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N-myristoylation on glycine is an irreversible modification that has
long been recognized to govern protein localization and function.
In contrast, the biological roles of lysine myristoylation remain ill-
defined. We demonstrate that the cytoplasmic scaffolding protein,
gravin-a/A kinase-anchoring protein 12, is myristoylated on two
lysine residues embedded in its carboxyl-terminal protein kinase A
(PKA) binding domain. Histone deacetylase 11 (HDAC11) docks to
an adjacent region of gravin-a and demyristoylates these sites. In
brown and white adipocytes, lysine myristoylation of gravin-a is
required for signaling via f,- and Bs-adrenergic receptors ($-ARs),
which are G protein-coupled receptors (GPCRs). Lysine myristoyla-
tion of gravin-a drives B-ARs to lipid raft membrane microdo-
mains, which results in PKA activation and downstream signaling
that culminates in protective thermogenic gene expression. These
findings define reversible lysine myristoylation as a mechanism for
controlling GPCR signaling and highlight the potential of inhibiting
HDAC11 to manipulate adipocyte phenotypes for therapeutic
purposes.
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N -myristoylation is the covalent linkage of the 14-carbon fatty
acid, myristate, via an amide bond to glycine at position 2
of proteins harboring the consensus motif, Met-Gly-X-X-X-Ser/
Thr. This fatty acylation process is catalyzed by N-myristoyltrans-
ferases 1 and 2 (NMT1 and NMT2) and occurs cotranslationally
following removal of the initiator methionine by methionine ami-
nopeptidase (1). N-myristoylation has diverse consequences (2),
such as altering protein stability and protein—protein interac-
tions, but is best known for its impact on protein subcellular dis-
tribution and membrane localization, as exemplified by the role
of glycine-2 myristoylation in targeting members of the Src fam-
ily of protein tyrosine kinases to the inner surface of the plasma
membrane to initiate signal transduction (3). NMT-mediated N-
myristoylation was also recently described to occur on lysine-3 of
adenosine diphosphate-ribosylation factor 6 (ARF6) (4, 5),
thereby expanding the repertoire of targets and regulatory pro-
cesses that are controlled by this posttranslational modification
(PTM).

It has been recognized for nearly 30 y that internal lysine res-
idues in proteins can also be myristoylated (6, 7), but there
remains a paucity of information on the function and regulation
of this fatty acylation event when it occurs distal to N termini.
Lysine fatty acylation of tumor necrosis factor-a (TNF-a)
blocks its secretion from cells and targets the cytokine for lyso-
somal degradation (8, 9), while fatty acylation of the ras-related
protein, R-Ras2, on lysines near its carboxyl terminus drives the
protein to the plasma membrane, where it stimulates the phos-
phatidylinositol 3-kinase (PI3K)/AKT signaling pathway (10).
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The extent to which internal lysine fatty acylation regulates pro-
teins beyond these examples is unclear.

Although the identity of myristoyltransferases that govern
internal lysine myristoylation is unknown, knowledge about the
demyristoylases is emerging, with certain members of the his-
tone deacetylase (HDAC) superfamily exhibiting potent lysine
defatty-acylase activity (11). Eighteen mammalian HDACs are
encoded by distinct genes and are grouped into four classes.
Class I, II, and IV HDAGC: are zinc-dependent enzymes, while
class III HDACs, which are also known as sirtuins (SIRTS),
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require nicotinamide adenine dinucleotide (NAD+) for cata-
Iytic activity (12). Many HDACs display substrate specificity
toward acyl groups other than acetyl. For example, SIRTS func-
tions as a lysine desuccinylase and demalonylase (13), while
SIRT6 is a lysine demyristoylase with the ability to target
myristoyl-lysines in TNF-a and R-Ras2 (8, 10). Among the
zinc-dependent HDACs, HDACS8 possesses demyristoylase
activity in vitro, and three recent reports established that
HDACI1 is a robust lysine demyristoylase (14-16) with a cata-
lytic efficiency >10,000-fold higher for myristoyl-lysine versus
acetyl-lysine. The only known substrate of HDACI1 is serine
hydroxymethyltransferase-2 (SHMT2), which regulates inter-
feron signaling (14).

The discovery of HDACI1 as a lysine demyristoylase pro-
vides an opportunity to uncover biological roles of lysine myris-
toylation, which heretofore remains an elusive PTM, and to
address the potential of inhibiting lysine demyristoylase activity
for therapeutic purposes. In this regard, we recently found that
global deletion of HDACI11 in mice prevented weight gain and
improved overall metabolic health in the face of chronic high-
fat feeding (17, 18). The salutary effects of HDACI11 knockout
(KO) were linked to increased abundance and function of
brown adipose tissue (BAT). In contrast to white adipose tissue
(WAT), which functions mainly to store energy in the form of
triglycerides, BAT is highly metabolically active and produces
heat through nonshivering thermogenesis via uncoupling
protein-1 (UCP1). HDACI1 suppressed UCP1 gene expression
through association with the bromodomain and extraterminal
(BET) family member, BRD2, in adipocyte nuclei (17).

There is intense interest in developing therapies for obesity
based on stimulating BAT function or phenotypic transforma-
tion of WAT into “beige” fat to promote energy expenditure
(19), and preclinical studies have established stimulation of
B-adrenergic receptors (B-ARs) as a robust approach to achieve
this goal (20). However, agonists of these G protein—coupled
receptors (GPCRs) have underperformed in clinical studies of
obese individuals (21), emphasizing the need to better under-
stand the molecular underpinnings of thermogenic signaling in
adipocytes. Here, we describe a cytoplasmic function for
HDACI1 in the control of adipocyte p-AR signaling. By demyr-
istoylating two lysine residues within the protein kinase A
(PKA) binding domain of the scaffolding protein, gravin-o/A
kinase-anchoring protein 12 (AKAP12), HDACI11 prevents
gravin-a:f-AR:PKA complexes from localizing to membrane
lipid rafts that are required to stimulate downstream signaling.
Conversely, selective pharmacological inhibition of HDACI1
drives the complexes to lipid rafts to promote B-AR signaling
and thermogenic gene expression. These findings establish myr-
istoylation of internal lysine residues in gravin-o as a reversible
and druggable mechanism for controlling GPCR signaling.

Results

Nuclear and Cytoplasmic HDAC11 Are Capable of Blocking fs-
AR-Mediated UCP1 Induction. Our prior work with ectopically
expressed HDAC11 demonstrated that a nuclear pool of the
protein associates with BRD?2 to repress expression of UCP1 in
adipocytes (17). Consistent with this, indirect immunofluores-
cence (IF) imaging of primary adipocytes derived from wild-
type (WT) mouse interscapular BAT (iBAT), inguinal WAT
(ingWAT), and epididymal WAT (eWAT) revealed prominent
nuclear localization of endogenous HDAC11 (Fig. 1 A, Upper).
However, significant HDAC11 staining was also observed in the
cytoplasmic compartments of each adipocyte type, suggesting
extranuclear functions for the enzyme. Parallel imaging of cells
obtained from Hdacll KO mice confirmed the specificity of
staining (Fig. 1 A, Lower).
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To address the relative contributions of nuclear and cytoplas-
mic HDACI11 in the control of signal-induced thermogenic
gene expression, lentiviruses were constructed to express WT
HDACI11 or versions of HDACI11 fused to a heterologous
nuclear export sequence (NES) or a nuclear localization signal
(NLS) (Fig. 1B). IF and cellular fractionation studies with cul-
tured 3T3-L1 white adipocytes confirmed that lentiviral HDACI11
WT was present in both the nucleus and cytoplasm, while
HDACI11 NES and NLS were exclusively cytoplasmic or nuclear,
respectively (Fig. 1 C and D). Next, 3T3-L1 cells or HIB1B brown
adipocytes were infected with the lentiviruses or viruses encoding
catalytically inactive (H143A) versions of HDAC11 WT, NES, or
NLS, and the cells were subsequently stimulated with the p3-AR
agonist CL-316,243 (CL) (Fig. 1E). Remarkably, each HDAC11
construct blocked CL-induced UCP1 protein expression in both
cell types in a manner that was dependent on HDACI1 catalytic
activity (Fig. 1 F and G); basal UCP1 protein expression was
higher in HIB1B cells, which is consistent with their BAT-like char-
acteristics (22). These data suggest that, in addition to directly
repressing UCP1 gene expression in the nucleus, HDACI11 func-
tions in the cytoplasm to suppress p-AR-mediated thermogenic
gene expression in adipocytes.

Gravin-a/AKAP12 Myristoylation Is Induced upon HDAC11 Inhibition.
HDACI11 is a weak deacetylase but is a potent lysine defatty-
acylase (14-16). To search for putative cytoplasmic substrates
of HDACI11, sequential click chemistry with an Alk-14 tag fol-
lowed by mass spectrometry of metabolically labeled proteins
was performed with mouse embryonic fibroblasts, focusing on
proteins with increased fatty acylation upon knockdown of
HDACI11 expression (SI Appendix, Fig. S14). Among the pro-
teins that were enriched upon HDACI1 knockdown was
gravin-o/AKAP12 (SI Appendix, Fig. S1B and Dataset S1),
which has previously been shown to regulate f,-AR desensitiza-
tion, sequestration, resensitization, and cAMP recovery rate
following agonist stimulation (23-26). Coimmunoprecipitation
(co-IP) studies with lentiviral-infected 3T3-L1 cells demon-
strated that endogenous gravin-a associates with HDAC11 WT
and NES but not HDAC11 NLS (SI Appendix, Supplementary
Index and Fig. S1 B and C). In contrast, HDAC11 WT and
NLS, but not NES, associated with BRD2. These findings sug-
gested the possibility that cytoplasmic HDAC11 regulates adi-
pocyte B-AR signaling via gravin-o.

To specifically address the potential of HDACI1 to regulate
gravin-o myristoylation in adipocytes, studies were performed
with a “clickable” Alk-12 and 3T3-L1 or HIB1B cells treated
with FT895, a highly selective small-molecule inhibitor of
HDACI1 (Fig. 24) (27). Three hours of FT895 treatment led
to robust myristoylation of gravin-a in 3T3-L1 cells, and the sig-
nal persisted until 12 h posttreatment (Fig. 2B). We note that
in this experiment, and in others throughout the manuscript,
multiple forms of gravin-a were detected by immunoblotting.
Full-length gravin-o migrates at ~250 kDa in sodium dodecyl
sulfate—polyacrylamide gel electrophoresis gels, but gravin-o
multimers are often revealed in the absence of urea (25). Thus,
full-length and multimeric gravin-o are indicated with arrows
where necessary.

In HIB1B brown adipocytes, gravin-a was basally myristoy-
lated and inducibly myristoylated following FT895 treatment
(Fig. 2C and SI Appendix, Fig. S24). FT895 also stimulated
gravin-o myristoylation in cultured mouse BAT and WAT
explants (SI Appendix, Fig. S2 B-E). To address the transla-
tional potential of our findings, human visceral adipose tissue
(VAT) explants or purified human adipocytes were treated with
FT895 in culture (Fig. 2 D and E), and in both sets of samples,
HDACI11 inhibition led to an increase in gravin-o myristoyla-
tion (Fig. 2 F-H). To confirm the specificity of the observed
effects, primary cultured adipocytes from WT and Hdacll KO
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Fig. 1. Nuclear and cytoplasmic HDAC11 are capable of blocking p3-AR-mediated UCP1 induction. (A) Indirect immunofluorescence of endogenous
HDAC11 in primary mouse adipocytes derived from adipose depots of WT or Hdac77 KO mice. Nuclei were stained with DAPI. (Scale bar, 50 pm.) (B) Sche-
matic representation of Myc-tagged human HDAC11 expression constructs. Conversion of histidine-143 to alanine (H143A) renders HDAC11 catalytically
inactive. (C) Indirect immunofluorescence of Myc-tagged HDAC11 in 3T3-L1 adipocytes. (Scale bar, 10 pm.) (D) Immunoblots confirming expression of
Myc-tagged HDAC11 in the predicted subcellular fractions of 3T3-L1 adipocytes. a-Tubulin and lamin A/C served as controls for the purity of cytoplasmic
and nuclear fractions, respectively. (E) Schematic depiction of the B3-AR signaling experiment. (F) Immunoblot analysis of 3T3-L1 white adipocyte and
HIB1B brown adipocyte homogenates. (G) Quantification of UCP1 protein in three independent experiments with HIB1B cells. Each N = an independent
plate of cells. Data are presented as mean + SEM; *P < 0.05 versus unstimulated controls in each condition. Please visit Figshare for a higher-resolution
version (10.6084/m9.figshare.19082813).
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Fig. 2. Gravin-o/AKAP12 myristoylation is induced upon HDAC11 inhibition. (A) Schematic depiction of the click chemistry experiment employed to assess
gravin-oa myristoylation in 3T3-L1 and HIB1B adipocytes. Cells were treated with 10 uM FT895 for the indicated times. (B) Immunoblot analysis of 3T3-LI
adipocyte homogenates. FT, FT895; Hrs, hours; Myrist, myristoylated. (C) Immunoblot analysis of HIB1B adipocyte homogenates. (D) Schematic depiction
of the click chemistry experiment to assess gravin-a myristoylation in human adipose tissue explants and purified adipocytes. Explants and cells were
treated with 100 pM and 10 uM FT895 for 12 h, respectively. SC, subcutaneous. (E, Top) Representative whole mount human visceral adipose tissue (VAT)
confocal microscopy image with BODIPY 493/503 (lipid droplet) staining; 20x objective lens. (Scale bar, 100 um.) (Lower) Representative brightfield micros-
copy image of differentiated human SC stromal vascular fraction (SVF)-derived adipocytes; 10x objective lens. (Scale bar, 400 pm.) (F) Immunoblot analysis
of VAT homogenates. (G) Densitometry quantification of myristoylated gravin-u relative to total gravin-a protein in human VAT explants. Data are repre-
sented as means +SEM. n = 4 per condition; *P < 0.05 compared to untreated. Veh, vehicle. (H) Immunoblot analysis of human SC adipocyte homoge-
nates. (/) Schematic depiction of the click chemistry experiment to assess gravin-a myristoylation in cultured adipocytes derived from WT and Hdac71 KO
ingWAT. Cells were treated with 10 uM FT895 for the indicated times. (J) Brightfield microscopy images of differentiated adipocytes derived from WT and
Hdac11 KO ingWAT. (Scale bar, 400 pm.) (K) Immunoblot analysis of homogenates from adipocytes treated for the indicated times with 10 pM FT895.
Please visit Figshare for a higher-resolution version (10.6084/m9.figshare.19082813).

mice were treated with FT895 (Fig. 2 I and J). Gravin-a  of oligomer (Fig. 2 K, Middle) and thus do not reflect true
myristoylation was undetectable basally in WT adipocytes but  changes in gravin-a myristoylation. Collectively, these find-
was rapidly and robustly induced following FT895 treatment ings strongly suggest that HDACI11 suppresses gravin-o
(Fig. 2K). Conversely, gravin-o was highly basally myristoylated — myristoylation.

in Hdacl1 KO adipocytes, and FT895 failed to further increase

myristoylation of the protein. Notably, the apparent differ- HDAC11 Demyristoylates Two Lysines in the PKA Binding Domain of
ences in oligomer myristoylation in WT and KO cells at 12 h  Gravin-a. Gravin-o can be N-myristoylated on glycine-2 (28),
(Fig. 2 K, Upper) appear to correlate with altered total levels — which appears to target the protein to the endoplasmic reticulum,
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Fig. 3. HDAC11 demyristoylates two lysines in the PKA binding domain of gravin-a. (A) Schematic depiction of the experiment to assess myristoylation of
ectopically expressed gravin-a constructs. (B) Immunoblot analysis of homogenates of HEK293 cells transfected with the indicated FLAG-tagged gravin-a con-
structs and treated with vehicle control (-) or 10 uM FT895 for 12 h. Myrist, myristoylated. (C) Immunoblot analysis of homogenates of HEK293 cells transfected
with the indicated constructs for N-terminally truncated, FLAG-tagged gravin-a and treated with vehicle control (-) or 10 pM FT895 for 12 h. (D) Schematic rep-
resentation of gravin-o, gravin-a constructs, and the conserved lysine myristoylation sites embedded in the PKA binding domain of gravin-a. (E) Immunoblot
analysis of homogenates of HEK293 cells transfected with constructs for gravin-a harboring the indicated amino acid substitutions and treated with vehicle
control (=) or 10 uM FT895 for 12 h. (F) Schematic depiction of the experiment to address whether HDAC11 is capable of directly demyristoylating lysine-1502
and lysine-1505 of gravin-a. (G) LC-MS traces of myristoyl-lysine-1502 peptide and free peptide of gravin-o before and after treatment with recombinant
HDAC11 for 1.5 h at 37°C. (H) LC-MS traces of myristoyl-lysine-1505 peptide and free peptide of gravin-o before and after treatment with recombinant
HDAC11 for 1.5 h at 37 °C. For G and H, peaks were searched using Xcaliber software. Myr, myristoyl. Peaks were searched using Xcaliber software. Please visit
Figshare for a higher-resolution version (10.6084/m9.figshare.19082813).
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Fig. 4. Discrete regions of gravin-a mediate associations with the p3-AR and HDAC11. (A) Co-IP of endogenous gravin-a with endogenous p3-AR and
HDAC11 in homogenates from 3T3-L1 adipocytes. IP, immunoprecipitation; 1B, immunoblotting. (B) Schematic representation of the N- and carboxyl-
terminal truncation constructs of FLAG-tagged rat gravin-a that were employed for co-IP studies. (C) Schematic depiction of the experiment to map the
B3-AR binding domain on gravin-a. (D) Immunoblot analysis of ectopically expressed p3-AR coimmunoprecipitating with the indicated gravin-a constructs
in HEK293 cell homogenates. (E) Schematic depiction of the experiment to map the HDAC11 binding domain on gravin-a. (F) Immunoblot analysis of
ectopically expressed HDAC11 coimmunoprecipitating with the indicated gravin-a constructs in HEK293 cell homogenates. (G) Schematic representation
of gravin-a incorporating the p3-AR and HDAC11 binding domains. Please visit Figshare for a higher-resolution version (10.6084/m9.figshare.19082813).

intracellular vesicular compartments, and, together with polybasic
domains, to the cell periphery (29, 30). However, FT895 equiva-
lently induced myristoylation of WT and a glycine 2-to-alanine
substitution (G2A) derivative of gravin-o when the proteins were
ectopically expressed in human embryonic kidney 293 (HEK293)
cells (Fig. 3 4 and B), ruling out the possibility that HDAC11 reg-
ulates N-myristoylation of the anchoring protein. Evaluation of a
series of deletion constructs mapped the myristoylation sites in
gravin-a to a region between amino acids 1,487 and 1,511 (Fig.
3C), which resides within a previously defined PKA binding
domain (31) and contains two conserved lysine residues at posi-
tions 1,502 and 1,505 (Fig. 3D). Lysine-1502-to-Arginine
(K1502R) and K1505R versions of gravin-o were still myristoy-
lated in transfected HEK293 cells, but simultaneous conversion of
both lysines to arginine (KK/RR) abolished myristoylation of the
protein (Fig. 3E). In vitro enzymatic assays employing
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recombinant HDACI11 and peptides myristoylated at K1502 or
K1505 confirmed that both sites are efficiently demyristoylated by
HDACI1 (Fig. 3 F-H). These findings demonstrate that gravin-o
undergoes HDACT11-reversible myristoylation on two lysines posi-
tioned in its PKA binding domain.

Discrete Regions of Gravin-o Mediate Associations with the f3-AR
and HDAC11. Endogenous gravin-o co-IPed (coimmunoprecipi-
tated) with endogenous p5-AR and HDACI11 in cultured 3T3-L1
cells (Fig. 44), suggesting that the proteins form a signaling com-
plex in adipocytes. Follow-up co-IP studies with ectopically
expressed deletion constructs initially mapped the f;-AR binding
domain on gravin-o to amino acids 487 through 886 (SI Appendix,
Supplementary Index and Fig. S3 A and B), with additional trunca-
tions refining the binding site to a 100-amino-acid region (amino
acids 787 through 886), which overlap with the AKAP motifs of
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Fig. 5. Lysine myristoylation of gravin-a is required for p3-AR-mediated UCP1 induction. (A) Schematic depiction of the experiment to determine if

gravin-a and its myristoylation are required for p3-AR signaling in adipocytes. (B) Immunoblot analysis of UCP1 induction and gravin-a knockdown in 3T3-
L1 adipocytes. a-Tubulin (a-Tub) served as a loading control. (C) Immunoblot analysis of 3T3-L1 homogenates using an anti-phospho-PKA substrates anti-
body. (D) Immunoblot analysis of UCP1 induction and gravin-a knockdown in HIB1B adipocytes. a-Tub served as a loading control. (E) Immunoblot analysis

of HIB1B homogenates using an anti-phospho-PKA
m9.figshare.19082813).

the protein (Fig. 4 B-D); AKAP motifs, which are sometimes
referred to as WSK motifs, are a core sequence of ~31 amino
acids that are conserved in several AKAPs (25). This is consistent
with the previous demonstration that the f,-AR interacts with the
AKAP motifs of gravin-o (25). In contrast, HDAC11 was found
to bind to the extreme carboxyl terminus of gravin-a (S/
Appendix, Supplementary Index and Fig. S3 C and D) and, ulti-
mately, to a 50-amino-acid region immediately adjacent to its two
lysine targets in the PKA binding domain of gravin-a (Fig. 4 E
and F). These findings suggest that gravin-o functions as a modu-
lar scaffold to regulate B-AR/PKA signaling in adipocytes in a
manner that is regulated by HDACI11-reversible lysine acylation
(Fig. 4G).

Lysine Myristoylation of Gravin-a Is Required for -AR-Mediated
UCP1 Induction. Specific AKAPs have not previously been linked
to the regulation of f3;-AR signaling. Thus, gain- and loss-of-
function experiments were performed with cultured cells to
address the role of gravin-a and gravin-o myristoylation in the
control of P;-AR-mediated thermogenic gene expression in
adipocytes (Fig. 54). In 3T3-L1 adipocytes, lentiviral
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substrates antibody. Please visit Figshare for

a higher-resolution version (10.6084/

overexpression of WT gravin-o increased UCP1 protein expres-
sion in the absence of exogenous signal and enhanced
CL-mediated induction of the protein (Fig. 5B, lanes 1 through
8). In contrast, gravin-o KK/RR failed to stimulate UCP1 pro-
tein expression in unstimulated cells and blocked CL-mediated
induction of UCP1, suggestive of dominant-negative action
(Fig. 5B, lanes 9 through 16). Knockdown of endogenous
gravin-o completely inhibited CL-induced expression of UCP1,
and addback of WT, but not KK/RR gravin-a, rescued UCP1
expression (Fig. 5B, lanes 13 through 24). Immunoblotting with
an anti-PKA substrates antibody revealed a remarkably similar
pattern with WT, but not KK/RR, gravin-a enhancing and res-
cuing PKA signaling in 3T3-L1 adipocytes (Fig. 5C).

Studies were also performed with HIB1B cells to address
whether the observed effects of gravin-o extend to brown adi-
pocytes. As shown in Fig. 5D, ectopically expressed WT gravin-
a, but not KK/RR, promoted UCP1 protein expression in the
absence or presence of CL treatment (lanes 1 through 12).
Knockdown of endogenous gravin-a expression blocked
CL-mediated UCP1 induction, which was rescued by ectopic
expression of WT but not KK/RR gravin-a (Fig. 5D, lanes 13
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Fig. 6. Lysine myristoylation of gravin-a is required for f,-AR-mediated U

CP1 induction. (A) Schematic depiction of the experiment to address the roles

of the three different p-AR isoforms in the control of UCP1 induction. Cells were pretreated with 10 uM bisoprolol, 1 uM ICI-118,551, or 10 uM L-748,337,
followed by addition of 1 pM isoproterenol (ISO) or 1 uM CL-316,243. (B) Immunoblot analysis of homogenates from 3T3-L1 adipocytes showing that ISO

drives UCP1 induction via B,-AR stimulation, while CL induces UCP1 by

promoting Bs-AR signaling. Veh, vehicle; Bis, Bisoprolol; ICl, 1CI-118,551; L,

L-748,337. (C) Schematic depiction of the experiment to determine if gravin-a and its myristoylation are required for f,-AR signaling in adipocytes. (D)

Immunoblot analysis of UCP1 induction and gravin-a knockdown in 3T3-L1
for a higher-resolution version (10.6084/m9.figshare.19082813).

through 24). Comparable to what was observed in 3T3-L1 white
adipocytes, this pattern of UCP1 induction and repression in
HIB1B brown adipocytes corresponded with PKA substrate
phosphorylation (Fig. 5E).

A recent report highlighted the importance of adipocyte f,-
AR signaling for UCP1 induction in humans (32). As such, we
addressed the possibility that gravin-o myristoylation also gov-
erns B»-AR signaling in adipocytes. Treatment of 3T3-L1 cells
with the B-AR agonist isoproterenol (ISO) in the absence or
presence of Bi-, f,-, or f3-AR antagonists (Fig. 64) established
that under the employed experimental conditions, ISO drove
UCP1 protein expression via f,-AR stimulation (Fig. 6B, lanes
1 through 10); we also confirmed that CL-mediated UCP1
induction in 3T3-L1 adipocytes was via $3-AR agonism (Fig.
6B, lanes 11 through 18). Next, gravin-a gain and loss of func-
tion were used to determine whether this AKAP controls ,-
AR responses in adipocytes (Fig. 6C). As was observed with
CL, ISO-induced UCP1 protein expression was augmented by
ectopically expressed WT gravin-a but was blocked by KK/RR
(Fig. 6D, lanes 1 through 12). Likewise, knockdown of endoge-
nous gravin-o completely suppressed ISO-mediated UCP1
induction, which was rescued by WT but not KK/RR gravin-o
(Fig. 6D, lanes 13 through 24). Immunoblotting also revealed
the requirement for gravin-o and its myristoylation in the regu-
lation of ISO-induced PKA substrate phosphorylation (S7
Appendix, Supplementary Index and Fig. S4). Together, these
findings establish a requisite role for gravin-o myristoylation in
the control of both f,- and p3-AR signaling in adipocytes.

Lysine Myristoylation of Gravin-a Targets ps-ARs to Caveolin-Rich
Lipid Rafts. We next sought to define the mechanism(s) by which
lysine myristoylation of gravin-o promotes f-AR signaling in adi-
pocytes. A cAMP-agarose pulldown assay revealed that gravin-o
WT and KK/RR associated with endogenous PKA equivalently in
either the absence or presence of HDACII inhibition (S/
Appendix, Supplementary Index and Fig. S5), suggesting that
diminished B-AR signaling in KK/RR-expressing cells was not due
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adipocytes. a-Tubulin (a-Tub) served as a loading control. Please visit Figshare

to reduced binding of PKA to the scaffold. Prior studies demon-
strated that adipocyte B3-AR signaling is critically dependent on
caveolin-1 (Cav-1), a scaffolding protein that is a component of
cholesterol and sphingolipid-rich membrane lipid rafts (33-35).
Thus, co-IP studies were performed to address whether gravin-o
coordinates association of f3-ARs with Cav-1 in adipocytes (Fig.
7A). Treatment of 3T3-L1 adipocytes with FT895 led to a pro-
found increase in the association of FLAG-tagged WT gravin-o
with endogenous Cav-1 and another lipid raft protein, Flotillin-2
(Flot-2) (Fig. 7B, lanes 5 through 10). In marked contrast, FT895
failed to stimulate association of gravin-o KK/RR with either lipid
raft protein (Fig. 7B, lanes 11 through 16). Endogenous p3-AR
was equivalently associated with gravin-a« WT and KK/RR in the
absence or presence of FT895 treatment (Fig. 7 B, Lower, lanes 5
through 16). Immunoblotting of cell homogenates confirmed that
observed differences in the abundance of co-IPed proteins were
not due to unequal inputs (Fig. 7C).

Stimulated emission depletion (STED) microscopy was per-
formed to assess the subcellular distribution of gravin-o in 3T3-
L1 adipocytes (Fig. 7D). Gravin-a WT and KK/RR were distrib-
uted throughout the cytoplasm, with enrichment at the plasma
membrane. Concordant with the co-IP data, FT895 treatment
led to redistribution of gravin-a WT to discrete regions of the
cell periphery, where it colocalized with endogenous Cav-1
(Fig. 7 E and F and SI Appendix, Supplementary Index and Fig.
S64). In contrast, localization of gravin-o KK/RR was unal-
tered by the HDACI1 inhibitor.

The insolubility of cholesterol and sphingolipid-rich lipid
rafts in nonionic detergents provides a biochemical means of
identifying constituents of these membrane microdomains
based on their detergent resistance and position within sucrose
gradients (36, 37). To begin to address whether gravin-a lysine
myristoylation impacts lipid raft targeting in adipocytes, 3T3-L1
cells were exposed to FT895 or vehicle control prior to homog-
enate preparation and sucrose gradient centrifugation. FT895
treatment led to significant enrichment of endogenous gravin-o
and B3-AR in detergent-resistant membranes (DRM), which
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plexes to Cav-1-rich lipid rafts, resulting in downstream signaling and induction of $-AR target genes, including that encoding UCP1. HDAC11-mediated demyr-
istoylation of gravin-a prevents the complexes from localizing to the lipid rafts and thus squelches p-AR signaling. Please visit Figshare for a higher-resolution
version (10.6084/m9.figshare.19082813).
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also contained Flot-2 and Cav-1 (SI Appendix, Supplementary
Index and Fig. S6B).

Follow-up studies were performed with 3T3-L1 adipocytes
infected with lentiviruses expressing FLAG-tagged WT gravin-o
or KK/RR. In vehicle-treated cells, gravin-o« WT and KK/RR were
widely distributed in multiple fractions from the sucrose gradient
(Fig. 7G). In response to HDACI1 inhibition with FT895, FLAG-
tagged WT gravin-a and endogenous f3-AR collapsed into the
three DRM fractions containing Flot-2 and Cav-1 (Fig. 7G, frac-
tions 4 through 6). Similar to WT gravin-a, KK/RR was dispersed
throughout the sucrose gradient in cells exposed to vehicle con-
trol. However, gravin-o KK/RR was strikingly resistant to FT895
treatment, remaining largely excluded from the DRM fractions,
and this correlated with a lack of B;-AR enrichment in these frac-
tions (Fig. 7G). Taken together, these findings suggest that lysine
myristoylation of gravin-o targets gravin-o:f3-AR:PKA complexes
to lipid rafts in adipocytes.

Discussion

Despite its recognition as a potent lysine demyristoylase, only one
endogenous substrate of HDACI1 has previously been reported
(14), and the biological functions of reversible lysine myristoyla-
tion in adipose tissue have not been described. Here, we define
gravin-a as a second target of HDAC11 and demonstrate that this
anchoring protein serves a crucial role in the control of adipocyte
adrenergic signaling. Gravin-o loss of function in adipocytes
blocks f-AR-mediated PKA signaling and downstream induction
of the thermogenic gene product, UCP1. p-AR signaling can be
rescued by reintroduction of WT gravin-« but not a
myristoylation-deficient form of gravin-a harboring arginines in
place of K1502 and K1505 (KK/RR). Collectively, our findings
support a model in which HDAC11-reversible myristoylation of
these two lysine residues targets gravin-o:PKA:p-AR complexes to
Cav-1-rich membrane lipid rafts, resulting in downstream signal-
ing and expression of f-AR target genes (Fig. 7H).

HDACI11-mediated demyristoylation of gravin-a was
observed in murine white and brown adipocytes, as well as in
human subcutaneous adipocytes and VAT, suggesting a con-
served role for lysine myristoylation/demyristoylation in the
control of adipocyte signaling regardless of adipose depot.
AKAPs are a family of >50 proteins that function as modular
signaling platforms to mediate compartmentalized signaling
and share a common ability to associate with PKA (38). The
involvement of an AKAP in the control of adipocyte signaling
was implied by the demonstration that Ht31, which is a broad-
spectrum peptide inhibitor of PKA anchoring to AKAPs (39),
blocked ISO-induced activation of PKA in 3T3-L1 cells, as
determined using fluorescence resonance energy transfer
reporter (40). However, the identity of the relevant AKAP and
the mechanism(s) by which it regulates f-AR signaling in adi-
pose tissue remained elusive.

Our findings reveal an obligatory role for gravin-a and lysine
myristoylation of this AKAP in the control of p-AR signaling in
adipocytes. Remarkably, K1502 and K1505 in gravin-a reside in
a 13-amino-acid region that shows sequence identity with corre-
sponding regions in other AKAPs and is predicted to form an
amphipathic helix that contributes to binding to the PKA RII
regulatory subunit (31). Conversion of K1502 and K1505 to
arginines did not alter PKA binding to gravin-a but suppressed
HDACI1 inhibitor-mediated translocation of gravin-o to dis-
tinct regions of the periphery of adipocytes, thereby blocking
colocalization with the lipid raft component, Cav-1. Consistent
with this, HDACI11 inhibition dramatically increased co-IP of
WT but not KK/RR gravin-a with Cav-1 and another lipid raft
component, Flot-2. Furthermore, HDACI11 inhibition triggered
movement of gravin-a:p-AR complexes containing WT but not
KK/RR gravin-a to DRMs that are indicative of lipid rafts. We
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hypothesize that the juxtaposition of PKA and membrane-
embedded myristoyl-lysines of gravin-o positions the kinase in a
microenvironment that facilitates its activation. The presence of
an HDACI11 docking site immediately adjacent to the PKA
binding domain in gravin-a provides a seemingly efficient
means to demyristoylate the scaffold to squelch p-AR signaling.

Three isoforms of gravin/AKAP12 exist, a, B, and vy, which
are encoded by independent transcripts under the control of
separate promoters (29). HDACI1 likely regulates all gravin
isoforms, since the three proteins have >95% amino acid
sequence identity, with variability only shown to within their
amino termini.

We previously demonstrated that HDACI11 suppresses
UCP1 expression in adipocytes through association with BRD2
in the nucleus (17). This apparent redundancy may instead
reflect unique, compartment-specific functions of the enzyme,
with HDAC11-mediated demyristoylation of gravin-a blocking
B-AR-mediated thermogenic gene expression and nuclear
HDACI11 serving a more general role to repress basal UCP1
expression. Furthermore, given that f-AR-independent mecha-
nisms for UCP1 induction exist, such as via the recently
described GPCR3 (Gpr3) pathway (41), it is possible that
nuclear HDACI11 functions as a nodal signaling integrator
through which multiple pathways for thermogenic gene expres-
sion must pass in order to derepress UCP1 expression.

Therapeutic Implications

Results of initial imaging studies confirming the presence of
BAT that can be activated by cold temperature in humans fur-
ther fueled interest in developing therapies for obesity based
on increasing energy expenditure in BAT or “beiged” WAT
(42-46). Pharmacological approaches to promote BAT forma-
tion and function have focused heavily on the use of f;-AR
agonists (47). Nonetheless, while f;-AR agonists were shown to
acutely increase energy expenditure and insulin sensitivity in
humans, they failed to promote weight loss upon chronic
administration (21, 48-50). Results of more recent human stud-
ies with mirabegron, a f3-AR agonist that is approved by the
US Food and Drug Administration for the treatment of overac-
tive bladder, have renewed interest in stimulating this GPCR
pathway in adipose tissue as a means to treat metabolic disease
(51-54). However, high doses of mirabegron were found to be
required to promote BAT thermogenesis in humans, often
resulting in increased blood pressure and heart rate, presum-
ably due to off-target activation of p;- and/or p,-ARs (32).

Targeting of HDAC11 should be considered as an alternative
or complementary strategy to augment thermogenesis in BAT
and WAT to stimulate energy expenditure. HDACI11 is ostensi-
bly a safe therapeutic target, since its global deletion in mice is
well tolerated, and the discovery of FT895 (27), which is
>10,000-fold selective for HDACI11 over other zinc-dependent
HDAC:S, has established the feasibility of selectively inhibiting
this enzyme. Because pharmacological inhibition of HDAC11
appears to stimulate thermogenic gene expression downstream
of B-ARs, this approach could circumvent the toxic cardiovascu-
lar side effects associated with systemic p-AR agonist adminis-
tration. In addition to inhibiting HDACI11 catalytic activity, an
alternative strategy to promote thermogenesis could be to
inhibit HDACI11 binding to gravin-a. In this regard, the
HDACI11 docking site on gravin-a is <50 amino acids, suggest-
ing the possibility of employing small-molecule ligands or pepti-
des to disrupt the association to promote downstream signaling
without affecting other HDACI11-mediated processes. Finally,
the demonstration that ectopic expression of gravin-o is suffi-
cient to stimulate UCP1 expression suggests the possibility of
employing gravin-o gain-of-function gene therapy in adipose
tissue as an approach to treat obesity.
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Beyond adipose tissue and metabolic disease, pharmacological
manipulation of gravin-a lysine myristoylation via HDACI11 inhi-
bition may have other therapeutic applications. For example, in
the heart, gravin-a regulates contractility (38) and p;-AR agonists
are cardioprotective, with mirabegron currently being tested for
efficacy in patients with heart failure. f3-AR signaling in cardio-
myocytes was also recently shown to trigger activation of abhydro-
lase domain containing 5 (ABHDSY), a lipid droplet-associated
protease, resulting in cleavage of HDAC4 and suppression of an
epigenetic program for pathological cardiac remodeling (55). Can
HDACI1 inhibition recapitulate the salutary effects of p;-AR ago-
nists in the heart or provide added cardiac benefit as monother-
apy or in combination with f3-AR agonists? In the brain, gravin-o
is protective in models of stroke (56, 57), and gravin-o—mediated
PKA signaling promotes synaptic plasticity and memory storage
(58), suggesting potential for HDACI11 inhibitors in neurological
disorders. Enhancing gravin-a myristoylation could also lead to
detrimental effects. For example, $,-AR signaling has been linked
to dysregulation of hepatic lipid metabolism and may contribute
to the development of nonalcoholic fatty liver disease (59). The
availability of FT895, which has pharmacokinetic properties that
are suitable for in vivo studies (27), should facilitate efforts to
determine the constellation of potential therapeutic indications
for HDACI11 inhibitors and could uncover untoward consequen-
ces of inhibiting this lysine demyristoylase.

Limitations of the Study

Our findings firmly establish a role for reversible lysine myristoyla-
tion of gravin-a in the control of B-AR signaling in adipocytes.
However, since click chemistry with a tagged myristic acid was
employed, we cannot rule out the involvement of other endoge-
nous fatty acyl modifications that can be removed by HDACI11,
such as palmitoyl, decanoyl, or dodecanoyl, in the regulation of
gravin-o—mediated signaling (14-16). Furthermore, we did not
address whether HDACI1 activity and/or localization are subject
to signal-dependent control in response to p-AR agonists, nor
whether p;-AR signaling, which can stimulate UCP1 expression in
human adipose tissue (60), is regulated by HDACI1. Finally,
given that HDACI1 catalytic activity can be modulated by free
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fatty acids and their coenzyme A derivatives in vitro (15), future
studies should address whether this zinc-dependent HDAC func-
tions as a metabolic sensor that couples nutrient availability to
altered signal transduction and gene expression programs.

Materials and Methods

Detailed descriptions of the materials and methods are provided in the S/
Appendix. Briefly, 8-wk-old C57BL/6J male mice (JAX stock no. 000664) or 10-
to 12-wk-old HDAC11-KO (or littermate WT) mice were used for in vivo studies
following protocol approved by the Institutional Animal Care and Use Com-
mittee of the University of Colorado Anschutz Medical Campus. Human VAT
and preadipocytes were procured under protocols approved by the Colorado
Multiple Institutional Review Board. Lysine fatty acylation on gravin-a was
detected using click chemistry. Lentiviruses were generated using commer-
cially available plasmid constructs. Co-IP and immunoblotting were performed
using total protein extracts. Stable isotope labeling using amino acids in cell
culture labeling was performed using ['3Cg, '°N,]-L-lysine and ["3Cg, ">N?-L-
arginine. Statistical analyses were performed using GraphPad Prism 9.

Data Availability. All study data are included in the article and/or supporting
information. Higher-resolution versions of the figures are available on Fig-
share (DOI: 10.6084/m9.figshare.19082813).
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