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Complementation of an Escherichia coli cya mutant with a genomic library from Aeromonas hydrophila
allowed isolation of clones containing two different cya genes. Whereas one of these genes (cya4) coded for an
adenylyl cyclase (AC1) belonging to the previously described class I adenylyl cyclases (ACs), the second one
(cyaB) coded for a protein (AC2) that did not match any previously characterized protein when compared to
protein sequence databases. In particular, it did not align with any of members of the three known classes of
ACs. The purified AC2 enzyme exhibited remarkable biochemical characteristics, namely, an optimum activity
at a high temperature (65°C) and at an alkalinic pH (9.5). In order to investigate the functions of both cyclases
in 4. hydrophila, each gene was inactivated in the chromosome and the resulting mutant strains were examined
for physiological alterations. It was shown that, in contrast to cyaAd, the cyaB gene was not expressed under
usual laboratory growth conditions. However, introduction of a plasmid harboring the cyaB gene in a cyad
mutant, as well as in a cyad cyaB mutant, allowed cyclic AMP production. AC2 is the first member of a new
class of previously unrecognized ACs, and to date, no functional counterpart has been demonstrated in other
organisms. However, scanning databases revealed a significant similarity between AC2 and the gene product
of three hyperthermophilic archaebacteria: Methanobacterium thermoautotrophicum, Archaeglobus fulgidus, and
Methanococcus jannaschii. The possibility of a gene transfer between such phylogenetically divergent bacteria

is discussed.

Adenylyl cyclase (AC) activity exists in a broad range of
procaryotic to eucaryotic species in which cyclic AMP (cAMP)
controls many major cellular functions. Comparative analysis
of cya gene sequences from a variety of organisms led us to
classify AC enzymes according to the features they commonly
shared. Three well-defined classes have thus emerged, raising
an interesting question about evolutionary convergence or di-
vergence of cAMP-synthesizing enzymes (10). The three types
of ACs are: (i) the enterobacterial class, or class I; (ii) the toxic
class, or class II, including the Bacillus anthracis and Bordetella
pertussis calmodulin-activated toxins; and (iii) the universal
class, or class III, comprising ACs and guanylyl cyclases from a
variety of eucaryotic and procaryotic organisms.

The characterization of class I ACs resulted from Esche-
richia coli AC description and a comparative study of the cya
locus in six other enterobacteria and three bacteria from fam-
ilies related to enterobacteria. Among the latter is the bacte-
rium Aeromonas hydrophila. This facultatively anaerobic,
gram-negative rod lives in fresh and estuarine water and be-
longs to the enteric phylogenetic subgroup. It is a primary
and/or opportunistic pathogen of a variety of aquatic and ter-
restrial animals, including humans (the clinical manifestations
of infection range from gastroenteritis and wound infections to
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septicemia and meningitis) (11). Presence of cAMP and its
intracellular receptor, the catabolic activator protein (CAP),
has been demonstrated in A. hydrophila, suggesting the pres-
ence of AC activity (4). Indeed, an AC gene (cyad) coding for
an 843-amino-acid AC (ACl), 73% similar to that of E. coli
and belonging to the enterobacterial class I, was cloned from
A. hydrophila (26). The surprise, reported here, came from the
identification of another AC, AC2, coded by a second gene
that we called accordingly cyaB.

We present here the characterization of this small and un-
expected enzyme, which exhibits an unusual alkalinophilic and
thermophilic activity. As a most prominent feature, this AC
cannot enter the previous AC classification. Thus, this protein
can be considered the first member of a fourth class of ACs. Its
predicted polypeptide sequence is not similar to any protein
exhibiting a currently known function. Publication of the ge-
nome sequence of the archaeon Methanococcus jannaschii (8)
and more recently of Methanobacterium thermoautotrophicum
(24) and Archaeoglobus fulgidus (12) revealed the presence of
genes of unknown function that code for homologous proteins
displaying significant similarity with AC2. However, expression
of the M. jannaschii protein in E. coli did not restore cAMP
synthesis.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains and plasmids used in this
study are listed in Table 1.

Media and growth conditions. Cultures were grown aerobically at 30 or 37°C
in Luria-Bertani (LB) medium, 2YT medium, or minimal medium M63 (15)
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid

Characteristics

Reference or source

Strains
E. coli S17.1 recA thi pro hsdR chromosomal RP4-2Tn/::ISR1, Tc::Mu, Km::Tn7 23
E. coli TG1 lac proAB thi supE hsdD5 F' traD36 proAB™ lacl® lacZAM15 Stratagene (200123)
E. coli TP610 F~ thi-1 thr-1 leuB6 pro lacY1 tonA21 supE44 hsdR hsdM recBC lopll lig* cya-610 L. Hedegaard
A. hydrophila 218 M. Y. Popoff
A. hydrophila 543 M. Y. Popoff
Plasmids
pLA2917 IncP, Tc" Km" L. N. Allen
pSUP202 Tc" Cm" Ap” 23
pTrc99A Ap* Pharmacia (27-0971-01)
pUC4K With Km cartridge (Km") Pharmacia (27-4987-01)
pHP450 With streptomycin cartridge (Sm") R. Fellay
pDIA6589 2.9-kb Sau3A fragment of A. hydrophila DNA containing cyaA into BamHI site of This study
pBR322
pDIA6526 1.2-kb Sau3A fragment of A. hydrophila DNA containing cyaB into BamHI site of This study
pBR322
pDIA6535 AfllIl-BamHI-amplified PCR fragment of the cyaB CDS” into pTrc99A cut with This study
Ncol-BamHI
pDIAS8516 cyaA disrupted by Sm" cartridge subcloned into pSUP202 This study
pDIA8507 cyaB disrupted by Km" cartridge subcloned into pSUP202 This study
pDIA6539 cyaB (PCR product) into Bg/II site of pLA2917 This study
pDIA6540 cyaB gene disrupted by Km" cartridge into Bg/II site of pLA2917 This study
AMIET17 BamHI-EcoRI fragment of M. jannaschii chromosomal DNA with the MJ0240 8
CDS in pUC18
pDIAS8514 PstI-amplified PCR fragment of AMJET17 cloned into PstI site of pBR322 This study
pDIAS8515 BspHI-PstI-amplified PCR fragment of AMJET17 into pTrc99A digested with This study

Ncol-Pstl

“ CDS, coding sequence.

supplemented either with glucose (0.4%), glycerol (0.4%), or succinate (0.2%) as
a carbon source. When required, cAMP and/or isopropyl-B-p-thiogalactopyrano-
side (IPTG) were added to a final concentration of 0.5 and 1 mM, respectively.
Antibiotics were added at final concentrations (in micrograms per milliliter) as
follows: ampicillin (Ap), 50; chloramphenicol (Cm), 40; kanamycin (Km), 200 for
A. hydrophila and 25 for E. coli; tetracycline (Tc), 10; and streptomycin (Sm), 100.
Solid media contained 1.5% Difco agar. Screening for the ability to ferment
maltose was performed on MacConkey agar indicator plates containing 1%
maltose, allowing visual observation of sugar fermentation.

Carbon source utilization tests were performed on Biotype 100 strips from
BioMérieux as described by the supplier (reference no. 88818).

Swarm plates containing 0.5% Casamino Acids in M63 medium and 0.3% agar
were used to assess the motility of A. hydrophila strains. Approximately 10°
exponentially growing cells were inoculated onto the plates and incubated at
30°C for 17 h; the diameter of the swarming colony was then measured in
millimeters.

Genetic techniques. Transformation of E. coli was performed by electropora-
tion or by the CaCl, method (14).

Bacterial matings were performed as follows. The donor was an overnight
culture of E. coli S17.1 strain containing derivatives of plasmid pLA2917 or
pSUP202. The recipient was an overnight culture of A. hydrophila 218 grown in
LB medium. Both cultures were centrifuged, washed three times, and resus-
pended in LB medium. Donor (0.1 ml) and recipient (0.1 ml) suspensions were
spread onto LB plates and incubated at 37°C for 18 to 20 h. The mating mixture
was harvested, washed with minimal medium, and then plated onto minimal-
medium plates supplemented with glucose as the carbon source. Antibiotics
(Km, 200 pg/ml; Sm, 100 wg/ml) were used to allow the positive selection of 4.
hydrophila exconjugants. After each cross, eight colonies of exconjugants were
isolated and checked by DNA hybridization for the expected location of the
cartridge insertions in cyaA and cyaB chromosomal genes.

DNA manipulations and sequencing. Large-scale DNA isolation was carried
out using the plasmid Maxi-Kit (Qiagen, Inc.) as recommended by the manu-
facturer. Small-scale DNA preparation was performed according to the method
of Birnboim and Doly (3). Endonuclease digestions, alkaline phosphatase treat-
ments, ligations, Southern blotting, and hybridization methods were performed
as described by Maniatis et al. (14).

An M. jannaschii DNA fragment coding for a protein homologous to AC2
(MJ0240), AMJET17, was isolated from a genome library provided by the TIGR/
ATCC Microbial genome special collection (8).

DNA sequencing was performed by the dideoxy chain method of Sanger et al.
(19) with the Pharmacia sequencing kit and [a-3>S]thio-d ATP. Universal primers
or specific synthetic oligonucleotides were employed in this procedure.

Sequence comparisons were performed by using BLAST programs (1).

Cloning of the cyad and cyaB genes. A Sau3A partial digestion was performed
on A. hydrophila genomic DNA. The fragments ranging from 1 to 6 kb were
ligated into plasmid pBR322 cut with the enzyme BamHI. The E. coli TP610,
defective in AC, was transformed and screened for its ability to metabolize
maltose on MacConkey agar plates. Wild-type E. coli is able to ferment maltose
by expressing the maltose regulon, which requires cAMP for its expression (27).
The cya mutant TP610 cannot activate expression of the maltose regulon and
thus is not able to metabolize maltose. Mal™ and Mal™ phenotypes are easily
distinguishable on MacConkey maltose agar plates that include a pH indicator.
Mal™ cells form red colonies because of acid production during fermentation,
whereas Mal ™ cells remain white. Upon introduction of an A. hydrophila library
into TP610, most transformants formed white colonies on MacConkey maltose
agar plates containing ampicillin. However, a few red colonies were found. Two
plasmids, pDIA6589 and pDIA6526, were isolated from red transformants and
analyzed.

Production and purification of the AC2 protein. In order to overproduce and
purify the AC2 enzyme (which was shown to be cytoplasmic), the cyaB coding
sequence was amplified by PCR with two oligonucleotides, 5 GCCTGCACAT
GTCATCACAACAC 3’ and 5 AGAGCAGTTGCGGATCCTGGA 3'. The
PCR product, digested with AfIIIT and BamHI, was then cloned under the
control of the inductible #r¢ promoter in the pTrc99A expression vector and
digested by Ncol-BamHI, yielding plasmid pDIA6535.

A 1-liter culture of E. coli TP610 containing pDIA6535 was grown in 2YT
medium supplemented with Ap (100 pwg/ml) and Cm (30 pg/ml). When the
optical density at 600 nm reached 0.5, IPTG (1 mM) was added to the medium
in order to induce AC2 expression. At 3 h after induction, bacteria were har-
vested by centrifugation. The bacterial pellet, resuspended in 50 ml of Tris-HCl
buffer (50 mM, pH 7.4) supplemented with 1 mM dithiothreitol (DTT), was
sonicated and centrifuged for 15 min at 12,000 X g. The supernatant was then
kept frozen for further purification and AC assays.

The three-step purification procedure consists of chromatography on Blue-
Sepharose, DEAE-Sephacel, and Ultrogel ACA54. Then 250-mg portions of
crude bacterial extracts were first applied on a Blue-Sepharose column equili-
brated with 50 mM Tris-acetate buffer (pH 6). Most of the AC activity was found
in the column flowthrough, which contained 10% of the total applied proteins.
This fraction, which contained AC2, was applied to a DEAE-Sephacel column
equilibrated and washed with the Tris-acetate buffer. AC2 was recovered after
elution with 0.2 M NaCl added to the buffer. The AC2-containing fraction was
then applied on a ACA54 gel filtration column and equilibrated with Tris-acetate
buffer for further purification. All the washing, equilibration, and elution steps
were performed in the presence of 1 mM DTT at 4°C. The partially purified
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protein was aliquoted and kept in 50 mM Tris-acetate buffer supplemented with
DTT at —20°C. The protein concentration was determined according to the
method of Bradford (7) with a Bio-Rad protein assay kit (no. 500-0006). This
three-step procedure allowed a 10-fold purification of AC2. The protein was
shown by sodium dodecyl sulfate-polyacrylamide gel electrophoresis to be more
than 95% pure (data not shown). The identity of the purified protein was proven
by microsequencing its N-terminal peptide, SSQHF, which was found to corre-
spond to the cyaB nucleotide sequence.

In vitro assays of AC and cAMP. AC was assayed as described by Ladant et al.
(13). After tests under different conditions were performed, the assays were done
at 30°C in a volume of 100 pl containing 25 mM glycine (pH 9.5), 20 mM MgCl,,
and 10 mM [a-*?P]ATP (about 10° cpm/assay) and 0.1 mM cAMP (10* cpm/
assay). One unit of AC corresponds to 1 nmol of cAMP formed in 1 min at 30°C.

Total cAMP production was quantified by a radioimmunological assay (25)
with overnight culture supernatants heated to 100°C for 5 min. The amount of
cAMP was expressed as picomoles per milligram (dry weight) of bacteria.

Nucleotide sequence accession numbers. The DNA sequences reported in this
manuscript are deposited in the GenBank/EMBL/DNA Data Bank of Japan.
The ACI1 accession number is X95881, and the AC2 accession number is
AJ223730.

RESULTS

A. hydrophila cya genes. Complementing the cya defect of an
E. coli mutant with an A. hydrophila (strain 218) DNA genomic
library (constructed and screened as described in Materials
and Methods) led to the isolation of two distinct fragments
(cloned into plasmids pDIA6589 and pDIA6526; see Table 1).
Their nucleotide sequences were determined, and the corre-
sponding polypeptides were translated by using the universal
genetic code.

The first 2,896-bp fragment contained a gene, cyaA, coding
for a polypeptide of 843 amino acids, AC1, which displayed a
73% amino acid similarity (52% of which were identical) to the
E. coli AC. The second fragment was 1,451 bp. It contained
two open reading frames that comprised the coding sequences
of 162- and 191-amino-acid polypeptides, respectively. We
found a significant bias in RNY codons for the longer one
(34.6% instead of 25%) (21). The sequence of the 191-amino-
acid polypeptide was shown to be significantly homologous to
the gene products of three hyperthermophilic archaebacteria.
Moreover, disruption of this coding sequence abolished the cya
complementation ability of plasmid pDIA6535 (data not
shown). Thus, the longer coding sequence, cyaB, was consid-
ered to code for a genuine AC (see also below). The calculated
molecular size of the corresponding polypeptide, AC2, was
21.5 kDa, and its isoelectric point was 4.85. No sequence sim-
ilarity was found between this protein and AC1. The E. coli cya
mutant expressing the cyaB gene cloned into pBR322
[TP610(pDIA6526)] synthesized 54,000 pmol of cAMP per mg
(dry weight) of bacteria (i.e., 15 times more cAMP than was
synthesized by the E. coli cya mutant expressing the cya4 gene
cloned into the same vector [TP610 carrying pDIA6589]; Table
2). The complementation ability of AC2 in terms of cAMP
synthesis strongly suggests that AC2 was an AC.

The presence of a cyad gene coding for a class I AC in A.
hydrophila was not unexpected because of the closeness of this
strain to enterobacteria. In contrast, the presence of cyaB was
completely unexpected. We therefore investigated whether this
gene was present in other Aeromonas strains. An amplified
labeled probe (260 bp) internal to the cyaB gene was used to
screen Southern blots obtained from Aeromonas species. Sev-
eral Aeromonas species were found to be positive (A. hy-
drophila 218 and 543, A. caviae, and A. trota), whereas other
species were negative (4. eucrenophila, A. schubertii, A. sobria,
and A. veronii). In other species related to enterobacteria, such
as Vibrio cholerae and E. coli, no hybridization could be de-
tected (data not shown).

In vitro AC activity of AC2. In order to substantiate the
identity of AC2 as an authentic AC, the AC2 protein was

A. HYDROPHILA AC2: A NEW CLASS OF ADENYLYL CYCLASES 3341

TABLE 2. cAMP production measured in different strains
and constructions

cAMP
roduction
Strain cgﬁjl;g(r)is p(pmol/mg
[dry wt] of
bacteria)
TP610“ LB 33
TP610(pDIA6589) LB 600
TP610(pDIA6589) Glucose 3,700
TP610(pDIA6526) LB 10,500
TP610(pDIA6526) Glucose 54,000
TP610(pDIA6535) LB 5,500-9,000
TP610(pDIA6535) LB + IPTG 91,000
A. hydrophila wild type Glucose 226-240
A. hydrophila wild type Gluconate 1,070
A. hydrophila cyaA Glucose 70
A. hydrophila cyaA Gluconate No growth
A. hydrophila cyaB Glucose 160
A. hydrophila cyaB Gluconate 730
A. hydrophila cyaA cyaB Glucose 30
A. hydrophila cyaA cyaB Gluconate No growth
A. hydrophila cyaA cyaB pLA2917 Glucose 60
A. hydrophila cyaA cyaB pDIA6539 Glucose 1,800
A. hydrophila cyaA cyaB pDIA6539 Gluconate 2,300

“TP610 is the E. coli cya mutant strain.

purified from E. coli cells containing plasmid pDIA6535 (as
described in Materials and Methods). Microsequencing of its
N-terminal end produced the sequence SSQHF, which is iden-
tical to that of the N terminus predicted from the cyaB gene
sequence (except for removal of the N-terminal methionine
residue). Different substrates and assay media were then tested
for their effects on AC activity.

The optimal concentration of ATP was 10 mM. AC2 did not
exhibit any guanylyl cyclase activity, and the addition of 5 mM
GTP was found to abolish the enzyme activity completely. The
influences of ions, salt concentration, pH, and temperature on
the activity of purified AC2 were tested further. It was found
that CaCl, and MgCl, increased the specific activities 1.3 and
4 times, respectively. The maximum activity occurred when the
MgCl, concentration was 20 mM. Remarkably, the optimal pH
range for activity was 8.5 to 10. The maximum activity of this
enzyme was obtained in a 25 mM glycine buffer at pH 9.5 (Fig.
1A). At this pH, the specific activity reached 800 nmol/min/mg,
which is 25 times greater than the value obtained under the
same conditions (2 mM ATP, 20 mM MgCl,) at pH 7.4. More-
over, when a range of temperatures from 25 to 90°C was tested,
it was shown that a maximum activity of 6,300 nmol/min/mg
(about 8 times the activity observed at 30°C) was reached at
65°C (Fig. 1B).

Biological functions of AC1 and AC2 in 4. hydrophila. In
order to explore the respective contributions of the two ACs in
cAMP-dependent functions, we disrupted both cya genes in
the chromosome. Knockout mutations of cyaA, cyaB, and cyaA
cyaB were constructed. The phenotype of each strain was sub-
sequently investigated.

(i) Disruption of the cyad and cyaB genes. A. hydrophila
strains harboring a disrupted cya4 and/or cyaB gene were
constructed by chromosome in situ recombination with a sui-
cide vector. The conjugative cosmid pSUP202 was chosen for
these experiments because this pBR325 derivative replicates
only in E. coli (23). The cyaA and cyaB genes were first cloned
into pSUP202 and subsequently disrupted by inserting a Sm" or
Km" cartridge into each gene, yielding plasmids pDIA8516 and
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FIG. 1. AC2 specific activity. (A) Influence of pH. (B) Influence of temper-
ature.

pDIAS8507, respectively. These plasmids were then transferred
by conjugation from the E. coli donor strain (S17.1) into the A.
hydrophila recipient strain as described in Materials and Meth-
ods. Selection of the recombinants was performed with Sm and
Km as selective agents and cyaA, cyaB, and cyaA cyaB recom-
binant strains were isolated. The presence of the inserts at the
expected position was controlled by Southern hybridization as
described in Materials and Methods.

(ii) Phenotype of the different A. hydrophila cya mutant
strains. In the first set of experiments, the growth of the A.
hydrophila exconjugants was tested on 100 different carbon
sources by using Biotype 100 strips. Compared to the A. hy-
drophila wild type, the cyaA and cyaA cyaB mutants failed to
grow on about 20 substrates (data not shown). Inability to grow
on maltose, galactose, glycerol, and succinate is a typical man-
ifestation of cAMP defect as previously demonstrated in E. coli
(5, 27). Further experiments showed that addition of cAMP to
the media restored growth of the cya4 and cyaA cyaB mutants
on all of these carbon sources. In contrast, the A. hydrophila
wild type and its cyaB derivative did not show any growth
differences on the different carbon sources.

In E. coli, bacterial motility depends on the presence of
flagella, and the master operon which controls the expression
of flagellum synthesis has been shown to be positively regu-
lated by the cAMP-CAP complex (2). This highly sensitive
cAMP-dependent function prompted us to test the swarming

J. BACTERIOL.

ability of the A. hydrophila exconjugants. Our results showed
that the motility of the cyaA and cyaA cyaB mutants was abol-
ished, indicating that it is a cAMP-dependent process as in E.
coli. In contrast, motility of the cyaB mutant was not affected.
The motility of the four types of A. hydrophila strains were as
follows (as measured by swarming diameter): wild type, 30
mm; cyaA, 2 mm; cyaB, 27 mm; and cyaB cyaA, 2 mm.

We deduced that disruption of the cyaB gene had no effect
on several cAMP-dependent processes, since the cyaB mutant
and the wild-type strain exhibited the same phenotype. We
therefore measured the presence of cAMP in A. hydrophila
derivative cultures. Table 2 displays the results of cAMP con-
centration measurements. Clearly, disruption of the cya4 gene
impaired cAMP synthesis, whereas disruption of cyaB had no
effect. This indicates that under the physiological conditions
tested the cyaB gene had no function in cAMP processes.

We then investigated whether modifying the growth condi-
tions could have an effect on cAMP production. A variety of
conditions were assayed; we found that neither changing the
pH of the medium (from 5 to 10), the salt concentration range
(from 0.1 to 1 M NaCl), or the temperature of growth (from
30°C to 50°C) nor testing under anaerobic conditions allowed
restoration of cAMP-dependent growth or swarming for the
cyaA exconjugant.

(iii) Complementation. Despite the absence of classical cya-
related phenotypes of cyaB mutants, restoration of the cAMP-
dependent phenotype was obtained after introduction of a low-
copy-number plasmid harboring the cyaB gene (pDIA6539)
into the cyaA mutant or into the cyad cyaB double mutant. In
this construction, the cyaB gene was cloned in the direction
opposite that of the Km" gene promoter of pLA2917. This
demonstrated that a cyaB promoter is located in the 350-bp
DNA region located upstream from the start codon of the
gene. Thus, one to three copies of pDIA6539 in the cya4 cyaB
A. hydrophila derivative strain allowed cAMP synthesis (higher
than in a wild-type strain [Table 2]). We showed that repeating
the same experiment with a plasmid carrying an interrupted
cyaB gene (pDIA6540) in the cyaA derivative as a control
could not restore the cAMP-dependent phenotypes.

DISCUSSION

Cloning the cya genes from A. hydrophila to complement the
defect of an E. coli cya mutant led to the identification of two
distinct genes, namely, cyad and cyaB. cyaA codes for an AC
which is 73% similar to its E. coli counterpart. The gene shares
the same locus organization (the same neighboring coding
sequence, conserved promoter region, a poor ribosome bind-
ing site, and a TTG instead of ATG as a translation initiation
codon), suggesting a similar mode of transcription and trans-
lation regulation (26). This AC belongs to the class I ACs. In
contrast, cyaB has no homology with cya4 or with any identi-
fied cya gene from other organisms. In the present study, we
investigated the biochemical characteristics and biological
functions of the cyaB gene product. The purified cyaB-encoded
protein, AC2, was shown in vitro to synthesize cAMP from
ATP, demonstrating that it is an authentic AC. This 191-ami-
no-acid 21-kDa protein exhibits unusual biochemical charac-
teristics. The best conditions for maximal AC activity were
found to be pH 9.5 in a 25 mM glycine buffer with 20 mM
MgCl,. Moreover, a high temperature had an unexpected ef-
fect, increasing the cAMP synthesis eight times compared to
the amount obtained at 30°C, which is the optimal temperature
for A. hydrophila growth. The specific activity of AC2 under
these conditions reaches 6,300 nmol/min/mg. This compares
with the in vitro activity of the E. coli class I AC (700 nmol/
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1 50 100
AHAC2 MSSQHFQGRF EVEFKYRLSD VDAFTCALAA LNPEVMLEDN QEQDSYFDTP EHSLAAEGKS LVIRTMQPSG IQLWIVKGPE AD..... RCE .AVNITDADK
MTH1629 ........ MI EVEVKAKIHD RDEMVDRILS VGGV.HVSDE EQHDLYFNAP HRDFARTDEA LRIR..RSGG RTFITYKGPK IDEESKTRKE LETEVADPGT
MJ0240 ..., MI EVEIKVKIDD KNKVVEQLKK LGFK.FIKKK FQEDIYFNGI DRDFRETDEA LRIR..DEDG NFFVTYKGPK IDKISKTREE IEVKIEDKEK
AF1988 ..., .MEVEAKFPY REGVEEKVKE IA.E.LIIEK FEHDIYFSHP CRDFASSDEA LRIR..QDVE GITLTYKGPK VDVETKSREE VKLKVENFEA
Consensus . ....... mi evEvkaki.d rd.vve.lk. lg.e..i.dk fehDi¥Fn.p .rdfa.tdea LriIR..q..g ..f.tyKGPk iD.esktReE .evkied.ek

101 150 198
AHAC?2 AASMLRTLGY RQVLAISKRR SIYFVGPFHV TRDHLEGIGD FAELAIMTDD EALLPDYRQQ LQDLATRLGL SSAQLETRSY RTLCEQSLTL NSEKVPS.
MTH1629 AAEILESLGF RMVREVVKER RIYSVGEFTV SIDTVMGLGT YLEIERDLPD GSDYAGALRE IFELYRKLGI E.DGFERRSY LEL....LEL GEE.....
MJ0240 MRQIFKKLGF KEVPPIRKIR EIYKKEDIEA SIDDVEGLGL FLELEKSISD INEKDKVLEE MMEILKALNI SKDNIIRKSY LEL....RGL Z.......
AF1988 AKQILEKLGF RAVAEVKKLR RIYGLCEAII CLDDVEGLGK FVEIEVEADN IDAKEK.... VFSIAEQLGY SRNESIRDSY LEL....ILQ KKSRKESL

Consensus aaqilekLGf r.V.ei.K.R rIY.vgef.v siDdveGlG. flEie...dd i..k.k.l.e .feia..Lgi s.d..errSY leL....l.1 ..e.....

FIG. 2. Sequence alignment (as determined with the Multialign program) of the 4. hydrophila AC2 protein (AHAC?2) and the three homologous proteins found
in the databases: protein from M. thermoautotrophicum (MTH1629), protein from M. jannaschii (MJ0240), and protein from A. fulgidus (AF1988).

min/mg) (28) or the yeast Saccharomyces cerevisiae class III AC
(1,000 nmol/min/mg for the H-Ras and cyclase-associated-pro-
tein-activated form [22]). This is, nevertheless, not as efficient
as the activity of class II ACs, such as the Bordetella pertussis
toxic AC, which was shown to be 2,000 pmol/min/mg in the
presence of calmodulin (6).

Whereas activities of AC1 and AC2 are comparable, their
different optimal biochemical conditions for a maximal in vitro
activity (37 to 45°C and pH 8.5 for a class I AC [28]; 65°C and
pH 9.5 for AC2) led us to think that both enzymes may have
different in vivo effective functions.

A. hydrophila is an opportunistic enteropathogen with at
least 10 well-defined virulence factors, including enterotoxins,
hemolysins, and proteases (11, 20). It is conceivable that the
AC may play a role in pathogenicity like that of the calmodu-
lin-activated toxic cyclases of the B. pertussis and B. anthracis
pathogens. We did not find, however, significant homology
between AC2 and the toxic class of ACs. Moreover, there was
no evidence indicating that the protein is secreted, a general
prerequisite for a toxic function. The sequence analysis of AC2
polypeptide excluded the presence of a signal peptide, and
when screening for genes in the adjacent DNA regions of the
cyaB gene, we could not detect any known system for secretion
(9, 18). Finally, the presence of AC2 could not be detected in
an A. hydrophila culture supernatant (data not shown). The
hypothesis of a toxic role was therefore not retained.

To investigate the function of AC2 in vivo, cyaA, cyaB, or
both genes were disrupted in the chromosome. Analysis of the
phenotypes associated with cAMP-dependent functions dem-
onstrated that only cya4 inactivation was effective, resulting in
a total loss of cAMP synthesis. In contrast, ;CAMP production
in the cyaB-inactivated mutant was similar to that in the wild
type. This indicates that, instead of being a secondary AC, AC2
has either another function in A. hydrophila or, more likely, the
protein is not expressed in the environmental context tested.
cAMP synthesis resulting from AC2 expression was, however,
obtained in the double cyaA cyaB A. hydrophila disruptant after
the introduction of a low-copy-number plasmid containing the
cyaB gene. This suggests that the cyaB gene expression is neg-
atively regulated when in the chromosome. Whether this is due
to a cis or trans effect could not be concluded from this exper-
iment alone. Further experiments were undertaken to test
whether a transcriptional repressor could have been titrated
out by the introduction of a few copies of the cyaB promoter
region (the 350 bp located upstream from the start codon) and
would allow AC2 expression in the cya4 mutant. Our experi-
mental data suggest that repression is due to the cyaB gene
chromosomal location or that the putative negative regulation
site is far upstream and thus not present in the constructions.

Finally, the fact that the best conditions for the in vitro
cAMP production are 65°C and pH 9.5 suggests that the en-

zyme may have been recruited and expressed in particular
biological situations. Attempts to reproduce some extreme
growth conditions (e.g., alkaline growth media, high growth
temperatures, and heat shock) to derepress cyaB gene expres-
sion failed to show any effect. Conditions in which activation of
the gene expression occur therefore remain to be identified.

To date, the presence of a cyaB gene counterpart (detected
by DNA hybridization) was found in only three Aeromonas
species: A. hydrophila, A. caviae, and A. trota (data not shown).
These bacteria have been isolated from aquatic ecosystems
and/or were associated with intestinal and extraintestinal in-
fections. No other phylogenetically related bacteria have been
found to harbor a homologous gene. These genes, which seem
to be exclusively found in Aeromonas species, define a new
class of ACs. This gives a new start to the debate on the
evolution of the cyclase’s function, since the discovery of such
a new and different class of ACs illustrates a phenomenon of
evolutionary convergence rather than divergence (10).

A review of the protein databases revealed that there is a
significant homology between AC2 and the product of genes
belonging to hyperthermophilic archaebacteria: M. thermoau-
totrophicum, A. fulgidus, and M. jannaschii. The hypothetical
proteins encoded by these genes have sizes very similar to that
of AC2. A sequence alignment comparison between the four
gene products indicates a strong degree of similarity (Fig. 2).
This is a particularly exciting finding since these genes were
first classified with other archeal genes with no known func-
tion, providing evidence that the Archaea evolved separately
from other organisms on Earth (8). Furthermore, considering
the supposed absence of CAMP in Archaea together with AC2’s
thermophilic properties, this aroused special interest.

The M. jannaschii gene was cloned into pBR322 and into a
construction in which the coding sequence (MJ0240) is under
pTrc99A transcriptional and translational control. We were,
however, unable to determine whether the product of the gene
has an AC activity. None of the constructions could comple-
ment an E. coli cya mutant, and no cAMP synthesis could be
detected in the bacterial extracts under the optimal conditions
for the AC2 activity (65°C, pH 9.5).

The presence of a similar gene in such phylogenetically di-
vergent bacteria and its absence in other organisms led us to
consider a probable horizontal gene transfer. The lack of cor-
respondence between rRNA evolutionary patterns and meta-
bolic gene patterns suggests that species frequently swap their
genetic materials (17). However, considering the distant envi-
ronments of these bacteria (fresh and estuarine cold water for
Aeromonas sp., high temperature sewage digestor for M. ther-
moautotrophicum, geothermally heated sea floor for A. fulgi-
dus, and deep sea marine hydrothermal vent for M. jannaschii),
such a transfer appears somewhat unlikely. Moreover, accord-
ing to a recent proposal of the evolutionary biologist Giinter
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Wiichtershéduser, “it is impossible for a hot organism to ex-
change genes with a cold organism, and vice versa” (16). Thus,
such an exchange would have more likely occurred with an
archaebacterium living in a similar environment, for example,
Methanobacterium wolfei or Methanococcus voltae, which are
found in river and estuarine sediments, respectively.
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