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A gene for cAMP phosphodiesterase, designated cpdd, was identified in the nitrogen-fixing cyanobacterium
Anabaena sp. PCC 7120. The predicted amino acid sequence of the gene was similar to the sequences of cAMP
phosphodiesterases from Thermosynechococcus elongatus, Escherichia coli and Haemophilus influenzae. The
recombinant protein was purified by sequential column chromatography and its biochemical properties were de-
termined. The Anabaena cAMP phosphodiesterase hydrolyzed cAMP and cGMP with similar levels of activity.
The K,, value for cAMP was 45 uM and the Vmax was 4.9 pmol min™' mg protein~'. These values are similar to
those of Escherichia coli cAMP phosphodiesterase. The enzyme was activated by divalent cations such as Fe?*
and Mn?*. The tertiary structure of this enzyme was predicted by homology modeling. The deduced structure has

two metal-binding sites in the catalytic domain.
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cAMP is an intracellular second messenger that plays a
key role in many physiological processes in both prokary-
otes and eukaryotes®. cAMP is formed by an adenylate cy-
clase and hydrolyzed by a cAMP phosphodiesterase. In cy-
anobacteria, the cellular cAMP level changes in response to
several environmental factors such as light-dark, low-high
pH, oxic-anoxic and nitrogen repletion-depletion'”'®. Cells
regulate the intracellular concentration of cAMP by balanc-
ing its synthesis and degradation. Disruption of an adenylate
cyclase gene, cyal, of the unicellular cyanobacterium Syn-
echocystis sp. PCC 6803 caused a decrease in the cellular
cAMP level and at the same time immovability of the
cells??. Overexpression of another adenylate cyclase gene in
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the filamentous cyanobacterium Anabaena sp. PCC 7120
caused an increase in the cellular cAMP level and fragmen-
tation of the filaments'®, Thus, not only adenylate cyclase
but also phosphodiesterase is important to maintain the cel-
lular concentration of cAMP at an appropriate level.

The 3":5'-cyclic nucleotide phosphodiesterase (PDE) [EC
3.1.4.17] catalyzes the hydrolysis of 3':5'-cyclic nucleotides
to the corresponding nucleoside 5'-monophosphates. In eu-
karyotes, PDEs represent a large divergent group of en-
zymes, and two classes, Class I and Class II, have been
recognized?. Few reports however have been published
about the biochemical nature of PDE in prokaryotes. CpdA
in Escherichia coli? and Icc in Haemophilus influenzae'
were classified as Class III enzymes, while the periplasmic
enzyme CpdP in Vibrio fisher® was assigned to the eukary-
otic Class II group.

We tried to identify the cyanobacterial PDE gene in the
Synechocystis sp. PCC 6803 genome but could not because
no sequence characteristic of a hitherto known PDE was de-
tected in this species. In the present study, we searched the
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genome of another cyanobacterium, Anabaena sp. PCC
71209, and found the PDE gene. Then, some biochemical
characteristics of the recombinant protein were determined
for the first time in cyanobacteria.

Materials and Methods

Bacterial strains, plasmids, culture media and growth
conditions

The cyanobacterial strain Anabaena sp. PCC 7120, which
was supplied by H. Béhme at the Institute of Botany, Uni-
versity of Bonn, Bonn, Germany, was grown in BGl1
medium'? in the light at 30°C. The Escherichia coli strain
IM109 (recAl, endAl, gyrA96, thi, hsdRI7(rx-, mg*),
supE44, reldl, A(lac-proAB)/F' [traD36, proAB, laclg,
lacZAM15]) (Takara Bio Inc. Otsu, Japan) was used for
cloning, and BL21(DE3) (F-, ompT, hsdS(rs~, mg"), dcm,
gal, A(DE3)) (Novagen, Madison, WI) for expression of the
recombinant protein. The E. coli strain was grown in Luria
Bertani medium'®. When required, kanamycin at 25 pg ml-!
or chloramphenicol at 30 pg ml~! was added.

Construction of the expression plasmid for the
recombinant protein

The complete structural cpdA gene in Anabaena sp. PCC
7120 was amplified by PCR. The primers (cpd4-P1; 5'-
ACGGATCCATGAACGAAAAGTTACCCA-3', cpdA-P2;
5'-GCAAGCTTCTACGCTTACTCTATCT-3') were de-
signed to anneal sequences for BamH I and HindIII restric-
tion sites at each end. The resulting PCR products were li-
gated into pGEM-T3 Easy Vector (Promega Corporation,
Madison, WI) and introduced into competent E. coli IM109
cells, and the plasmids were isolated. After verification of
the nucleotide sequence, the coding region was digested
with BamH I and HindIIl and inserted between the BamHI
and HindlIl sites of the pET28a expression vector
(Novagen). The resulting construct, pCPDA, contains the
entire cpdA gene fused to the His-tag sequence from
pET28a, which is placed under the control of the phage T7
promoter.

Expression and purification of recombinant His-CpdA
in E. coli

Competent E. coli BL21 (DE3) cells were transformed
with the plasmid pCPDA and grown at 37°C in 300 ml of
Luria Bertani medium until they reached at an ODgg of
about 0.5. Then expression of His-CpdA was induced by the
addition of isopropyl-1-thio-B-D-galactopyranoside to a fi-
nal concentration of 0.15 mM. Cells were harvested after 3
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hours by centrifugation, then resuspended in 20 ml of buffer
A (50 mM Hepes-NaOH, pH 7.5, 500 mM NaCl, and 20%
(v/v) glycerol) containing 1 mM phenylmethylsulfonyl flu-
oride and 0.2 mg ml-! of lysozyme, and placed on ice for 60
min. The cells were then disrupted by sonication using an
Insonator model 201M (Kubota Co., Tokyo, Japan), the re-
sulting crude extract was centrifuged at 20,000xg for 15
min, and the supernatant was further centrifuged at
245,000xg for 60 min. According to methods reported
previously?V, the supernatant was loaded onto a HiTrap
Chelating column (Amersham Biosciences, NJ) connected
to a FPLC system that had been equilibrated with buffer A,
and then eluted using a step gradient of 50 and 200 mM im-
idazole in buffer A. The 200 mM imidazole fractions were
collected and concentrated by Ultrafree-15 (Millipore, MA).
The concentrated eluate was loaded onto a Superdex 75 HR
10/30 column (Amersham Biosciences) connected to the
FPLC system, which was equilibrated with buffer A. Frac-
tions were assayed for enzyme activity as described below.
Fractions having high enzyme activity and purity were col-
lected and stored at —80°C.

Assay of cyclic nucleotide phosphodiesterase activity

The activity of cyclic nucleotide phosphodiesterase was
determined by measuring the amount of 5'-AMP formed by
the enzyme reaction. The reaction was performed in a total
volume of 0.2 ml containing 40 mM Tris-HCI, pH 8.0, 0.05
mM MnCl,, 5 mM DTT, 0.05 mM cAMP, and 50 ng of en-
zyme as the standard condition. The reaction mixture was
incubated at 30°C for 10 min and then boiled for 5 min to
terminate the reaction. After that, the reaction mixture was
centrifuged at 18,000xg for 10 min at 4°C to remove pro-
tein. The 5'-AMP in the supernatant was measured using a
HPLC system (Shimadzu Co., Kyoto, Japan). An aliquot
(10 pl) of the supernatant was applied to the TSK ODS-
80Ts HPLC column (TOSOH Co., Tokyo, Japan), which
was equilibrated with 30 mM sodium phosphate buffer, pH
5.0, containing 5% (v/v) acetonitrile. The flow rate was 1.0
ml min' and the effluent was monitored at 259 nm. The
protein concentration was determined by the Bradford
method? as described in the instructions of the Bio-Rad pro-
tein assay kit. Bovine serum albumin was used as the stan-
dard.

Results and Discussion

Identification of a gene for Anabaena sp. PCC 7120
cAMP phosphodiesterase

To identify the cAMP phosphodiesterase gene in Ana-
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ana alr5338 1  —-——---- MNEKLPISIAST SESQ T SWTE, FLAF(KRLEELRPELDLL RLENASDDGTPESMENLQHY 72
tel 110771 1  —-—------ MNE--PVYLISLSWL:##FATDEG Py EATRRHSP--NAVLLW&NAQEPITPTMERLATA 68
eco_CpdA 1  MESLLTLPLAGEARVRILG®ITNT:$?FAQKHE QAYLEAIRPHQHEFDLIVAIENIAQDOSS. HFAEG 80
hin HI0399 1  MKNTFVY-QAEKPVIKLLSITWP:#FKDESAE FAQULKE IQOENNEFDVILAGSEIVODS SDEGUIREVEM 79
ana alr5338 73 LGMVSRRKSFQ —ENFI SRTDC ] SE| PNNEHIL 151
tel t110771 69 RPPLRGDRQIH —~QG GKVH PETI#SWIREATISSHTGDRPWF 147
eco_CpdA 81 DAGISPAKRVFI| Q#QI GVPH F APERHWIL, 160
hin HI0399 80 QPPMNAAKHLLLEEHIQ GVPH H TIAGKNPERYHL 159
ana alr5338 152 I PPLSVNSAQIBRSCHONSQE] mimayp VAU TIAGH THOE) RRQRHNVHYLngsﬁ 0 ~QSQSTT§MNQEL 231
tel t110771 148 I PPFETGAPuLSS PED#FAYLDSHP! ERQGVMYLGC};Srs¢ I+ ;LPRAPE;SLEPVG 227
eco CpdaA 161 LLIB:HPLPAGCS[ULINOHS GEMDT DLDWNGRRLLAT!S¢xsVe sKPHCSN STLDTIA 240
hin HI0399 160 HLLPTNSAULEOH SHEZAEMIAPF SEWNGYQUMAT ;A¢ JKPDCQYJSLDTLQ 239
ana alr5338 232 ﬁrﬁmxﬁmﬁm IEVPYSLPIEPTVTVSH{ 266
tel_t1107‘71 228 iy PP‘HLS&YP@TF HIESVEIPLTLDFSAKG— 261
eco_Cpda 241 *wk LEI*HAD = TLT, VH§LADTRFQPDTASE 275
hin HI0399 240 W IEEHSDESI VK. TQQAEFFPNMQEEGY 274

Fig. 1. Alignment of the amino acid sequences among cAMP phosphodiesterases in bacteria. Black boxes indicate conserved residues in all se-

quences. Red boxes indicate putative metal-binding sites. Yellow boxes indicate putative substrate-binding sites. ana, Anabaena sp. PCC
7120; tel, Thermosynechococcus elongatus BP-1; eco, Escherichia coli; hin, Haemophilus influenzae. The accession numbers for E. coli and

H. influenzae are F65090 and E64065, respectively.

baena 7120 cells, we first performed a search for a putative
phosphodiesterase in the genome sequence data in Cyano-
Base (http://www .kazusa.or.jp/cyanobase/index.html). The
nucleotide sequence of 3',5'-cyclic nucleotide phosphodi-
esterase of E. coli was used as a query”. No homologous
gene was found in the Synechocystis genome®, but one ho-
mologous gene (alr5338) existed in the Anabaena
genome®. The predicted Anabaena PDE consists of 266
amino acids and is similar overall to the sequences of PDEs
in Thermosynechococcus elongatus BP-1 (T110771)!9, E.
coli (CpdA) and H. influenzae (H10399) (Fig. 1). The identi-
ty is 33.5-35.3% among these four proteins.

Expression and purification of Anabaena
phosphodiesterase

To isolate the PDE protein, we constructed an expression
vector (pCPDA) that encodes a hybrid PDE protein with the
His-tag sequence as described in Materials and Methods.
Figure 2 shows the results of SDS-PAGE obtained by a se-
quential column chromatographic analysis. The PDE pro-
tein was expressed by adding 1 mM IPTG (lane 3) and re-
covered in the soluble fraction (lane 4). The PDE protein
was purified with Ni-affinity chromatography (lane 5) fol-
lowed by gel filtration chromatography (lane 6). The molec-
ular mass of the purified protein was estimated to be 35 kDa
by SDS-PAGE analysis, which closely corresponds to the
theoretical value.

Phosphodiesterase activity of the recombinant protein

Figure 3 shows the correlation between the concentration

of cAMP and the enzyme activity of the purified protein.
Maximum activity (4.9 umol min™' mg protein~') was ex-
hibited at a cAMP concentration of 1 mM. The K, value for
cAMP was 45 uM, which is near the value of E. coli PDE”.
It is suggested that the PDE functions in cells in which
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Fig. 2. Purification of His-CpdA protein by sequential column chro-
matography. SDS-PAGE was carried out using a 15% polyacryla-
mide gel. The gel was stained with Coomassie Brilliant Blue R-
250. Lane 2, cell extract (without isopropyl-p-D-thiogalactopyra-
noside); lane 3, extract of cells treated with 0.1 mM isopropyl-B-
D-thiogalactopyranoside; lane 4, 245,000xg supernatant; lane S,
HiTrap Chelating column chromatography; lane 6, Superdex 75
column chromatography. The arrowhead indicates the position of
His-CpdA. Lane 1, molecular size markers.
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Fig. 3. Activity of His-CpdA in response to variations in the cAMP
concentration. The data are plotted in a Lineweaver-Burk rela-
tionship. The enzyme activity was determined as described in
Materials and Methods.

Table 1. Hydrolysis of cAMP and cGMP by His-CpdA protein

Substrate

PDE activity (umol min™' mg protein™!)
cAMP 4.73+0.27
cGMP 4.36£0.04

The activity was measured as described in Materials and Methods.

cAMP levels are fairly high, about 40 to 50 uM. The sub-
strate specificity was determined using cAMP or cGMP as a
substrate. Table | shows that Anabaena PDE hydrolyzed
cAMP and ¢cGMP similarly, which is a general characteris-

Fig. 5.
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PDE activity (umol min-' mg protein™)

Mn2* Fe?* Ni%* Cu®** Mg** Ca?* Zn?** Co®* None

Fig. 4. Effects of divalent metal ions on the PDE activity. Metal ions
were added at a concentration of 50 uM. The reaction conditions
are shown in Materials and Methods. Means£S.D. of three exper-
iments are shown.

tic of PDEs?. The effect of divalent metal ions on the PDE
activity was also determined. Figure 4 shows that the PDE
activity of the recombinant protein depended upon the pres-
ence of 50 uM Fe?* and Mn**. The activation of PDE by
Fe* has been reported in E. coli”. The other six divalent
cations tested (Mg?-, Zn**, Cu**, Ca*, Ni** and Co*) little
activated the enzyme.

Tertiary structure of CpdA predicted using homology
modeling

From the results obtained in this experiment, CpdA is cat-
egorized as a bacterial PDE and is different from the PDEs
of eukaryotes. To predict the tertiary structure of CpdA, we

Asp88

His 87
Asp56

Me2 @

Me1 Aspis

His 196

His 156

Predicted tertiary structure of CpdA in Anabaena sp. PCC 7120. The schematic drawing was made with FAMS software based on an

analysis of the crystal structure of the protein phosphatase'®. The tigure was prepared with the Pymol program (http://pymol.sourceforge.net/).
(a) The entire structure. The protein backbone is shown in a ribbon representation. (b) Putative reaction site in the CpdA model.
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first carried out a PSI-blast search” against a non-redundant
database of proteins with similar amino acid sequences.
Twenty families of proteins were extracted from the data-
base and three were analyzed bioinformatically. These pro-
teins were Ser/Thr-type protein phosphatase®, 5'-
nucleotidase!? and purple acid phosphatase!D. All of them
contain a binding site for divalent metal ions in their catalyt-
ic domain. It is assumed that CpdA contains amino acids en-
abling it to bind with two metal ions. To construct a three
dimensional model of CpdA, the FAMS homology model-
ing program was used'®. After examining 15 different struc-
tural models, we chose one based on Ser/Thr-protein phos-
phatase (Fig. 5a). We also predicted the tertiary structure of
the reaction site based on other bacterial PDE proteins. In
this model, two metal ions are surrounded by four his-
tidines, three aspartic acids and one asparagine (Fig. 5b).
This core structure would be essential to hydrolyze the cy-
clic nucleotides.

The question of why Synechocystis sp. PCC 6803 does
not have a PDE as that of the Anabaena is difficult to an-
swer. This Synechocystis species may possess a completely
different type of PDE from other cyanobacteria. A protein
with a domain for phosphate ester hydrolysis, which ap-
pears in the Synechocystis genome®, may exhibit activity as
a nucleotide phosphodiesterase. Since PDE is very impor-
tant to all organisms, systematic analyses of this enzyme in
biochemistry and molecular biology should be carried out.
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