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Abstract: Exchange proteins directly activated by cAMP (EPAC1 and EPAC?2) are one of the several
families of cellular effectors of the prototypical second messenger cAMP. To understand the origin
and molecular evolution of EPAC proteins, we performed a comprehensive phylogenetic analysis
of EPAC1 and EPAC2. Our study demonstrates that unlike its cousin PKA, EPAC proteins are
only present in multicellular Metazoa. Within the EPAC family, EPAC1 is only associated with
chordates, while EPAC2 spans the entire animal kingdom. Despite a much more contemporary origin,
EPAC1 proteins show much more sequence diversity among species, suggesting that EPAC1 has
undergone more selection and evolved faster than EPAC2. Phylogenetic analyses of the individual
cAMP binding domain (CBD) and guanine nucleotide exchange (GEF) domain of EPACs, two most
conserved regions between the two isoforms, further reveal that EPAC1 and EPAC2 are closely
clustered together within both the larger cyclic nucleotide receptor and RAPGEF families. These
results support the notion that EPAC1 and EPAC2 share a common ancestor resulting from a fusion
between the CBD of PKA and the GEF from RAPGEF1. On the other hand, the two terminal
extremities and the RAS-association (RA) domains show the most sequence diversity between the
two isoforms. Sequence diversities within these regions contribute significantly to the isoform-
specific functions of EPACs. Importantly, unique isoform-specific sequence motifs within the RA
domain have been identified.

Keywords: EPACT; EPAC2; phylogenetics; cyclic nucleotide; guanine nucleotide exchange factor

1. Introduction

The pleiotropic second messenger cAMP is an ancient stress-response signal that is
conserved throughout all domains of life, spanning from the most primitive bacteria to
humans, and critical for the optimal fitness of life [1]. In bacteria, the effect of cAMP is
mediated by the well-studied cAMP receptor protein (CRP), also known as the catabolite
activator protein (CAP). In response to environmental changes in nutrient sources, increases
in intracellular cAMP leads to the activation of CRP, a global transcriptional regulator,
and results in the expression of a network of catabolite sensitive genes [2]. In humans,
the intracellular functions of cAMP are transduced mainly through cAMP-dependent
protein kinases (PKA) and the exchange proteins directly activated by cAMP (EPACs) [3],
as well as the cyclic nucleotide-gated (CNG) and the hyperpolarization-activated, cyclic
nucleotide-gated (HCN) channels [4], the Popeye domain containing (POPDC) proteins [5],
and the cyclic nucleotide receptor involved in sperm function (CRIS) [6]. These cAMP
receptors share a homologous cAMP binding domain (CBD) that is revolutionary conserved
in CRP [7]. Mammalian EPACs exist as two major isoforms, EPAC1 and EPAC2, with major
sequence homology [8,9]. EPAC1 and EPAC2 have similar structural architectures with

Cells 2021, 10, 2750. https:/ /doi.org/10.3390/ cells10102750

https:/ /www.mdpi.com/journal/cells


https://www.mdpi.com/journal/cells
https://www.mdpi.com
https://orcid.org/0000-0002-3479-1694
https://doi.org/10.3390/cells10102750
https://doi.org/10.3390/cells10102750
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/cells10102750
https://www.mdpi.com/journal/cells
https://www.mdpi.com/article/10.3390/cells10102750?type=check_update&version=1

Cells 2021, 10, 2750

20f 14

EPAC1

EPAC2

PKA

an N-terminal regulatory region and a C-terminal catalytic region. The regulatory regions
of EPAC1 and EPAC2 share a Dishevelled /Egl-10/pleckstrin (DEP) domain and a CBD,
whereas the catalytic regions of EPAC encompass a RAS exchange motif (REM), a RAS-
association (RA) domain and a successive CDC25 homology domain, also known as the
guanine nucleotide exchange factor domain (GEF). Full-length EPAC2 also contains an
extra CNB domain N-terminal to the DEP domain (Figure 1). This extra CBD-A in EPAC2
binds cAMP with weak affinity and is not required for the autoinhibition of EPAC2 as the
CBD-B [10]. While the CBD-A of EPAC2 may not contribute directly to cAMP-mediated
regulation under physiological conditions, it appears to play important roles in EPAC2’s
subcellular targeting [11-13].

Regulatory region Catalytic region
A A

1 st )

CBD-A_ft| DEP_}| CBD-B REM _ HLRA /| GEF/CDC25HD |
_(]_H] CBD-A }ﬂ CBD-B }- 4;

Figure 1. Domain structure of the EPACs and PKA. Individual domains indicated: CBD, cAMP-binding domain;
DEP, disheveled, EGL-10 and pleckstrin homology domain; REM, RAS exchange motif; RA, RAS association domain;
GEF/CDC25HD, guanine nucleotide exchange factor domain/CDC25 homology domain.

In vitro, recombinant EPAC1 and EPAC2 proteins have similar biochemical properties,
in terms of their abilities to activate down-stream effectors Rap1l and Rap2 in response to
cAMP stimulation. However, the physiological functions of EPAC1 and EPAC2 are diverse
due to their distinct tissue/cellular distributions and abilities to form discrete signalosomes
through interaction with specific cellular partners [14]. Extensive studies, particularly
recent in vivo analyses of EPAC1 and EPAC2 functions using genetic knockout mouse
models and pharmacological probes, reveal that EPAC proteins regulate a wide range of
processes by interacting with a plethora of intracellular signaling molecules in a precise
spatiotemporal fashion [14-17]. For example, EPAC2 signaling is mainly involved in reg-
ulating intracellular calcium mobilization and vesicle trafficking associated with insulin
secretion [18-20], synapse remodeling [21,22], learning, and social interactions [23-25].
EPACI signaling is known to crosstalk with signaling pathways such as PI3K/ Akt [26,27],
phospholipase C (PLC) [28-30], TGE/SMAD [31,32], leptin/STAT3 [33,34], VEGF and
Notch [35-37], and contributes to the regulation of cardiovascular functions [38—44] and
energy homeostasis [45]. In addition, dysregulations of EPAC1 signaling have been im-
plicated in the development of numerous pathophysiological conditions in animals and
humans, including cancer [46—49], chronic pain [50-53], infections [54,55], and vascular pro-
liferative diseases [37,56-59]. In this study, we performed a comprehensive phylogenetic
analysis of EPAC1 and EPAC2 to provide further evolutionary insights into understanding
the structural and functional diversity of EPAC proteins.

2. Materials and Methods
2.1. Protein Sequence Mining and Alignment

Protein sequences were mined through a protein BLAST [60] in NCBI using human
EPAC1 and EPAC2 sequence, giving multiple sequence alignments (MSA) with a maximum
sequence difference of 0.85. Anomalous and repetitive sequences were filtered out, yielding
368 non-repetitive full-length EPAC1 (154) and EPAC2 (214) sequences across eukaryotic
species. The CBD-B of human EPAC1 and EPAC2 were used as query sequences to yield
MSA of 1034 RAPGEFs and PKA /G CBD-based sequences. The guanine exchange factor
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(GEF) domain of human EPAC1 and EPAC2 were used as query sequences to yield MSA of
897 RAPGEF GEF-based sequences.

2.2. Phylogenetic Tree Construction

Phylogenetic trees were constructed using the constraint-based multiple alignment
tool (COBALT) [61] and the fast minimum evolution algorithm [62], and plotted using
Dendroscope [63]. Three major phylogenetic trees were constructed for full-length EPAC
sequences, N-terminal CBD alignment, and C-terminal GEF alignment. Without direct
evidence of the evolutionary roots of these proteins, these trees were drawn as unrooted
cladograms. Additionally, EPAC family trees were isolated from CBD- and GEF-based
trees, and drawn as rooted phylograms, where PKA /G and RAPGEFs served as out-groups
to indicate a possible root of EPAC origin.

2.3. Ancestral Sequence Reconstruction

Ancestral sequences were reconstructed using the maximum-likelihood reconstruction
method on the FASTML server. The server created maximume-likelihood phylogenetic trees,
which were cross-checked with the COBALT trees. Ancestral sequences for nodes on the
phylogenetic trees were compiled for EPAC1 and EPAC2 sequences in the whole sequence
tree and domain trees.

2.4. Amino Acid Composition of EPAC Isoform Specific Sequence Motifs

Position-specific EPAC isoform specific sequence motifs with sequence weighting,
and two-sided representations of amino acid enrichment and depletion were constructed
and visualized using Seq2Logo [64].

3. Results
3.1. EPAC2 Is More Ancient and Conserved Than EPACI

To study the evolution of EPAC proteins, we generated phylogenetic trees of EPACs
through MSA of 154 EPAC1 and 214 EPAC2 non-repetitive sequences derived from a com-
prehensive sequence search on BLAST (Supplementary data 1). As a result, we generated
an unrooted cladogram of EPAC1 and EPAC2 (Figure 2a). We found EPAC2 sequences
spanning across different phyla in the Animalia kingdom, ranging from the most basic
phylum Porifera (corals), to phylum Nematoda (C. elegans), to all major classes in the
phylum Chordata. On the contrary, while species with EPAC1 unanimously contained
EPAC2, EPAC1 was not present in any invertebrates. We found EPAC1 sequences limited
to the phylum Chordata, spanning from the most primitive fish to all members of the
mammal class. The closest ancestral branching point for EPAC1 from EPAC2 is marine
worms. Rooted phylograms of mammalian EPAC1 and EPAC2 were constructed for a
better understanding their evolutional relationship (Figure 2b,c). While both trees, which
were drawn to the same scale of relative rate of amino acid substitution, follow the similar
trend of evolutionary path in terms of animal taxonomy, the degree of sequence diversity
for EPAC1 evolution is much higher than that of EPAC2. For example, by comparing the
EPAC isoform sequences for Homo sapiens and Danio rerio, we found that the sequence
percentage identity for humans and zebrafish EPAC2 is 77.4%, while the identity for EPAC1
between the two species is 57.9%. These results reveal that EPAC1 is more evolutionary ad-
vanced and less ancient than EPAC2, while EPAC2 sequences are generally more conserved
than EPAC1.

In addition to well-organized EPAC1 and EPAC2 branches, we also noticed a group of
outliers, mostly EPAC2 sequences from 14 distinct species containing fishes, reptiles, birds
and mammals, as well as platypus, a primitive and egg-laying mammal with evolutionary
links with reptiles and birds [65] (Figure 2d). These anomalous sequences were much less
conserved than typical mammal EPAC sequences (Figure 2b,c) and lacked clear organiza-
tion that fits with vertebrate phylogeny trends. However, a manual inspection of these
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outliers reveal that these sequences are partial and/or predicted sequences which were

automatically annotated without verification.
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Figure 2. Phylogenetic analyses of EPAC1 and EPAC2. (a) Unrooted cladogram of EPAC1 and EPAC2. (b) Rooted phylogram
of mammalian EPAC1. (c) Rooted phylogram of mammalian EPAC2. (d) Rooted phylogram of EPAC2 outliers. Scale bars:

0.01 or 0.1 represents 1 aa substitution per 100 or 10 aa, respectively.

3.2. Common Ancestor and Co-Evolution of EPAC1 and EPAC2 CBD

Unlike PKA proteins, which consist of separate regulatory and catalytic subunits,
EPAC proteins are single polypeptide molecules with two functional halves: a CBD con-
taining N-terminal regulatory region, and a C-terminal catalytic region with GEF activity
(Figure 1). This dual functionality feature of EPAC suggests that the first EPAC gene likely
originated from a recombination event, resulting in the fusion of two DNA fragments with
coding sequences for a CNB-containing regulatory module and a GEF-containing catalytic
module, respectively. Therefore, we hypothesized that performing separate phylogenetic
analyses of the CBD and GEF regions would provide a better understanding of the origin
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of EPAC isoforms and allow a direct comparison of the coevolution process between the
two functional entities.

A BLAST search using the CBD-B sequences of EPAC resulted in 1034 CBD se-
quences from non-repetitive species. These sequences cover several closely related fami-
lies: PKA/PKG, EPAC1/EPAC2 (RAPGEF3/RAPGEF4), and RAPGEF2/RAPGEF6 (PDZ-
GEF1/PDZ-GEF2) (Supplementary data 2). Using these sequences, we generated an
unrooted cladogram of CBD with MSA (Figure 3a). Overall, the EPAC CBD phylogenetic
branches still followed the similar feature and trend of evolutionary relationship in terms
of taxonomy groups under the constraints of the larger CBD families, as compared to the
phylogenetic tree based on full-length EPAC sequences (Figure 2a). EPAC1 and EPAC2
CBDs were more closely related to each other among all members of the cyclic nucleotide
binding domain family. Using PKA and PKG as out-groups, the root/origin of the CBD in
EPAC1/EPAC2 or RAPGEF2/RAPGEF6 could be clearly located on the cladogram. While
EPAC CBDs shared a common ancestor closely related to nematode EPAC CBD, EPAC1
CBD originated at a much later root parallel to chordate EPAC2 CBD. Rooted phylograms
of chordate EPAC1 and EPAC2 drawn to the same scale (Figure 3b,c) revealed that the
sequence diversity among EPAC1 was much higher than that of EPAC2. Similar to the
comparison above of EPAC full-length sequence identity between humans and zebrafish,
we found that the sequence identity of CBD domains between two species is 96.7% for
EPAC2, and 89.1% for EPACL. It is important to note that RAPGEF2/RAPGEF6 contain pu-
tative CBDs and are most closely related to EPAC1/EPAC2 among RAP-specific GEFs [66].
However, the CBD of RAPGEF2/RAPGEF6 does not contain conserved residues important
for cyclic nucleotide binding [67] and is not responsive to cAMP or other nucleotides [68].
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J f Fish EPACT
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Figure 3. Phylogenetic analyses of the CBD of PKA, PKG and EPAC1, EPAC2, RAPGEF 2 and 6. (a) Unrooted cladogram of
CBD of PKA, PKG and EPAC1, EPAC2, RAPGEF 2 and 6. (b) Rooted phylogram of chordate CBD of EPACI. (c) Rooted
phylogram of chordate EPAC2. Scale bars: 0.01 represents 1 aa substitution per 100.
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A BLAST search using the GEF domain of EPACT and EPAC?2 led to the identification
of 897 sequences across the RAPGEF family from non-repetitive species (Supplementary
data 3). An unrooted cladogram of GEF domain of RAPGEF was generated with MSA
(Figure 4a). EPAC GEF phylogeny still followed the general trend of animal taxonomy as
shown in the full-length EPAC tree (Figure 2a) with the constraints of the larger RAPGEF
families. EPAC1 and EPAC2 GEFs were more closely clustered with each other among
all RAPGEF members of the family. It appeared that the GEF domain of RAPGEFs is
originated from RAPGEF1, which contained species that are more primitive. GEF domain
of RAPGEF2 and RAPGEF6 form a separate group, leaving EPAC1, EPAC2 and RAPGEF5
clustered in a relatively closely related group.
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Figure 4. Phylogenetic analyses of the GEF of RAPGEF1-6. (a) Unrooted cladogram of the GEF of RAPGEF1-6. (b) Rooted
phylogram of the mammalian GEF of EPAC1. (c) Rooted phylogram of the mammalian GEF of EPAC2. Scale bars: 0.01
represents 1 aa substitution per 100.
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We could clearly observe that EPAC1 GEF originates at a later root than the origins
of EPAC2 GEF in primitive species, parallel to chordate EPAC2 GEF sequences. Rooted
phylograms of mammalian EPAC1 and EPAC2 GEF, drawn to the same scale, showed that
EPAC1 GEF are more divergent than EPAC2 counterparts (Figure 4b,c). We compared
the sequence identity of GEFs again between humans and zebrafish, and we found that
EPAC2 GEFs have a sequence identity of 83.6%, while EPAC1 GEFs have an identity
of 66.3%. As expected, the mammalian EPAC1 GEF tree featured the same taxonomy
groups (Figure 4b), as compared to the tree derived from the full-length EPAC1 sequence
(Figure 2b). On the other hand, the mammalian EPAC2 GEF tree (Figure 4c) contained the
marsupial taxa, a group evolutionarily distinct from other placental mammals, as well as
pandas and platypus.

3.3. Identification of Isoform-Specific Sequence Motifs

One of our goals is to search for unique sequence signatures that can differentiate the
two EPAC isoforms. Ideally, such a sequence motif would be highly conserved within its
own isoform among all species, but absent from the other isoform. To achieve this goal,
we aligned sequences for both EPAC isoforms in all species, and at each amino acid position
determined (1) whether the aligned human residue for EPAC1 and EPAC2 was the same,
and (2) the percent identity of EPAC1/EPAC2 residue against the respective isoform in
other species. For EPAC1, blue dots show that the residue on the human EPAC1 isoform is
the same on the aligned counterpart of the EPAC2 isoform (Figure 5a) while red dots show
that the residue is different. (Figure 5b). A similar calculation was performed for EPAC2 to
generate the corresponding plots (Figure 5¢,d). It was apparent that the CBDs in EPACs
are highly conserved among all species between and within each EPAC isoform. EPAC1
CBD had a percent identity range from 75% to 95%, while EPAC2 CBD-B had a similar
percent identity range from 75% to 97%. On the other hand, EPAC2 lacked any conserved
sequences from 0-100 residue, because CBD-A was lost in EPAC1. The C-terminal catalytic
region was mostly conserved for human EPAC1 and EPAC2, but ranges of the percent
identity of individual residues in each isoform were much broader than those of the CBD-B,
indicating a lower degree of conservation that CBD among all species within this region
(Figure 5a,c).

A congregate of unique residues exist in the N-terminus of EPAC1 and EPAC2,
yet none of these residues exhibit high percent identity, ranging from 10% to 45%, within
each EPAC isoform (Figure 5b,d), indicating active evolutional drift in this region for both
EPACs. Consequently, these sequences are not suitable candidates for isoform-specific
sequence motifs as they are not representational for all species.

Other sequentially diverse areas between EPAC1 and EPAC2 included the RA domain
and the C-Terminal extremity. In particular, residues within the RA domain contained
unique sequences between EPAC1 and EPAC2, and also maintained high levels of sequence
identity (50-90%) within each isoform, making this region a suitable target for finding
isoform-specific sequence signatures (Supplemental Figure S1). Indeed, further sequence
analyses led to the identification of two isoform-specific sequence motifs in human EPAC1
spanning residues from 523 to 539, and in human EPAC2 spanning residues from 633 to
649, respectively (Figure 6).
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Figure 5. Sequence identity and diversity at individual residue between aligned human EPAC1 and EPAC2. (a) The percent
identity of residues in EPACI over its entire range for the two EPACs. (b) Unique residues in aligned human EPACs in
EPACL. (c) The percent identity of residues in EPAC2 over its entire range for the two EPACs. (d) Unique residues in aligned
human EPACs in EPAC2. The x-axes show amino acid residue numbers while the y-axes show percent identity of species in
its own isoform.
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4. Discussion

Our current study, the first comprehensive phylogenetic analysis of EPAC1 and EPAC2,
reveals that evolutionally, EPACs have a more modern origin than their cousin PKA. EPAC
proteins are only present in multicellular Metazoa, while PKA can be found in unicellular
eukaryotes. Within the EPAC family, while EPAC2 spans the entire animal kingdom,
EPAC1 is only associated with chordates and above. Based on our analysis, the possible
ancestral branching point of EPAC1 away from EPAC2 occurred in organisms related to
marine worms. With the development of bilateral symmetry, a critical step in the evolution
of animal life, marine worms represent the first ancestor on the family tree that contains
most animals today, including humans [69]. Most likely, an EPAC2 gene duplication event
during evolution led to the creation of EPAC1, which lacks the N-terminal CNB-A domain.
While EPAC2 retains the CNB-A site, its cAMP binding affinity is much weaker than that of
CNB-B, and significantly above the physiological concentrations of cAMP [10], suggesting
that the functional degeneration of CBD-A occurred before the divergence of EPAC2 and
EPAC1. The loss of the cAMP-binding functionality and accompanying conservation
pressure likely contributed to the increased sequence diversity observed within this region;
the N-terminal extremity sequences of EPAC are the least conserved between EPAC1 and
EPAC2, while CBD-B has the highest sequence conservation. Not surprisingly, the N-
terminal sequence variation between EPAC1 and EPAC2 plays an important role in their
functional diversities. For example, N-terminal sequences to the DEP domain in EPAC1
contain a mitochondrial targeting motif and are important for mitochondrial targeting [70].
The same region has also been reported to interact with the ezrin-radixin-moesin (ERM)
family of scaffolding proteins [71]. In contrast, the CDB-A of EPAC2, while very poor
at binding cAMP, is required for EPAC2’s proper cellular targeting to the proximity of
plasma membrane [11] and critical for directing EPAC2 to the granule sites in 3-cells [12].
In addition, CDB-A in EPAC2 shields a conserved nuclear pore localization signal located
within the GEF domain, and contributes to the distinct subcellular distributions of EPAC1
and EPAC2 [13]. The interface formed between CDB-A and CDB-B in EPAC2 also provides
an allosteric binding site for the development of isoform-specific EPAC2 modulators [72].
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As an ancient stress-response signal, cAMP evolves its functionalities to match the
increased biological complexity during evolution by expanding its repertoire of intracellular
receptors from one single transcriptional factor in bacteria, to multi-families of effectors
with diverse functional activities of GEF [8,9], ion channel [4], kinase [73], etc. Nature
accomplishes such a remarkable feat elegantly through the assembly of the CBD domain
with other functional modalities to create new molecular entities. Indeed, phylogenetic
analyses of the individual CBD and GEF domains of EPACs show that within both the
larger cyclic nucleotide receptor and RAPGEF family trees, EPAC1 and EPAC2 remain
clustered together. These results provide strong evidence that EPAC1 and EPAC2 share a
common ancestor, likely resulted from a fusion between the CBD of PKA and the GEF from
RAPGEF1. Moreover, the CBD and GEF domains in EPACs exhibit similar evolutionary
trajectories and co-evolve together. These findings are consistent with the fact that CBD
and GEF are the most conserved regions within the EPAC family.

Besides the N-terminal extremity, the RA domain and the C-terminal end of EPAC1
and EPAC?2 also display significant sequence diversity between the two isoforms. However,
within individual EPAC isoforms, the RA domain has significant sequence conservation,
which allows the identification of unique isoform-specific sequence motifs within this
region (Figure 6). RA domain (SM00314) is about 100 residues in size and folds into a
ubiquitin alpha/beta roll superfold [74]. It has been found in a wide variety of proteins
with diverse functions, and believed to function mainly as protein interaction scaffolds [75].
When mapped to the EPAC2 crystal structures, the isoform-specific sequence motif in
EPAC2 is located in a disordered region with no visible electron density in both the inactive
and active conformations [76,77]. Similarly, the isoform-specific sequence motif in EPAC1
is located in an extended, disordered surface loop in a recent structural model predicted by
AlphaFold2 [78]. These observations suggest that these isoform-specific sequence motifs
are likely involved in complex formation, as such, they are unstructured in isolation and
only assume folded structure when in complex with other binding partners. Previous
studies have demonstrated that RA domain contributes to isoform-specific functions
of EPACs. For example, RA domain is responsible for RAS-mediated EPAC2, but not
EPAC1, translocation to plasma membrane [12,79] and activation [80]. The expression
of an EPAC2 rare coding mutation in the RA domain found in several autistic patients
impairs EPAC2’s interaction with RAS and selectively reduces basal dendrite complexity
in cortical pyramidal neurons [24]. On the other hand, the RA domain of EPACI interacts
with -arrestin2 and differentially regulates cardiac hypertrophic signaling mediated by
-adrenergic receptor subtypes [81]. EPAC1 RA has also been shown to mediate the
interaction with Ran-GTP and RanBP2 proteins, and for targeting EPAC1 to the nuclear
membrane [82]. It will be interesting to test if EPAC isoform-specific sequence motifs
identified in this study are involved in these reported isoform-specific EPAC functions.

5. Conclusions

Our study provides valuable information about the origin and evolutionary history
of EPAC family proteins. These findings offer major insights into our understanding of
isoform-specific EPAC structure and function. In addition, we have identified specific
sequence signatures that are unique between the two EPAC isoforms but conserved among
all species within individual EPAC isoforms. These isoform-selective sequence motifs likely
function as docking sites for interaction with discrete cellular partners and can serve as
target sites for developing isoform-specific small molecule probes and/or antibodies as
valuable research tools or leads for potential therapeutic uses.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ cells10102750/s1, Supplemental Figure S1. Sequence alignment of EPAC1 and EPAC2 RA
domain. Supplementary data 1: Sequence alignment of EPACs. Supplementary data 2: Sequence
alignment of CBD of PKA /PKG, RAPGEF2/RAPGEF6 and EPACs. Supplementary data 3: Sequence
alignment of GEF of RAPGEF1-6.


https://www.mdpi.com/article/10.3390/cells10102750/s1
https://www.mdpi.com/article/10.3390/cells10102750/s1

Cells 2021, 10, 2750 11 of 14

Author Contributions: Conceptualization, X.C.; methodology, Z.N.; software, Z.N.; validation, Z.N.
and X.C.; formal analysis, Z.N. and X.C.; investigation, Z.N. and X.C.; data curation, Z.N.; writing,
Z.N. and X.C,; visualization, Z.N. and X.C.; supervision, X.C.; project administration, X.C.; funding
acquisition, X.C. All authors have read and agreed to the published version of the manuscript.

Funding: This work is supported by a grant from the National Institute of Health R35GM122536.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript,
or in the decision to publish the results.

References

1. Berman, HM.; Eyck, L.ET.; Goodsell, D.S.; Haste, N.M.; Kornev, A ; Taylor, S.S. The cAMP binding domain: An ancient signaling
module. Proc. Natl. Acad. Sci. USA 2004, 102, 45-50. [CrossRef]

2. Cheng, X,; Lee, J.C. Absolute requirement of cyclic nucleotide in the activation of the G141Q mutant cAMP receptor protein from
Escherichia coli. J. Biol. Chem. 1994, 269, 30781-30784. [CrossRef]

3. Cheng, X,; Ji, Z,; Tsalkova, T.; Mei, F. Epac and PKA: A tale of two intracellular cAMP receptors. Acta Biochim. Biophys. Sin. 2008,
40, 651-662. [CrossRef] [PubMed]

4. Zufall, F; Shepherd, G.M.; Barnstable, C.J. Cyclic Nucleotide Gated Channels as Regulators of Cns Development and Plasticity.
Curr. Opin. Neurobiol. 1997, 7, 404-412. [CrossRef]

5. Brand, T,; Poon, K.L.; Simrick, S.; Schindler, R.ER. The Popeye Domain Containing Genes and cAMP Signaling. J. Cardiovasc. Dev.
Dis. 2014, 1, 121-133. [CrossRef] [PubMed]

6. Krahling, AM.; Alvarez, L.K.; Debowski, Q.; Van, M.; Gunkel, S.; Irsen, A.; Al-Amoudi, T.; Striinker, E.; Kremmer, E.; Krause, L;
et al. Cris-a Novel Camp-Binding Protein Controlling Spermiogenesis and the Development of Flagellar Bending. PLoS Genet.
2013, 9, €1003960. [CrossRef]

7. Kannan, N.; Wu, ].; Anand, G.S.; Yooseph, S.; Neuwald, A.F.; Venter, ].C.; Taylor, S.S. Evolution of allostery in the cyclic nucleotide
binding module. Genome Biol. 2007, 8, R264. [CrossRef]

8. De Rooij, J.; Zwartkruis, FJ.T.; Verheijen, M.H.G.; Cool, R.; Nijman, S.M.B.; Wittinghofer, A.; Bos, J.L. Epac is a Rap1 guanine-
nucleotide-exchange factor directly activated by cyclic AMP. Nature 1998, 396, 474-477. [CrossRef]

9. Kawasaki, H.; Springett, G.M.; Mochizuki, N.; Toki, S.; Nakaya, M.; Matsuda, M.; Housman, D.E.; Graybiel, A.M. A Family of
Camp-Binding Proteins That Directly Activate Rap1. Science 1998, 282, 2275-2279. [CrossRef]

10. De Rooij, J.; Rehmann, H.; van Triest, M.; Cool, R.H.; Wittinghofer, A.; Bos, J.L. Mechanism of Regulation of the Epac Family of
Camp-Dependent Rapgefs. J. Biol. Chem. 2000, 275, 20829-20836. [CrossRef]

11. Niimura, M.; Miki, T.; Shibasaki, T.; Fujimoto, W.; Iwanaga, T.; Seino, S. Critical role of the N-terminal cyclic AMP-binding
domain of Epac?2 in its subcellular localization and function. J. Cell. Physiol. 2009, 219, 652-658. [CrossRef] [PubMed]

12.  Alenkvist, I.; Gandasi, N.; Barg, S.; Tengholm, A. Recruitment of Epac2A to Insulin Granule Docking Sites Regulates Priming for
Exocytosis. Diabetes 2017, 66, 2610-2622. [CrossRef] [PubMed]

13. Parnell, E.; Smith, B.O.; Yarwood, S.J. The cAMP sensors, EPAC1 and EPAC2, display distinct subcellular distributions despite
sharing a common nuclear pore localisation signal. Cell. Signal. 2015, 27, 989-996. [CrossRef]

14. Robichaux, W.G.; Cheng, X. Intracellular Camp Sensor Epac: Physiology, Pathophysiology, and Therapeutics Development.
Physiol. Rev. 2018, 98, 919-1053. [CrossRef] [PubMed]

15. Sugawara, K,; Shibasaki, T.; Takahashi, H.; Seino, S. Structure and Functional Roles of Epac2 (Rapgef4). Gene 2015, 575, 577-583.
[CrossRef] [PubMed]

16.  Schmidt, M.; Dekker, F.; Maarsingh, H. Exchange Protein Directly Activated by cAMP (epac): A Multidomain cAMP Mediator in
the Regulation of Diverse Biological Functions. Pharmacol. Rev. 2013, 65, 670-709. [CrossRef]

17. Banerjee, U.; Cheng, X. Exchange Protein Directly Activated by Camp Encoded by the Mammalian Rapgef3 Gene: Structure,
Function and Therapeutics. Gene 2015, 570, 157-167. [CrossRef]

18.  Holz, G.G. Epac: A New Camp-Binding Protein in Support of Glucagon-Like Peptide-1 Receptor-Mediated Signal Transduction
in the Pancreatic Beta-Cell. Diabetes 2004, 53, 5-13. [CrossRef]

19. Zhang, C.-L.; Katoh, M.; Shibasaki, T.; Minami, K.; Sunaga, Y.; Takahashi, H.; Yokoi, N.; Iwasaki, M.; Miki, T.; Seino, S. The cAMP
Sensor Epac2 Is a Direct Target of Antidiabetic Sulfonylurea Drugs. Science 2009, 325, 607-610. [CrossRef]

20. Mukai, E.; Fujimoto, S.; Sato, H.; Oneyama, C.; Kominato, R.; Sato, Y.; Sasaki, M.; Nishi, Y.; Okada, M.; Inagaki, N. Exendin-4

Suppresses Src Activation and Reactive Oxygen Species Production in Diabetic Goto-Kakizaki Rat Islets in an Epac-Dependent
Manner. Diabetes 2010, 60, 218-226. [CrossRef]


http://doi.org/10.1073/pnas.0408579102
http://doi.org/10.1016/S0021-9258(18)47349-8
http://doi.org/10.1111/j.1745-7270.2008.00438.x
http://www.ncbi.nlm.nih.gov/pubmed/18604457
http://doi.org/10.1016/S0959-4388(97)80070-0
http://doi.org/10.3390/jcdd1010121
http://www.ncbi.nlm.nih.gov/pubmed/27500161
http://doi.org/10.1371/journal.pgen.1003960
http://doi.org/10.1186/gb-2007-8-12-r264
http://doi.org/10.1038/24884
http://doi.org/10.1126/science.282.5397.2275
http://doi.org/10.1074/jbc.M001113200
http://doi.org/10.1002/jcp.21709
http://www.ncbi.nlm.nih.gov/pubmed/19170062
http://doi.org/10.2337/db17-0050
http://www.ncbi.nlm.nih.gov/pubmed/28679628
http://doi.org/10.1016/j.cellsig.2015.02.009
http://doi.org/10.1152/physrev.00025.2017
http://www.ncbi.nlm.nih.gov/pubmed/29537337
http://doi.org/10.1016/j.gene.2015.09.029
http://www.ncbi.nlm.nih.gov/pubmed/26390815
http://doi.org/10.1124/pr.110.003707
http://doi.org/10.1016/j.gene.2015.06.063
http://doi.org/10.2337/diabetes.53.1.5
http://doi.org/10.1126/science.1172256
http://doi.org/10.2337/db10-0021

Cells 2021, 10, 2750 12 of 14

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Woolfrey, K.M.; Srivastava, D.P.; Photowala, H.; Yamashita, M.; Barbolina, M.V.; Cahill, M.; Xie, Z.; A Jones, K.; A Quilliam, L.;
Prakriya, M.; et al. Epac2 induces synapse remodeling and depression and its disease-associated forms alter spines. Nat. Neurosci.
2009, 12, 1275-1284. [CrossRef] [PubMed]

Penzes, P.; Woolfrey, K.M.; Srivastava, D.P. Epac2-mediated dendritic spine remodeling: Implications for disease. Mol. Cell.
Neurosci. 2011, 46, 368-380. [CrossRef] [PubMed]

Yang, Y.; Shu, X,; Liu, D.; Shang, Y.; Wu, Y.; Pei, L.; Xu, X,; Tian, Q.; Zhang, J.; Qian, K.; et al. EPAC Null Mutation Impairs
Learning and Social Interactions via Aberrant Regulation of miR-124 and Zif268 Translation. Neuron 2012, 73, 774-788. [CrossRef]
[PubMed]

Srivastava, D.P.; Woolfrey, K.M.; Jones, K.A.; Anderson, C.T.; Smith, K.R.; Russell, T.A.; Lee, H.; Yasvoina, M.; Wokosin, D.L.;
Ozdinler, PH.; et al. An Autism-Associated Variant of Epac2 Reveals a Role for Ras/Epac2 Signaling in Controlling Basal
Dendrite Maintenance in Mice. PLoS Biol. 2012, 10, e1001350. [CrossRef]

Srivastava, D.P; Jones, K.A.; Woolfrey, KM.; Burgdorf, J.; Russell, T.A.; Kalmbach, A.; Lee, H.; Yang, C.; Bradberry, M.M.;
Wokosin, D.; et al. Social, Communication, and Cortical Structural Impairments in Epac2-Deficient Mice. J. Neurosci. 2012, 32,
11864-11878. [CrossRef]

Mei, F.C.; Qiao, J.B.; Tsygankova, O.M.; Meinkoth, J.L.; Quilliam, L.A.; Cheng, X.D. Differential Signaling of Cyclic Amp—
Opposing Effects of Exchange Protein Directly Activated by Cyclic Amp and Camp-Dependent Protein Kinase on Protein Kinase
B Activation. J. Biol. Chem. 2002, 277, 11497-11504. [CrossRef]

Nijholt, .M.; Dolga, A.M.; Ostroveanu, A.; Luiten, P.G.; Schmidt, M.; Eisel, U.L. Neuronal AKAP150 coordinates PKA and
Epac-mediated PKB/ Akt phosphorylation. Cell. Signal. 2008, 20, 1715-1724. [CrossRef]

Oestreich, E.A.; Wang, H.S.; Malik, K.; Kaproth-Joslin, A.; Blaxall, B.C.; Kelley, G.G.; Dirksen, R.T.; Smrcka, A.V. Epac-Mediated
Activation of Phospholipase Ce Plays a Critical Role in 3-Adrenergic Receptor-Dependent Enhancement of Ca%* Mobilization in
Cardiac Myocytes. J. Biol. Chem. 2007, 282, 5488-5495. [CrossRef]

Schmidt, M.; Evellin, S.; Weernink, P.A.O.; Dorp, EV.; Rehmann, H.; Lomasney, ].W.; Jakobs, K.H. A new phospholipase-C—calcium
signalling pathway mediated by cyclic AMP and a Rap GTPase. Nature 2001, 3, 1020-1024. [CrossRef]

Yang, W.; Mei, E.C.; Cheng, X. EPACI regulates endothelial annexin A2 cell surface translocation and plasminogen activation.
FASEB ]. 2018, 32, 2212-2222. [CrossRef]

Yokoyama, U.; Patel, H.H.; Lai, N.C.; Aroonsakool, N.; Roth, D.M.; Insel, P.A. The cyclic AMP effector Epac integrates pro- and
anti-fibrotic signals. Proc. Natl. Acad. Sci. USA 2008, 105, 6386—6391. [CrossRef] [PubMed]

Almahariq, M.; Mei, EC.; Wang, H.; Cao, A.T,; Yao, S.; Soong, L.; Sun, J.; Cong, Y.; Chen, J.; Cheng, X. Exchange protein directly
activated by cAMP modulates regulatory T-cell-mediated immunosuppression. Biochem. ]. 2015, 465, 295-303. [CrossRef]
[PubMed]

Fukuda, M.; Williams, KW.; Gautron, L.; Elmquist, ].K. Induction of Leptin Resistance by Activation of Camp-Epac Signaling.
Cell Metab. 2011, 13, 331-339. [CrossRef] [PubMed]

Yan, J.; Mei, EC.; Cheng, H.; Lao, D.H.; Hu, Y.; Wei, ].; Patrikeev, I.; Hao, D.; Stutz, S.J.; Dineley, K.T; et al. Enhanced Leptin
Sensitivity, Reduced Adiposity, and Improved Glucose Homeostasis in Mice Lacking Exchange Protein Directly Activated by
Cyclic AMP Isoform 1. Mol. Cell. Biol. 2013, 33, 918-926. [CrossRef] [PubMed]

Namkoong, S.; Kim, C.-K,; Cho, Y.-L.; Kim, J.-H.; Lee, H.; Ha, K.-S.; Choe, J.; Kim, P-H.; Won, M.-H.; Kwon, Y.-G.; et al.
Forskolin increases angiogenesis through the coordinated cross-talk of PKA-dependent VEGF expression and Epac-mediated
PI3K/Akt/eNOS signaling. Cell. Signal. 2009, 21, 906-915. [CrossRef]

Jang, M.W,; Yun, S.P; Park, ] H.; Ryu, ].M.; Lee, ].H.; Han, H.J. Cooperation of Epacl/Rap1/Akt and Pka in Prostaglandin E(2)
-Induced Proliferation of Human Umbilical Cord Blood Derived Mesenchymal Stem Cells: Involvement of C-Myc and Vegf
Expression. J. Cell. Physiol. 2012, 227, 3756-3767. [CrossRef]

Liu, H.; Mei, EC.; Yang, W.; Wang, H.; Wong, E.; Cai, ].; Toth, E.; Luo, P,; Li, Y.-M.; Zhang, W.; et al. Epac1 inhibition ameliorates
pathological angiogenesis through coordinated activation of Notch and suppression of VEGF signaling. Sci. Adv. 2020, 6,
eaay3566. [CrossRef]

Métrich, M.; Lucas, A.; Gastineau, M.; Samuel, ].L.; Heymes, C.; Morel, E.; Lezoualc’h, F. Epac Mediates 3-Adrenergic Receptor-
Induced Cardiomyocyte Hypertrophy. Circ. Res. 2008, 102, 959-965. [CrossRef]

Oestreich, E.A.; Malik, S.; Goonasekera, S.A.; Blaxall, B.C.; Kelley, G.G.; Dirksen, R.T.; Smrcka, A.V. Epac and Phospholipase
Cepsilon Regulate Ca?* Release in the Heart by Activation of Protein Kinase Cepsilon and Calcium-Calmodulin Kinase Ii. J. Biol.
Chem. 2009, 284, 1514-1522. [CrossRef]

Okumura, S.; Fujita, T.; Cai, W,; Jin, M.; Namekata, I.; Mototani, Y.; Jin, H.; Ohnuki, Y.; Tsuneoka, Y.; Kurotani, R.; et al. Epacl-
dependent phospholamban phosphorylation mediates the cardiac response to stresses. J. Clin. Investig. 2014, 124, 2785-2801.
[CrossRef]

Pereira, L.; Cheng, H.; Lao, D.H.; Na, L.; Van Oort, R.J.; Brown, ].H.; Wehrens, X.; Chen, J.; Bers, D.M. Epac2 Mediates Cardiac
p1-Adrenergic-Dependent Sarcoplasmic Reticulum Ca?* Leak and Arrhythmia. Circulation 2013, 127, 913-922. [CrossRef]
Lezoualc’h, F; Fazal, L.; Laudette, M.; Conte, C. Cyclic AMP Sensor EPAC Proteins and Their Role in Cardiovascular Function
and Disease. Circ. Res. 2016, 118, 881-897. [CrossRef]


http://doi.org/10.1038/nn.2386
http://www.ncbi.nlm.nih.gov/pubmed/19734897
http://doi.org/10.1016/j.mcn.2010.11.008
http://www.ncbi.nlm.nih.gov/pubmed/21115118
http://doi.org/10.1016/j.neuron.2012.02.003
http://www.ncbi.nlm.nih.gov/pubmed/22365550
http://doi.org/10.1371/journal.pbio.1001350
http://doi.org/10.1523/JNEUROSCI.1349-12.2012
http://doi.org/10.1074/jbc.M110856200
http://doi.org/10.1016/j.cellsig.2008.05.001
http://doi.org/10.1074/jbc.M608495200
http://doi.org/10.1038/ncb1101-1020
http://doi.org/10.1096/fj.201701027R
http://doi.org/10.1073/pnas.0801490105
http://www.ncbi.nlm.nih.gov/pubmed/18434542
http://doi.org/10.1042/BJ20140952
http://www.ncbi.nlm.nih.gov/pubmed/25339598
http://doi.org/10.1016/j.cmet.2011.01.016
http://www.ncbi.nlm.nih.gov/pubmed/21356522
http://doi.org/10.1128/MCB.01227-12
http://www.ncbi.nlm.nih.gov/pubmed/23263987
http://doi.org/10.1016/j.cellsig.2009.01.038
http://doi.org/10.1002/jcp.24084
http://doi.org/10.1126/sciadv.aay3566
http://doi.org/10.1161/CIRCRESAHA.107.164947
http://doi.org/10.1074/jbc.M806994200
http://doi.org/10.1172/JCI64784
http://doi.org/10.1161/CIRCULATIONAHA.12.148619
http://doi.org/10.1161/CIRCRESAHA.115.306529

Cells 2021, 10, 2750 13 of 14

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.
67.

Cai, W,; Fyjita, T.; Hidaka, Y,; Jin, H.; Suita, K.; Prajapati, R.; Liang, C.; Umemura, M.; Yokoyama, U.; Sato, M.; et al. Disruption of
Epacl protects the heart from adenylyl cyclase type 5-mediated cardiac dysfunction. Biochem. Biophys. Res. Commun. 2016, 475,
1-7. [CrossRef] [PubMed]

Morel, E.; Marcantoni, A.; Gastineau, M.; Birkedal, R.; Rochais, F.; Garnier, A.; Lompré, A.M.; Vandecasteele, G.; Lezoualc’h, F.
Camp-Binding Protein Epac Induces Cardiomyocyte Hypertrophy. Circ. Res. 2005, 97, 1296-1304. [CrossRef]

Almahariq, M.; Mei, E.C.; Cheng, X. Cyclic AMP sensor EPAC proteins and energy homeostasis. Trends Endocrinol. Metab. 2013,
25,60-71. [CrossRef] [PubMed]

Onodera, Y.; Nam, ].M.; Bissell, M.J. Increased Sugar Uptake Promotes Oncogenesis Via Epac/Rap1 and O-Glcnac Pathways.
J. Clin. Investig. 2014, 124, 367-384. [CrossRef] [PubMed]

Almahariq, M.; Mei, F.C.; Cheng, X. The pleiotropic role of exchange protein directly activated by cAMP 1 (EPAC1) in cancer:
Implications for therapeutic intervention. Acta Biochim. Biophys. Sin. 2015, 48, 75-81. [CrossRef] [PubMed]

Wehbe, N; Slika, H.; Mesmar, J.; Nasser, S.A.; Pintus, G.; Baydoun, S.; Badran, A.; Kobeissy, F; Eid, A.H.; Baydoun, E. The Role of
Epac in Cancer Progression. Int. ]. Mol. Sci. 2020, 21, 6489. [CrossRef] [PubMed]

Kumar, N.; Prasad, P; Jash, E.; Saini, M.; Husain, A.; Goldman, A.; Sehrawat, S. Insights into exchange factor directly activated by
cAMP (EPAC) as potential target for cancer treatment. Mol. Cell. Biochem. 2018, 447, 77-92. [CrossRef]

Hucho, T.B.; Dina, O.A.; Levine, ].D. Epac Mediates a Camp-to-Pke Signaling in Inflammatory Pain: An Isolectin B4(+) Neuron-
Specific Mechanism. J. Neurosci. 2005, 25, 6119-6126. [CrossRef] [PubMed]

Eijkelkamp, N.; Wang, H.; Garza-Carbajal, A.; Willemen, H.L.; Zwartkruis, EJ.; Wood, ].N.; Dantzer, R.; Kelley, K.W.; Heijnen, C.J.;
Kavelaars, A. Low Nociceptor Grk2 Prolongs Prostaglandin E2 Hyperalgesia Via Biased Camp Signaling to Epac/Rap1, Protein
Kinase Cepsilon, and Mek/Erk. J. Neurosci. 2010, 30, 12806-12815. [CrossRef]

Wang, H.; Heijnen, C.J.; van Velthoven, C.; Willemen, H.L.; Ishikawa, Y.; Zhang, X.; Sood, A.K.; Vroon, A.; Eijkelkamp, N.;
Kavelaars, A. Balancing GRK2 and EPACI levels prevents and relieves chronic pain. J. Clin. Investig. 2013, 123, 5023-5034.
[CrossRef] [PubMed]

Gu, Y,; Li, G,; Chen, Y,; Mae Huang, L.Y. Epac-Pkcalpha Signaling in Purinergic P2x3r-Mediated Hyperalgesia after Inflammation.
Pain 2016, 157, 1541-1550. [CrossRef]

Gong, B.; Shelite, T.; Mei, EC.; Ha, T.; Hu, Y.; Xu, G.; Chang, Q.; Wakamiya, M.; Ksiazek, T.G.; Boor, PJ.; et al. Exchange protein
directly activated by cAMP plays a critical role in bacterial invasion during fatal rickettsioses. Proc. Natl. Acad. Sci. USA 2013,
110, 19615-19620. [CrossRef] [PubMed]

Tao, X.; Mei, F,; Agrawal, A.; Peters, C.J.; Ksiazek, T.G.; Cheng, X.; Tseng, C.-T.K. Blocking of Exchange Proteins Directly
Activated by cAMP Leads to Reduced Replication of Middle East Respiratory Syndrome Coronavirus. J. Virol. 2014, 88, 3902-3910.
[CrossRef] [PubMed]

Wang, H.; Robichaux, W.G.; Wang, Z.; Mei, EC,; Cai, M.; Du, G.; Chen, J.; Cheng, X. Inhibition of Epacl suppresses mitochondrial
fission and reduces neointima formation induced by vascular injury. Sci. Rep. 2016, 6, 36552. [CrossRef] [PubMed]

Kato, Y,; Yokoyama, U.; Yanai, C.; Ishige, R.; Kurotaki, D.; Umemura, M.; Fyjita, T.; Kubota, T.; Okumura, S.; Sata, M.; et al. Epacl
Deficiency Attenuated Vascular Smooth Muscle Cell Migration and Neointimal Formation. Arterioscler. Thromb. Vasc. Biol. 2015,
35,2617-2625. [CrossRef]

Yokoyama, U.; Minamisawa, S.; Quan, H.; Akaike, T.; Jin, M.; Otsu, K.; Ulucan, C.; Wang, X.; Baljinnyam, E.; Takaoka, M.; et al.
Epacl is upregulated during neointima formation and promotes vascular smooth muscle cell migration. Am. J. Physiol. Circ.
Physiol. 2008, 295, H1547-H1555. [CrossRef] [PubMed]

Robichaux, W.G.; Mei, FC.; Yang, W.; Wang, H.; Sun, H.; Zhou, Z.; Milewicz, D.M.; Teng, B.B.; Cheng, X. Epacl (Exchange
Protein Directly Activated by cAMP 1) Upregulates LOX-1 (Oxidized Low-Density Lipoprotein Receptor 1) to Promote Foam Cell
Formation and Atherosclerosis Development. Arterioscler. Thromb. Vasc. Biol. 2020, 40, e322-e335. [CrossRef]

Altschul, S.E; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.J. Basic local alignment search tool. J. Mol. Biol. 1990, 215, 403—410.
[CrossRef]

Papadopoulos, ].S.; Agarwala, R. COBALT: Constraint-based alignment tool for multiple protein sequences. Bioinformatics 2007,
23, 1073-1079. [CrossRef]

Desper, R.; Gascuel, O. Fast and Accurate Phylogeny Reconstruction Algorithms Based on the Minimum-Evolution Principle.
J. Comput. Biol. 2002, 9, 687-705. [CrossRef]

Huson, D.H.; Richter, D.C.; Rausch, C.; Dezulian, T.; Franz, M.; Rupp, R. Dendroscope: An interactive viewer for large
phylogenetic trees. BMC Bioinform. 2007, 8, 1-6. [CrossRef]

Thomsen, M.C.; Nielsen, M. Seq2logo: A Method for Construction and Visualization of Amino Acid Binding Motifs and Sequence
Profiles Including Sequence Weighting, Pseudo Counts and Two-Sided Representation of Amino Acid Enrichment and Depletion.
Nucleic Acids Res. 2012, 40, W281-W287. [CrossRef]

Warren, W.C.; Hillier, L.W.; Graves, J.AM.; Birney, E.; Ponting, C.P; Griitzner, F; Belov, K; Miller, W.; Clarke, L.;
Chinwalla, A.T.; et al. Genome analysis of the platypus reveals unique signatures of evolution. Nature 2008, 453, 175-183.
[CrossRef] [PubMed]

Gloerich, M.; Bos, ].L. Regulating Rap small G-proteins in time and space. Trends Cell Biol. 2011, 21, 615-623. [CrossRef] [PubMed]
De Rooij, ].; Boenink, N.M.; van Triest, M.; Cool, R.; Wittinghofer, A.; Bos, ].L. PDZ-GEF1, a Guanine Nucleotide Exchange Factor
Specific for Rap1 and Rap?2. J. Biol. Chem. 1999, 274, 38125-38130. [CrossRef] [PubMed]


http://doi.org/10.1016/j.bbrc.2016.04.123
http://www.ncbi.nlm.nih.gov/pubmed/27117748
http://doi.org/10.1161/01.RES.0000194325.31359.86
http://doi.org/10.1016/j.tem.2013.10.004
http://www.ncbi.nlm.nih.gov/pubmed/24231725
http://doi.org/10.1172/JCI63146
http://www.ncbi.nlm.nih.gov/pubmed/24316969
http://doi.org/10.1093/abbs/gmv115
http://www.ncbi.nlm.nih.gov/pubmed/26525949
http://doi.org/10.3390/ijms21186489
http://www.ncbi.nlm.nih.gov/pubmed/32899451
http://doi.org/10.1007/s11010-018-3294-z
http://doi.org/10.1523/JNEUROSCI.0285-05.2005
http://www.ncbi.nlm.nih.gov/pubmed/15987941
http://doi.org/10.1523/JNEUROSCI.3142-10.2010
http://doi.org/10.1172/JCI66241
http://www.ncbi.nlm.nih.gov/pubmed/24231349
http://doi.org/10.1097/j.pain.0000000000000547
http://doi.org/10.1073/pnas.1314400110
http://www.ncbi.nlm.nih.gov/pubmed/24218580
http://doi.org/10.1128/JVI.03001-13
http://www.ncbi.nlm.nih.gov/pubmed/24453361
http://doi.org/10.1038/srep36552
http://www.ncbi.nlm.nih.gov/pubmed/27830723
http://doi.org/10.1161/ATVBAHA.115.306534
http://doi.org/10.1152/ajpheart.01317.2007
http://www.ncbi.nlm.nih.gov/pubmed/18689492
http://doi.org/10.1161/ATVBAHA.119.314238
http://doi.org/10.1016/S0022-2836(05)80360-2
http://doi.org/10.1093/bioinformatics/btm076
http://doi.org/10.1089/106652702761034136
http://doi.org/10.1186/1471-2105-8-460
http://doi.org/10.1093/nar/gks469
http://doi.org/10.1038/nature07253
http://www.ncbi.nlm.nih.gov/pubmed/18464734
http://doi.org/10.1016/j.tcb.2011.07.001
http://www.ncbi.nlm.nih.gov/pubmed/21820312
http://doi.org/10.1074/jbc.274.53.38125
http://www.ncbi.nlm.nih.gov/pubmed/10608883

Cells 2021, 10, 2750 14 of 14

68.

69.

70.

71.

72.

73.

74.

75.
76.

77.

78.

79.

80.

81.

82.

Kuiperij, H.B.; de Rooij, J.; Rehmann, H.; van Triest, M.; Wittinghofer, A.; Bos, J.L.; Zwartkruis, EJ. Characterisation of PDZ-GEFs,
a family of guanine nucleotide exchange factors specific for Rap1 and Rap2. Biochim. Biophys. Acta 2003, 1593, 141-149. [CrossRef]
Evans, S.D.; Hughes, 1.V.; Gehling, ].G.; Droser, M.L. Discovery of the Oldest Bilaterian from the Ediacaran of South Australia.
Proc. Natl. Acad. Sci. USA 2020, 117, 7845-7850. [CrossRef]

Qiao, J.; Mei, E.C.; Popov, V.L.; Vergara, L.A.; Cheng, X. Cell Cycle-dependent Subcellular Localization of Exchange Factor Directly
Activated by cAMP. J. Biol. Chem. 2002, 277, 26581-26586. [CrossRef]

HHochbaum, D.; Barila, G.; Ribeiro-Neto, F; Altschuler, D.L. Radixin Assembles Camp Effectors Epac and Pka into a Functional
Camp Compartment: Role in Camp-Dependent Cell Proliferation. . Biol. Chem. 2001, 286, 859-866. [CrossRef]

Tsalkova, T.; Mei, E.C.; Li, S.; Chepurny, O.G.; Leech, C.A,; Liu, T.; Holz, G.G.; Woods, V.L.; Cheng, X. Isoform-Specific Antagonists
of Exchange Proteins Directly Activated by Camp. Proc. Natl. Acad. Sci. USA 2012, 109, 18613-18618. [CrossRef]

Taylor, S.S.; Ilouz, R.; Zhang, P.; Kornev, A. Assembly of allosteric macromolecular switches: Lessons from PKA. Nat. Rev. Mol.
Cell Biol. 2012, 13, 646-658. [CrossRef]

Huang, L.; Weng, X.; Hofer, F.; Martin, G.S.; Kirn, S.-H. Three-dimensional structure of the Ras-interacting domain of RalGDS.
Nat. Genet. 1997, 4, 609-615. [CrossRef]

Ponting, C.P,; Benjamin, D.R. A Novel Family of Ras-Binding Domains. Trends Biochem. Sci. 1996, 21, 422-425. [CrossRef]
Rehmann, H.; Das, J.; Knipscheer, P.; Wittinghofer, A.; Bos, J.L. Structure of the cyclic-AMP-responsive exchange factor Epac2 in
its auto-inhibited state. Nature 2006, 439, 625-628. [CrossRef] [PubMed]

Rehmann, H.; Arias-Palomo, E.; Hadders, M.A.; Schwede, E; Llorca, O.; Bos, J.L. Structure of Epac2 in complex with a cyclic
AMP analogue and RAP1B. Nature 2008, 455, 124-127. [CrossRef] [PubMed]

Tunyasuvunakool, K.; Adler, J.; Wu, Z.; Green, T.; Zielinski, M.; Zidek, A.; Bridgland, A.; Cowie, A.; Meyer, C.; Laydon, A.; et al.
Highly accurate protein structure prediction for the human proteome. Nature 2021, 596, 590-596. [CrossRef] [PubMed]

Li, Y.; Asuri, S.; Rebhun, ].F.; Castro, A.E; Paranavitana, N.C.; Quilliam, L.A. The RAP1 Guanine Nucleotide Exchange Factor
Epac2 Couples Cyclic AMP and Ras Signals at the Plasma Membrane. J. Biol. Chem. 2006, 281, 2506-2514. [CrossRef] [PubMed]
Liu, C.; Takahashi, M.; Li, Y.; Song, S.; Dillon, T.J.; Shinde, U.; Stork, PJ.S. Ras Is Required for the Cyclic AMP-Dependent
Activation of Rap1 via Epac2. Mol. Cell. Biol. 2008, 28, 7109-7125. [CrossRef]

Berthouze-Duquesnes, M.; Lucas, A.; Sauliére, A.; Sin, Y.Y; Laurent, A.C.; Galés, C.; Baillie, G.; Lezoualc’h, F. Specific Interactions
between Epacl, -Arrestin2 and Pde4d5 Regulate B-Adrenergic Receptor Subtype Differential Effects on Cardiac Hypertrophic
Signaling. Cell. Signal. 2013, 25, 970-980. [CrossRef]

Liu, C.; Takahashi, M.; Li, Y,; Dillon, T.J.; Kaech, S.; Stork, PJ.S. The Interaction of Epacl and Ran Promotes Rap1l Activation at the
Nuclear Envelope. Mol. Cell. Biol. 2010, 30, 3956-3969. [CrossRef]


http://doi.org/10.1016/S0167-4889(02)00365-8
http://doi.org/10.1073/pnas.2001045117
http://doi.org/10.1074/jbc.M203571200
http://doi.org/10.1074/jbc.M110.163816
http://doi.org/10.1073/pnas.1210209109
http://doi.org/10.1038/nrm3432
http://doi.org/10.1038/nsb0897-609
http://doi.org/10.1016/S0968-0004(96)30038-8
http://doi.org/10.1038/nature04468
http://www.ncbi.nlm.nih.gov/pubmed/16452984
http://doi.org/10.1038/nature07187
http://www.ncbi.nlm.nih.gov/pubmed/18660803
http://doi.org/10.1038/s41586-021-03828-1
http://www.ncbi.nlm.nih.gov/pubmed/34293799
http://doi.org/10.1074/jbc.M508165200
http://www.ncbi.nlm.nih.gov/pubmed/16316996
http://doi.org/10.1128/MCB.01060-08
http://doi.org/10.1016/j.cellsig.2012.12.007
http://doi.org/10.1128/MCB.00242-10

	Introduction 
	Materials and Methods 
	Protein Sequence Mining and Alignment 
	Phylogenetic Tree Construction 
	Ancestral Sequence Reconstruction 
	Amino Acid Composition of EPAC Isoform Specific Sequence Motifs 

	Results 
	EPAC2 Is More Ancient and Conserved Than EPAC1 
	Common Ancestor and Co-Evolution of EPAC1 and EPAC2 CBD 
	Identification of Isoform-Specific Sequence Motifs 

	Discussion 
	Conclusions 
	References

