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CAP1 (Cyclase-Associated Protein 1) is highly conserved in evolution.
Originally identified in yeast as a bifunctional protein involved in
Ras-adenylyl cyclase and F-actin dynamics regulation, the adenylyl
cyclase component seems to be lost in mammalian cells. Prompted
by our recent identification of the Ras-like small GTPase Rap1 as a
GTP-independent but geranylgeranyl-specific partner for CAP1, we
hypothesized that CAP1-Rap1, similar to CAP-Ras-cyclase in yeast,
might play a critical role in cAMP dynamics in mammalian cells. In
this study, we report that CAP1 binds and activates mammalian
adenylyl cyclase in vitro, modulates cAMP in live cells in a Rap1-
dependent manner, and affects cAMP-dependent proliferation.
Utilizing deletion and mutagenesis approaches, we mapped the
interaction of CAP1-cyclase with CAP’s N-terminal domain involving
critical leucine residues in the conserved RLE motifs and adenylyl
cyclase’s conserved catalytic loops (e.g., C1a and/or C2a). When com-
bined with a FRET-based cAMP sensor, CAP1 overexpression—
knockdown strategies, and the use of constitutively active and neg-
ative regulators of Rap1, our studies highlight a critical role for
CAP1-Rap1 in adenylyl cyclase regulation in live cells. Similarly, we
show that CAP1 modulation significantly affected cCAMP-mediated
proliferation in an RLE motif-dependent manner. The combined
study indicates that CAP1-cyclase-Rap1 represents a regulatory unit
in CAMP dynamics and biology. Since Rap1 is an established down-
stream effector of cCAMP, we advance the hypothesis that CAP1-
cyclase-Rap1 represents a positive feedback loop that might be in-
volved in cAMP microdomain establishment and localized signaling.
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AP/srv2 was originally identified in yeast biochemically as an

adenylyl cyclase—associated protein (1) and genetically as a
suppressor of the hyperactive Ras2-V19 allele (2). CAP/srv2-
deficient yeast cells are unresponsive to active Ras2, and ade-
nylyl cyclase activity is no longer regulated by Ras2 in these cells
(1, 2), indicating the involvement of CAP/srv2 in the Ras/cyclase
pathway. However, some mutant CAP/srv2 alleles presented
phenotypes not observed in strains with impaired Ras/cyclase
pathway (1-3), indicating the existence of Ras/cyclase-indepen-
dent functions downstream of CAP/srv2. These two phenotype
groups, that is, Ras/cyclase-linked and Ras/cyclase-independent,
could be suppressed by expression of an N-terminal half and a
C-terminal half of CAP/srv2, respectively (4). Subsequent studies
showed that the C-terminal half of CAP/srv2 was able to bind
monomeric G-actin (5-8) and other actin regulators establishing
a role in F-actin dynamics (9-16). Thus, CAP/srv2 is a bifunctional
protein with an N-terminal domain involved in Ras/cyclase regu-
lation and a C-terminal domain involved with F-actin dynamics
regulation (16-18).

CAP1 is structurally conserved in all eukaryotes (18-22); how-
ever, their functions are not. Expression of the closely related
Schizosaccharomyces pombe cap or mammalian CAP1 in yeast
can only suppress the phenotypes associated with deletion of
CAP/srv2’s C-terminal but not its N-terminal domain (19, 20, 22),
suggesting that only the F-actin dynamics function was conserved
while the Ras/cyclase regulation diverged early on in evolution
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(16-18). CAP/srv2’s N-terminal 1 to 36 domain was sufficient for
cyclase binding in yeast involving a conserved RLE motif with
predicted coiled-coil folding (23). Interestingly, this domain is also
involved in CAP1 oligomerization both in yeast and mammalian cells
(24-26), where it purifies as a high-molecular complex of ~600 kDa
consistent with a 1:1 stoichiometric CAP1-actin hexameric organi-
zation (12, 25, 27, 28). Importantly, removal of this domain dis-
rupted CAP1 oligomerization, reduced F-actin turnover in vitro
and caused defects in cell growth, cell morphology, and F-actin
organization in vivo (24, 29). However, whether the conserved
RLE motif in mammalian CAP1 interacts with other coiled-
coil-containing proteins is for the moment unknown.

Ras2-mediated cyclase regulation in yeast requires its farnesyla-
tion (30-32). However, the lipid target involved was not identified
in the original studies. We have recently shown that mammalian
CAPI1 interacts with the small GTPase Rapl. The interaction in-
volves Rap1’s C-terminal hypervariable region (HVR) and its lipid
moiety in a geranylgeranyl-specific manner; that is, neither the
closely related Rasl nor engineered farnesylated Rapl inter-
acted with CAP1 (33). Thus, we raised the question whether
CAP1-Rapl, similar to CAP/srv2-Ras2 in yeast, plays a role in
cAMP dynamics in mammalian cells.

In this study, we report that CAP1 binds to and activates
mammalian adenylyl cyclase in vitro. The interaction involves
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CAP1’s conserved RLE motifs and cyclase’s conserved catalytic
subdomains (e.g., Cla and/or C2a). Most importantly, we show
that both CAP1 and Rapl modulate cAMP dynamics in live
cells and are critical players in cAMP-dependent proliferation.

Results

CAP1 Interacts with Mammalian Adenylyl Cyclase Isoforms via Their
Homologous C1 and C2 Catalytic Domains. CAP1 can be separated
into two subdomains: a helical N-terminal (1 to 318) and a f-sheet
C-terminal (319 to 475) subdomain. We expressed mammalian
adenylyl cyclase isoforms in HEK cells and performed pull-down
assays with Escherichia coli purified GST-fusion proteins of full-
length, N- or C-CAP1 to determine interactions. Representa-
tive results are presented in Fig. 14, showing interactions of all
isoforms tested with N-CAP but not C-CAP. The decreased
binding observed for full-length CAP1 is most likely attributed to
known autoproteolysis (SI Appendix, Fig. S1) (33, 34). Since the
two cyclase catalytic subdomains (e.g., Cla and C2a), homologous
between them and conserved among all the cyclase isoforms,
represent the only common domains (35, 36), we tested whether
they could be responsible for the interaction with CAP1. Binding
of an epitope-tagged C1-C2 fusion construct (37, 38) to immo-
bilized GST-N-CAP or GST control proteins confirmed these
domains are sufficient for interaction (Fig. 1B). To address if the
interaction is direct, binding of N-CAP immobilized on beads was
tested with purified His-Cla or His-C2 fragments derived from
ACT. As shown in Fig. 1C, N-CAP associated directly with both
Cla and C2 fragments either alone or in combination, suggesting
that both subdomains, either independently or together are re-
sponsible for the CAP1-cyclase interaction. Microscale thermo-
phoresis (MST) was then implemented to quantify the equilibrium
dissociation constants of N-CAP and the Cla fragment. To ac-
complish this, purified N-CAP proteins were labeled in vitro with
maleimide-NT647 and titrated with increasing amounts of the
purified Cla fragment revealing a submicromolar affinity (Kp
~0.7 + 0.1 pM). Similar results were observed with NH2 reagent

NHS-NT647 (SI Appendix, Fig. S2). Taken together, these results
provide evidence that CAP1 physically interacts with the highly
conserved C1 and C2 catalytic loops and suggests the potential
involvement of CAP’s N-terminal domain for this interaction.

CAP1-Cyclase Interaction Involves CAP1’s N-Terminal Coiled-Coil Domain.
We then decided to map the binding domain within N-CAP re-
sponsible for its association with the cyclase catalytic domain/s. A
deletion approach was implemented to test the binding properties
of progressively smaller GST-fusion fragments of N-CAP immo-
bilized on beads with purified His-Cla and His-C2 proteins. As
can be seen in Fig. 24, all fragments containing the N-terminal 2
to 41 region of N-CAP were able to bind to Cla and C2, while
deletion of this domain in the context of N-CAP abolishes in-
teraction. Similarly to N-CAP, CAP1 (2 to 41) binds both Cla
(Kp ~1.1 + 0.41pM) and C2 (Kp ~2.3 + 0.50 uM) when eval-
uated by MST (Fig. 2B). To further map the residues within the
aa2 to 41 region responsible for the interaction, a peptide array
was designed, where 15-mer peptides covering this sequence (A3
amino acid shift) were spotted on membranes and binding to
purified GST-IC1IIC2 was revealed with anti-GST-horseradish
peroxidase (HRP) antibodies. As shown in Fig. 2C, only peptides
covering the aa5 to 25 region (peptides #2, 3, and 4) of CAP1 (2
to 42) were able to interact with the C1-C2 fusion construct.
Interestingly, peptides #2 and #3 contain the highly conserved
“RLE motif” that forms a coiled-coil structure and is responsible
for the interaction of CAP1 with cyclase in Saccharomyces cerevisiae
(18, 31). In order to directly assess whether these RLE motifs are
involved in binding, single residues in both motifs were changed to
alanine in the context of the peptide #3 sequence, and the peptide
array assay was repeated. Only the arginine and leucine residues in
each one of the submotifs were required for this interaction, while
the glutamate substitution did not affect the interaction (Fig. 2D).
However, when tested in the context of the CAP1 (2 to 41)
(Fig. 2E) or CAP1-FL (Fig. 2F), only the leucine residues in both
RLE submotifs (L11S and L18S) were required for the interaction
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Fig. 1.

CAP1-adenylyl cyclase interaction requires N-CAP (2-318) and cyclase conserved catalytic loops. (A) All cyclase isoforms tested interact with N-CAP. GST

or GST-CAP1 proteins (25 pg) were immobilized onto Glutathione Sepharose 4B beads, and binding to lysates prepared from HEK cells transfected with
epitope-tagged cyclase plasmids were assessed by Western blots using anti-Flag (AC5, AC7, AC8, AC9), anti-HA (AC2), or anti-AC3 antibodies. (B) CAP1 in-
teracts with IC1a-1IC2a fusion protein. Immobilized GST or GST-N-CAP proteins were incubated with lysates from HEK cells transfected with soluble IC1a-1IC2a
(HA-C1C2), and binding was assessed by Western blots with anti-HA antibody. (C) CAP1 interacts with either C1la or C2 domains. Immobilized GST or
GST-N-CAP proteins were incubated with purified His-Cla (AC7; 1 pg) or His-C2 (AC7; 1 pg), and binding was assessed by Western blots with an anti-His
antibody. All immunoblots are representative of three independent experiments. (D) MST analysis of in vitro NT647-Maleimide labeled His-N-CAP1 (30 nM)
with purified His-C1a (AC7) as titrant. Data are expressed as mean + SEM (n = 3).
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Fig. 2. CAP1-cyclase interaction involves CAP1’s N-terminal coiled-coil domain. (A) CAP1 (2 to 41) contains the C1-C2 binding domain. Immobilized GST or
GST-N-CAP deletion proteins were incubated with 1 pg purified His-C1a and His-C2, and binding was assessed by Western blots with an anti-His-tag antibody.
(B) MST analysis of in vitro RED-Tris-NTA labeled His-C1a (Left, AC7; 100 nM) or His-C2 (Right, AC7; 100 nM) with purified GST-CAP1 (2 to 41) or GST alone as
titrants. (C) Peptide array—-based mapping. Peptides covering the CAP1 (2 to 41) sequence (15-mers, A3 amino acid shift) were spotted on membranes, in-
cubated with purified GST-IC11IC2, and binding was revealed by anti-GST-HRP antibody. (D) Alanine mutagenesis (peptide array format) identifies the in-
volvement of the RLE motifs in binding to GST-IC11IC2. (E) Leucine residues in CAP1 (2 to 41) RLE motifs are required for binding C1 and C2. Immobilized GST
and GST-CAP (2 to 41) RLE mutants were incubated with purified His-C1a (AC7; 1 ug) and His-C2 (AC7; 1 pg), and binding was assessed by Western blots with
an anti-His antibody. (F) Leucine residues in both RLE submotifs (L11S and L18S) are required for the interaction of full-length CAP1 with the soluble IC1a-1IC2a
(HA-C1C2) fusion construct. Lysates from cells cotransfected with Xpress-tagged WT or mutant CAP1 and with HA-C1C2 were analyzed by HA-
immunoprecipitation coupled to anti-Xpress blotting. All immunoblots and peptide arrays are representative of three independent experiments. MST
data are expressed as mean + SEM (n = 3). Significance tested was performed using a two-tailed Student'’s t test against GST control group (****P < 0.001).

with the C1-C2 fusion construct. Thus, these combined results to modulate cyclase activity. For these assays, we utilized the
indicate that a specific region within CAP1 N-terminal coiled-coil ~ minimal C1-C2 fusion construct that is activated by forskolin
domain can interact with the C1-C2 catalytic loops of cyclase. addition in vitro (38). Forskolin activated GST-IC1IIC2 with an

ECsg ~52 pM (Fig. 34). Addition of purified GST-CAP1, but not
CAP1 Modulates Adenylyl Cyclase Activity In Vitro. Prompted by the ~ GST control, modulated cyclase activity in a dose-dependent
binding results, we next assessed whether CAP1 binding was able  manner (Fig. 3B). Forskolin was strictly required to manifest the
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effect of CAP1 on cyclase activity (SI Appendix, Fig. S3). Inter-
estingly, compared to full-length CAP1, addition of GST-CAP1 (2
to 41), the minimal domain interacting with cyclase did not acti-
vate while GST-N-CAP1, only partially activated cyclase despite
its binding ability (SI Appendix, Fig. S3). Forskolin dose responses
were then performed to characterize the effect of CAP1 on cyclase
activation. As shown in Fig. 3C, CAP1 affected the maximal re-
sponse, without significant changes in EC50s. Next, we assessed
whether CAP1 affected GaS-mediated activation of cyclase, its
physiological activator. As shown in Fig. 3D, GST-CAP1, but not
GST control, positively modulated GaS-GTPyS—-mediated acti-
vation of C1C2, and similar to forskolin, it affected the maximal
response without significant changes in EC50s. Thus, these results
indicate that CAP1 can positively modulate forskolin and GaS-
GTPyS-mediated cyclase activation in vitro and show that binding
and activation can be functionally uncoupled.

CAP1 Expression Modulates cAMP Dynamics in Cells. Next, we assessed
whether CAP1-cyclase interaction has functional consequences
over CAMP dynamics in mammalian cells. We performed these ex-
periments using PCCL3 thyroid follicular cells, a cAMP-responsive
cell line we extensively studied (39-42). Real-time cAMP was
monitored using the fluorescence resonance energy transfer
(FRET)-based cAMP sensor, H188 (43), under conditions where
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CAP1 expression levels were positively (CAP1 overexpression) or
negatively (sh-CAP1) modulated. The effects of CAP1 expression
levels were evaluated by incremental ligand titration (SI Appendix,
Fig. S4) and dose-response curves generated using a receptor-
mediated agonist (TSH, thyroid stimulating hormone), a direct
cyclase activator (FK, forskolin), and a nonselective PDE (phos-
phodiesterase) inhibitor (IBMX, 3-isobutyl-1-methylxanthine). In
all cases examined, a marked left shift in dose responses was observed
in CAP1 transfected cells when compared with vector-transfected
cells (Fig. 44). Correspondingly, sh-CAP1-mediated CAP1 down-
regulation resulted in a right shift in the dose responses for the
same ligands (Fig. 44). Differences were most notably marked in
forskolin-stimulated samples with ECsy ~0.008 + 0.0004 pM and
0.15 + 0.02 uM, and Hill coefficients ~2.1 + 0.15 and 0.9 = 0.1 for
CAP1 and sh-CAP1, respectively. Moreover, CAP1 down-regulation
diminished forskolin-stimulated cyclase activity in cells (Fig. 4B).
Thus, these results demonstrate that CAP1 effectively modulates
cAMP levels and provides evidence in favor of a CAP1-mediated
modulation of cAMP dynamics in mammalian cells.

Rap1 Activation Modulates cAMP Dynamics in Mammalian Cells. Previ-
ous work from our laboratory provided evidence of a high-affinity
interaction between CAP1 and the processed small GTPase Rapl
(33). To assess whether Rapl-GTP might be also involved in cAMP
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Fig. 3. CAP1 modulates adenylyl cyclase activity in vitro. AC activity was measured for 30 min/30 °C using purified GST-IC11IC2 (50 nM) and ATP/Mg?* as
substrate. (A) Forskolin activates purified GST-IC111C2 (ECso ~52 + 3 pM). (B) CAP1 modulates cyclase activity in a dose-dependent manner measured as de-
scribed with 50 uM forskolin. Effect of CAP1 on forskolin (C) and GaS dose responses (D). Right in C and D show normalized data (% max). Data (mean + SEM)
was normalized to GST control and analyzed by one-way ANOVA with Dunnett’s multiple comparisons test against GST control group (*P < 0.05; **P < 0.01).
All AC activity measurements are representative of at least three independent experiments.
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Fig.4. CAP1 expression modulates cAMP dynamics in live cells. (A) The effect of CAP1 overexpression (CAP1) or down-regulation (sh-CAP1) in PCCL3 cells was
assessed by stimulation with FK, TSH, and IBMX. Dose-response curves are expressed as the AR/Ry (% max) of the FRET response using the H188 sensor. Data
are expressed as mean + SEM, n > 25 cells from at least five independent coverslips. Curve fitting was performed in GraphPad Prism to extract ECso and Hill
coefficients and significance tested by a one-way ANOVA with Dunnett’s multiple comparisons test against the vector control group (*P < 0.05; ***P < 0.001;
**%%p < 0.0001). (B) Cyclase activity and cAMP steady-state measurements in vector or sh-CAP1 transfected PCCL3 cells were evaluated after labeling the
cellular pool of ATP with [*H]-adenine and separation of [*H]-cAMP product upon forskolin stimulation (1 uM) by sequential chromatography in Dowex/

Alumina. Data are expressed as mean =+ SD from at least three independent experiments.

dynamics, we performed dose responses as described above, in the
presence of a negative Rapl regulator, Rap-GAP (44, 45). As
shown in Fig. 54, Rap-GAP expression consistently inhibited the
cAMP response generated by both FK and TSH, suggesting that
Rap1-GTP is involved in the control of cAMP dynamics in cells,
either stabilizing cAMP or affecting its rate of synthesis. An in-
crease of cCAMP levels upon addition of the broad PDE inhibitor
IBMX reflects an increase in basal rate of synthesis. We reasoned,
therefore, that a positive effect of a constitutively active Rapl on
cAMP levels upon IBMX stimulation could be used to dissect the
effects of Rapl on cAMP stabilization via PDE inhibition versus
synthesis by adenylyl cyclase activation. IBMX dose responses
performed on PCCL3 cells cotransfected with the H188 sensor
and the constitutively active Rapl-G12V manifested a significant
left shift in the curves (Fig. 54), thus confirming a positive effect
of Rap1-GTP on cAMP basal rate of synthesis. Moreover, con-
sistent with the effects on cAMP dynamics, forskolin-stimulated
cyclase activity in PCCL3 cells stably expressing Rap1-G12V was
consistently higher than parental WT (wild type)-PCCL3 cells
(Fig. 5B). Finally, we addressed the interdependency of CAPI-
Rapl actions on cAMP dynamics; Fig. 5C shows that the effects
of Rap1-G12V can be negatively modulated by down-regulation of
CAP1 (sh-CAP1) and reciprocally that the effect of CAP1 over-
expression is negatively modulated by Rap1-GTP inactivation via
Rap-GAP. Together, these results strongly suggest that Rapl is
acting not only as a downstream effector of cCAMP (46, 47) but
also in the CAP1-Rapl context, as a potent upstream modulator
of cAMP synthesis in PCCL3 cells.

CAP1 Modulates Downstream cAMP Effectors. Having established a
role for CAP1 in cAMP levels, we next addressed whether cAMP
effectors, Epacl and PKA, were affected as well. A similar ap-
proach described above, that is, CAP1 overexpression and sh-
CAPl-mediated down-regulation, were exploited to determine
whether CAP1 expression levels could modify the consequences
of cAMP signaling over two of its downstream effectors, PKA
and Epacl. The overall effects on PKA activity were assessed
using an anti-phosphorylated-Ser/Thr PKA substrate antibody
and immunoblotting, while Epacl activity in cells was measured
using GST-RalGDS-RBD pull-down assays to monitor Rapl-
GTP levels, as reported before (33). As expected, reduction of
CAP1 expression levels by sh-CAP1 consistently decreased PKA
(Fig. 64) and Epacl activity (Fig. 6B) upon forskolin stimulation.
We have previously reported that Rapl is phosphorylated by
PKA at Ser179 (46), and therefore, pS179 Rapl could be also
used as a reporter of PKA activity in cells. Utilizing an in-house
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developed specific anti-pS179 Rap1 antibody, we confirmed the
effects of sh-CAP1 (Fig. 6C) and CAP1 overexpression (Fig. 6D)
on PKA activation upon forskolin stimulation. Thus, consistent
with the effects on cAMP levels, these results underline the
functional relevance of CAP1 on the activation of downstream
cAMP effectors.

CAP1 Is Required for TSH-Mediated Cell Proliferation. PCCL3 thy-
roid cells represent a well-established model to study cAMP-
dependent proliferation, and we have previously reported that
the trophic hormone TSH works via a synergistic response uti-
lizing both cAMP effectors, that is, Epacl-mediated Rapl acti-
vation and PKA-mediated Rapl phosphorylation (39, 40). We
reasoned, therefore, that the described effects of CAP1-Rap1 on
cAMP dynamics should be reflected as a requirement for TSH
on S-phase entry.

Exploiting that both sh-Vector and sh-CAP1 plasmids express
an independent dsRed unit, we performed a BrdU incorporation
assay monitoring % BrdU/dsRed at a single-cell level (SI Ap-
pendix, Fig. S4), as reported before (39, 41). As shown in Fig. 7,
an effective down-regulation of CAP1 expression was confirmed
by immunoblotting (Fig. 74), and CAP1 down-regulation consis-
tently blocked TSH-mediated G;/S progression. Moreover, this
effect was CAP1 specific as evidenced by rescue assays performed
with sh-resistant CAP1 expressing plasmids (Fig. 7B). As expected
from our previous studies (33), constitutively active pS179-Rap1-
G12V was not able to rescue the inhibitory action of sh-CAP1 (S
Appendix, Fig. S5). Next, we repeated the rescue assay in the
presence of a sh-resistant CAP1 mutant bearing the L11S or L18S
substitutions shown above to block CAP1-cyclase interaction.
Consistent with the effects on binding, these mutations were un-
able to rescue TSH-mediated G,/S progression (Fig. 7C). Thus,
these results show that CAP1 and its RLE-containing coiled-coil
domain involved in cyclase interaction is required for TSH/cAMP-
mediated cell proliferation.

Discussion

CAPI, originally identified in yeast (1, 2), is conserved in all
eukaryotes (17, 18). Two functions were originally described that
both genetically and biochemically associated with distinct CAP1
domains. While N-CAP1 binds to and regulates the Ras-cyclase
pathway, its C-CAP1 domain was associated with regulation of
F-actin dynamics. Even though CAP1-mediated regulation of
the actin cytoskeleton is present and was extensively studied in
mammalian cells, it is accepted in the field that during evolu-
tion the Ras-cyclase branch was lost and therefore is no longer

PNAS | 50f 10
https://doi.org/10.1073/pnas.2024576118

BIOCHEMISTRY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2024576118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2024576118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2024576118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2024576118/-/DCSupplemental
https://doi.org/10.1073/pnas.2024576118

100

/

S
’} kdkk 75

*kdek

Kl B
2 / 2
= / =
£ 50 50 Z 50
4 / Rap-GAP g
/ — Rap-GAP / =+ Rap-
< 25 25 1 < 25 e
/ — Vectors /" — Vectors Vectars
N Rap1-G12V
0 0 . 0
0001 001 04 1 10 0001 001 04 1 10 0001 001 01 1 10 100 1000
FK (uM) TSH (mUl/ml) IBMX (M)
ke
20007 1004 1004
1500 //'h g 754 Fkdk Fkkk 754
E ¥ = /
£ / . S / 50
& 10004 . v ~ V] 1
g Rap1-G12V o .
3 & ] Rap-G12v
& 500 < 59 —— Vectors 251
Rap-G12v
04 +sh-CAP1 0
0 T T T
0 1 2 3 4 5 6 0.001 0.01 01 1 10 0.001 0.01 0.1 1 10
Time (min) FK (M) FK (M)

Fig. 5.

Rap1 modulates cAMP dynamics in live cells. (A) The effect of active Rap1-GTP in cAMP dynamics was assessed by expression of the negative regulator

Rap-GAP in PCCL3 cells upon stimulation with FK or TSH (Left). The effect of constitutively active Rap1-G12V on cAMP dynamics was assessed upon stimulation

with IBMX (Right). (B) Cyclase activity and cAMP steady-state determination in

PCCL3 cells (WT), and cells stably transfected with Rap1-G12V were measured

as described in Fig. 4. Data are expressed as mean + SD from at least three independent experiments. (C) The combined effect of constitutively active Rap1-
G12V and CAP1 down-regulation (sh-CAP1) on cAMP dynamics was assessed upon stimulation with FK (Left). Also, the combined effect of Rap-GAP and CAP1
overexpression (CAP1) was tested (Right). Dose-response curves of A and C are expressed as the AR/RO (% max) of the FRET response using the H188 sensor
(mean + SEM, n > 14 cells from at least four independent coverslips). Curve fitting was performed in GraphPad Prism to extract ECso and Hill coefficients, and
significance was tested using a two-tailed Student'’s t test against vector control group (**P < 0.01; ****P < 0.001).

observed in higher eukaryotes (16, 17). In this report, we provide
evidence that CAP1 binds to and activates mammalian cyclase
in vitro and modulates cCAMP dynamics in mammalian cells, albeit
in a Rapl-dependent manner.

We describe here that CAP1 interacts with all cyclase isoforms
tested suggesting the common catalytic loops as targets; indeed,
both purified C1 and C2 interact with a submicromolar affinity to
an N-terminal fragment of CAP1. Using a combination of dele-
tion, peptide array, and mutagenesis approaches we have identi-
fied a pair of leucine residues at CAP’s N-terminal domain (L11
and L18) as critical elements in cyclase binding. These residues are
present in highly conserved RLE (Arg-Leu-Glu) repeats, pre-
dicted to form a coiled-coil folding unit due to the presence of
canonical heptad units (48). This predicts the existence of a con-
served helix in C1/C2, exposed and with propensity to form helical
coiled coils. A single helix satisfying all these properties (human
ACS5-C1, 489ELVMTLNELF) scored positive in public coiled-coil
prediction algorithms (49). Interestingly, this domain in cyclase/s is
involved in Gai (a2 helix/C1) and GoS (a2’ helix/C2) interactions
(50). Although both homologous C1 and C2 domains are able to
interact with CAP1 in vitro, the ability of CAP1 to increase GaS-
mediated ICI-IIC2 activation in a noncompetitive way (i.e., at
high GaS concentration) strongly argues for CAP1 interacting
with helix a2 on the Cla interface. Current mutagenesis/binding
assays are ongoing to confirm a2-Cla’s involvement and identify
potential contact residues, that is, a single residue interfering with
CAPl-cyclase interaction without disrupting its basal forskolin
activation profile.

CAP1 from yeast and mammals purifies as a large complex of
~600 kDa, consistent with an oligomeric organization formed by
six CAP and six G-actin monomers (16). Purified N-CAP1 forms
tetramers and hexamers in vitro (24, 29, 51), and this higher-order
structure requires the presence of an oligomerization domain that
overlaps with the coiled-coil cyclase binding domain identified here.
A possibility is that in cells, CAP1 exists in equilibrium between
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hexameric and monomer/dimers, the latter able to interact with
cyclase. Moreover, since the oligomerization domain-dependent
hexameric evidence comes from purified N-CAP1 alone, and
C-CAP1 is known to dimerize as well as interact with N-CAP1 (7,
52-55), alternative in vivo configurations satisfying the ~600 kDa
oligomeric structure while leaving a free N-terminal coiled-coil
available for cyclase binding cannot be disregarded. Therefore,
whether CAP1’s oligomerization state is necessary for cyclase
regulation, as clearly established for CAP1 modulation of F-actin
dynamics (16, 17), is still unknown.

We also show that CAP1 can directly enhance the activity of a
C1-C2 fusion enzyme (i.e., the minimal catalytic unit necessary
for cAMP synthesis) but only when activated by either forskolin
or its physiological regulator GaS indicating that CAP1 action is
not simply stabilizing C1-C2 loops. Also, CAP1 does not sig-
nificantly affect forskolin-AC or GaS-AC affinity interaction,
and although the mechanism of CAP1-mediated activation is for
the moment unknown, the proximity of a2-Cla to the catalytic
pocket (ATP binding site) of cyclase might suggest a direct effect
on the active site of the enzyme. Moreover, binding is not suf-
ficient for full activation, since fragments that bind to C1-C2 did
not activate (e.g., CAP1 2-41), or only partially activated (e.g.,
N-CAP1), the C1-C2 enzyme. This suggests a second low affinity
site located beyond N-CAP1 might be required for activation or,
alternatively, that full-length CAP1 supports the formation of an
oligomeric structure that adopts a conformation essential for full
activation. Regardless of the mechanism involved, and despite
the recent report of a CAP1-cyclase complex in pancreatic cells
(56), this study demonstrates that solely the presence of CAP1
can modify cyclase activity in vitro. However, several limita-
tions of our initial approach need to be acknowledged. First, a
suboptimal activation could be associated with the use of the
minimal C1-C2 catalytic construct as opposed to a full-length
cyclase. Second, although CAP1’s coiled-coil domain supports bind-
ing to all cyclases tested, we do not know whether isoform-specific
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Fig. 6. CAP1 modulates cAMP effectors Epac1 and PKA. (A) Effect of CAP1 down-regulation (sh-CAP1) on FK-stimulated PKA activity assessed by blots with
anti-PKA substrate antibody. (B) Effect of CAP1 down-regulation (sh-CAP1) on FK-stimulated Epac1-mediated Rap1 activation assessed by RalGDS-RBD pull-
down assays. (C) Effect of CAP1 down-regulation (sh-CAP1) on FK-stimulated myc-Rap1 phosphorylation using an anti-pS179 Rap1 antibody (LC, light chain).
(D) Effect of CAP1 expression (HA-CAP1) on FK-stimulated myc-Rap1 phosphorylation using an anti-pS179 Rap1 antibody (LC, light chain). The density of each
band was measured using the integrated density volume divided by EF-1q, total Rap1, or myc-Rap, respectively, to account for differences in loaded amounts
and protein expression. Then, all measurements were normalized to their respective control experiment. Data (mean + SEM) were obtained from at least
three independent experiments and significance tested using a two-tailed Student'’s t test against the respective control group (*P < 0.05; **P < 0.01). A.U.,
arbitrary units.

activation might be present. Third, other regulatory factors missing  cyclase activation (i.e., TSH, Forskolin, and IBMX), we can show
in our in vitro reconstitution assay (e.g., Rap1) might be necessary  that modulation of CAP1 expression levels correlates with expected
for full activation. Ongoing experiments are addressing these  shifts in their dose-response curves. Several points are worth noting.
limitations. CAP1 down-regulation does not block ligand-mediated cAMP

Most importantly, using FRET-based cAMP sensors, we can  accumulation but rather affects potency, indicating CAP1 is not
recapitulate CAP1 action on cAMP dynamics in live cells. Utilizing  strictly required for cyclase activation but represents a component in
ligands able to increase cAMP by different mechanisms all involving  its regulation. Moreover, differences in Hill coefficients are revealed
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(sh-CAP1) or empty vector (sh-Vec), and BrdU labeling was used to monitor TSH-dependent G4/S progression in the presence of 10% FBS as comitogen. The
inhibitory response can be rescued with a sh-resistant CAP1 (CAP1 R). (C) RLE CAP1R mutants L11S and L18S unable to bind cyclase cannot rescue proliferation.
Data are expressed as % BrdU/dsRed (mean + SEM, n > 110,000 cells from at least three independent coverslips) and significance tested using a two-tailed

Student’s t test (ns, nonsignificant; **P < 0.01; ****P < 0.0001).

consistent with a potential role of CAP1 in organizing a cyclase
dimeric/oligomeric structure.

We have previously shown, both in cell lines in vitro as well as
in vivo in transgenic mice, that the small GTPase Rapl is in-
volved in cAMP-dependent proliferation, involving a synergistic
collaboration of cAMP effectors, Epacl and PKA (39, 40, 42, 44,
57). Recently, we showed that Rap1, but not Ras, interacts with
CAP1; the interaction involves C-CAP1’s p-barrel domain and
Rapl’s C-terminal HVR in a geranylgeranyl-specific manner
(33). Interestingly, like the effects of CAP1 on cAMP dynamics,
we show that interventions that modulate Rap1 activity correlate
with changes in cAMP production as assessed by dose-response
curves and activity assays in live cells. The effects of CAP1 and
Rap-GTP overexpression seem to be interdependent since sh-
CAP1 blocks the effect of Rap-GTP, and Rap-GAP blocks the
action of CAP1 overexpression. Similarly, like Rapl’s involve-
ment in cAMP-dependent proliferation, we show here that
CAP1 is also involved in TSH-mediated proliferation of PCCL3
cells in a coiled-coil domain-dependent manner. Thus, we pro-
pose the cyclase-CAP1-Rapl unit represents a key regulatory
component in the cAMP-dependent proliferative response.

Our findings indicate that Rapl1 is not just a downstream cAMP
player, but in the context of CAPI, is able to modulate cCAMP’s
rate of synthesis. We advance the hypothesis that the cyclase-
CAP1-Rapl complex establishes a positive feedback loop acting as
a signal amplifier, manifested both as an increased dynamic range
(maximum response) as well as an increased sensitivity to inducer
signals (potentiation). Identification of the cyclase isoform target
and physical compartment action might aid in understanding the
mechanistic basis for the establishment of cAMP microdomains
and localized signaling (58, 59).

Besides the well-established role of CAP1 in actin cytoskeleton
dynamics, the recent findings of new CAP1 partners indicate its
potential participation in unforeseen biological responses. CAP1
was recently identified as a potential receptor and mediator of
resistin-induced cAMP increase and NFkB-mediated transcrip-
tional regulation of proinflammatory cytokines (60). Moreover,
CAP1 binding to PCSK9 was recently involved with internalization
and lysosome trafficking of LDL receptors (61). Interestingly,
recent reports also involved Rap1 in lysosomal biology (62, 63),
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raising the question of whether CAP1-Rapl might also be in-
volved in these responses.

Materials and Methods

Materials. TSH, forskolin, IBMX, C12E9, Dowex and alumina resins, and anti-
FLAG antibody were from Sigma. GSH-agarose was from GE Healthcare Life
Sciences. [2,8-3H] Adenine was from PerkinElmer. Ni-NTA agarose was from
QIAGEN. Antibodies against HA (HA.11) and myc (9E10) were from Covance.
Anti-AC3 antibody was from EnCor Biotechnology Inc. Anti-GST antibody
(A5800) and anti-Xpress antibody were from Invitrogen. Anti-phospho-(Ser/
Thr) PKA substrate antibody was from Cell Signaling. Anti-CAP1 antibody was
from Proteintech, and anti-His antibody was from Aviva Systems Biology.

Cell Lines and Transfections. PCCL3, a normal TSH-dependent rat thyroid
follicular cell line, was grown in 5% Coon’s modified F-12 medium (Sigma)
supplemented with 5% fetal bovine serum (FBS) and the combination of four
hormones: TSH (1 mIU/mL; IU, international units), insulin (1 pg/mL), transferrin
(5 pg/mL), and hydrocortisone (1 nM), as described before (39, 40). HEK-293T
cells were maintained in Dulbecco’s modified Eagle’s medium (Cambrex)
supplemented with 10% FBS. Cells were kept at 37 °C in 5% CO,, 95% hu-
midified air environment. Transfections were performed using Lipofectamine
3000 Transfection kit (Invitrogen) for PCCL3 cells or X-tremeGENE HP DNA
Transfection Reagent (Roche) for HEK-293T cells adjusting the total amount of
DNA plasmid to 0.5 to 1 pg/well as directed by the manufacturers.

DNA Constructs. pCGN-HA-Rap1, HA-Rap1-G12V, HA-CAP1, and sh-CAP1
constructs were already described (33). small hairpin RNA (shRNA)-resistant
CAP1 was a gift from Dr. Guolei Zhou, Arkansas State University, Jonesboro,
AR (64). GST-CAP1 full-length, GST-N-CAP1 (2 to 318), and GST-C-CAP1 (319
to 475) were prepared by inserting Sall-Xhol PCR fragments into pGEX-5X-2
using HA-CAP1 as a template. GST-CAP1 (2 to 41) (2 to 64) (2 to 89) (2 to 118)
(2 to 143) (2 to 172) (65 to 318) constructs were made through inserting
EcoRI-Xhol PCR fragments into pGEX-5X-2 using GST-N-CAP1 as a template.
GST-IC11IIC2 was prepared by subcloning a BamHI/Xhol fragment from
pCMV-HA-IC1a-1IC2a (37) into pGEX-4T-1. GST-CAP1 (2 to 41) -R10G, -R17G,
-R10G-R17G, -L11S, -L18S, and -L115-L18S, as well as sh-resistant CAP1R-L11S
and CAP1R-L18S were constructed by site-directed mutagenesis. Epitope-
tagged (HA-AC2 and FLAG-AC5, AC-7, AC-8 and AC-9) and untagged (AC3)
adenylyl cyclases were provided by Drs. Jiang and Dessauer. PCR products
from Flag-AC7 were digested with Ndel-HdlIl and subcloned into pET-28c,
generating His-C1a and His-C2, using the following primers:

Cla-Forward: 5’-agctagctcatatgcctgacaacaacttccac-3

Cla- Reverse: 5'-agctagctaagcttttacagggccgcgtcccecttggg-3’

C2-Forward: 5’-agctagctcatatggacaagttaaacgaggactgg-3’

C2-Reverse: 5'-agctagctaagcttttagttcagccccageccctgaaa-3'.
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Protein Purification. Rosetta (DE3) competent E. coli cells transformed with
the appropriate pGEX or pET28c plasmids were grown until ODggp >1.0 and
induced for 16 h at 24 °C with 0.5 mM IPTG. Cells were harvested and lysed in
lysis buffer: 50 mM Tris, pH 7.5, 150 mM NacCl, 10% glycerol, 1% Triton-X100,
0.2 mg/mL lysozyme, and 1x PMSF. After centrifugation, supernatants were
subjected to affinity chromatography on GSH-Sepharose (GE Healthcare) or Ni-
NTA agarose (QIAGEN), respectively. Similarly, GaS-8xHis expressed in High
Five insect cells was solubilized in 1% dodecyl-b-maltoside and purified on Ni-
NTA agarose, as described before (65). Nucleotide loading is performed by
addition of 0.1mM GTPyS, 10mM MgCl, at 30 °C for 1 h.

GST Pull-Downs. A total of 1 mL bacteria lysates containing GST or GST-fusion
proteins were mixed by rotation with 40 pl 50% GSH-Sepharose at 4 °C for 1 h.
The Glutathione Sepharose beads were briefly centrifuged and washed three
times with lysis buffer: 25 mM Tris, pH 7.5, 150 mM NacCl, 5 mM MgCl2, 5%
glycerol, 1% Nonidet P-40. Lysates from HEK transfected with cyclase isoforms
were prepared in 0.2% C12E19 and 5 pl (5 to 10 pg/pl) added to the beads in
800 pl binding buffer (50 mM Tris, pH 7.5, 150 mM Nacl, 0.003% C12E9) for 1 h
at 4 °C with shaking. After washing the beads three times with the same
binding buffer, associated proteins were eluted, resolved on SDS-PAGE (so-
dium dodecyl sulphate-polyacrylamide gel electrophoresis), and analyzed by
Western blots with specific antibodies. For binding to His-C1a + His-C2, 1 to
2 pg of purified His-fusion proteins were used under the conditions described
above.

Immunoprecipitation. sh-resistant CAP1?-L11S and CAP1R-L18S were cotrans-
fected with HA-IC1a-11C2a in HEK-293T cells. After 48 h, cells were lysed with a
buffer containing 50 mM Tris/Cl pH 7.5, 50 mM NaCl, 0.5% Nonidet P-40, 5%
glycerol, and protease inhibitors. Lysates were incubated for 1 h at 4 °C with
HA-agarose beads (Thermo Fisher Scientific) followed by four washes with lysis
buffer and blotting with Xpress antibody.

Rap1 Activation Assay Using RalGDS-RBD. Cells transfected with a plasmid
expressing HA-Rap1b were lysed with a buffer containing 25 mM Tris/Cl pH
7.5, 150 mM NaCl, 1% Nonidet P-40, 5% glycerol, 5 mM MgCl,, and protease
inhibitors. Lysates were clarified by centrifugation at 13,000 rpm for 10 min
at 4 °C. Purified GST-RalGDS-RBD precoupled to Glutathione Sepharose beads
(10 pg) was added to the supernatants and incubated at 4 °C for 60 min with
agitation. Beads were washed four times in the same lysis buffer. After the
final wash, Laemmli sample buffer was added to the samples. Proteins were
fractionated in a 12% SDS-PAGE and transferred to a polyvinylidene difluoride
membrane for blotting.

Peptide Arrays. Peptides encompassing CAP1 2 to 42 (15-mers, A3) for the
original peptide scan and peptides with specific substitution replacements
were synthesized and spotted on trioxatridecanediamine cellulose mem-
branes (three polyethylene glycol units as linker between cellulose and
peptides) using services provided by Kinexus Bioinformatics Corporation.
Binding to purified GST-IC111IC2 was revealed with anti-GST-HRP antibodies
following their protocols (66).

MST. Labeling of His-N-CAP1 proteins with NT647-Maleimide and NT647-
NHS, or His-C1a and His-C2 with RED-Tris-NTA second generation fluorescent
dyes followed the protocols provided by NanoTemper. Briefly, 20 pM puri-
fied proteins were mixed with 60 pM dye in a volume of 100 pl. The labeling
mixture was incubated for 30 min at room temperature in the dark. Free dye
was removed through the column from the kit. The thermophoresis mea-
surements were performed in a Monolith NT.115 instrument with blue/red
channels (Nanotemper) using Premium coated capillaries (Nanotemper,
Catalog MO-K005). For experiments with His-Cla binding to His-N-CAP1,
samples were prepared in MST binding buffer (1x phosphate-buffered saline
(PBS), 0.05% Tween-20, 0.05% Pluronic F-127, 0.05 mg/mL bovine serum
albumin [BSA]). His-N-CAP1 was used at a final concentration of 30 nM, and
measurements were performed at 14% light-emitting diode (LED) and 60%
MST power. Dose responses in triplicates (mean + SEM) were analyzed with
the unit software or upon import into GraphPad Prism.

cAMP Determination Assay. cCAMP determination follows the manufacturers’
protocol (Cyclic AMP XP Assay Kit, Cell Signaling) with slight modifications.

1. J. Field et al., Cloning and characterization of CAP, the S. cerevisiae gene encoding the
70 kd adenylyl cyclase-associated protein. Cell 61, 319-327 (1990).

2. M. Fedor-Chaiken, R. J. Deschenes, J. R. Broach, SRV2, a gene required for Ras acti-
vation of adenylate cyclase in yeast. Cell 61, 329-340 (1990).
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Briefly, a 10 pL mix was prepared containing 0.4 pg purified GST-IC1IIC2,
forskolin, and recombinant GST-CAP1 or GST control, and pre-equilibrated
for 10 min at room temperature. Then, 90 pl assay buffer (50 mM Hepes pH
7.2, 5 mM MgCl2, 1 mM ATP) was added, and after 30 min at 30 °C, the
reaction was terminated by the addition of 1.5 pL concentrated HCL, fol-
lowed by 50 pl 0.4 M Tris (pH 8.8) for neutralization. Aliquots of this mix
were tested following exactly the protocol provided in the kit.

Adenylyl Cyclase Activity in Cells. Labeling of cellular ATP pool was performed
by overnight incubation with 1 mCi/mL [3H] adenine in complete Coon’s medium.
The next day, cells were washed twice and incubated for 1 h in Coon'’s starvation
medium. Cells were then stimulated with forskolin (1 1M) and IBMX (100 uM) for
the indicated time and reactions stopped in trichloroacetic acid (7.5% weight/
volume). Product [*H]JcAMP was separated from substrate BHIATP by sequential
column chromatography over Dowex and alumina, as described (67).

FRET-Based Dose-Response cAMP Measurements. PCCL3 cells were seeded on
25-mm glass coverslips and transfected with the FRET sensor H188 (43).
Transfected cells were given fresh media for 72 h and hormone starved for
3 h in starvation Coon’'s media (lacking TSH, insulin, and hydrocortisone)
containing 5% FBS before measurements. Cells were washed once in PBS and
imaged in OptiMEM media lacking phenol red (Gibco) on an Olympus 1X70
microscope equipped with a Till Polychrome V monochromator. Images were
acquired every 10 s with a 60x/1.4 NA oil objective, 8 x 8 binning, and a
Hamamatsu charge-coupled device (CCD) camera (Photonics Model C4742-80-
12AG) using Slidebook software 6 (Intelligent Imaging Innovations Inc.). The
H188 sensor was excited at 440 nm (20% intensity) and fluorescence collected
using emission filters 470/30 nm and 535/30 nm with dichroic 86002v1 (Chroma
Technology Corp.). Fluorescence was corrected for channel bleed through
(~53%) and direct acceptor excitation (~3%). No significant photobleaching
was observed during the time lapses using monochromator at 20% max. Dose
responses were performed by treating cells with increasing concentrations of
TSH, FSK, and IBMX. A final incubation with saturating doses of FK and IBMX
(20 and 250 pM, respectively) was performed in every experiment to rule out
sensor saturation. Initially, changes in background-subtracted FRET ratios (R)
relative to resting conditions (R/R0) were calculated. Traces were then nor-
malized using the resting R/RO values (without agonist; 0%) and the maximal
R/RO values (saturating dose of either TSH, FSK, or IBMX; 100%) (S/ Appendix,
Fig. S4). Finally, traces were fitted with the four-parameter logistic equation in
GraphPad Prism 8 (GraphPad Software Inc.). ECso and Hill coefficients were
estimated and significance tested using a two-tailed Student's t test or by one-
way ANOVA with Dunnett’s multiple comparisons tests when appropriate («
level was defined as 0.05).

BrdU Labeling. Cells were grown to 70% confluency on glass coverslips,
transfected with sh-Vector or sh-CAP1 plasmids for 56 h, and made quiescent
by serum starvation in Coon’s/5% FBS for 16 h. Upon agonist stimulation (5% FBS/
TSH) for 8 h, cells were labeled for 16 h with BrdU (Sigma, 100 pM). At the end of
the labeling period, cells were fixed in 4% paraformaldehyde (10 min, room
temperature) and permeabilized with 0.5% Triton X-100 (10 min, room tem-
perature). After washing, incorporated BrdU was detected by indirect immuno-
fluorescence. Samples were stained for 30 min at 37 °C with sheep anti-BrdU
antibody (Biodesign International; diluted 1/100 in PBS/3% BSA) in the presence
of RQ1 DNase (Promega; 10 units/mL). After washing, samples were incubated for
30 min at 37 °C with a combination of 488-conjugated goat-anti-sheep (Invi-
trogen, dilution, 1/150 in PBS/3% BSA) and DAPI (0.125 mg/mL, Invitrogen). After
extensive washes, samples were mounted in PermaFluor (Thermo) and imaged
using the same setup described in the previous section. Both sh-Vector and sh-
CAP1 were cloned in a pSIREN vector containing an independent-driven cassette
for expression of dsRed Express. Data are expressed as %BrdU (green)/dsRed
Express (red) and significance tested using a two-tailed Student’s t test (« level
was defined as 0.05).

Data Availability. All study data are included in the article and/or S/ Appendix.
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