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Abstract Today, there is evidence that the cAMP-dependent
kinases (PKA) are not the only intracellular receptors involved
in intracellular cAMP signalling in eukaryotes. Other cAMP-
binding proteins have been recently identified, including some
cyclic nucleotide-gated channels and Epac (exchange protein
directly activated by cAMP) proteins. All these proteins bind
cAMP through conserved cyclic nucleotide monophosphate-
binding domains. However, all putative cAMP-binding proteins
having such domains, as revealed by computer analysis, do not
necessarily bind cAMP, indicating that their presence is not a
sufficient criteria to predict cAMP-binding property for a pro-
tein.

© 2003 Federation of European Biochemical Societies. Pub-
lished by Elsevier Science B.V. All rights reserved.
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1. Cyclic AMP (cAMP)-dependent protein kinases do not
account for all effects of cCAMP in vertebrate cells

cAMP is a second messenger playing, in eukaryotes, a cru-
cial role in the intracellular signal transduction of various
stimuli controlling a wide variety of cellular events including
function, secretion, cell shape, cytoskeletal modelling, cell mi-
gration, proliferation, differentiation, and apoptosis. Since the
seventies until a few years ago, it was believed that most if not
all the cAMP effects were mediated by the activation of the
cAMP-dependent kinases (PKA). PKAs are present, in most
cells, as two types of isoenzymes, PKAI and PKAII, which
are tetramers composed of two catalytic (C) and two regula-
tory (RIo,p or RIIo,B) subunits [1]. Each R subunit has two
cAMP-binding domains (site A and site B). Upon binding of
two cAMP molecules on both R subunits, the inactive tet-
ramer is dissociated into one dimer of R subunits and two
active C subunits which then phosphorylate various cytoplas-
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mic and nuclear target proteins. Later, some cyclic nucleotide-
gated (CNG) channels were found to be directly activated by
cAMP in some specialised cells like in olfactory neurones
where they play a role in the transduction of sensory signals
[2-4].

In 1997, we suggested that PKA-independent mechanisms
might be required in some cAMP-dependent effects in thyroid
cells [5]. Indeed, the microinjection of active PKA was not
sufficient to induce cell proliferation or the expression of thy-
roglobulin, a thyroid-specific gene, although it mimicked some
other cAMP-stimulated events such as thyroperoxidase ex-
pression and typical morphological changes. However, all
cAMP effects required PKA activation showing that PKA
was necessary. Following our data, the involvement of
PKA-independent pathways has also been suggested in other
cAMP-mediated events in different cell types, for example, in
the glial fibrillary acidic protein induction in glial cells [6], in
the mitogen-activated protein kinases activation in melano-
cytes [7], in the differentiating action of FSH in granulosa
cells [8], in actin depolarisation in skeletal muscle cells [9],
and in the inhibition of interleukin-5 release by human T
lymphocytes [10]. These conclusions were mainly based on
the absence of inhibition of cAMP effects by H89, a suppos-
edly specific PKA inhibitor. Taken together, all these reports
suggested the existence and the importance of PKA-indepen-
dent pathways in the transduction of many cAMP-mediated
effects, and thereby called into question the dogma consider-
ing PKA as the main intracellular receptor of cAMP in mam-
malian cells. Based on such findings, searches for other cAMP
effectors were initiated by different groups. They were based
on Blast searches of proteins with a similitude to PKAs, ca-
tabolite gene activation proteins and CNG channels.

2. cAMP-binding proteins related to catabolite gene activator
protein (CAP)

In 1998, two novel cAMP receptors, Epacl and Epac2 (ex-
change factor directly activated by cAMP, also called cAMP-
GEFI and cAMP-GEFII), were identified [11,12]. The Epac
proteins are guanine nucleotide exchange factors (GEFs)
which, upon cAMP binding, specifically activate the small G
proteins Rapl and Rap2 [13]. Epacl and Epac2 have respec-
tively one and two cAMP-binding sites which are located in
the N-terminal part of the proteins. Epacl is broadly ex-
pressed, whereas Epac2 is prominent in the brain and the
adrenal glands [12].

Along with the Escherichia coli CAP, all the cAMP-binding
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Fig. 1. Alignment of the cNMP-binding domains of new putative cAMP-binding proteins with those of the cAMP-binding proteins used as
queries in Blast searches. These are E. coli CAP (P03020), human RIo (P10644), RIB (P31321), RIlo (P13861) and RIIB (P31323), human
Epacl (AF103905) and cAMP-GEFII (U78516) and human CNG-2 (Q16280). Regions of secondary structure in CAP sequence according to
its crystal structure are indicated at the top. Residues of high consensus value (80%) are coloured in black, residues of low consensus value

(40%) are coloured in grey.

proteins known at that time shared a common cyclic nucleo-
tide monophosphate (c(NMP)-binding domain. The structure
of CAP has been crystallised. According to the crystal struc-
ture of CAP, the cNMP-binding domain consists of a stretch
of 120 amino acids containing a first o-helix, an eight-
stranded anti-parallel B-barrel structure followed by two other
o-helices [14]. The cyclic nucleotide binding occurs in a pocket
formed by the o-helix C and B-barrel, where the remaining
invariant residues are located [15,16].

Based on sequence homology with the cNMP-binding do-
main of CNG-gated channels, a novel family of hyperpolar-
isation-activated cation channels (HAC1-3) expressed in brain
and heart has been later identified [17]. The cAMP binding
permits the channels to open more rapidly [18]. The possible
existence of other cAMP-binding proteins having such a CAP-
related cAMP-binding domain in eukaryotic cells is the ques-
tion we have addressed in this review.

3. Other new putative cAMP-binding proteins related to CAP

To identify new cAMP-binding protein coding sequences,
we performed an advanced TBLASTN search in the non-re-
dundant DNA sequence and expressed sequence tag (EST)
databases using the cNMP-binding domains of the proteins
known to bind cAMP as query sequences. These proteins were
the regulatory subunits RIo, and RIIo,p of PKA, Epacl and
2, the olfactory channel (CNG-2) and CAP of E. coli. The
output protein sequences unrelated to the queries were then
analysed by the profile scan software available on the Expasy
web site (www.expasy.ch). Three sequences encoding proteins
containing one or several cNMP-binding motifs (PS50042)
were retrieved: the neuropathy target esterase (NTE, acces-
sion number: NMO006702) which contains three putative
cAMP-binding sites, a mouse embryo EST sequence
(AI595216, Image 493605 cDNA clone) and the KIAA0313
human sequence (accession number: AB002311) provided
from brain cDNA sequencing [19]. The alignment of their
cNMP-binding motifs with the cAMP-binding domains of
the query sequences was performed with the MultiAlign bio-
informatic tool (Fig. 1). All these five putative cyclic nucleo-
tide-binding domains fit quite well with the consensus se-

quence determined from the CAP-related proteins. Most of
the conserved residues, located in the B-barrel, critical for
the structure of the cAMP-binding pocket or involved in the
cAMP interaction, were also found in the new putative
cAMP-binding domains. In KIAAO0313 we found the
-G-GE-VI-G-V- and -G-FG- but not the PRAA/T motifs;
in AI595216 we found -G-GD-Y-A-V-G-I- and -FGE-
PRT-A-F-V- motifs; in NTE we found -G-(Q)GQ/D-
Y-V-G-(V)- in the three cNMP motifs of this protein; the
PRAT sequence was only found in the third domain. As
this motif was described to be involved in the interaction
with the cyclic nucleotide, we presumed that this third
cNMP-binding domain was the most likely to bind cAMP
as compared with the other two.

NTE is a large transmembrane protein with a serine ester-
ase activity which catalyses hydrolysis of lysophospholipids
[20,21]. It is abundantly expressed in neurones of the brain,
but also in a variety of non-neuronal tissues including intes-
tine, placenta, testis and kidney. NTE inhibition by organo-
phosphorus esters is responsible for the organophosphate-in-
duced delayed neuropathy characterised by a paralysis of the
lower limbs due to degeneration of long axons in the spinal
cord and in peripheral nerves. In Drosophila, its homolog, the
Swiss cheese (SWS) protein, is required for brain develop-
ment. The catalytic domain of NTE is located in the C-termi-
nal part of the protein; the N-terminal part, which contains
the three cNMP-binding domains, constituting a putative reg-
ulatory domain.

The Im493605 sequence encodes a 228 residues polypep-
tide; we renamed it Im49. This small protein contains only
one putative cNMP-binding site. Although this sequence was
isolated from a mouse embryonic library, a Blast search using
the Im49 clone sequence revealed only bacterial homologous
sequences. It was not found in any eukaryote genome. The
highest homology was found for a hypothetical protein from
Pseudomonas fluorescens (ZP00086400.1), showing 70% iden-
tity with Im49. Furthermore, Northern blotting or reverse
transcription-PCR reactions did not allow us to detect or
amplify this sequence using adult or embryonic mRNA as
material sources. These observations led us to conclude that
Im49 was probably not coded by the mouse genome but most
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probably by a bacterial organism infecting the mouse or the
c¢DNA preparation during library construction.

KIAAO0313 encodes the PDZ-GEF1 protein which was, at
the same time, identified as a new Rap-specific GEF protein
[22]. This protein is clearly related to the Rap-GEF family: it
presents an overall similarity of 29% with Epacl, and homol-
ogy raises to 50% in the cNMP-binding and GEF domains.
However, unlike the Epac protein, PDZ-GEF1 was shown not
to bind cAMP and its Rap-GEF activity not to be regulated
by this second messenger [23]. It contains a PDZ domain, but
its mechanism of regulation is not yet elucidated.

4. Demonstration of cAMP binding: methods

Following sequence analysis, the next step was to verify, by
biochemical procedures, whether the putative cAMP-binding
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proteins are really able to bind cAMP. A useful method,
which has often been used to detect the R subunits of PKA
in cell or tissue extracts, is the photolabelling with 8-azido-
[**P]cAMP. Pull down assays using cAMP-linked agarose
beads (N6- or C8-linked beads from Sigma) is another simply
method, which has been used by Kawazaki to demonstrate the
cAMP-binding property of the Epac proteins [12]. Both can
be performed using either in vitro translated proteins or pro-
teins expressed either in BL21 bacteria such as GST-tagged
proteins, or in COS cells such as myc- or His-tagged proteins.
In our hand, both methods worked beautifully with the Rla
subunit, but not convincingly with full length Epac. Obtaining
large amounts of recombinant protein from bacteria is diffi-
cult for long transmembrane proteins, so for NTE, we decided
to express only shorter fragments containing either the first
cNMP-binding domain alone (NTE-dl), the second plus the
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Fig. 2. cAMP-binding assay using small Microcon spin down filters (Microcon YM-10 from Amicon). The sample (300 pl), containing
[PH]JcAMP and the purified protein, was applied on the top of the filter. Filters were centrifuged so that the upper volume, in which the protein
was concentrated, was reduced 10-fold. cpm content of 20 pl was counted before the centrifugation in the initial sample (start) and after centri-
fugation, in the upper fraction (top) and the flow-through (FT). A: cAMP binding on purified His-tagged Rla (expressed in bacteria) using
buffer containing 0.1uM [PH]cAMP in the absence or with increasing amounts of unlabelled cAMP; B: binding on purified GST-tagged Im49
and GST-tagged NTE-d2 (containing the second and third cNMP-binding domains) using buffer containing 0.1, 0.3 or 1 uM [*H]cAMP; re-
sults were expressed in terms of the ratio of cpm counted at the end vs the initial cpm amount (icpm); competition of the binding was made

with 1 mM of unlabelled cAMP (+cold).
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third domains (NTE-d2), or all three domains (NTE-d3) fused
to GST. EpacAcA, deleted from its N-terminal part contain-
ing the cNMP-binding domain, and an irrelevant protein used
as negative controls were negative. However, no specific
cAMP binding was observed with NTE (full length or
cNMP-containing domains) and Im49.

As we were unable to show binding of the 8-azido-cAMP
analog to full length Epac, one of our positive controls, any
conclusion could be drawn from the photolabelling experi-
ments. The inability of Epac to bind cAMP in the pull
down assays, using cAMP-agarose beads, does not agree
with previous data published by Kawazaki. This negative re-
sult may be explained by the fact that the interaction of
cAMP with Epac has been reported to be highly dynamic,
implying a rapid dissociation rate [24]. Therefore, this suggests
that the use of non-equilibrium methods may be not appro-
priate to detect cAMP binding on Epac. A suitable equilibri-
um cAMP-binding assay is the Hummel and Dreyer method
based on size-exclusion chromatography (Sephadex G-25) us-
ing [’H]cAMP-containing buffer for equilibration and elution.
This method worked very well in our hands with both RI
subunit and Epac. Because our new putative cAMP-binding
proteins NTE and Im49 might have a rapid dissociation rate,
we decided to test their cAMP-binding abilities with this
assay. However, our tested proteins, especially NTE, aggre-
gated and bound irreversibly on the Sephadex columns. Sev-
eral buffers were tested, but no convincing results were ob-
tained.

We then developed a new method using small Microcon
spin down filters (Microcon YM-10 from Amicon). The sam-
ple (300 ul), containing [*H]JcAMP and the purified protein, is
applied on top of the filter. Filters are centrifuged so that the
upper volume, in which the protein is retained, is reduced 10-
fold. In the case of cAMP binding to the protein, the concen-
tration of the labelled nucleotide should increase in the upper
part of the filter and decrease in the flow-through. Inversely
concentrations should remain unchanged in the absence of
binding. By this method both purified Epacl and Rlo subunit
bound highly and specifically cAMP. The binding was abol-
ished in the presence of unlabelled cyclic nucleotide (cAMP
1 mM) and was not observed with the bovine serum albumin
used as a negative control. In the absence of unlabelled car-
rier, the percentage of cCAMP bound to Rlo was estimated to
be around 81% (Fig. 2A). Consistent with the known affinity
of the R subunit for cAMP, this percentage progressively
diminished in the presence of increasing concentrations of
unlabelled cAMP. Using this protocol, we have tested the
cAMP binding on purified Im49-GST and NTE-d3-GST pro-
teins. However, as shown in Fig. 2B, no cAMP binding to
these queried proteins has been observed, even for concentra-
tions of [PH]JcAMP raising up to 1 uM (Dremier, unpublished
data).

5. Significance of algorithm-predicted cNMP-binding domains

Since the discovery of CNG channels and Epac proteins
and according to several studies, including our work in thy-
roid cells [5], reporting the involvement of PKA-independent
mechanisms in various cAMP-mediated effects, it is now evi-
dent that PKAs are not the only intracellular cAMP receptors
playing a critical role in the transduction of the cAMP signal
in eukaryotes. Using a bioinformatics search, NTE, Im49 and
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PDZ-GEF1 were identified as new putative cAMP-binding
proteins having a cNMP-binding site related to CAP.

For PDZ-GEF1, which was identified simultaneously by us
and several other groups, different contradictory data have
been published concerning its ability to bind cAMP [25-27].
Indeed, Pham et al. reported that CNrasGEF, a protein iden-
tical to PDZ-GEF1, was a cAMP-responsive GEF for the
small G protein Ras. However, a recent publication strongly
suggests that PDZ-GEF1 definitely does not bind cAMP and
that cAMP does not regulate its GEF activity [23]. The same
conclusion has also been drawn for PDZ-GEF2, a new mem-
ber of this protein family.

For NTE and Im49, neither the 8-azido-[*?PJcAMP photo-
labelling and cAMP-agarose pull down procedures, which
worked nicely with the R subunit (but not with Epac), nor
a new equilibrium cAMP-binding assay using small Microcon
spin down filters, which worked with both Epac and R sub-
unit, allowed us to demonstrate that these proteins were able
to bind cAMP. Negative results could still be explained by the
use of a non-appropriate method or procedure, by an incor-
rect folding of the protein after purification, by an absence
of critical post-translational modification, or by requirement
of interactions with protein partners, membranes or lipids.
Nevertheless, consistent with our findings, it has recently
been reported that cAMP does not regulate the in vitro ester-
ase activity of NTE [21].

All these observations raise the question of the biochemical
significance of cNMP-related binding domains. One probable
explanation is that they result from biological evolution. We
may suggest that their ancestral proteins were able to bind
cAMP, but that this property has been lost with evolution.
It is also possible that these proteins bind another nucleotide
or another similar small molecule. Our observations indicate
that the presence of a predicted cNMP-binding domain iden-
tified by bioinformatics tools is clearly not a sufficient criteria
to predict a cAMP-binding property for a protein. By exten-
sion, we may assume that this is true for any predicted protein
domain, so that such kind of data should be carefully exam-
ined before drawing conclusions about their real functional
significance.

6. cAMP-binding proteins non-related to CAP

The possible existence of unknown cAR proteins remains
an intriguing question.

In addition to the cAMP-binding proteins related to CAP,
including R subunits of PKA, CNG channels and Epac pro-
teins, at least two other types of cyclic nucleotide-binding
proteins exist: the cyclic nucleotide phosphodiesterases
(PDE, reviewed in [28]) containing a catalytic cyclic nucleo-
tide-binding site and, for the PDE 2, 5, 6 isoforms, two addi-
tional non-catalytic cyclic nucleotide-binding sites named
GAF domains (cGMP-specific and stimulated PDEs, Anabae-
na adenylate cyclases, and E. coli FhlA, [29]) and the plasma
membrane cARs of Dictyostelium playing critical roles in the
differentiation of this organism [30].

The observation that, in response to stimuli, cCAMP is ex-
ported out of various cell types including renal cells, adipo-
cytes, glial cells and cardiomyocytes suggests the existence of
cAMP exporter proteins and even extracellular cAMP recep-
tors in eukaryotes [31]. Identification of cAMP-binding pro-
teins related to PDEs or to Dictyostelium cARs should be
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attempted. Such proteins could be either identified by bioin-
formatics approaches, as we did with cAMP-binding proteins
related to CAP, or isolated from cell or tissue membrane
preparations by 8-azido-[*PJcAMP photolabelling, as it was
successfully done to isolate several cARs of Dictyostelium
[32,33].
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