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Exchange protein directly activated by cAMP (EPAC) interacts with the light

chain (LC) 2 of MAP1A
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Molecular Pharmacology Group, Division of Biochemistry and Molecular Biology, Faculty of Biomedical and Life Sciences, University of Glasgow, Davidson Building,
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Using EPAC1 (exchange protein directly activated by cAMP 1)
as bait in two-hybrid screens of foetal and adult human brain li-
braries, we identified the LC2 (light chain 2) of MAP1A (micro-
tubule-associated protein 1A) as a protein capable of interaction
with EPAC1. We applied an immunoprecipitation assay to demon-
strate protein interaction between EPAC1 and LC2 in co-trans-
fected human embryonic kidney 293 cells. EPAC2 also co-im-
munoprecipitated with LC2 from extracts of rat cerebellum.
Immunolocalization in co-transfected human embryonic kidney
293 cells revealed that EPAC1 co-localizes with LC2 throughout
the cell body. We found that endogenous EPAC?2 is also immuno-
localized with LC2 in PC12 cells. Immunolocalization of EPAC1
in transfected COS1 cells showed that EPAC1 is associated with
the perinuclear region surrounding the nucleus and filamentous
structures throughout the cell. Removal of the cAMP-binding
domain of EPAC1 (AcAMP-EPACT1) appeared to disrupt targeting
of EPACI in cells resulting in a more dispersed staining pattern.

Using two-hybrid assay, we tested the ability of LC2 to interact
with AcAMP-EPAC1 and ADEP-EPACI, which lacks a DEP
domain (dishevelled, Egl-10 and pleckstrin homology domain).
We found that deletion of the cAMP-binding domain inhibited
interaction between EPAC1 and LC2 in a two-hybrid assay, but
removal of the DEP domain had little effect. LC2 was found
to interact with a glutathione-S-transferase-fusion protein of the
cAMP-binding domain of EPACI in a pull-down assay, but not
the DEP, REM (Ras exchange motif) or CAT (catalytic) domains.
Together with our two-hybrid results, this suggests that the cAMP-
binding domain of EPAC1 mediates interaction with LC2.

Key words: cAMP-binding domain, cAMP-guanine nucleotide
exchange factor (c(AMP-GEF), exchange protein directly activ-
ated by cAMP (EPAC), microtubule-associated protein 1A
(MAP1A), yeast two-hybrid.

INTRODUCTION

Many extracellular physiological signalling agents increase the
intracellular levels of the ubiquitous second-messenger cAMP
[1]. These include immunomodulators, neurotransmitters and hor-
mones, which typically activate the seven-transmembrane domain
class of G-protein-coupled receptors [1]. Ligand binding causes
activation of heterotrimeric G-proteins that stimulate one or more
isoforms of adenylate cyclase to catalyse production of cAMP.
Intracellular levels of cAMP are then regulated through the action
of cAMP phosphodiesterases, which degrade cAMP to 5'-AMP
[2]. Until very recently, the intracellular effects of cAMP were
supposed to be transduced solely by PKA (cAMP-dependent pro-
tein kinase) in most cell types [3]. Recently, however, there have
been consistent reports that certain signalling actions of cAMP
are not mediated by PKA [4]. Insight into this very important, new
PKA-independent signalling system has arisen from attempts to
delineate the pathway by which cAMP activates the small GTPase,
Rapl1 [5]. These studies implicate direct activation of Rapl by a
recently discovered family of GEFs (guanine nucleotide exchange
factors) called cAMP-GEFs or EPAC (exchange protein directly
activated by cAMP), with no involvement of PKA [6,7]. Therefore
EPACs represent a novel mechanism for governing signalling
specificity within the cAMP cascade [6-9].

EPAC1 and EPAC2 are multidomain proteins containing an
autoinhibitory cAMP-binding domain that inhibits the cataly-
tic region and a DEP domain (dishevelled, Egl-10 and pleck-
strin homology domain), which is supposed to be involved in
membrane localization [10]. The presence of cAMP-binding
sites in EPAC proteins facilitates their direct activation by
cAMP, independent of the activation of PKA [6,7]. EPAC2 has
an additional cAMP-binding site in its N-terminus that binds
cAMP with low affinity [10]. EPAC1 mRNA is broadly expressed,
with particularly high levels occurring in the thyroid, ovary,
kidney and certain brain regions, whereas expression of EPAC2
mRNA appears to be restricted to the brain and adrenal glands
[6,7].

In the present study, we have identified a novel protein-binding
partner for EPAC1 and EPAC2, LC2 (light chain 2) of MAP1A
(microtubule-associated protein 1A). The MAP1A/LC2 gene is
organized to encode a precursor polypeptide that undergoes pro-
teolytic processing to generate the final 2556-amino-acid MAP1A
heavy chain and 249-amino-acid LC2 polypeptide [11]. LC2 ap-
pears to serve as a ‘scaffold’ or ‘adaptor’ protein, facilitating the
stable interaction of MAP1A with other signal-transduction com-
ponents or structural proteins [12—-16]. In addition, LC2 catalyses
the polymerization of microtubules [13]. The ability of EPAC to
interact physically with LC2 provides a potential new mechanism
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5-bromo-4-chloroindol-3-yl -D-galactopyranoside.

" To whom correspondence should be addressed (email syarwood@bio.gla.ac.uk).

© 2004 Biochemical Society



804 M. M. Magiera and others

for integrating signals from the cAMP cascade to control fun-
damental cell functions.

EXPERIMENTAL
Materials

Pretransformed MATCHMAKER foetal and human brain cDNA
libraries, cloned into pACT?2 vector, were purchased from Clon-
Tech (catalogue no. HY4004AH). This vector expresses proteins
as fusions with the activation domain of the Saccharomyces
cerevisiae GAL4 protein and an HA (haemagglutinin) epitope.
PMT2-EPAC1-HA mammalian expression vector encoding the
full ORF (open reading frame) of the EPAC1 cDNA (GenBank®
accession number XM0389598) was obtained from Professor
J. Bos (University of Utrecht, Utrecht, The Netherlands).
Anti-FLAG monoclonal and anti-EPAC2 polyclonal antibodies
(catalogue no. sc-9383) were purchased from Sigma and Santa
Cruz Biotechnology respectively. Anti-LC2 polyclonal antibody
and rat LC2 cDNA were gifts from Professor F. Propst (University
of Vienna, Vienna, Austria).

Two-hybrid screens

Two-hybrid screen assays were performed using methods de-
scribed in the ClonTech manual (catalogue no. PT3183-1). EPACI
(NM_006105) cDNA ORF (amino acids 1-881) was amplified
from the PMT2-EPACI1-HA plasmid by PCR using primers (for-
ward: 5-CTTCCATATGGTGTTGAGAAGGATG-3'; reverse:
5-GATAGGTCGACTCATGGCTCCAGCTCTCG-3). The frag-
ment generated was cloned into the Ndel-Sall sites of pPGBKT?7
(catalogue no. K1612-1, ClonTech) to generate pGBKT7-EPAC1,
which encodes a fusion among EPAC1, the Gal4 DNA-binding
domain and a c-Myc epitope tag. pPGBKT7-EPAC1-ADEP and
pGBKT7-EPAC1-AcAMP, which encode full-length EPACI-
lacking DEP (amino acids 68—144) and cAMP-binding (amino
acids 203-323) domains respectively, were generated from
pGBKT7-EPAC1 using the Quik Change mutagenesis kit
(Stratagene) according to the manufacturer’s instructions.

Generation of expression vectors

The full ORF for EPAC1 was cloned by PCR into the EcoRI
and Xbal sites of p3XxFLAG-myc-CMV-26 (where CMV stands
for cytomegalovirus) expression vector (Sigma) to create myc-
EPACI-FLAG. Myc-AcAMP-EPAC1-FLAG was generated
from myc-EPAC1-FLAG using mutagenesis primers 5'-GGACC-
TCATCTTTGAGGAGCTGCATGGCAAAGTGGTGCTGGTG-
CTGG-3 (forward) and 5'-CCAGCACCAGCACCACTTTG-
CCATGCAGCTCCTCAAAGATGAGGTCC-3" (reverse). For
simultaneous expression of myc-tagged EPAC1 and LC2 in
mammalian cells, we used the pPBUDCE4.1 (Invitrogen, Paisley,
Renfrewshire, Scotland, U.K.) vector. pPBUD-EPAC1/LC2 was
generated by subcloning the full ORFs for LC2 and EPACI1
into the EF-la and CMV MCSs (multiple cloning sites) of
pBUDCEA4.1 respectively. LC2 was inserted at the Xhol-Kpnl
site in the EF-1oe MCS and EPAC1 was inserted at the HindIII—
Xbal site in the CMV MCS.

Generation of pGEX expression vectors

Individual EPAC1 domains were cloned by PCR into the EcoRI-
Notl site of pGEX-6P-1. The individual domains generated were
the CAT domain (catalytic domain; amino acids 619-881), the
cAMP-binding domain (amino acids 199-316), the DEP domain
(amino acids 74—140) and the REM domain (Ras exchange motif
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domain) (amino acids 345-410). When inserted into pGEX-
6P-1, each EPAC1 domain is tagged with GST (glutathione S-
transferase) to facilitate purification with glutathione—Sepharose
as described previously [17].

ONPG (o-nitrophenyl g-p-galactopyranoside) assay

Amplified yeast broths from two-hybrid mating were harvested in
3 ml of Z buffer (113 mM Na,HPO,, 35 mM NaH,PO,, 10 mM
KCIl and 1 mM MgSO,, pH 7.4) and then permeabilized with
50 ul of 0.1 % (w/v) SDS and were then added to the cell sus-
pension and vortex-mixed briefly for 15 s followed by equili-
bration for 15 min at 30 °C. Then 100 ul of chloroform, followed
by 160 ul of ONPG (4 mg/ml solution in Z buffer), was added.
After incubation for 30 min, 400 ul from 1 ml of sodium car-
bonate was added. Cell debris was removed by centrifugation
and absorbance A was measured at 420 and 550 nm. The activity
of f-galactosidase was calculated using the formula 1000A,,—
(1.75A550)/time x volume X Ag.

Growth of cell lines

COSI1 cells were grown in Dulbecco’s modified Eagle’s medium
(Sigma), supplemented with 10 % (v/v) heat-inactivated foetal
bovine serum (Sigma), 2 mM L-glutamine (Sigma) and 2 % (v/v)
solution of penicillin—streptomycin (Sigma). PC12 cells were pro-
pagated in Dulbecco’s modified Eagle’s medium supplemented
with 10 % (v/v) horse serum (Sigma), 5 % heat-inactivated foetal
bovine serum, 2 mM L-glutamine and 2 % solution of penicillin—
streptomycin suspended in non-collagen-coated flasks and al-
lowed to attach to collagen-coated coverslips for experiments.
These were prepared by adding type I rat tail collagen (Sigma)
to 0.1 M acetic acid to obtain 0.1 % (w/v) collagen solution. The
collagen solution was diluted 1:50 in PBS before use, added to
coverslips (1 ml/2.5 cm?) and then incubated for at least 30 min
at 37 °C.

Co-immunoprecipitations

Rat cerebellum was collected from two rats and homogenized in
50 mM Tris/HCI (pH 7.4). After homogenization, cell debris was
removed by centrifugation at 100000 g for 30 min. For immuno-
precipitation of EPAC2 and LC2, 500 ug of cleared extract
was mixed with 60 ul of pre-equilibrated Protein G—agarose
(Amersham Biosciences, Little Chalfont, Bucks., U.K.) and
incubated for 30 min at 4 °C. The beads were removed by centri-
fugation at 2000 g for 5 min and the cleared lysates were incu-
bated with 8 ul of anti-EPAC2 or 8 ul of LC2 antibody in the
presence of Protein G—agarose beads for 3 h at 4 °C. The beads
were then collected by centrifugation (2000 g for 5 min) and
washed three times with 50 mM Tris/HCI (pH 7.4). Co-immuno-
precipitation of EPAC2 with LC2 was analysed by immunoblot-
ting with anti-EPAC2 and anti-LC2 antibodies. For co-immuno-
precipitation of EPAC1 and LC2, HEK-293 cells (human
embryonic kidney 293 cells) were transfected with pBUD-EPAC1/
LC2 and lysed in 55 mM Tris/HC1 (pH 7.4), 132 mM NaCl,
22 mM sodium fluoride, 11 mM sodium pyrophosphate, 1.1 mM
EDTA and 5.5 mM EGTA containing 1 % (v/v) Triton X-100.
Immunoprecipitations were then performed as described above
using anti-LC2 and anti-myc antibodies.

Immunocytochemistry

Cells were washed with PBS at 4 °C, 36 h after transfection with
myc-EPAC1-Flag, and then fixed in a 4% (w/v) paraformal-
dehyde solution. Cells were then permeabilized in a 0.5 % Triton
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Table 1

Results of two-hybrid screen of human adult and foetal brain ¢cDNA libraries using EPAC1 as bait

Screen 1 (human foetal brain)

Screen 2 (human adult brain)

No. of transformants 5000000
No. of His+ colonies 180

No. of LacZ+ colonies 120/180
No. of plasmids analysed by sequencing 30

No. of different clones present 3

Clone identities following BLAST search

Clone E4: NM_002373.3, human MAP1A
Clone E8: BT008258.1, human prefoldin 5
Clone E10: XM_040708.3, human KIAA1377 protein

5000000

110

90/110

38

7

Clone A1: NP_503522.1, T-complex polypeptide 1/cpn60,
required for assembly of microtubules

Clone C2: NP_03249, keratin complex

Clone D4: AY050668.1, human PKC-potentiated PP1

Clone F1: AF300619, p32-RACK

Clone F2: XM_030426.1, human hypoxia-inducible factor

Clone F3: NM_002373.3, human MAP1A

X-100 solution in PBS for 5 min at 4 °C and blocked with goat
serum [0.1% (v/v) in PBS] and fish gelatin (0.2 % in PBS) for
30 min at room temperature (18 °C). The cells were then co-
incubated for 2 h at room temperature with anti-Flag polyclonal
antibody, at a dilution of 1:250 in block solution. Cells were then
washed three times in PBS and then incubated for 1 h at room tem-
perature with anti-rabbit FITC conjugate (Vector Laboratories,
Peterborough, U.K.) diluted 1:200 in block solution. Cells were
washed and mounted using Immu-Mount (Shandon Products,
Cheshire, U.K.) and visualized by confocal microscopy. PC12
cells were fixed in the same manner and probed with LC2 anti-
serum followed by anti-mouse IgG Texas Red (Vector Labora-
tories) and anti-EPAC2 (Santa Cruz Biotechnology) followed by
anti-goat IgG FITC conjugate (Vector Laboratories) to detect
cellular EPAC2. HEK-293 cells transfected with pBUD-EPAC1/
LC2 were probed with anti-LC2 followed by biotin-conju-
gated, monoclonal horse anti-rabbit IgG (Vector Laboratories)
and monoclonal anti-myc antibody, followed by biotin-conjugated
monoclonal horse anti-mouse IgG (Vector Laboratories) to detect
transfected EPAC1myc. An FITC-conjugated streptavidin tertiary
antibody was then added to detect EPAC1myc and a Texas Red-
conjugated streptavidin tertiary antibody was used to detect LC2.
Stained pBUD-EPACI1/LC2-transfected HEK-293 cells were
visualized with a Zeiss Axiovert 135 fluorescent microscope.

In vitro expression of LC2

In vitro transcription translation of pcDNA3-LC2 was performed
with the TNT® Coupled Reticulocyte Lysate Systems (Promega,
Chilworth, Southampton, U.K.). The transcripts were prepared
from the pcDNA3-LC2 plasmid using T7 polymerase (Amersham
Biosciences). Incubation was for 90 min at 30 °C. Samples were
denatured in SDS sample buffer and analysed by immunoblotting
with anti-LC2 antisera.

SDS/PAGE and immunoblotting

SDS/PAGE and immunoblotting were carried out as described
previously [17]. In brief, samples were resuspended in Laemmli
buffer and boiled for 5 min. Membranes were blocked in 5 % (w/v)
low-fat milk powder in TBS (10 mM Tris/HCl, pH 7.4 and
150 mM NaCl) for 16 h at 4 °C. They were then incubated with
anti-EPAC2 polyclonal antibody or anti-LC2 polyclonal anti-
body or anti-myc monoclonal antibody (Sigma) diluted to 1:1000
(v/v) in 1 % low-fat milk powder in TTBS [TBS plus 0.1 % (v/v)
Tween 20] for 16 h at 4 °C. Detection of the bound antibody
was with anti-goat IgG peroxidase (for EPAC2), anti-rabbit IgG

(for LC2) or anti-mouse IgG peroxidase (for myc) secondary
antibodies (Sigma) and the enhanced chemiluminescence (ECL®)
system (Amersham Biosciences).

Measurement of protein concentrations

Protein concentrations were measured by the method of Bradford,
using BSA as a standard [18].

RESULTS
Isolation of EPAC1-interacting proteins with two-hybrid screens

We examined whether specific proteins might bind to EPACI.
For this purpose, a full-length human EPAC1 ORF was used as a
‘bait’ in the two-hybrid screen of a foetal human brain cDNA
library and in the second screen of an adult human brain library.
We chose to screen these libraries because mRNA for both EPAC1
and EPAC2 are expressed in human brain [6,7]. A large number
of cDNA clones were obtained in both screens and are listed in
Table 1. These include cDNAs involved in signal transduction,
e.g. PKC-potentiated PP1 inhibitory protein and p32-RACK
(where PKC stands for protein kinase C, PP1 for protein phos-
phatase 1 and RACK for receptor for activated C-kinase 1), cyto-
skeleton (keratin complex 2) and chaperone functions (T-complex
polypeptide 1).

Protein interaction among EPAC1, EPAC2 and LC2

A positive clone was isolated in both of our two-hybrid screens,
which encoded a partial cDNA of the ORF for MAP1A [11,19].
MAPIA belongs to a family of proteins that controls the as-
sembly of microtubules during neurogenesis [11]. The MAP1A
precursor polypeptide is known to undergo proteolytic proces-
sing to generate a final MAP1A heavy chain and a C-terminal
LC2 polypeptide [20]. Clone E4, from our foetal brain library
screen (Table 1), and clone F3, from our adult brain library screen
(Table 1), were comparable cDNAs and encoded an ORF that cor-
responded to the LC2 of MAP1A. The sequence of the identified
clone corresponds to amino acids 1-144 of LC2.

To determine whether endogenous EPAC1 and LC2 interacted
in vivo, we immunoprecipitated lysates from pBUD-EPAC1/LC2
HEK-293 cells with anti-myc antibodies or an anti-LC2 antibody,
which had been generated previously using a synthetic peptide
(CKGPVDRTSRTVPRPR) corresponding to amino acids 2605—
2619 of MAP1A [13]. The resulting immunoprecipitates were
then subjected to SDS/PAGE and immunoblotting (Figure 1a).
As EPACI1 migrates as a 99 kDa protein and LC2 as a 25 kDa
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Figure 1 Co-immunoprecipitation of LC2 with EPAC1 and EPAC2

(@) HEK-293 cells were transfected with pBUD, pBUD-LC2, pBUD-EPAC1 or pBUD-EPAC1/LC2
vector, which allows co-expression of myc-tagged EPAC1 and LC2. Cell extracts were prepared
and immunoprecipitated with 1gG, LG2 or myc antibodies, as indicated. Immunoprecipitates and
samples of cell extract were then separated by SDS/PAGE and immunoblotted. The upper half of
immunoblots was probed with anti-myc antibody and the lower half with anti-LC2. EPAC1 and
LC2 were found to precipitate with both myc and LC2 antibodies. (b) Rat cerebellum lysate was
subjected to immunoprecipitation with 1gG, the EPAC2 antibody or the LC2 antibody. Samples
of rat cerebellum lysate and immunoprecipitates were then subjected to SDS/PAGE. The upper
half of the gel was immunoblotted with the EPAC2-specific antibody. The lower half of the gel
was immunoblotted with the LC2-specific antibody, and the position of the 25 kDa LC2 species
is indicated. EPAC2 and LC2 were found to precipitate with both the EPAC2 and LC2 antibodies.

protein, we treated the upper half of the blot with the EPAC2 anti-
body and the lower half with the LC2 antibody. Cell extracts (i.e.
not subjected to immunoprecipitation) were immunoblotted as
controls (Figure 1a). From this analysis, it was clear that the
LC2 antibody not only immunoprecipitated LC2 but also co-
immunoprecipitated EPAC1 (Figure la). In contrast, we found
that the myc antibody not only immunoprecipitated EPAC1 but
also co-immunoprecipitated LC2 (Figure 1a).

Given the sequence similarity between EPAC1 and EPAC2 [7],
we decided to test whether LC2 also interacts with EPAC2. We
confirmed rat cerebellum and phaeochromocytoma PC12 cells as
a source of endogenously expressed EPAC2 protein by isolating
the 120 kDa immunoreactive species with cAMP agarose (Fig-
ure 2a) as described previously [7]. We next immunoprecipitated
rat cerebellum extracts with the LC2 and EPAC?2 antibodies. We
found that the EPAC2 antibody not only precipitated EPAC2 but
also precipitated LC2 (Figure 1b). In contrast, the LC2 antibody
precipitated EPAC2, in addition to LC2 (Figure 1b).

Given the ability of EPAC1 and EPAC?2 to interact with LC2,
we investigated whether EPAC2 localizes with LC2 in neuronal
PC12 cells using a confocal scanning microscopy approach. We
identified LC2 in PC12 extracts with the anti-peptide antibody
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Figure 2 Expression and immunolocalization of EPAC2 and LC2 in PC12
cells

(a) Lysates were prepared from rat cerebellum (right panel) and PC12 cells (left panel) and then
precipitated with cAMP-agarose beads. Samples of cell lysate and cAMP-agarose bead pre-
cipitates were separated by SDS/PAGE and probed with an anti-EPAC2 polyclonal antibody.
Immunoblotting revealed the presence a major immunoreactive species of approx. 120 kDa
(EPAC2) within PC12 and rat cerebellum cell lysates and associated with the cAMP-agarose
beads. (b) Recombinant LC2 was synthesized from pcDNA3-LC2 by coupled, in vitro trans-
cription/translation (see the Experimental section) and separated by SDS/PAGE together with
PC12 cell lysate. A control transcription/translation reaction was also subjected to SDS/PAGE,
using pcDNA3 as a template. Immunoblots were probed with the LC2 antibody, demonstrating
the presence of LC2 in PC12 lysates, which co-migrated with recombinant LC2 at 25 kDa.
(c) Laser scans of confocal optical sections were taken through PG12 cells that had been probed
with an LC2-specific polyclonal antibody (detected with an anti-rabbit IgG Texas Red conjugate)
and an EPAC2-specific polyclonal antibody (detected with an anti-goat FITC conjugate). The
intracellular distributions of EPAC2 and LC2 were very similar, as indicated by the yellow colour
of overlaid images.
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Figure 3 Localization of EPAC1 in COS1 cells and immunolocalization of EPAC1 with LC2 in HEK-293 cells

(A) HEK-293 cells were transfected with pBUD-EPAC1/LC2 vector, which allows co-expression of myc-tagged EPAC1, which can be detected by an anti-myc antibody, and LC2, detected with the
LC2 antibody, as shown in the upper panel. Individual cells transfected with pBUD-EPAC1/LC2 were probed with a myc-specific monoclonal antibody to detect transfected EPAC1 (detected with an
anti-mouse IgG Texas Red conjugate) and the LC2-specific polyclonal antibody to detect transfected LC2 (detected with an anti-goat FITC conjugate), and then analysed with an immunofluorescent
microscope (lower panel). The LC2 and EPACT frames are given together as a superimposed image shown in the panel on the bottom right. In all the treatments applied, the immunofluorescent staining
patterns of both LC2 and EPAC1 were very similar in all the images taken. In each case, this yielded a uniform yellow image indicative of a high degree of co-localization seen in the three different
transfection studies. Analyses were repeated using different combinations of fluorescent-labelled antisera with similar results. (B) COS1 cells were transfected with myc-EPAC1-FLAG or constitutively
active myc- ACAMP-EPAC1-FLAG (which lacks the cAMP-binding domain, amino acids 203—-323) and then probed with an anti-Flag polyclonal antibody, secondary labelled with an anti-rabbit FITC
conjugate, to detect myc-EPAC1-FLAG. A series of 0.25 z«m optical sections were then captured using a laser scanning confocal microscope. The green-coloured immunofluorescent-staining pattern
of myc-EPAC1-FLAG or constitutively active myc- AcCAMP-EPAG1-FLAG was different in that myc-EPAC1-FLAG displayed a more diffuse staining pattern within the cell, demonstrating interaction
with cytoskeletal components. The localization of myc- AcAMP-EPAC1-FLAG was more widespread within the cell and no longer seemed to be associated with cytoskeletal components.

and this co-migrated with recombinant LC2 synthesized in vitro
(Figure 2b). LC2 immunofluorescence (red) was evident in a
filamentous network surrounding the nucleus of the cell (Fig-
ure 2¢). The distribution of EPAC2 (green) was remarkably simi-
lar to that of LC2 and, indeed, overlay of the images gave an es-
sentially uniform yellow coloration, suggesting that both LC2 and
EPAC?2 are highly co-localized in PC12 cells.

Localization of EPAC1 and AcAMP-EPAC1 in transfected cells

Results so far indicate that LC2 can interact with EPAC1 and
EPAC2, perhaps through regions common to both proteins. We
next investigated whether EPAC1 and LC2 interact in intact cells.
We transfected HEK-293 cells with pBUD-EPAC1/LC2, which
facilitated co-expression of myc-tagged EPAC1 and LC2 as evi-

denced by immunoblotting cell extracts (Figure 3A, upper panel).
An immunofluorescent microscope was used to analyse cells
probed with anti-myc (FITC; green) and anti-LC2 (Texas Red;
red) antibodies to detect transfected EPAC1 and LC2 respectively.
Immunofluorescence was present throughout the cell body for
both LC2 and EPAC1 (Figure 3A, lower panel). Overlay of the two
images gave a strong yellow coloration throughout the cell (Fig-
ure 3A, lower panel) indicating co-localization of EPAC1 and
LC2.

We decided to examine the intracellular localization of EPAC1
and compare it with AcAMP-EPACI1, which lacks the cAMP-
binding domain and has been reported to be constitutively active
[6]. COS7 cells were transiently transfected with a cDNA-ex-
pressing myc and FLAG-tagged EPAC1 (FLAG-EPAC1-myc) or
FLAG-AcAMP-EPAC1-myc. Cells were then fixed and incubated
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Figure 4 LC2 interacts with EPAC1 and EPAC1-ADEP, but not with
EPAC1-AcAMP

(@) AH109 yeast were transformed with the bait vector pGBKT7 or pGBKT7—EPAC1, pGBKT7—
EPAC1—-ADEP or pGBKT7-LAM (negative control), which express the full-length EPAC1
cDNA, EPAC1 cDNA lacking the DEP domain (amino acids 68—144; pGBKT7—EPAC1—-ADEP)
or laminin cDNA (pGBKT7-LAM) respectively, as an in-frame fusion with the Gal4 DNA-binding
domain (BD). These were then mated with Y187 yeast that had been transformed with the
library vector pACT2 or pACT2 containing either rat LC2 ¢cDNA or clone F3 (F in the Figure)
as in-frame fusions with the Gal4 activation domain (AD) in the combinations indicated in the
Figure. As a positive control, AH109 yeast containing pGBKT7-p53 was mated with Y187 yeast
containing the pGADT7 vector (positive control). After 2—3 days of incubation at 30 °C, the
mated yeast was then plated on -Ade/-His/-Leu/-Trp plates to test for positive interaction between
EPAC1-fusion protein (EPAC1-BD or EPAGC1 ADEP-BD) and the DNA activation domain (LC2-AD
or F-AD). Growth of mated yeast on -Ade/-His/-Leu/-Trp plates indicates positive BD—AD protein
interaction. In some cases, X-Gal was added to plates (+ X-Gal) to check for expression and
activation of a-galactosidase, a further determinant of BD—AD protein interaction, indicated by
blue colour formation by mated colonies. (b) Yeast cells derived from the indicated mating pairs
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with an anti-Flag polyclonal antibody and visualized with FITC-
conjugated anti-rabbit IgG, which gives a green coloration.

A punctate-staining pattern surrounding the nucleus was ob-
served in EPAC1-transfected COS7 cells. Immunoreactivity was
also observed to be associated with fibrous structures throughout
the cell body (Figure 3B). A perinuclear-staining pattern was also
seen in cells transfected with AcAMP-EPACI; however, less
immunoreactivity appeared to be associated with fibrous struc-
tures in cells (Figure 4c). These results suggest that EPACI can
associate with the cytoskeleton of cells and that the cAMP-binding
domain of EPAC1 might play a role in governing this association.

cAMP-binding domain of EPAC1 is required for protein
interaction with LC2

Given the suggestion that the cAMP-binding domain of EPAC1
might determine the intracellular localization of EPAC1, we de-
cided to investigate the role of the EPAC1 cAMP-binding domain
in protein interactions with LC2. We also investigated the role
of the EPAC1 DEP domain in mediating the interaction with
LC2, since deletion of this domain has been reported to disrupt
interaction of EPAC1 with cell membranes [21].

We performed two-hybrid interaction assays on selective media
using the LC2, clone F3 isolated from our two-hybrid screen and
a full-length rat LC2 cDNA, which corresponds to amino acids
2554-2774 of rat MAP1A [13]. We found that diploid yeast trans-
formed with plasmids encoding rat LC2 and lamin were unable
to propagate on selective media, indicating that these two protein
species did not interact (negative control; Figure 4a). As a positive
control, we used yeast transformed with p53 and SV40 (simian-
virus-40) large T-antigen, which grew vigorously on selective
media, indicating positive protein interaction (Figure 4a). Yeast
transformed with EPAC1 or EPACI1 lacking its DEP domain
(EPAC1-ADEP), together with LC2 were capable of growing
on selective media, indicating positive protein interaction (Fig-
ure 5A). These results indicate that the DEP domain of EPACI1
does not contribute to protein interactions between LC2 and
EPACI1. We tested a second indicator of positive protein inter-
action between EPAC1, EPAC1-ADEP and LC2 clone F3, namely
B-galactosidase-driven blue-colour colony formation. Mating
pairs of EPAC1 or EPAC1-ADEP with clone F3 gave blue-colour
colonies when treated with the S-galactosidase substrate, X-Gal
(5-bromo-4-chloroindol-3-yl B-D-galactopyranoside), indicating
strong, positive protein interaction (Figure 4a).

We were able to quantify the extent of protein interaction in
mated yeast using an ONPG assay, which measures S-galacto-
sidase activity (Figure 4b and the Experimental section). Strik-
ingly, we found that EPAC1-AcAMP consistently failed to interact
with LC2 in the ONPG assay. To investigate this result further,
we tested the ability of EPAC1, EPAC1-ADEP and EPACI-
AcAMP to interact with the LC2 clone E4 in co-transformed

(pGBKT7 or pGBKT7—EPAC1, pGBKT7—EPAC1—-ADEP or pGBKT7—EPACT1-ACAMP mated
with pACT2 or pACT2-LC2 or pACT2-E4 or pACT2-F3) were grown overnight. Next day, cells
were collected by centrifugation, resuspended in assay buffer and Aggy measured. Following
this, B-galactosidase substrate was added and the A values were measured at 420 and
550 nm. (¢) AH109 cells were co-transformed with the empty bait vector, pGBKT7 or pGBKT7
containing EPAC1, EPAC1-ADEP or EPACT-AcAMP and the empty ‘library vector’, pACT2
or pACT2-LC2. After 2-3 days, cells were spotted on to -Ade/-His/-Leu/-Trp agar plates
containing X-Gal to check for activation of B-galactosidase expression. To check that the ratio
of expression levels of EPAC1-BD, EPAC1-ADEP-BD and EPAC1-AcAMP-BD to E4-AD was
equal, protein extracts were extracted from co-transformed yeast. Protein extracts were separated
by SDS/PAGE and immunoblotted with an anti-HA-epitope monoclonal antibody (to detect
E4-AD) and an anti-myc-epitope monoclonal antibody (to detect EPAC1-BD, EPAC1-ADEP-BD
and EPAC1-AcAMP-BD). In all experiments, EPAC1- AcAMP-BD showed reduced interaction
with E4.
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Figure 5 LC2 interacts with the cAMP-binding domain of EPAC1

(A) Individual EPAC1 DEP (amino acids 68—144), REM (amino acids 342—-476), cAMP binding
(amino acids 203-323) and CAT (amino acids 620-840) domains were subcloned into pGEX6X,
which expresses each domain as an in-frame fusion with GST, thereby facilitating purification
of recombinant protein chimaeras from bacteria using glutathione (GSH)-Sepharose. To check
the purity of isolated recombinant chimaeras, GST-DEP, GST-REM, GST-cAMP and GST-CAT
were separated by SDS/PAGE and stained with Coomassie Blue (lower panel). The position of
the domains in the primary structure of EPAC1 is shown diagrammatically in the upper panel.
(B) To check for the ability of GST-fusion proteins to interact with LC2, PC12 Triton X-100
lysates were used as a source of soluble LC2 protein. PC12 lysates were precipitated with
GST-DEP, GST-REM, GST-cAMP or GST-CAT. Cell lysates and precipitates were then separated
by SDS/PAGE, followed by immunoblotting with the LC2 polyclonal antibody. In all experiments,
LC2 was found to interact with GST-CAMP but not with GST-DEP, GST-REM or GST-CAT.

yeast, using «-galactosidase-mediated blue-colour formation as
an indicator of positive protein interaction (Figure 4c). Protein
extracts were prepared from yeast and immunoblotted with anti-
myc and anti-HA epitope antibodies to detect EPAC1, EPACI-
ADEP and EPAC1-AcAMP and LC2 clone E4 and ensure equal
protein expression (Figure 4c). In agreement with our results
from the ONPG assay, we found that EPAC1 and EPACI-
ADEP interacted strongly with MAP1A-LC2, as indicated by
blue-colour formation, whereas EPAC1-AcAMP interacted only
weakly (Figure 4c).

These results suggested that either LC2 interacts with EPAC1
principally through the cAMP-binding domain or LC2 does not
interact with ‘active’ EPAC1, as EPAC1-AcAMP is constitutively
active [6]. To investigate this, we prepared GST-fusion proteins

of the EPAC1 domains, REM, DEP, cAMP-binding domain and
CAT, and purified them from bacteria (Figure 5A). We then tested
the ability of the GST-fusion proteins to interact with LC2 in cell
lysates from PC12 cells (Figures 5B). Our results demonstrated
that only GST-cAMP was capable of interacting with LC2 in pull-
down assay, whereas GST-REM, GST-DEP and GST-CAT failed
to interact. This, together with our two-hybrid analysis, suggests
that the principal determinant in EPAC1 for interaction with LC2
is the cAMP-binding domain.

DISCUSSION

Our results implicate an association between EPAC proteins and
MAPIA-LC2, which may be central to cell-growth mechanisms
in general. Our identification of MAP1A-LC2 as a protein-binding
partner for EPAC suggests that the EPAC protein may be func-
tionally involved in microtubule assembly. It has been known for
some time that cAMP promotes the assembly of microtubules and
microfilaments [22]. Indeed, antibodies directed against cAMP
and type II regulatory subunits of PKA localize these molecules
to the mitotic spindle in mitotic cells [23]. The mitotic spindle is
a macromolecular structure, which is required to segregate dupli-
cated chromosomes into the two daughter cells during cell divi-
sion. Throughout mitosis, the distribution of cAMP and PKA
closely resembles that of tubulin, a conserved essential protein re-
quired for assembly and function of the mitotic spindle in humans
and yeast [23]. The association between specific components of
the cAMP-signalling system and the mitotic spindle suggests that
cAMP-dependent regulation of spindle proteins, such as those
of microtubules, may play a fundamental role in the regulation of
spindle assembly and chromosome motion.

This is particularly exciting in the light of recent results
from Qiao et al. [21], which demonstrate EPACI in associ-
ation with the nuclear membrane during interphase, and the mito-
tic spindle during the M-phase, of the COS7 cell cycle. Using
EPAC1/tubulin immunolocalization studies, we also demonstrate
an intimate association between EPAC1 and microtubular struc-
tures in HEK-293 cells (results not shown). Indeed, MAPIA is
known to promote nucleation and elongation of tubulin [24].
MAPI1A promotes incorporation of tubulin dimers at low GTP
concentrations and promotes the formation of oligomers at high
GTP concentrations [24]. Catalysis of microtubule polymer-
ization is also a function that has been independently attributed to
LC2[13].

The physiological implications of EPAC-MAP1A-LC2 inter-
action may also be related to the ability of MAPI1A to serve as a
‘scaffold’” or ‘adaptor’ protein that mediates the recruitment of
EPACI into a protein complex. A single ‘scaffold’ or adaptor pro-
tein may interact with many different proteins, and all of them
could be recruited into a protein complex. For example, A-kinase
anchoring proteins can interact with PKA, PKC and PP1 [25].
Since the interaction between LC2 and EPACI1 requires the
cAMP-binding domain of EPAC, it can be argued that the protein
complex formed is analogous to the interaction between PKA
and A-kinase anchoring proteins, which is mediated by the
cAMP-binding regulatory subunit of PKA [26]. LC2-mediated
recruitment of EPAC1 to MAP1A may lead to the regulation of
other signalling proteins within, or within the immediate vicinity,
of this protein complex. Indeed, it has been demonstrated that
MAPIA is a target for phosphorylation by casein kinase 2 [27]
and insulin-stimulated kinases [28].

This work was funded by a Biotechnology and Biological Sciences Research Council
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