - - - - - - - - - - LGVLLLDNYSDI QVi#QN#VH LPL
PDE4_EF A ATDM KYLGQLKTLLESNKVAN- - -----—-- NGLLQLDKYHDIgVEVIRQGISLHC] SFHI
TcPDE4 EFKNIVSH WONYSTBISETIAKHGAKLSAGG-- - - —=—-———-—=—- FDCTCKEDLEAMSLI#LHANS T GASSRGVAT
PDESA Mouse TTLKI IKQAMENNRT. ALY I KRRGEQFELIRKN - - - - - - - - - - = —— - QFSFEDPLQKEL TACIINA I ISP T
PDE6_Human HVIHLMDIAMTESYS QOKIVDESKNYQDKK- - - - - - SWVEYLSLETTRKEIVMAMMMTACNBEA TINERNE Y
PDE7A_Mouse EMEAQIGALSBNNT SRONEYLSLIFRSHLDK -~ - - === == == == - = - GDLHLDDGRHHLVBOMALKCENST CNPCRNEL

PDE8A_ Mouse T INSINKPLTAQESEEPDRSLEDIKAMLKTPES) ITKRMMI KCH EINPCRIFLEH
PDESA_Mouse QI A M AEIMDSPKEKMEN--------=----=----- FDYSNEEHLTLLKMI!IKC EHSNE RIFMEWV
PDE10Al_Human QVLEIIR ‘IEATDLAL GNRKQLEEMYQTG-------=-=--=-=-=---- SLNLNNQS RVIGLMMTACEIRCS TK!WPV
PDE11A Human DLMQOLLEQSISMNENL TLY)GERRTERFELVSKG-------------- -~ EYDWNIKN. IFRS TACIRGAVNSZVE T
PDE_D.discoideum ELERSVVQ M QHHLNNLP----------==----~ FDRNKKE MI!NF IKCGYIENI ARIIHT,
consensus LR LVI LILATDMS HF L F LL R LVL MLM ADLS TKPW L
241, ..... 250....... 260....... 270, ...... 280....... 290....... 300....... 310........
IX X
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PDE1B_ Mouse HSRMTKALMEEFF )GD LP-FSEL INUTSTLVAQ- ST I\ FSVLTDVAEKSVQP--EADDDSKPKS
PDE2A_Mouse TRKIAELIYKi33Selen N-RPMEMMIBIHEK - AY I PEL®T SIAMEHIAMEST YKLLODLFPKAAE - - LYERVASIMREH
PDE3B_Human HL 2C LP-IS|SFMIBASSPOLAK - LEE Sig CNSYDAAGLLPGQW- -|BEAEEDW -DT
PDE_fruitfly Y QG RESEMD-IS IMNHNATIEK- S@jV(e ) ETWASLVHPDAQD - IDTLEERSDY
PDE4C_Human YR @leBRISRESELD-1S IKHTASVEK - SejV[ejgnes ETWADLVHPDAQD-LI#DTLEDNHEW
PDE4_EF AS ), IP- LGN - SVSTIEK- CO[VTigNe Y ETWAELVYPDAQD-IVCSLMDTIHDO
TcPDE4 ARKWLV-ILOINIADS, LP- I TPSSVEKS - - 'FEDFFVI TFDLLHQLFPSIEEP- -J#HNLRKLJNEL,
PDESA_Mouse QORIAELVAARIIDEENRIZR KELNMEPADLMNINEKKNK I PSMeVEImen A MCLOIYEALTHVSEDCLP - - LIBDGCRKIMSHOK
PDE6_Human QSKVALLVAAINIWEeE RTVLDQQPT| INKAAELPKL®VE FVCTFVYKEFSRFHEEILP- - MFDRLQNIMHKE
PDE7A_Mouse SKQRSEKVTEIRPIHEEN T3 KKYHLG- VS)ZLOMAOTESTAN - IIMTYLVEEFTEWARFSATRLSQTNEGHVGLIKAS
PDE8A_Mouse CIE Q KQLDLPVV INNNTCSIPK-SeTI S|3eeYFITDMFDAWDAFVDLPN - - - LMOHLDDIWFRY
PDESA Mouse AE O KSEELP-VAISFMBIDKVTKAT - AT @K EVL IIEMFETVTKLFPVVEETMLRPLWESREHY
PDE10A1l_Human TKLTANDIY. b - I3MKKLGIQPT] MDKKDEVPQGOLEGYNAVATISCYTTLTQILPPTEP - - LIBKACRDNILSQ
PDE11A Human SRQVAELVTSINBIEGERRIZR LELKLTPSAIFIMUNRKDELPRLELE IDSEC YQALVKVNVKLKP - - MIBDSVATINSS K
PDE_D.discoideum NFEHSLRVSDEFFIQ TICEYPfVTEF IKTKTTRAR - I AAD|JERNFVASIPEFO SMAKFLKE - SQFLLKVISKNRENW
consensus EFF QGD ER GL VSPM DR QIGFIDFIV PLF L L LL L NR
321 340. . ..... 350....... 360....... 370. ... ... 380....... 390........
PDE1B Mouse QPSFQWRQPSLDVDVG- -
PDE2A Mouse BTKVSHKFTIR-------
PDE3B_Human ESGDDEDGEELDTEDE- -
PDE_fruitfly YQSMIPPSPPPSGVD---
PDE4C_Human YQSKIPRSPSDLTNP- - -
PDE4_EF ﬁQCRMVHSPP ————————
TcPDE4 YARKAGVTTPFPPPVDYR
PDE5SA_ Mouse RQALAEQQEK--------
PDE6_Human WKALADEYEA------- -
PDE7A_Mouse BKGLORQQPS-------~
PDEBA_Mouse RKGLDEKKLR--------

PDESA Mouse EELKQLDDA----=-=--=-~-
PDE10A1_Human EEKVIRGEET ————————
PDE11A_Human QWEELHQKRLL--------
PDE_D.discoideum QAYMELQKEGKCNDDD- -
consensus W L

Fig. 1. Study offcPDE4 3 non-coding neighbor and alignment of the catalytic regions of different families and species PDEs. Panel A-&##45 non-coding
neighbor. Upstream the coding sequence is present the trans-splicing acceptgy) sited the polypyrimidine tract. Panel B present an Aligment of the catalytic
regions of PDEs from different families and species. The putative subdomains common to all PDEs are denoted by roman numerals and solid lieegieneethe s
(I) Subdomain present in PDEG6 involved in interaction with4teubunit. (11) Subdomain with putative zinc binding motif{kH(x)25-30E]. Aspartic acid of the
HAADV motif (arrow head) is conserved in all cAMP specific PDEs. On the other hand, in the cGMP specific PDEs an asparragine is observed. (lll) Subdomain
interrupted by the 44 amino acid insertion in PDE3. (1V) Subdomain with putative Zn binding motif. Prosite PDE signature PDOC00116 is presahtiattisims

(V) Subdomain with some homology to the RIl subunit of PKA. (VI) Subdomain containing two adjacent conserved Histidines. Mutations in the sétioed Hist
of the EXHH motif decrease or obliterate catalysis but do not affect rolipram binding in PDE4A. (VII) TD moatif critical for the catalysis mainly in(VDE4
Subdomain with a highly conserved D critical for the catalytic activity of PDES5. (IX) Subdomain containing QGD motif with residues homologou&MRhe ¢
binding in PDES. (X) Subdomain with a conserved region poorly characterized. Sequences were aligned using the ClustalW program and editedti&iDg BOXS
(3.33c) software. Amino acids are colored as follows: white for different residues, black for identical residues, gray for similar and congkreed tEOE4
(DQ008164), PDE1BViouse (Q01065), PDE2Mouse (Q922S4), PDE3Bluman (BAA09306), PDE£F (BAA34310), PDEfruitfly (S65543), PDE4CHuman
(NP_-000914), PDE5AMouse (Q8CG03), PDEBluman (CAA46932), PDE7Mouse (NP032828), PDE8AMouse (NP032829), PDE9AMouse (AAC24344),
PDE10A1Human (AAD32595), PDE11Aduman (NRP058649), PDED.discoideum (AAB03508).
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Alignment with default parameters setting was used to generate Fig. 1B shows the alignment of the catalytic domains of
the alignments. Protein domains were determined using SMARPDESs from different species. The putative 10 subdomains com-
(URL http://smart.embl-heidelberg.deand PROSITE (URL mon to all PDE catalytic domains (see RE&0] for details) are
http://us.expasy.org/prosijesoftware. BOXSHADE (3.33c) denoted by roman numerals and solid lines. An important ele-
software was used to generate backgrounds (white for differemhent found in all PDEs is the presence of a putative zinc binding
residues, black for identical residues, gray for similar andmotif of the type HxxxH§)25_3¢E in subdomain Il. It is known
conserved residues). that replacement of the two histidines from this motif reduces
the catalytic activity and rolipram bindinf31]. In vertebrate
PDEs, another interesting motif in subdomain Il is that with the
3. Results sequence HAADV, where replacement of D (arrow) abolishes
rolipram binding[32].
3.1. Cloning and characterization of TcPDE4 gene

) ) 3.2. Southern and Northern blot analysis
The catalytic domain ofrypanosoma cruzi TcPDE1 (bases

corresponding to amino acids 669-840; see Fig. 1 in R8f) T. cruzi genomic DNA was digested with four endonucleases
was used to screen TIGR cruzi sequence databases. TWO that cut outside the gene and three that cut inside the gene; the
sequences matching with the catalytic center were identifiedy|q; \yas hybridized with a probe corresponding to the first 1070
One of them coding for a 924 amino acid protein, was selecte},cjeqtides of thd'cPDE4 coding region. Results suggest that
for the studies here described. TcPDEA4 is encoded by a single-copy gefég( 2A). On the

Two oligonucleotides  (PDEO3FW.pET-Bam  and  giher hand, Northern blot analysis Bfcruzi total RNA, using

PDE.703RV_Xho) designed from this sequence were usedye same fragment as a probe, revealed only one hybridization
for PCR amplification of the full coding sequence frafm  pong Fig. 2B).

cruzi genomic DNA. A DNA fragment of the expected size
(2775 bp) was obtained. After sequencing this fragment showed ] . )
homology with vertebrate PDE4 subfamily members by Blast-3: Yeast phosphodiesterase-deficient strain
analysis. This phosphodiesterase was nafi&DEA4. complementation assay

TcPDEA4 is specific for CAMP hydrolysis and sensitive to the .
inhibitors rolipram and etazolate (see below). Since these are two 10 @nalyze whether thecPDE4 gene encodes a functional
of the most relevant characteristics of mammalian PDE4 familyPhosphodiesterase, tePDE4 coding region was amplified
we decided to correlate these kinetic properties with the presend PCR and subcloned in the yeast expression vector pADNS.

in TcPDE4 of some characteristic sequence domains describeg!iS construction was used to transform J106 yeast strain which

in the mammalian family. A simple search for sequence homololacks the endogenous PDEs genes and is sensitive to heat shock

gies, at the level of the catalytic domain (amino acid positiort 95" C. BothTcPDE4-transformed yeasts (TcPDE4) and the

281-623), using SMART and PROSITE, revealed a HD domairf ¢PPE!-transformed yeasts (TcPDEL), which was used as a

(amino acid positions 365-535), which is found in a superfamily=°ntrol, were resistant to a 30 min heat shock atGgig. 3).

of enzymes with phosphohydrolase activity. Also the PDEASE Onthe other hand, untransformed yeast (J106) or the ones trans-

domain, characteristic of class [53cyclic nucleotide phos- formed with the empty vector (PADNS) were not able to rescue

phodiesterases was recognized. This domain has the signatdf§ Sensitive phenotype.

(H-D-[LIVMFY]- x-H-x-[AG]- x-x-[NQ]-x-[LIVMFY]) (amino

acid positions 409-420). In addition, both the sequence ofthe 8.4. Membrane localization of recombinant TcPDE4

non-coding region and the trans-splicing acceptor site (ag) were

identified in the RT-PCR producE{g. 1A). The presence dfcPDE4 in membranes of the recombinant
Analysis with BLASTp of TcPDE4 sequence revealed yeasts was studied by Western blot analysis. A band of expected

homologies with members of the PDE4 family. On the othermolecular weight (103 kDa) was detected in yeast extracts using

hand, SMART and PROSITE analysis indicated that there is polyclonal antiserum raised against the recombiffaRDE4

a sequence similar to a FYVE zinc-finger domain close to thexpressed irE. coli. The recognized band was present in the

N-terminal (amino acid positions 8—-7{39]. It is interesting membrane fraction, and was not detected in the supernatant fluid

to point out that this zinc-finger is characteristic in proteins(Fig. 3C), confirming the association of the enzyme to membrane

recruited to phosphatidylinosytol 3-phosphate-containing memfractions.

branes. Three elements in these sequences are relevant: the firsfTo investigate whethefcPDE4 represented a peripheral or

one, is the presence of eight cysteine residues for coordinaticem integral membrane protein, membrane extracts from recom-

of two Zr?* atoms; the second one, is a characteristic motifbinant yeast were subjected to sequential washes with 1 M

R(R/K)JHHCRXCG; and the last is an arginine close to theNacCl, 0.1% sodium cholate, 0.5% sodium cholate and 8 M urea

C-terminus. In theT. cruzi protein some differences were evi- for 30 min. As shown inFig. 3C, small amounts ofcPDE4

dent: in the motif, the sequence was similar but not identicalwere released after treatment with 0.5% sodium cholate and

AKSNCPCCG, and we found a lysine instead of an arginineBM urea, but most of the protein remained associated to

close to the C-terminus. membranes.


http://smart.embl-heidelberg.de/
http://us.expasy.org/prosite/
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Fig. 2. Southern and Northern blot analysigoPDE4 gene and mRNA. (A) Southern blofu§ of 7. cruzi genomic DNA digested with the indicated endonucleases,

was electrophorezed, blotted and hybridized with a probe corresponding to the first 1070 nucleotides of the codingprggitimul, Spel, and Ndel do not cut

within theTcPDE4 gene whereagcoRV cut at base position 833, addal at positions 338, 782 and 2408. (B) Northern blotidpof total RNA from epimastigotes

of T. cruzi was electrophorezed in agarose-formaldehyde gels, blotted and hybridized with the same probe described above. Ribosomal RNA molecular masses &
indicated.

Table 1

Effect of PDE-specific inhibitors oficPDE4

Inhibitor Family PDE specificity Mammalian IC5@.() IC50 TcPDE4 M) Inhibitor range
Vipocetine 1 20 >500 1-500M
cGMP 3 - NA 20uM-2mM
Trequinsin 3 8 1.958 100 nM-5QMM
Milrinone 3 39 >500 1-500.M
Imazodan 3 192 >500 1-5QM
Etazolate 4 13.9 1.3 10 nM-5M
Rolipram 4 2 10.46 500 nM—-1 mM
Zaprinast 56,9 0.45, 0.15, 35 728 500 nM—750
Dipyridamole 5,6,8,10 0.9,0.38,4.5,1.1 0.146 10 nMpM
Papaverine NS 5,25 12.88 500 nM—1 mM
IBMX NS 2,50 126.2 M-1mM
Theophylline NS — >500 1-5Q0M
EHNA NS 0.8 >500 1-500.M

IC50 values for each compound were determined usinggl6f recombinanfcPDE4, 50.M cAMP and at the indicated concentration range of each compound.
NS: non-selective and NA: not affected activity.
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Fig. 3. Complementation of a yeast PDE-deficient straifdBDEs and mem- E
brane association of recombindhkPDE4. The heat shock sensitive yeast strain in %5
J106, deficient in the PDE activity, was transformed (pADNS) or not (J106) with %0
the pADNS empty vector or carrying the full-lengtbPDE4 or TcPDEI gene. E i
Transformed cells were grown to @)= 1.8-2, and subjected (B) or not (A) to a S 45
heat-shock for 30 min at 5%. Different dilutions were plated in YPD medium. ’—L‘
Panel C, shows the membrane association of recomblie®MDE4. The associa- 0 T ‘ ‘ | |
tion of TcPDE4 with membranes was analyzed by Western blot assay. Proteins of & CC S L S o &
e
soluble (Sn) or membrane (Mb) extracts (3§) were resolved by SDS-PAGE (B) ) é" NN é v."o N ego P
. & ¥ L NI
(8% gels), electrotransferred on to Hybond C membranes and revealed with S & Q,G «v." &
TcPDE4-specific antiserum. Furthermore, yeast recombinant membranes were & v.)?"
extracted to releasicPDE4 by sequential washes with 1 M NacCl, 0.1 or 0.5% @é‘

(w/v) sodium cholate, or 8 M urea. P, represent the post-extracted pellet.
Fig. 4. Kinetic parameters and ion dependence of the recombifed@iDE4.
CcAMP-PDE assays were performed with membranes purified ffoRDE4
recombinant yeasts using i@ of protein. Panel A, show&PDE4 activity as a
function of cAMP concentration. Inset in panel A, shows lineweaver burk plot.
The activity ofTcPDE4 was further characterized in recombi- The calculated kinetic parameters wek@; about 2Q.M and Vinay 4456 pmol
nant yeast membranes. Recombir&RDE4 showed a specific 5AMP/minmg. Panel B, present the ion dependenc€d?DE4. cAMP-PDE
activity of about 4.4 nmol®\MP/min per mg protein, with a sat- assays were performed with membranes purified fil@fDE4 recombinant

. .. easts using 1Qg of protein. Chelators were used at a final concentration of
urable dependence onand a high affinity for cAMP. Km value fOI)1, mM and the different ions were added to reach a final concentration of 5 mM.

this substrate was about @0/ (Fig. 4A). The enzyme required  The effect of C&* on TcPDE4 activity was tested in the absent or present of
Mg?* for full activity and was completely blocked by EDTA. 0.05 units of caimodulin. Standard assay conditions were used as a control.

Mn2* was less efficient than Mg and C&* was totally inactive

3.5. Kinetic characterization of TcPDE4

(Fig. 4B). 4. Discussion
Table 1shows the effect of a variety of compounds on
TcPDEA4. In a wide range of concentrations (2@ to 2 mM), In this work, we identified and characteriz€dPDE4, a

cGMP did not affect enzyme activity. This is indicative that this membrane-associated cAMP-specific phosphodiesterdge-of
cyclic nucleotide is neither a substrate competing with CAMP N0ban050ma cruzi.
an enzyme activator. In addition, two compounds, rolipram and \We found thatTcPDEA4 is a single copy gene and that its
etazolate, whichare highlyselective blockers of vertebrate PDEéequence resembles mammalian type 4 phosphodiesterages_ In
Subfamily members, inhibiteticPDE4. On the other hand, tre- addition, we recognized three conserved domaingclPDE4:
quinsin, which is specific for PDE3 subfamily members, andryvE, phosphohydrolase and PDEasel. The FYVE zinc finger
dipyridamole, which has a wider range of selectivity, also inhib-gomain is a unique and relevant characteristic of this sequence. It
ited of TcPDE4. Other known selective PDE inhibitors did not is a conserved domain characterized by its ab|||ty to bind Specif-
affected7cPDEA4 activity. ically and with high affinity to phosphatidilinositol 3-phosphate
The presence of soluble &acalmodulin-stimulated CAMP  [33], a phosphoinositide that is known to be enriched in early
phosphodiesterase activity has been reportefl inruzi [10].  endosome membrand&9]. Different membrane treatments,
Both C&* and C&*-calmodulin complex were not able to stim- followed by Western blot analysis, confirmed thHBtPDE4
ulated 7cPDE4 activity in membranes~g. 4B). In addition s strongly associated with membranes. The other phosphodi-
calmodulin blocker chlorpromazine was not able to inhibit it esterase characterizeddncruzi by our laboratory is localized
(data no shown). This is in agreement with the fact #@DE4  in the plasma membrane in association with the flagellar appa-
lacks domains involved in the interaction with this complex.  ratus[19].
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Yeast strains lacking the phosphodiesterases genes PDE1 am Francis SH, Turko IV, Corbin JD. Cyclic nucleotide phophodiesterases:
PDEZ2 have been widely used for the identification and charac- relating structure and function. Prog Nucl Acids Res Mol Biol
terization of many cAMP phosphodiesterag®4. This system 2000;65:1-52. _ _

. . . [3] Quaissi A, Cornette J, Schoneck R, et al. Fibronectin cleavage frag-
,aHOWS the study of a unique PDE',SOformmdependentlyOf Other ments provide a growth factor-like activity for the differentiation of
isoforms that could be present in the cell. Complementation  7yy,an0s0ma cruzi trypomastigotes to amastigotes. Eur J Cell Biol
assays in yeast PDE-deficient strains indicated ThBDE4 is 1992;59:68-79.

a functional phosphodiesterase. [4] Fraidenraich D, Pena C, Isola EL, et al. Stimulation T§panosoma
InterestinglyTcPDE4 presented all the sequence characteris- ¢ adenylyl cyclase by an alpha-globin fragment fromZriatoma
tics of a cAMP-specific rolipram-sensitive phosphodiesterase. hindgut: effect on differentiation of epimastigote to trypomastigote

e 3 v o forms. Proc Natl Acad SdJ S A 1993;90:10140-4.
In addition, the biochemical characterizationTfPDE4 sup-  [s] Flawia MM, Tellez-fion MT, Torres HN. Signal transduction mecha-
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