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Epac2 is a member of the family of exchange proteins directly
activated by cAMP (Epac). Our previous studies suggest a model
of Epac activation in which cAMP binding to the enzyme
induces a localized “hinge” motion that reorients the regulatory
lobe relative to the catalytic lobe without inducing large confor-
mational changes within individual lobes. In this study, we iden-
tified the location of the major hinge in Epac2 by normal mode
motion correlation and structural alignment analyses. Targeted
mutagenesis was then performed to test the functional impor-
tance of hinge bending for Epac activation. We show that sub-
stitution of the conserved residue phenylalanine 435 with gly-
cine (F435G) facilitates the hinge bending and leads to a
constitutively active Epac2 capable of stimulating nucleotide
exchange in the absence of cAMP. In contrast, substitution of
the same residue with a bulkier side chain, tryptophan (F435W),
impedes the hinge motion and results in a dramatic decrease in
Epac2 catalytic activity. Structural parameters determined by
small angle x-ray scattering further reveal that whereas the
F435G mutant assumes a more extended conformation in the
absence of cAMP, the F435W mutant is incapable of adopting
the fully extended and active conformation in the presence of
cAMP. These findings demonstrate the importance of hinge
motion in Epac activation. Our study also suggests that pheny-
lalanine at position 435 is the optimal size side chain to keep
Epac closed and inactive in the absence of cAMP while still
allowing the proper hinge motion for full Epac extension and
activation in the presence of cCAMP.

Exchange proteins directly activated by cAMP (Epac)? are a
family of novel intracellular sensors for the second messenger
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cAMP (1, 2). Unlike the classic eukaryotic cAMP receptor,
cAMP-dependent protein kinase (protein kinase A; PKA),
Epac proteins do not function as protein kinases that phos-
phorylate downstream substrates. Instead, they act as gua-
nine nucleotide exchange factors and exert their functions
by activating small GTP-binding proteins, Rapl and Rap2.
At the cellular level, Epac proteins assume distinct subcellu-
lar localization (3), and depending upon the specific cellular
environment, Epac and PKA may act independently, con-
verge synergistically, or oppose each other in regulating a
specific cellular function (4, 5).

Both Epac and PKA share a common cyclic nucleotide bind-
ing domain (CBD), a compact and evolutionarily conserved
structural motif found in a variety of proteins with diverse cel-
lular functions (6). CBDs act as molecular switches for sensing
intracellular second messenger cAMP levels and regulate the
functionality of the domain(s) to which they are linked (6, 7). In
depth structural and biophysical analyses of CBDs in several
CBD-containing families, including cAMP receptor proteins,
PKAs, and cyclic nucleotide-gated ion channels, have revealed a
conserved structural core as well as functional motifs important
for cyclic nucleotide-induced activation (8-11). The CBD is
composed of an eight-strand B-barrel core that forms the base
of the nucleotide binding pocket and a lateral a-helical bundle
subdomain. Although the B-barrel core remains relatively con-
stant between the ligand-free and nucleotide-bound states,
binding of cAMP to a CBD leads to significant conformational
changes in the overall arrangement of the a-helical bundle sub-
domain. A general mechanism of cyclic nucleotide-induced
activation of CBD-containing proteins has been recently pro-
posed (12). In this model, binding of cAMP leads to the retrac-
tion of the phosphate-binding cassette toward the cyclic nucle-
otide binding pocket and consequently releases the steric
hindrance imposed on the a-helix C-terminal to the B-bar-
rel, termed the CBD lid, by a conserved hydrophobic residue
within the phosphate-binding cassette. These structural
changes result in a hinge motion that allows the lid to move
closer to the B-barrel core and to interact with the base of the
cyclic nucleotide.

The recently solved crystal structure of Epac2 reveals that,
unlike other CBD-containing proteins, the corresponding lid
region in Epac points away from the cAMP binding pocket as a

Sp-cAMPS, Sp-adenosine-3’,5'-cyclic monophosphorothioate; GST, gluta-
thione S-transferase; WT, wild type.
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two-strand -sheet that forms the first part of the five-strand
B-sheet “switchboard” structure (13). Although this major
structural difference suggests that the detailed mechanisms of
PKA and Epac activation by cAMP will most likely be different
at the atomic level, it is not clear if the aforementioned general
mechanism, namely the hinge motion, is conserved during
Epac activation. To address this important question, we deter-
mined the effects of targeted hinge perturbations on Epac acti-
vation using site-directed mutagenesis that specifically targeted
a key residue in the hinge region of Epac2.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—Recombinant full-
length Epac2 and C-terminal truncated Rapl-(1-167) were
expressed as GST fusion proteins in Escherichia coli CK600K
cells. Cell growth and protein induction for recombinant Epac2
were performed as described previously (14), except that 17
g/liter NaCl, 0.6 g/liter betaine, and 2.3 g/liter proline were
added to the growth medium when the cell density reached 0.5,
as measured by absorption at 600 nm. Recombinant Epac2 and
Rapl-(1-167) with the GST tag cleaved were purified essen-
tially as described by Rehmann et al. (15). All proteins used in
this study were at least 95% pure, as judged by SDS-PAGE.

Site-directed Mutagenesis—F435G and F435W mutants of
Epac2 were generated using the QuikChange site-directed
mutagenesis kit (Stratagene).

Equilibrium Titration of Fluorescent cAMP Analog—All of
the fluorescence measurements were performed at 23 °C using
a FluoroMax-3 spectrofluorometer equipped with a thermo-
static cell holder and a magnetic stirrer. Titration of the fluo-
rescent cCAMP analog, 8-NBD-cAMP, with purified Epac2 was
carried out as described elsewhere (16). Briefly, an increasing
amount of the protein was titrated into a cuvette containing 0.1
M 8-NBD-cAMP in buffer A (10 mm Tris-HCI, pH 7.5, 150 mm
NaCl, 1 mm EDTA, 1 mwm dithiothreitol). Fluorescence emis-
sion spectra between 500 and 600 nm were recorded with the
excitation wavelength set at 471 nm. Fluorescence intensity at
540 nm was plotted as a function of protein concentration.

Measurement of in Vitro Guanine Nucleotide Exchange Fac-
tor (GEF) Activity of Epac2 Proteins—A fluorescence-based
assay was used to measure the in vitro GEF activity of Epac2 and
its mutants using a C-terminal truncated Rap1-(1-167) as pre-
viously described (17). Briefly, 0.2 um Rapl-(1-167) loaded
with the fluorescent GDP analog, Mant-GDP, was incubated
with 0.1 um Epac2 in buffer B (50 mm Tris-HCL, pH 7.5, 5 mMm
MgCl,, and 1 mm dithiothreitol) containing a 100-fold molar
excess of unlabeled GDP (20 uMm) and various concentrations of
cAMP between 0 and 700 um. Exchange of Mant-GDP by GDP
was measured as a decrease in fluorescence intensity over time
using excitation and emission wavelengths of 366 and 450 nm,
respectively. Typically, decay in the fluorescence intensity was
recorded over a time course of 6000 s for wild type (WT) and
Epac2-F435G proteins or 10,000 s for the Epac2-F435W
mutant, with data points taken every 60 s. The reaction rate
constant (observed kgpp) was obtained by fitting the experi-
mental data to a single exponential equation (15). The observed
kger versus cAMP concentration was used to calculate the acti-
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vation constant, AC,,, and turnover rate k., as described pre-
viously (18).

Association of Epac2 and RaplB Monitored by Affinity
Pull-down—Effects of Phe**® substitution with glycine or tryp-
tophan on the association of Epac2 with Rap1B were examined
by an affinity pull-down assay using purified recombinant pro-
teins. GST-Rap1B affinity resin (4.1 mg of protein per 1 ml of
beads) was prepared by incubation of purified GST-Rap1B with
glutathione-Sepharose 4B resin in buffer C (40 mwm Tris, pH 7.5,
160 mm NaCl, 5 mm dithiothreitol, and 1 mm EDTA), followed
by an extensive wash with the buffer A. Rap1B affinity resin (15
wl) was incubated for 4 h with an equimolar amount of wild type
or mutant Epac2 protein at 4 °C in buffer A in the absence or
presence of 300 um cAMP. At the end of the incubation, the
resin was spun down and washed twice with 250 ul of the incu-
bation buffer. Associated proteins were eluted from the beads
with 15 mM GSH in 10 mM Tris and 300 mm NaCl (pH 8.0) and
analyzed by SDS-PAGE. Control experiments were performed
in parallel using an equal amount of glutathione-Sepharose
beads only.

Small Angle X-ray Scattering (SAXS) Measurements—SAXS
data of Epac2 proteins in buffer A were collected at 12 °C on the
University of Utah SAXSess (Anton Paar) instrument using
CukK, radiation (A = 1.54 A) and an image plate detector. Two-
dimensional data collected from the image plate were inte-
grated to one dimension and reduced to I(Q) versus Q (where
Q = 4m(sin 0)/A) using the SAXSquant software package pro-
vided by the vendor. The net scattering from the protein was
calculated by subtraction of a normalized buffer spectrum. For
WT Epac2, different protein concentrations (between 1 and 15
mg/ml) were measured to determine the optimal concentration
for SAXS measurements and to ensure that there were no
concentration-dependent effects on the scattering due to pro-
tein aggregation or interparticle effects. The optimal concen-
tration of WT Epac2, 2—-5 mg/ml, was used for analysis of WT
and mutant proteins.

The probable distribution of vector lengths P(r) as a function
of distance between scattering centers, r, was derived from the
inverse Fourier transformation of I(Q) using the program
GNOM (20) over the Q-range 0.013—0.1551 A~'. The bound-
ary constraints of P(r) = 0 at » = 0 and at the maximum linear
dimension, D,,,,, were applied to P(r). A smearing correction
was applied in GNOM to correct for the slit geometry of the
SAXSess instrument. The radius of gyration, R, was deter-
mined by GNOM and by Guinier analysis. Guinier analysis
indicated a linear fit at low Q (i.e. Q'R, < 1.4), consistent with
there being no significant nonspecific aggregation of the
sample.

RESULTS

Hinge Analysis of Epac2—Extensive structural analyses by
x-ray crystallographic and solution biophysical techniques sug-
gests that activation of Epac proteins by cAMP involves a hinge
motion between the regulatory and catalytic lobes of the pro-
tein. To identify the precise location of the hinge, we subjected
the apo-Epac2 crystal structure to further analysis using the
HingeMaster software program that predicts the hinge location
in a protein by integrating existing hinge predictors (TLSMD,
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FIGURE 1. Hinge analyses of Epac2. A, combined hinge prediction scores of
the Epac2 structure using the HingeMaster server as a function of Epac2
amino acid residue number. Red bar, predicted hinge region. B, superimposi-
tion of the second CBD of the apo-Epac2 structure (Protein Data Bank code
2BYV) shown in orange and the first CBD of the cAMP-bound PKARI,, structure
(Protein Data Bank code TRGS) shown in blue. The hinge (Protein Data Bank
code 1RGS) and the predicted hinge region (Protein Data Bank code 2BYV) are
both highlighted in red. B was made using PyMol (25).

StoneHinge, FlexOracle, and HingeSeq) with a family of novel
hinge predictors based on grouping residues with correlated
normal mode motions (21). Because each of these methods pre-
dicts hinges using very different sources of information (exper-
imental thermal factors, bond constraint networks, energetics,
and sequence and normal modes, respectively), HingeMaster
improves predictions by integrating these complementary
methods into a combined predictor using a weighted voting
scheme. Our analysis revealed a major hinge in Epac2 around
residues 438 —439 (Fig. 1). Initial examination of this predicted
hinge suggested that this is an unusual location in the structure
for a hinge, since residues 438 and 439 are positioned in the
middle of an a-helix in the apo-Epac2 crystal structure. How-
ever, careful sequence alignment and structural comparison
between Epac and the regulatory subunits of PKA revealed that
the predicted hinge region in Epac2 matches exactly with the
hinge of the first CBD in PKA (Fig. 1B).

Effect of Hinge Mutation on Epac2 Catalytic Activity—To
determine the functional importance of the proposed hinge
motion in Epac activation, we targeted the conserved Phe**®
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FIGURE 2. GEF activity of Epac2. A, activation of Rap1 by Epac2 was moni-
tored by incubating 0.1 um Epac2 with 0.2 um Rap1-(1-167) loaded with
Mant-GDP in the presence of 20 um GDP and various concentrations of cAMP,
as indicated. The kinetics of nucleotide exchange of Mant-GDP by GDP was
measured as a time-dependent decrease in fluorescence intensity. B, depend-
ence of Epac2 activity on cAMP concentration. The observed initial rates of
exchange (kggr), calculated by fitting of the data in Fig. 2A to a single expo-
nential decay, are plotted against cAMP concentration.

residue by site-directed mutagenesis (Fig. 1B). Phe**” is one of

the several conserved hydrophobic residues that have been pre-
viously identified to be potentially important for anchoring and
stabilizing the hinge structure (22). If the hinge motion is
important for Epac2 activation, loosening or stiffening of the
hinge will probably enhance or suppress Epac2 activation,
respectively. To test this hypothesis, we substituted the pheny-
lalanine at 435 with either a glycine or a tryptophan to facilitate
or interfere with hinge bending, respectively. The effect of these
mutations on Epac2 GEF activity was examined using a fluores-
cence-based assay where Rapl-bound fluorescent Mant-GDP
was exchanged against an excess of unlabeled free GDP.
Released free Mant-GDP has a decreased fluorescence intensity
compared with protein-bound Mant-GDP. Although WT
Epac2 is not capable of stimulating Mant-GDP-dissociation in
the absence of cAMP, increases in Epac2 GEF activity were
observed as a function of cAMP concentration (Fig. 24). When
the observed rate of Mant-GDP release was plotted against the
cAMP concentration (Fig. 2B), the maximal GEF rate (k

max)

under saturating cAMP concentrations and the half-maximal

VOLUME 284 -NUMBER 35+AUGUST 28, 2009



activation constant (ACj,) were calculated to be 0.72 X 103
s~ and 20.2 umM, respectively (Table 1). These measurements
are in excellent agreement with the literature values (15).
Unlike the WT protein, Epac2-F435G was capable of stimu-
lating Mant-GDP dissociation in the absence of cAMP (Fig.
3A), indicating that Epac2-F435G exhibited partial constitutive
activity. The addition of cAMP led to a further increase in GEF
activity in a dose-dependent manner (Fig. 3B). Although the
ko and ACy, values of Epac2-F435G (0.72 X 1072 s~ ' and
25.2 uM, respectively) were essentially identical to that of the WT,
the observed GEF rate (kger) of Epac2-F435G in the absence of
cAMP was determined to be 0.43 X 102 s~ %, more than 60% of
the k,,,,... In contrast, substitution of Phe*** with the bulkier tryp-
tophan side chain resulted in a dramatic decrease in the ability of

TABLE 1
Catalytic parameters for WT and mutant Epac2 proteins

WT Epac2 Epac2-F435G Epac2-F435W
ko (s™h)” 0 043 X 1072 0
Ko (871 072X 1073 072 %1072 0.15x 1072
AC5, (um)* 20.2 25.2 22.7

“ ko and ki, are the apparent guanine nucleotide exchange rate under zero or
saturating concentration of cCAMP, respectively, whereas A Cy, is the half-maximal
activation constant.
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Epac2 to stimulate the GEF activity of Rapl (Figs. 3, C and D).
Similar to the WT, Epac2-F435W was inactive without cAMP, but
thek,,, value (0.15 X 1035 !) for Epac2-F435W in the presence
of saturating cAMP was only 20% of the WT k., value, whereas
its ACy, value (22.7 um) was no different from that of the WT or
the Epac2-F435G mutant (Table 1).

Association of Epac2 and RaplB Monitored by Affinity
Pull-down—To further test whether hinge mutations at pheny-
lalanine 435 affect interactions of Epac2 with Rap1B, we per-
formed direct affinity pull-down experiments using GST-Rap1
and purified Epac2 proteins (WT, F435G, and F435W). These
data are shown in Fig. 4. In the absence of cAMP, GST-Rapl
pulled down very little WT or F435W but did pull down signif-
icant amounts of F435G. In the presence of saturating cAMP
concentrations, GST-Rap1 pulled down comparable amounts
of WT and F435G Epac2 but very little F435W. These results
are consistent with the enzymatic data obtained by measuring
the GEF activity of Epac2 WT and mutant proteins (Figs. 2 and
3) and support the conclusion that the F435G hinge mutant
interacts with Rapl in the absence of cAMP, whereas the
F435W mutant is impaired in its ability to interact with Rapl
even in the presence of saturating cAMP.
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FIGURE 3. Altered GEF activities of the Epac2-F435G and Epac2-F435W mutants. Activation of Rap1 by Epac2-F435G (A) or Epac2-F435W (C) in the absence
or presence of various concentrations of CAMP was monitored by following the time-dependent decrease in fluorescence intensity as a measure of the rate of
exchange of Mant-GDP by GDP. Dependence of Epac2-F435G (B) or Epac2-F435W (D) GEF activity (kgee) on cCAMP concentration is shown.
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FIGURE 4. Association of Rap1B with WT or mutant Epac2 protein in the
absence or presence of 300 um cAMP. Gel image of a pull-down assay per-
formed using GST-Rap1 and identical concentrations of wild type and mutant
Epac2 proteins. Lane 1, protein molecular weight markers; lanes 2 and 3,
beads only controls; lanes 4and 5, WT Epac2; lanes 6 and 7, Epac2-F435G; lanes
8 and 9, Epac2-F435W.
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FIGURE 5. Secondary structure and ligand-binding characterization of
WT and mutant Epac2 proteins. A, CD spectra of the WT Epac2, Epac2-
F435G, and Epac2-F435W proteins at 1 mg/ml concentration. B, CAMP-bind-
ing isotherms of WT Epac2, Epac2-F435G, and Epac2-F435W monitored using
8-NBD-cAMP as described under “Experimental Procedures.”

Effect of Hinge Mutations on Epac2 Protein Integrity and
cAMP-binding Activity—To ensure that the mutations did not
affect the structural integrity of the mutant proteins and their
ability to bind cAMP, we measured the overall secondary struc-
ture and cAMP-binding affinity of the mutant Epac2 proteins.
As shown in Fig. 54, superimposable CD spectra were obtained
using WT and mutant Epac2 proteins, suggesting that Epac2-
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FIGURE 6. Small angle x-ray scattering profiles for WT and mutant Epac2
proteins. /(Q) versus Q profiles for WT Epac2, Epac2-F435G, and Epac2-F435W
proteins in the presence or absence of cAMP (300 um). Scattering curves have
been arbitrarily offset along the y axis to facilitate comparison.

F435G and Epac2-F435W were folded correctly with overall
secondary structures identical to those of the WT protein. In
addition, cAMP binding determined using the fluorescently
labeled cAMP analog, 8-NBD-cAMP, showed superimposable
binding isotherms (Fig. 5B), suggesting that both Epac2-F435G
and Epac2-F435W mutants bound to cAMP with an affinity
similar to that of the WT protein. These data clearly show that
substitution of Phe**® with glycine or tryptophan does not sig-
nificantly affect overall protein folding or cAMP binding
activity.

Effects of Hinge Mutation on Epac2 Structure Determined by
SAXS—To investigate the corresponding structural perturba-
tions introduced by F435G and F435W mutations, we moni-
tored and compared the global solution structures of WT
and mutant Epac2 proteins by SAXS. The SAXS curves (I(Q)
versus Q) for the WT and mutant Epac2 are shown in Fig. 6,
whereas the vector length distribution P(r) curves of the WT
and mutant Epac2 proteins in the presence and absence of
cAMP are shown in Fig. 7. The basic scattering parameters,
R,and D,,,,,, are summarized in Table 2. The P(r) curve for
WT Epac2 suggests that it assumes a compact globular con-
formation with a D, value of ~95 A. Binding of cAMP to
Epac2 led to significant increases in both R, and D,,,,,, indi-
cating that Epac2 assumes a much more extended or open
conformation in the presence of cAMP (Fig. 7A and Table 2).
The F435G mutant is less compact than the WT protein in
the absence of cAMP, as reflected by a significant increase in
D,.., (~110 versus ~95 A) and R, (38.0 versus 34.0 A), and
the F435G mutant is slightly more extended than the WT
protein in the presence of cAMP (D,,, ~140 A versus ~135
A; R,0f45.3 A versus 44.2 A; Fig. 7B and Table 2). In contrast,
the F435W mutant is similar in overall shape to WT Epac2 in
the absence of cAMP but does not become as extended
(Dpax ~125 A, R, 0f 42.4 A) as WT or the F435G mutant in
the presence of cAMP (Fig. 7C). These data are consistent
with the notion that the hinge region plays a key role in the
domain dynamics of Epac2 and illustrate that the size of a
critical amino acid side chain proximal to the hinge region

VOLUME 284 -NUMBER 35+AUGUST 28, 2009
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TABLE 2
SAXS structural parameters for WT and mutant Epac2 proteins in the
presence and absence of CAMP

R, and D,,,, were determined from the P(r), as discussed under “Experimental
Procedures” using data over the Q range 0.013-0.1551 A™".

WT Epac2 Epac2-F435G Epac2-F435W
R, (A)
Epac2 34.0 0.2 38.0 = 0.2 351 *+0.1
Epac2 + cAMP 44.2 £ 0.3 455 £ 0.4 424+ 0.3
D, (A)
Epac2 95 110 95
Epac2 + cAMP 135 140 125

can affect the overall structure and domain dynamics of both
the apo- and the cAMP-bound forms of Epac2.

DISCUSSION

The Epac family proteins represent the newest members of
the CBD-containing proteins. They act as GEFs and exert their
functions by activating small GTP-binding proteins, Rap1 and
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Rap2. Unlike PKA, Epac contains both catalytic and regulatory
domains in a single polypeptide chain. Our previous studies
suggest a model of Epac activation in which cAMP binding to
the enzyme induces a localized “hinge” motion that reorients
the regulatory domain relative to the catalytic domain without
inducing large conformational changes within either of the
individual domains (22, 23). If our hypothesis that cAMP-in-
duced hinge motion is essential for Epac activation is correct,
stabilization or disruption of the hinge bending will probably
enhance or suppress cAMP-induced Epac activation, respec-
tively. Thus, the validity of our hinge bending model of Epac
activation can be tested using targeted mutagenesis of critical
amino acids proximal to the interdomain hinge region.

Sequence analysis using hinge prediction software reveals a
potential interdomain hinge in Epac2 around residues 438 —
439, which corresponds to the interdomain hinge of the first
CBD in PKA (Fig. 1). Based on our earlier structural modeling
studies, the hinge bending in the cAMP-bound Epac CBD
structure is maintained by hydrophobic interactions formed
among Leu®®®, Phe®*®, and Leu®®. All of these residues are con-
served between the sole CBD of Epacl and the second high
affinity CBD of Epac2. In this report, we present structural and
functional characterizations of two Epac2 mutants in which
Phe*** has been substituted with either glycine or tryptophan to
facilitate or interfere with the hinge bending, respectively.

The GEF activities of the WT Epac2 and F435G mutant are
essentially identical in the presence of saturating concentra-
tions of cAMP. However, unlike WT Epac2, the Epac2-
F435G mutant is able to partially activate Rapl in the
absence of cAMP. This suggests that the naturally occurring
phenylalanine at position 435 restricts hinge motion just
enough to fully inhibit GEF activity in the absence of cAMP
but allows full hinge motion in the presence of cAMP. In
contrast, the Epac2-F435W mutant is significantly less active
than the WT enzyme in the presence of saturating concen-
trations of cCAMP. These data are interpreted as being com-
plementary to the effects of the F435G mutation and further
support our prediction regarding the location and key role of
interdomain “hinge” bending in Epac activation. The fact
that Phe*®® is highly conserved among Epac proteins is con-
sistent with it being located at a critical position within the
“hinge region” to optimally control coupling of cAMP bind-
ing to enzyme activation.

It has been proposed that in solution Epac can exist in two
conformations (active and inactive), which are in dynamic
equilibrium (18). According to this model, cAMP-free Epac
exists predominantly in the inactive state, whereas protein in
complex with cAMP adopts mostly an active conformation.
Thus, this model describes Epac activation by cAMP as a
shift of the preexisting equilibrium to the active state upon
cAMP binding. Our results suggest that the hinge motion
described in this study represents the major conformational
change between the inactive and active states at equilibrium.
Replacing phenylalanine with glycine at 435 allows more facile
movement of domains on either side of the hinge and shifts the
conformational equilibrium to the active conformation state in the
absence of cAMP. On the basis of the enzyme activity analysis of
the F435G mutant in the absence of cAMP (Fig. 3B), it is estimated
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that more than 60% of the Epac2-F435G protein can assume a
conformational state that resembles the active cAMP-bound con-
formation of WT Epac2.

Our steady-state SAXS results indicate that in solution the
Epac2-F435G mutant and WT Epac2 have similar extended
structures in the presence of cAMP. In the absence of cAMP,
both structures are more compact, but the ensemble average
conformation of the F435G mutant is more extended than WT
Epac2, which might allow the catalytic domain of F435G
mutant to interact with Rap1 in the absence of cAMP. In con-
trast, the F435W mutant is similar to WT Epac2 in the absence
of cAMP, but this mutant does not become as extended as WT
in the presence of cAMP. These data are consistent with our
model regarding the role of the interdomain hinge region in
mediating cAMP-regulated conformational changes and the
essential role of Phe**” in regulating Epac2 domain dynamics.
Indeed, the dynamic equilibrium between the active/extended
and inactive/compact conformations of the protein in solution
are reflected in the observed small angle x-ray scattering profile
of the protein, which represents the time and ensemble average
of these conformational states. The larger R,and D,,,,, values of
the F435G mutant in the absence of cAMP relative to WT indi-
cate a shift in the conformational equilibrium toward the
active/extended state, a state that can more readily interact
with Rapl. In contrast, the smaller R, and D,,, values (relative
to WT) of the F435W mutant in the presence of cAMP indicate
that this mutant cannot fully shift to the active/extended state
due to restricted hinge motion.

We have attempted to model our SAXS data using published
Epac2 crystal structures. Although the calculated R, (33 A)
value based on the apo-Epac2 structure is similar to the exper-
imentally determined R, (34 A), the predicted SAXS curve cal-
culated using CRYSOL based on the full-length apo-Epac2
crystal structure (2BYV) is significantly different from that of
the experimentally measured apo-Epac2 scattering profile at Q
values greater than 0.07 A, Rigid body modeling using the
program BUNCH led to a significant improvement of the over-
all fitting of the calculated and measured scattering profiles.
However, the calculated and measured scattering profiles still
differ significantly at higher Q values (>0.1 A~ ). These analy-
ses suggest that the overall size and shape of Epac2 in solution is
similar to that of Epac2 in the crystal structure but that there are
differences. The differences are most likely because multiple
conformational states of Epac2 exist in solution, all of which
contribute to the observed SAXS profile, whereas the crystal
structure of apo-Epac2 captures only a single stable conforma-
tion of the protein. This conclusion is consistent with the idea
presented in this study that in solution Epac2 exists as a
dynamic ensemble of multiple conformational states. To ade-
quately model the conformational states contributing to the
observed Epac2 SAXS data will require additional experimental
data and more sophisticated structural modeling methods.

During the preparation of our manuscript, an elegant x-ray
crystal structure of a deletion Epac2, A(1-305)Epac2, in com-
plex with Sp-cAMPS and Rap1B was published (24). This 2.2 A
resolution structure indeed confirms that the major conforma-
tional change induced by binding of cAMP during Epac activa-
tion is a hinge motion. In fact, as predicted by the HingeMaster
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Apo (2BYV)

Sp-cAMPS bound
(3CF6)

FIGURE 8. Hinge motion and Epac2 activation. The second CBD of the inac-
tive apo-Epac2 structure (Protein Data Bank code 2BYV; shown in orange) and
the active Sp-cAMPS-bound Epac2 (Protein Data Bank code 3CF6; shown in
green) are superimposed. The hinge or the predicted hinge region is high-
lighted in red, and the Sp-cAMPS ligand is colored in purple. This figure was
made using PyMol (25).

program, the pivot of the hinge is located exactly at residues 438
and 439 in the active Epac2 structure (Fig. 8), where the last two
turns of the hinge helix “melt” to accommodate the hinge bend-
ing and consequently reorient the catalytic domain relative to
the CBD domain (24). Moreover, the bending of the hinge is
stabilized by hydrophobic interactions formed among residues
Leu®®, Phe**®, and Leu**” as well as the stacking of Leu** to
the adenine base of the cAMP, consistent with our earlier pre-
dictions based on homology modeling analyses (22, 23). How-
ever, unlike PKA and our earlier hypothesis, the lid of the CBD
in cAMP-bound Epac2 structure is not a simple helix but
instead consists of the C-terminal 3-strands of the CBD and the
first helix of the RAS exchange motif domain (24). Neverthe-
less, the results of the present study and the recent Epac2 crystal
structure support a general activation mechanism, namely an
interdomain hinge motion, for all CBD-containing proteins.
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