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A-kinase-anchoring protein 1 (dlAKAP1)-based signaling
complexes coordinate local protein synthesis at the

mitochondrial surface
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Compartmentalization of macromolecules is a ubiquitous
molecular mechanism that drives numerous cellular functions.
The appropriate organization of enzymes in space and time ena-
bles the precise transmission and integration of intracellular
signals. Molecular scaffolds constrain signaling enzymes to
influence the regional modulation of these physiological proc-
esses. Mitochondrial targeting of protein kinases and protein
phosphatases provides a means to locally control the phospho-
rylation status and action of proteins on the surface of this or-
ganelle. Dual-specificity protein kinase A anchoring protein 1
(dAKAP1) is a multivalent binding protein that targets protein
kinase A (PKA), RNAs, and other signaling enzymes to the outer
mitochondrial membrane. Many AKAPs recruit a diverse set of
binding partners that coordinate a broad range of cellular proc-
esses. Here, results of MS and biochemical analyses reveal that
dAKAP1 anchors additional components, including the ribonu-
cleoprotein granule components La-related protein 4 (LARP4)
and polyadenylate-binding protein 1 (PABPC1). Local transla-
tion of mRNAs at organelles is a means to spatially control the
synthesis of proteins. RNA-Seq data demonstrate that dAKAP1
binds mRNAs encoding proteins required for mitochondrial
metabolism, including succinate dehydrogenase. Functional
studies suggest that the loss of dAKAP1-RNA interactions
reduces mitochondrial electron transport chain activity.
Hence, dAKAP1 plays a previously unappreciated role as a
molecular interface between second messenger signaling and
local protein synthesis machinery.

Spatial and temporal transmission of intracellular messages
often involves anchoring and scaffolding proteins (1). These
multivalent binding proteins sequester signaling enzymes with
their activators, effectors, and preferred substrates. Prototypic
examples are the A-kinase anchoring proteins (AKAPs), a fam-
ily of proteins that anchors protein kinase A (PKA) with other
kinases, phosphodiesterases, small GTPases, and phosphatases
(2-7). To date, 48 AKAP genes have been identified in the
human genome (8). Although structurally diverse, each mem-
ber of this growing gene family contains a PKA anchoring helix
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that binds with high affinity to docking and dimerization
domains of the regulatory subunits of the PKA holoenzyme
(9—11). These protein—protein interactions not only enable the
local modulation of substrates by phosphorylation, but also
facilitate their preferential dephosphorylation by AKAP-associ-
ated phosphatases.

Subcellular localization of individual AKAP signaling com-
plexes is mediated by unique targeting domains on each
anchoring protein that direct kinase/phosphatase assemblies to
membranes, the cytoskeleton, and organelles (8, 12, 13). For
example, a 30-amino-acid mitochondrial targeting domain
(MTD) directs the dual-specificity anchoring protein dAKAP1
(also called sAKAP84, AKAP149; gene AKAPI) to outer mito-
chondrial membranes (14, 15). Recent evidence suggests that
other domains on dAKAP1 contribute to its various biological
roles (16). Association with RNA is thought to proceed through
a K homology (KH) domain (17). Accordingly, dAKAP1 associ-
ation with mRNA for steroidogenic acute regulator (StAR) pro-
tein is thought to enhance cAMP-responsive regulation of ste-
roid hormone synthesis (18). Similarly, the Tudor domain of
dAKAP1 is thought to recruit argonaute 2 (Ago2), a member of
the RNA-induced silencing complex (19). Thus, these molecu-
lar interactions may be necessary for posttranscriptional regu-
lation of selected dAKAP1-associated RNAs.

In this report, we show that dAKAP1 interacts with several
components of ribonucleoprotein granules, the intracellular
substructures composed of RNA and proteins that participate
in mRNA translation, storage, and decay. Subsequent RNA-Seq
analyses uncover that dAKAP1 anchors RNAs that encode elec-
tron transport chain and tricarboxylic acid cycle (TCA) compo-
nents at the outer mitochondrial membrane. These results
imply that dAKAP1 not only anchors second messenger signal-
ing enzymes, but also sequesters RNA regulatory and cotransla-
tion machinery at the outer mitochondrial membrane.

Results

KH-Tudor domains on dAKAP1 interact with regulatory RNA-
binding proteins

A common feature of anchoring proteins is a modular orga-
nization in which structured protein interaction domains are
linked by regions of intrinsic disorder (1, 20, 21). dAKAP1
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dAKAP1 controls localized protein translation

contains four identifiable domains: a mitochondrial targeting
domain (MTD; residues 1-29); the PKA-anchoring helix (resi-
dues 348-359); a KH domain (residues 607—671) that binds
RNA; and a Tudor domain (residues 707—-817), a module that is
known to recognize methylated arginine residues (22) (Fig. 14).
Whereas the mitochondrial targeting and signaling enzyme
binding properties of dAKAP1 have been thoroughly investi-
gated, much less is known about how this anchoring protein
interfaces with RNA or proteins that contain methylated argi-
nine (7, 23, 24).

As a prelude to investigation of these uncharacterized macro-
molecular interactions, we disrupted the AKAPI gene in
HEK293T cells. CRISPR-Cas9 genome editing was performed
with guide RNAs that target exon 2, upstream of the KH and
Tudor domains (Fig. 14). Interruption of the AKAPI gene was
validated by nucleotide sequencing (Fig. S1A). Immunoblots
and RII overlays confirmed that expression of dAKAP1 protein
was eliminated (Fig. 1B). Three clonal dAKAP1 null cell lines
were derived (Fig. 1B, top, lanes 2—4). Immunofluorescent stain-
ing of WT cells revealed a distribution of dAKAP1 (green) signal
that localized to the mitochondria (as indicated by the mito-
chondrial marker MitoTracker, deep red; Fig. 1C and the higher
magnification inset). DAPI staining (blue) detected nuclei (Fig.
1C). The dAKAP1 signal was absent from dAKAP1 /™ cells,
although mitochondrial morphology remained intact (Fig. 1D
and higher magnification inset). Similar results were obtained
upon validation of the other JAKAP1 ™/~ clonal cell lines (Fig.
S1, B-D). Hence, these dAKAP1 ™/~ cells served as a valuable
reference reagent for rescue experiments that monitored how
modified dAKAP1 forms alter scaffolding and ribonucleotide
binding of the anchoring protein.

Interaction with PKA was abrogated via site-directed muta-
genesis of two residues in the PKA binding helix (9) (Fig. 1E).
Transfection of a V5-tagged APKA dAKAP1 construct restored
protein expression as assessed by immunoblot analysis (Fig. 1F,
top, lane 2). Loss of PKA anchoring was validated by RII overlay
(Fig. 1F, middle, lane 3). Equivalent expression of both proteins
was evident in cell lysates, and detection of GAPDH served as
a loading control (Fig. 1F, lower). Similarly, a nontargeting
form of dAKAP1 was created by deleting the mitochondrial
targeting domain (dAKAP1AMTD; Fig. 1G). V5-tagged forms
of the anchoring protein were immunoprecipitated from
mitochondrial fractions. The full-length anchoring protein
was present in mitochondrial fractions, as detected by immu-
noblotting (Fig. 1H, top, lane 2). Importantly, the faster
migrating dAKAPIAMTD form (seen as a doublet because of
proteolysis) was only detected in total lysates (Fig. 1H, lower-
middle, lane 3). Immunoblot detection of TOM20 served as a
mitochondrial marker (Fig. 1H, lower-middle). These rescue
experiments indicate that dAAKAP1IAMTD is excluded from
mitochondria.

Homology modeling of the KH domain in dAKAP1 revealed
which residues were important for RNA binding and stabiliza-
tion (Fig. 1, 7 and /). Whereas the structural basis for specificity
in KH domain—RNA interactions has yet to be completely elu-
cidated, a GxxG motif forms a binding loop for RNA in many
KH domains (25). This corresponds to glycine 624 to glycine
627 (Gly®**-Lys-GIn-Gly**”) in human dAKAP1 (Fig. 1K).
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These residues form an electrostatically positive surface that
interfaces with the negatively charged phosphate backbone of
RNA (Fig. 1K, orange). Substituting aspartic acids in the GxxG
loop introduces an electrostatically negative surface that hin-
ders RNA binding but does not alter the stability of the anchor-
ing protein (26) (Fig. 1, L and M). This mutant anchoring pro-
tein, designated dAKAP1ARNA, is utilized as a control in later
phases of this study.

Because the KH domain in dAKAP1 engages mRNAs, we
hypothesized that the tandem KH-Tudor moiety could serve as
a platform for recruitment of RNA-binding proteins. To inves-
tigate this at the molecular level, the KH-Tudor moiety (desig-
nated KHT) was bacterially expressed as a maltose-binding
protein (MBP) fusion (Fig. 2, A and B). The mouse Leydig cell
line MA10 was chosen because of abundant expression of Star
mRNA and protein. Star mRNA is known to interact with
dAKAPI (18). Thus, MA10 cells provided a consistent source
of material for our proteomic and RNA interaction analyses
(18). Purified KHT was used as bait to capture interacting part-
ners from MA10 cell lysates (Fig. 2C, lane 1). Control pull-
downs were performed with MBP alone (Fig. 2C, lane 2). Anal-
ysis by LC-MS/MS identified 1181 putative interacting proteins
(Fig. 2, D and E, light gray). Peptides corresponding to 487 of
these proteins (>2 per hit) were present in all five replicates
(Fig. 2E, dark gray). Of these, 40 proteins were enriched with a
normalized intensity of 5-fold in the KHT pulldown over the
MBP control (Fig. 2, D and E, red; p < 0.05). Using the Gene
Ontology (GO) database, we probed for possible functions of
these high-stringency KHT-binding partners (27, 28) (Fig. 2F).
Gene Ontology molecular functions with a p value of <0.001
included RNA-binding functions, such as mRNA coding
sequence (CDS) binding, pre-mRNA 3’ splice site binding, and
poly(A) RNA binding (Fig. 2F). In parallel, we queried the
STRING database to identify prospective protein—protein
interactions among our cohort of KHT-binding partners (29).
As depicted in Fig. 2G, three subcomplexes were predicted:
components of the spliceosome (green), the ribosome (ma-
genta), and ribonucleoprotein (RNP) granules (blue). Because
the latter group was most enriched in our proteomic screen, we
further investigated the association of two key RNP compo-
nents, PABPC1 and LARP4, with the full-length anchoring
protein.

dAKAP1 localizes LARP4 to influence local protein translation

Validation of the interaction between dAKAP1 and the ribo-
nucleoprotein components PABPC1 and LARP4 at mitochon-
dria proceeded in several phases (Fig. 34). Rescue experiments
in the JAKAP1 ™/~ genetic background revealed that PABPC1
associates with V5-tagged dAKAP1 (Fig. 3B, top, lane 2). Anti-
body compatibility issues required immunoprecipitation of
V5-tagged dAKAP1 rather than the native human anchoring
protein. Immunoblotting of cell lysates monitored expression
levels of endogenous PABPC1, V5-dAKAP1 rescue, and
GAPDH loading controls (Fig. 3B, lower).

Related analyses focused on the LARP4-dAKAP1 interface.
Coimmunoprecipitation studies confirmed that rescue with
dAKAPI restores capture of LARP4 (Fig. 3C, top, lane 2) in the
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context of the dAKAP1 ™/~ genetic background (Fig. 3C, top,
lane I). Immunoblot analysis of cell lysates monitored
expression levels of LARP4, dAKAP1, and GAPDH loading
controls (Fig. 3C, lower). Reciprocal experiments captured
endogenous dAKAP1 upon immunoprecipitation of LARP4
(Fig. S24).
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(magenta) and LARP4 (green) signals adopt similar topologies
as they decorate these organelles (Figs. 3, E-G). Colocalization
of the LARP4 and dAKAP1 signals in an independent sample is
shown (Fig. 3H). Regions of signal overlap are indicated in white
(Fig. 3H). The extent of LARP4/dAKAP1 signal overlap was eval-
uated by line plot intensity profiling (Figs. 3H, yellow line, and I).
The LARP4 (green) and dAKAP1 (magenta) signals exhibit com-
parable intensity profiles (Fig. 3/). These findings support the
notion that these proteins form complexes at the mitochondria.

Additional biochemical analyses were conducted in
dAKAP1 ™/ cells. Subcellular fractionation revealed that LARP4
protein was depleted from mitochondrial fractions in two inde-
pendent dAKAP1 ™/~ clonal cell lines (Fig. 3/, middle, lanes 2 and
3). Immunoblot detection of TOM?20 served as a control marker
for mitochondrial enrichment (Fig. 3/, lower-middle). In con-
trast, immunoblot analysis of crude lysates revealed that
total cellular LARP4 levels were unchanged in both geno-
types (Fig. 3/, bottom).

Further confirmation of this result was provided by rescue
experiments where overexpression of WT dAKAP1 restored
accumulation of LARP4 to mitochondrial fractionations (Fig.
3K, top, lane 3). Importantly, enrichment of mitochondrial
LARP4 was not observed when rescue experiments were con-
ducted with dJAKAP1IAMTD (Fig. 3K, top, lane 4). Immunoblot
analysis of VDAC expression served as a marker for mitochon-
drial enrichment and a control, unaltered protein (Fig. 3K, mid-
dle). Taken together, these biochemical studies indicate that
dAKAPI1 facilitates mitochondrial accumulation of the RNP-
associated factor LARP4.

Attempts to detect this phenomenon by superresolution
imaging were less conclusive. LARP4 signal (green) was region-
ally distributed at perinuclear sites reminiscent of mitochon-
dria (Fig. 3L). However, line plot intensity profiles of LARP4
(green) and MitoTracker (blue) signals were not well correlated
(Fig. 3M). Thus, loss of dAKAP1 reduces LARP4 recruitment
to mitochondria but does not cause total exclusion of this RNP
protein from these organelles.

The next phase of investigation was to establish if RNP pro-
teins were recruited to dAKAP1 through association with
RNA. To test this hypothesis, we used a coimmunoprecipita-
tion approach in dAKAP1 ™/~ cells. We evaluated LARP4
interaction upon rescue with the RNA binding-defective
dAKAPIARNA form. Capture of LARP4 was reduced in the

presence of dAKAP1ARNA compared with experiments
conducted with the WT anchoring protein (Fig. 3N, top,
lanes 2 and 3, and Fig. S2B). Immunoblot analysis of cell
lysates monitored expression levels of V5-dAKAP1 and
LARP4, as well as GAPDH loading controls (Fig. 3N, lower).
These studies demonstrate that association with RNA is a
factor in the recruitment of LARP4 to dAKAP1 (Fig. 34).

The LARP4-dAKAPI1 interaction is especially intriguing,
because LARP4 is predicted to be a PKA substrate (30). In vitro
phosphorylation studies revealed that LARP4 robustly incorpo-
rated *P in the presence of exogenous PKA, as assessed by
PhosphorImager analysis (Fig. S3A, lane 4). We further exam-
ined this phosphorylation event within the context of intact
dAKAPI1-PKA signaling assemblies. Immune complexes of
dAKAP1 were secondarily fractionated by a phospho-PKA sub-
strate antibody. Increased levels of LARP4 were detected by im-
munoblotting in the presence of full-length dAKAP1 (Fig. S35,
top, lane 2). This signal was reduced upon rescue with the ki-
nase anchoring-defective dAKAP1APKA form (Fig. S3B, top,
lane 3). Immunoblot analysis of cell lysates monitored expres-
sion levels of dAKAP1 and LARP4 as well as GAPDH loading
controls (Fig. S3B, lower). Collectively, these studies validate
our proteomic data and indicate that the RNP component
PABPC1 and the PKA substrate LARP4 are elements of
dAKAP1 signaling islands (Fig. 34).

A biological role for anchored PABPC1/LARP4 subcom-
plexes could be to promote local translation of dAKAP1-associ-
ated mRNAs. To test this idea, we utilized SUrface SEnsing of
Translation (SUnSET), a puromycin-based technique that
monitors nascent protein synthesis (31). Cells were transiently
treated with puromycin (10 pg/ml), an antibiotic that is incor-
porated into polypeptide chains (32). Immunoblot detection of
puromycin labeling in isolated mitochondrial fractions served
as an index of local translation (Fig. 30, top). The puromycin
signal was more pronounced in mitochondrial lysates prepared
from WT cells than dAKAP1 ™/~ cells (Fig. 30, top, lane 1).
Controls included immunoblot detection of dAKAP1 and
TOM20, as well as treatment with the protein synthesis inhibi-
tor cycloheximide to globally block translation (Fig. 30, lower,
and Fig. S44). Immunoblot quantification of puromycin label-
ing was performed by line plots and area under the curve mea-
surement (Fig. S4B). Analysis of in situ puromycin labeling
revealed that mitochondrial signal was reduced in dAKAP1 ™/~

Figure 1. Characterization of functional domains on dAKAP1. A, schematic of dJAKAP1 gene structure and protein architecture. Upper, CRISPR-Cas9 gene
editing introduced mutations at two sites in exon 2 of dAKAP1, with guide RNA sites indicated on mRNA by red arrows. Bottom, functional domains on
dAKAP1. Filled boxes delineate the mitochondrial targeting domain, PKA anchoring helix, KH, and Tudor domains. B, validation of HEK dAKAP1~/~ cell lines.
Upper, immunoblot detection of dAKAP1. Middle, Rl overlay analysis of PKA anchoring in three dAKAP1 ™/~ clonal lines. Bottom, GAPDH as a loading control. C
and D, immunostaining and superresolution imaging shows dAKAP1 (green), mitochondrial marker MitoTracker (red), and nuclei (blue) in WT (C) and
dAKAP1™/~ (D) cells. Scale bar, 5 um. Inset, 2.5X magnification of the boxed region. E, schematic of rescue dAKAP1APKA that is unable to anchor PKA. F, valida-
tion of loss of PKA anchoring in dAKAPTAPKA constructs. dJAKAPT immune complexes were analyzed by immunoblotting for dAKAP1 (upper) and Rl overlay
(upper-middle) in dAKAP1 /= cells (lane 1), dAKAP1 rescue (lane 2), and rescue with dAKAPTAPKA (lane 3). Loading controls include immunoblot for dAKAP1
(middle), RIl overlay for loss of PKA anchoring (lower-middle), and immunoblot for GAPDH (bottom). G, schematic of the mitochondrial targeting-defective
dAKAP1AMTD. H, analysis of dAKAPTAMTD. dAKAP1 immune complexes from mitochondrial lysate were analyzed by immunoblotting for dAKAP1 (upper) in
WT HEK293T (lane 1), dJAKAP1 /™ cells (lane 2), dAKAP1 rescue (lane 3), and dAKAPTAMTD rescue (lane 4). Mitochondrial lysate loading controls included im-
munoblotting for dAKAP1 (upper-middle) and TOM20. Total lysate loading controls included immunoblot for dAKAP1 (lower-middle) and GAPDH (bottom). I,
schematic of dAKAPTARNA. J, ribbon diagram model of human dAKAP1 KH domain structure (purple), overlaid with electrostatic potential map. RNA is
depicted as ball and stick (orange). K, magnification of GxxG loop of dAKAP1. Positive charge from K625 and Q626 (labeled, residues as licorice sticks) stabilize
the phosphate backbone of RNA. L, structural model dAKAP1 KH domain with two aspartic acids in the GxxG loop (GDDG, pink). This additional negative sur-
face renders interaction with RNA unstable. M, characterization of JAKAPTARNA. dAKAP1 immune complexes were analyzed by immunoblotting for dAKAP1
(upper) in dAKAP1~/~ cells (lane 1), dAKAP1 rescue (lane 2), and dAKAPTAPKA rescue (lane 3). Loading controls included immunoblot for dAKAP1 (lower-mid-
dle) and GAPDH (bottom).
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cells compared with that of the WT (Fig. 3P, red column). Addi-
tional controls included analysis of cells pretreated with cyclo-
heximide (Fig. S4C). Together, the findings in Fig. 3 imply that
dAKAPI serves as a platform for the assembly of RNA transla-
tion machinery. Loss of dAKAP1 precludes mitochondrial teth-
ering of PABPC1 and LARP4, thereby attenuating local protein
synthesis.

dAKAP1 anchors mRNAs that encode mitochondrial proteins

A logical extension of our working hypothesis was to query
which mRNAs are incorporated into dAKAP1 signaling com-
plexes. RNA-Seq was used to catalog RNAs that associate with
the KH-Tudor moiety (Fig. 4A). Purified total RNA from MA10
cells was incubated with KHT protein. This mouse Leydig cell
line was chosen for abundant expression of the Star mRNA
(18). RT-PCR analyses probed for exon 2 of the Star mRNA.
This mRNA was strongly amplified in the KHT fraction (Fig.
4B, lane 5 and graph, and Fig. S5). Negligible signal was
detected with empty bead, MBP, and KHTARNA mutant con-
trols (Fig. 4B, lanes 3, 7, and 9 and graph).

Next, purification was scaled up and RNA-protein com-
plexes were depleted of ribosomal rRNA. The remaining mate-
rial was sequenced. Four independent experimental replicates
were performed for each sample. Sequence reads were pseu-
doaligned to the mouse transcriptome, and transcript abun-
dances were estimated using the Kallisto package (33). The
DESeq2 package was used to identify a pool of 315 KHT-associ-
ated RNAs that were significantly enriched over pooled nega-
tive controls representing empty beads, MBP alone, and
KHTARNA (34) (Fig. 4C, red). Of these, 57 RNAs encoded mi-
tochondrial proteins as designated in the MitoCarta 2.0 and
GO databases (27, 28, 35) (Fig. 4D, purple). Gene names for
each dAKAP1-associated RNA are listed (Fig. 4D, inset). Bioin-
formatic scrutiny by GO enrichment analysis revealed enrich-
ment of mRNAs for proteins involved in key mitochondrial
processes (Fig. 4E). These include the TCA cycle enzymes aco-
nitase, isocitrate dehydrogenase, a-ketoglurate dehydrogenase,
and succinate dehydrogenase (Fig. 4, D—F).

To determine whether dAKAP1 anchoring of these RNAs
contributes to local translation, we prepared mitochondrial
lysates from WT and dAKAP1 /" cells. Immunoblot detection
monitored protein levels of aconitase (ACO2), isocitrate dehy-
drogenase 1 (IDH1), and succinate dehydrogenase A subunit
(SDHA) (Fig. 4G). Immunoblot detection of TOM20 validated
mitochondrial enrichment (Fig. 4G, bottom). Quantification by
densitometry revealed no difference in the levels of ACO2 or
IDH1 in either genotype. In contrast, SDHA protein levels were
significantly reduced in dAAKAP1 ™'~ cells (Fig. 4H, red column,

n = 3) compared to those with the WT (Fig. 4H, gray column,
n = 3). This prompted further investigation of how dAKAP1
influences the metabolic action of succinate dehydrogenase.

dAKAP1 signaling impacts the electron transport chain
complexes | and Il

In mitochondria, succinate dehydrogenase participates in
both the TCA cycle and the electron transport chain (Fig. 54).
The A subunit (SDHA) encodes an enzyme that oxidizes succi-
nate to fumarate in the TCA cycle and combines with the
SDHB, SDHC, and SDHD subunits to form mitochondrial elec-
tron transport chain complex II (36) (Fig. 5A, inset). We rea-
soned that loss of dAKAP1 could impact the local translation of
electron transport complexes I-V. Immunoblot detection con-
firmed protein components of complex I (NDUF8) and complex
II (SDHA and SDHB) were reduced in mitochondrial fractions
from dAKAP1 ™/~ cells compared with those of WT controls (Fig.
5B, lane 2, orange and red labels). This reduction in mitochondrial
SDHA was confirmed in two independent dAKAP1 ™/~ cell lines
(Fig. S6). In contrast, protein levels of representative proteins from
electron transport complexes III, IV, and V were equivalent
in both genotypes (Fig. 5B, middle). Immunoblot detection
of TOM20 served as a loading control (Fig. 5B, bottom). Fur-
ther validation was provided by immunofluorescence. In
WT cells, SDHA signal was prominent at the mitochondria,
as denoted by TOM20 staining (Fig. 5C and inset). Con-
versely, the SDHA signal (green) was reduced in dAKAP1 '~
cells (Fig. 5D and inset). This allows us to conclude that deletion
of dAKAP1 is linked to reduced mitochondrial electron trans-
port complex IL

Next, we measured mitochondrial calcium uptake as a func-
tional readout of complex II activity (37). Oregon Green
BAPTA 6F calcium indicator dye was applied to cells in buffer
containing the complex II substrate succinate (10 mm). Mito-
chondrial calcium uptake was robust in WT cells (Fig. 5E, gray;
n = 10) but was attenuated when experiments were performed
in dJAKAP1 /" cells (Fig. 5E, red; n = 10). Addition of the com-
plex Iinhibitor rotenone had a minimal effect on mitochondrial
calcium uptake in WT cells. In contrast, rotenone further abro-
gated calcium uptake in dAKAP1 /™ cells (Fig. 5E). This result
infers that loss of dAKAP1 also impairs electron transport
chain complex I. To further test this notion, calcium uptake
experiments were conducted in cells resuspended in buffer
containing 5 mm glutamate and malate. These TCA metabo-
lites feed into complex I (38). Higher rates of calcium uptake
were measured in WT than in dAKAP1 ™'~ cells (Fig. 5F, gray
and red bars; n = 9). As expected, calcium uptake was abolished
upon the addition of rotenone (Fig. 5F; n = 9). We hypothesize

Figure 2. KH-Tudor domain interaction with RNA binding proteins. A, upper, schematic of KHT fusion protein, consisting of 6 X His tag and MBP domain
fused to mouse dAKAP1 KH and Tudor domains. Lower, structural model of tandem KH (purple) and Tudor (dark magenta) domains. B, recombinant expression
of bait protein KHT and MBP control. Left, SDS-PAGE gel of KHT and MBP stained with Coomassie blue. The migration KHT and MBP is indicated (arrows). Mid-
dle,immunoblot detection of MBP. Right, immunoblot detection of dAKAP1. C, silver stain of representative pulldowns from MA10 lysate, with KHT (lane 1) or
MBP (lane 2) as bait protein. Bait proteins are indicated with arrows. D, volcano plot of MS data depicting the KHT interactome. Individual proteins are plotted
as log, enrichment score versus significance (negative log of p value; n = 5 biological replicates). Proteins enriched 5-fold or more in KHT/MBP (yellow) and
high-stringency interactors (p < 0.05, FDR < 0.5; red) are indicated. E, Euler diagram representation of MS data. Area within each section is proportional to the
number of proteins identified. F, Gene Ontology (GO) molecular process terms enriched in the KHT interactome. Length of bar corresponds to log-fold overre-
presentation; color represents log p value for significance (Fisher’s test; FDR < 0.05). G, schematized STRING database depiction of protein—-protein interactions
within KHT interactome. Size of circle indicates level of enrichment. Line width indicates strength of evidence of protein—protein interaction. Manual annota-

tion of GO terms is indicated by color.
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that JAKAP1 assemblies contribute to the stability of NADH de-
hydrogenase (complex I) and succinate dehydrogenase (complex
II). Thus, these local translation events constrained by dAKAP1
may help to maintain proton relay and facilitate ATP production.

Discussion

Production of proteins at their immediate sites of action lies
at the heart of most metabolic and developmental aspects of
cellular behavior (39-41). Compartmentalization of mRNAs is
a key element of this process that coordinates protein produc-
tion at membranes and organelles in response to environmen-
tal cues (42, 43). Our study points toward a new role for
dAKAPI as a molecular interface with local protein synthesis
machinery. Regional translation of mRNAs is particularly rele-
vant at mitochondria, a multipurpose organelle that mediates
crucial cellular processes, including ATP production, metabo-
lite trafficking, calcium signaling, and apoptosis (37, 44-47).
The dual-specificity protein kinase A anchoring protein
dAKAP1 (originally named S-AKAP84) has been implicated in
targeting signaling enzymes that modulate these mitochondrial
events (7, 14, 15, 23, 24). Here, we provide new mechanistic
insight as to how dAKAP1 organizes appropriate combinations
of signaling enzymes with RNA-binding proteins and mRNAs
(7,23, 24). These signaling units enhance local synthesis of met-
abolic enzymes that operate the TCA cycle and promote mito-
chondrial electron transport.

Anchoring proteins such as dAKAP1 typically have a modu-
lar organization composed of distinct functional domains (1).
Proteomic and RNA-Seq analyses in Fig. 2 and 4 show that the
KH and Tudor domain moiety of dAKAP1 binds numerous
RNA species and anchors a collection of RNA binding proteins.
The latter group includes PABPC1 and LARP4, protein compo-
nents of RNP granules (48—51). This recently defined collection
of liquid-phase separated organelles is often subdivided into
three major classes (52): (i) stress granules that accumulate
from stalled attempts to make protein from mRNA (53, 54); (ii)

processing bodies that consist of enzymes involved in mRNA
degradation (55—57); and (iii) glycolytic bodies that are enriched
in signaling enzymes, such as AMP kinase, a metabolic sensor of
increased glucose consumption (58). Although the latter studies
have been primarily performed in yeast, they are consistent with
evidence from mammalian cells suggesting that AMP kinase
phosphorylation of dAKAP1 enhances mitochondrial respira-
tion and oxygen consumption (59). Hence, modulation of RNPs
by phosphorylation may be a recurring theme (60). In keeping
with this notion, data presented in Fig. S3 show that LARP4 is a
PKA substrate that is phosphorylated by the dAKAP1-associ-
ated pool of this kinase. Conversely, dAKKAP1-tethered protein
phosphatase 1 (PP1) may facilitate local signal termination by
dephosphorylating LARP4. Interestingly, the Drosophila mela-
nogaster ortholog of dAKAP1 (called MDI) was reported to asso-
ciate with a LARP4-like protein, Larp, at the mitochondrial sur-
face (61). Thus, in a variety of contexts dAKAP1 seems to provide
a molecular framework to efficiently transduce second messenger
signals to RNP complexes.

In addition to these protein-protein interactions, dAKAP1
association with RNA may augment the structural integrity of
these RNP complexes. This underscores the notion that RNAs
serve not only as messengers of the genetic code but also as
structural elements that shape RNP granules (62). Our work
reveals that dAKAPI1 can interact with a broad range of RNA
species. However, further work will be necessary to define
whether there are cryptic cues that govern the specificity of
these interactions. A third of the dAKAP1-associated mRNAs,
identified in Fig. 4D, that encode mitochondrial proteins were
also present in a recently published topological atlas of RNA
populations (63). The latter study defined two modes of RNA
compartmentalization: ribosome-directed targeting and ribo-
some-independent attachment to organelles.

Our work adds an additional layer of complexity to the ribo-
some-dependent targeting model by showing that dAKAP1
acts as an intermediary that scaffolds mRNAs required for local

Figure 3. dAKAP1 recruits ribonucleoprotein complexes to mitochondria. A, schematic depicting the findings. dAKAP1 association with the RNA binding
proteins PABPC1 (cyan) and LARP4 (blue). Interaction with mRNA (orange) is necessary to position ribosomes (magenta) at the outer mitochondrial membrane.
B, validation of dAKAP1-PABPC1 interaction. dAKAP1 immune complexes were analyzed by immunoblotting for PAPBC1 (upper) in dAKAP1 /= cells (lane 1)
and upon dAKAP1 rescue (lane 2). Immunoprecipitation was validated by immunoblot detection of dAKAP1 (upper-middle). Immunoblot detection of PAPBC1
(middle), dAKAP1 (lower-middle), and GAPDH loading control (bottom) in cell lysates is shown. C, validation of dAKAP1-LARP4 interaction. dJAKAP1 immune
complexes were analyzed by immunoblotting for LARP4 (upper) in dAKAP1 ~/~cells (lane 1) and upon dAKAP1 rescue (lane 2). Immunoprecipitation was vali-
dated by immunoblot detection of dAKAP1 (upper-middle). Immunoblot detection of LARP4 (middle), dAKAP1 (lower-middle), and GAPDH loading control (bot-
tom) in cell lysates is shown. D, structured illumination microcopy (3D SIM) depicting codistribution of LARP4 (green) with dAKAP1 (magenta), MitoTracker
(cyan), and nuclei (blue). Images represent a slice taken from a Z stack. Scale bar, 2 um. E-G, Imaris image analysis software created a magnified 3D surface ren-
dering of boxed region in D (white). Single-channel images are of dJAKAP1 (magenta) (E), LARP4 (green) (F), and composite (G). Scale bar, 0.5 um. H, additional
images depicting the codistribution of LARP4 (green) with dAKAP1 (magenta). Integrated fluorescence intensity from 3D SIM stacks was used to build codistri-
bution channels (white). Yellow line denotes 8-um section used for line plot analysis in ./, evaluation of LARP4/dAKAP1 signal overlap by line plot profiling of
fluorescence intensity across an 8-um section of mitochondria (LARP4, green; dAKAP1, magenta). J, immunoblot analysis of dAKAP1 and LARP4 levels in
enriched mitochondria and crude lysates from WT HEK293T (lane 1) and two independent dAKAP1~/~ clones (lanes 2-3). K, rescue of LARP4 mitochondrial
localization in JAKAP1™/~ cells. Mitochondria were isolated from WT HEK293T (lane 7) and dAKAP1 ™/~ cells mock transfected (lane 2) or expressing dAKAP1
(lane 3) or dAKAP1AMTD (lane 4). Immunoblotting detects LARP4 (upper), dAKAP1 (upper-middle), and VDAC (middle) in mitochondrial fractions. Loading con-
trols included immunoblot of LARP4 (lower-middle) and dAKAP1 (bottom) in total lysate. L, staining pattern of MitoTracker (cyan) and LARP4 (green) in
dAKAP1 ™/~ cells. Yellow line denotes 8-um section used for line plot analysis. M, evaluation of MitoTracker/LARP4 signal overlap by line plot profiling of fluo-
rescence intensity (LARP4, green; dAKAP1, cyan) in dAKAP1 /" cells. N, LARP4 interaction with dAKAP1 requires RNA. dAKAP1 immune complexes were ana-
lyzed by immunoblotting for LARP4 (upper) in dAKAP1 /= cells (lane 1) and upon dAKAP1 rescue (lane 2) and dAKAP1ARNA rescue (lane 3).
Immunoprecipitation was validated by immunoblot detection of dAKAP1 (upper-middle). Loading controls included immunoblot of LARP4 (middle), dAKAP1
(lower-middle), and GAPDH (bottom). O, dAKAP1 augments local synthesis at mitochondria. Actively translating ribosomes were labeled by 10 ng/ml puromy-
cin treatment for 10 min. Immunoblot detection of puromycin (upper) in mitochondrial lysates from WT (lane 1) and dAKAP1 ~/~ (lane 2) cells. Controls include
immunoblot of dAKAP1 (middle) and TOM20 (bottom) for loading and mitochondrial enrichment. P, quantification of puromycin and TOM20 staining. Selected
fields of view from WT (gray) and dAKAP1 /7 (red) cells were analyzed. The numbers of fields of view are indicated. Data were normalized within biological
replicates (****, genotype p < 0.0001, F = 26.34; **** drug p < 0.0001, F = 38.78; interaction p = 0.003, F = 8.827; determined by 2-way ANOVA; error bars indi-
cate S.E.M.). Individual means of columns were compared post hoc by Tukey’s test as indicated (***, p < 0.001, ****, p < 0.0001; error bars indicate S.E.M.).
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protein translation. Our data support this notion in two ways.
First, studies with puromycin show that loss of JAKAP1 reduces
the number of active ribosomes at the mitochondrial surface (31)
(Fig. 3N). A caveat of this labeling approach is that puromycin
can trigger premature release of peptides from actively translating
ribosomes (32). However, we consistently detect mitochondrially
localized puromycin signal, which likely represents locally trans-
lated proteins. Second, mRNA for the A subunit of the metabolic
enzyme succinate dehydrogenase associates with dAKAP1 (Fig.
4D), and protein levels of this essential electron transport chain
component are reduced in dAKAP1 ™'~ cells (Fig. 4G). Thus,
local translation of dAKAP1-associated mRNAs at the mitochon-
drial surface ensures that newly synthesized proteins are opti-
mally positioned for translocation to their sites of action.

Mutations in the TCA cycle enzymes cause buildup of dicar-
boxylic acid intermediates (64). Importantly, loss-of-function
mutations in genes encoding the four subunits of mitochon-
drial succinate dehydrogenase have been reported in several
cancers, including testicular seminomas and renal and thyroid
tumors (65—67). The resulting shift from oxidative phosphoryl-
ation to glycolysis drives these tumors toward a pseudohypoxic
state, a phenomenon known as the Warburg effect (68-70).
Biochemical and functional experiments presented in Fig. 5
show that loss of dAKAP1 depletes protein levels of succinate
dehydrogenase subunits A and B and reduces activity through
the electron transport chain. Prior studies demonstrated that
succinate accumulation alters mitochondrial dynamics and
morphology (71, 72). This is consistent with our previous find-
ing that dAKAP1 depletion is linked to impaired mitochondrial
function and dynamics in breast cancer cell lines (12). Frag-
mented mitochondrial networks correlate with increased gly-
colytic potential and invasiveness (12, 73). Furthermore, analy-
sis of clinical samples showed that the expression of dAKAP1 is
reduced in metastatic breast cancers. This led to the notion
that elimination of dAKAP1 is a pathological development that
alters the mitochondrial signaling terrain as breast cancers pro-
gress toward metastasis (12). The current study expands on this
concept by showing that dAKAP1 physically links second mes-
senger signaling, local protein synthesis, and energy produc-
tion. Thus, dAKAP1 may further contribute to a switch from
an oxidative to glycolytic metabolism through de novo synthesis
of proteins at outer mitochondrial membranes.

Experimental procedures
Antibodies and reagents

Antibodies and reagents included rabbit polyclonal anti-
AKAP1 (Sigma, HPA008691; AB_1078119); rabbit monoclonal

anti-AKAP1 (Cell Signaling Technology, 5203; AB_10828202);
rabbit polyclonal anti-PABP (Abcam, ab21060; AB_777008);
rabbit polyclonal anti-LARP4 (a gift from Richard Maraia,
NICHHD); rabbit polyclonal anti-LARP4 (Thermo Fisher,
PA5-58727; AB_2643284); rabbit monoclonal anti-phospho-
PKA substrate (Cell Signaling Technology, 9624; AB_331817);
rabbit monoclonal anti-VDAC (Cell Signaling Technology,
4661; AB_10557420); rabbit monoclonal anti-ACO2 (Cell Sig-
naling Technology, 6571; AB_2797630); rabbit polyclonal anti-
IDH1 (Cell Signaling Technology, 3997; AB_1904011); mouse
monoclonal OXPHOS rodent antibody mixture (Abcam,
ab110413; AB_2629281); rabbit monoclonal anti-SDHA (Cell
Signaling Technology,11998; AB_2750900); mouse monoclonal
anti-puromycin (Millipore Sigma, MABE343; AB_2566826);
rabbit polyclonal anti-TOM20 (Santa Cruz Biotechnology, sc-
11415; AB_2207533); rabbit monoclonal anti-TOM20 (Cell
Signaling Technology, 42406; AB_2687663); mouse monoclo-
nal anti-FLAG M2 (Millipore Sigma, F1804; AB_262044);
rabbit polyclonal anti-FLAG tag (Millipore Sigma, F7425;
AB_439687); mouse monoclonal anti-V5 tag (Thermo Fisher,
R960CUS; AB_2792973); rabbit monoclonal anti-GAPDH-
HRP (Novus Biologicals, NB110-40405); mouse monoclonal
anti-MBP-HRP (New England Biolabs, E8038S); and anti-MBP
magnetic beads (New England Biolabs E8037S).

Recombinant protein purification

N-terminal MBP-6 X His-tagged fusion constructs of
AKAP1 domains were cloned into a modified pMAL c5x back-
bone (NEB). BL21(DE3) pLys cells (ThermoFisher) were grown
to an optical density at 600 nm of ~0.5 before being induced
with 1 um IPTG for 16 h at 16 °C. Bacterial pellets were lysed in
50 ml buffer A (50 mm sodium phosphate buffer, 100 mm NaCl,
5 mM imidazole, pH 7.6) supplemented with 2 mwm tris(2-car-
boxyethyl)phosphine (TCEP), 2 mm MgCl,, 4 mg/ml lysozyme,
protease inhibitors (1 mm AEBSF, 2 ug/ml leupeptin, and 16
ug/ml benzamidine), 0.5% final concentration of Triton X-100
buffer, and 1/10,000X dilution of Benzonase. Lysate was
cleared by centrifugation (15,000 X g, 20 min, 4-°C). Clarified
lysate was incubated with nickel affinity resin (Roche) for 1 h at
4°C. Beads were collected by gravity on disposable columns
(Bio-Rad, Econopak 7321010). Three washes in buffer B (50
mwm sodium phosphate buffer, 500 mm NaCl, pH 7.6) and 50
mwm imidazole were performed. Protein was eluted in five suc-
cessive fractions in buffer B containing 500 mMm imidazole. Frac-
tions were analyzed by SDS-PAGE (Any kDa TGX stain-free,
Bio-Rad). Appropriate fractions were combined, concentrated
by spin centrifugation (Amicon Ultra 3K, Millipore) to a

Figure 4. dAKAP1 enriches for mRNAs encoding TCA cycle enzymes. A, schematic of RNA immunoprecipitation/sequencing strategy. B, RNA immunopre-
cipitation strategy is specific for KHT bait. Upper, RT-PCR detection of exon 2 of Star mRNA as a standard. To control for amplification, reactions were incubated
with (+) or without (=) reverse transcriptase (RT). Bottom, quantification by densitometry. Data were normalized to KHT signal (n = 3; **** p < 0.0001,
unpaired t test; error bars show S.E.M.). C, volcano plot of RNA-Seq data. Corresponding genes are plotted as log, enrichment score (KHT/negative controls)
versus significance (negative log of p value; n = 4-5 biological replicates). Genes enriched 5-fold over background are indicated (red; p < 0.05). D, Venn diagram
of KHT-associated RNAs (315; red) and mitochondrial proteins (1482; blue). Inset, gene names of KHT-associated RNAs encoding mitochondrial proteins (57;
purple). E, GO biological process terms enriched in the KHT RNA interactome. The length of the bar corresponds to log fold overrepresentation; color represents
log p value for significance (Fisher's test, FDR < 0.05). F, schematic of the TCA cycle. Blue, metabolites; black, enzymes. Enzymes encoded by KHT-interacting
mMRNAs (red) are indicated. G, loss of dAKAP1 correlates with reduced SDHA protein. Immunoblot detection of dAKAP1 (upper) in mitochondrial lysates from
WT (lane 1) and dAKAP1 ™/~ cells (lane 2). TCA cycle enzymes were detected by immunoblotting: ACO2 (upper-middle), IDH1 (middle), and SDHA (lower-middle).
Immunoblot of TOM20 (bottom) served as a loading control. H, quantification of immunoblot signal by densitometry. Signal was normalized to TOM20 signal
and the average of WT signal across three biological replicates. (n = 3; **, p < 0.001, unpaired t test; error bars indicate S.E.M.).
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Figure 5. Loss of dAKAP1 alters TCA cycle and electron transport activity. A, schematic diagram of electron transport chain complexes I-V. Inset, complex
Il (succinate dehydrogenase) participates in both the TCA cycle and electron transport. The A subunit (SDHA; red) catalyzes oxidation of succinate to fumarate.
B, immunoblot detection (upper) of representative proteins from electron transport chain complexes I-V in mitochondrial lysates from WT (lane 1) or
dAKAP1 ™/~ (lane 2) cells. Immunoblot detection of dAKAP1 (second from bottom) and the mitochondrial marker TOM20 (bottom) serve as controls. C and D,
immunostaining of SDHA (green), mitochondrial marker TOM20 (red), and nuclear counterstain (blue) in WT (C) and dAKAP1 /" (D) cells. Scale bar, 10 um. Inset,
2X magnification of selected square. E, complex Il function assayed by mitochondrial calcium uptake. WT (gray) or dAKAP1 =/~ (red) cells were permeabilized
in buffer containing 10 mm succinate to permit uptake of the calcium indicator Oregon Green BAPTA 6F. Upon addition of CaCl, (50 um), mitochondrial cal-
cium uptake was measured continually for 60 s. Rotenone (500 um) was used as a control to inhibit complex I. Changes in the rate of fluorescent signal decay
were derived by linear regression (n = 10; **** genotype p < 0.0001, F = 179.7; **** rotenone p < 0.0001, F = 32.89; interaction p = 0.0014, F = 12.04; 2-way
ANOVA; error bars indicate S.E.M). F, complex | function was assayed as above except in buffer containing 5 mm glutamate and malate. (n = 9; ****, genotype
p =0.0001, F = 18.59; **** rotenone p < 0.0001, F = 131.5; interaction p =0.0499, F = 4.153; 2-way ANOVA; error bars indicate S.E.M.). E and F, individual means
of columns were compared post hoc by Tukey's test as indicated. (**, p < 0.01; ***, p < 0.001; ****, p < 0.0001; error bars indicate S.E.M.).

volume of <5 ml, and separated by size exclusion chromatogra-
phy on a HiLoad 16/600 Superdex 200 gel filtration column in
buffer C (20 mm Tris-HCI, 200 mm NaCl, pH 7.6) at 0.5 ml/min.
Peaks corresponding to soluble protein were pooled, flash-fro-
zen in liquid nitrogen, and stored at —80 °C.

SASBMB

AKAP1 knockout generation

Guide RNAs were designed to target two sites in exon 1 of
dAKAP1. Guide RNA 1 targeted the coding strand, corre-
sponding to residues K166—S172 (5'-GCAAGATTCCCCCT-
TCAGCA-3'), and guide RNA 2 targeted the noncoding strand,
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corresponding to residues P534-T540 (5'-AGTACTTCTGG-
CAGTGGCG-3'). Constructs containing both guide RNAs and
Cas9 were transfected into HEK293T cells by Lipofectamine
2000 (Thermo Fisher) according to the manufacturer’s instruc-
tions. Cells were subjected to 2 pg/ml puromycin (Sigma) selec-
tion 72 h posttransfection before clonal selection. Single-cell-
derived colonies were picked by hand with cloning disks
(3.2-mm diameter, Sigma-Aldrich) soaked with 0.25% trypsin-
EDTA and plated into single wells of a 96-well plate. Genomic
DNA was extracted (GeneJET Genomic DNA purification kit,
Thermo Fisher) to screen clonal lines.

Plasmid constructs

The human dAKAP1 ORF was purchased from OriGene
(RC200506; Rockville, MD). Plasmid encoding mito-dsRed was
a gift from the laboratory of Suzanne Hoppins (University of
Washington). The LARP4 CDS was amplified from total
HEK293 cDNA using the following primers: F (5'-ATGT-
TGCTTTTCGTGGAGCAG-3') and R (5-GGGGACCAC-
TTTGTACAAGAAAGCTGGGTT-3’). Cloning was generally
performed by PCR amplification of appropriate insert with
Gateway attB sites and assembled by Gateway cloning (Ther-
moFisher). Mutant constructs were generated by site-directed
mutagenesis (QuikChange II XL kit, Agilent). Constructs were
verified by Sanger sequencing.

Protein pulldown experiments

MAI10 cells were grown to confluence on 150-mm plates
(Falcon), rinsed once with PBS, lifted by 0.25% Trypsin-EDTA
(Gibco), and pelleted at 500 X g. Pellets were lysed in 2 ml of IP
lysis buffer (20 mm HEPES, pH 7.4, 150 mMm NaCl, 1 mm EDTA,
1% Triton X-100) supplemented with protease inhibitors and
incubated on ice for 15 min before being cleared at 15,000 X g,
4°C. Protein concentrations were determined by BCA assay
(Pierce). 2 mg cell lysate was incubated with 25 pg protein bait
with gentle rocking for 1 h at 4°C; bait-prey complexes were
recaptured by incubation with 30 ul 50% amylose bead suspen-
sion (NEB). Beads were washed, with a 1-ml volume in each
wash, twice in high-salt IP lysis buffer (IP lysis buffer, 250 mm
NacCl), three times in IP lysis buffer, and finally once in PBS.
Washes were performed by incubating samples in wash buffer
~1 min with rocking, followed by centrifugation at 500 X g for
1 min at 4°C. Samples were processed for MS as described
below.

MS

Proteins were eluted from amylose beads in 1X NuPAGE
LDS sample buffer (Thermo Fisher) with 1 mm TCEP and 2 mm
chloroacetamide. The eluents were resolved by electrophoresis,
and gel lanes corresponding to each pulldown condition were
excised and cut into 8 separate sections. In-gel protein diges-
tion was performed as previously described (74). For LC-MS/
MS analysis, samples were loaded to self-pulled (P2000 Sutter
laser puller, Sutter Instrument, Novato, CA) 360-um outer di-
ameter X 100-um inner diameter, 10-cm columns with a 7-um
tip and packed with 3 um Reprosil C;g resin (Dr. Maisch, Ger-
many) using a pressure cell (NextAdvance, Averill Park, NY).
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Peptides were analyzed with 90-min gradients of 8—35% aceto-
nitrile at 300 nl/min nanoLC-MS (Thermo Dionex RSLCnano,
Sunnyvale, CA) on an LTQ Orbitrap Elite (Thermo, Bremen
Germany). Orbitrap FTMS spectra (r = 30,000 at 400 m/z; m/z
350-1600; 3e6 target; max 500-ms ion injection time) and
Topl5 data-dependent collision-induced dissociation MS/MS
spectra (le4 target; max 250-ms injection time) were collected
with dynamic exclusion for 30 s and an exclusion list size of 50.
The normalized collision energy applied for collision-induced
dissociation was 35% for 10 ms. Default MaxQuant (ver.
1.5.7.4) parameter settings were used for the peptide search
unless stated otherwise: Trypsin/P, max 2 miscleavages;carba-
midomethyl (C) as a fixed modification; oxidation (M) and ace-
tyl (protein N-term) as variable modifications; precursor mass
tolerance was 20 ppm for the first search and 6 ppm for the
main search; 0.5-Da tolerance for fragment ions; PSM and pro-
tein false discovery rate (FDR) were set to 1% and estimated by
Maxquant using “Revert” decoy mode. The database used was
Uniprot_Mouse.fasta (July 2016; 22,226 entries). Quantification
data from MaxQuant were further processed using the Perseus
software. Proteins quantified in >50% of replicates in each group
were retained. Missing values were imputed in Perseus using a
downshift of 2.5 and a width of 0.3 sd. Significant hits and FDR
were determined using a permutation-based ¢ test in Perseus.

RNA purification

MA10 cells were grown to confluence and total RNA was
purified by TRIzol (Invitrogen), followed by two chloroform
extractions. For immunoprecipitation experiments, RNA was
eluted from beads by TRIzol, followed by two chloroform
extractions. 10 g glycogen was added to the aqueous phase
as a carrier, followed by isopropanol precipitation and
resuspension in ddH,O. RNA was quantified by NanoDrop
(ThermoFisher).

RIP

Protein bait was preincubated with anti-MBP antibody mag-
netic beads (NEB) (~10 pg; >10-fold molar excess protein to
bead binding capacity) in RNA immunoprecipitation (RIP)
buffer (20 mm Tris, pH 7.4, 150 mm NaCl, 1 mm EDTA, 0.5%
IPEGAL, 100 units/ml RNase OUT), 100 ul total reaction vol-
ume, with gentle rocking for 1 h at 4°C. Total RNA in ddH,O
from MA10 cells was heated to 90 °C on a thermal cycler (Bio-
Rad) for 2 min, cooled rapidly on ice for 2 min, and shifted to
room temperature for 20 min to allow for proper secondary
structure formation. Beads were washed three times in RIP
buffer to remove excess bait protein prior to pulldowns. Beads
were then incubated with 15 num total RNA from MA10 cells in
100 ul RIP buffer with gentle rocking for 1 h at 4 °C. Beads were
washed 5 times in RIP buffer, and RNA was eluted as described
above.

In vitro transcription

The Star CDS, including 5’ and 3" UTR, was amplified from
MAI10 total cDNA using the following primers: 5 UTR (5'-
ACTCAGGACCTTGAAAGGCTCAGG-3') and 3" UTR (5'-
GATGCCCTCTTCTGGAGTATCTGAGG-3'). The resulting
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PCR product was cloned under a T7 promoter using the Zero
Blunt TOPO PCR cloning kit (ThermoFisher), and orientation
was verified by sequencing. RNA was transcribed using a
MAXIscript T7 transcription kit (ThermoFisher) and purified
by TRIzol, as above.

RT-PCR and qPCR

c¢DNA was generated from RNA using the SuperScript IV kit
(ThermoFisher) and random hexamer priming. RNA reactions
minus RT were carried throughout subsequent reactions as
controls. Following first-strand synthesis and RNase digestion,
PCR amplification for Star exon2 was performed using the fol-
lowing primers: F (5'-AGCTCAACTGGAGAGCACTG-3')
and R (5'-AGCTCAACTGGAGAGCACTG-3'). qPCR was
performed using TagMan Fast Universal PCR Master Mix, No
AmpErase UNG, and the associated protocol (ThermoFisher);
Tagman probes for Star (Probe number: Mm00441558_m1;
ThermoFisher) and GAPDH (Probe Mm99999915_g1; Ther-
moFisher) were used.

RNA-Seq and analysis

Prior to RNA-Seq, integrity of RNA isolated from RNA pull-
downs was analyzed by BioAnalyzer using RNA 6000 Pico chips
according to the manufacturer’s protocol (Agilent). Libraries
were generated using a TruSeq stranded total RNA kit with
Ribo Zero Depletion (Illumina); each biological replicate was
barcoded individually. Libraries were sequenced on Illumina
NextSeq 500. Sequencing reads were pseudoaligned to the
mouse GRCm38 reference transcriptome, and the gene tran-
script abundances were quantified using Kallisto and the mouse
transcriptome build GRCm38 (33). Differentially expressed
genes between conditions were determined using DESeq2 (34).

Cell lines and culture

HEK293T (Horizon/GE Lifesciences, HCL4517) cell lines
were grown in Dulbecco’s modified Eagle’s medium (DMEM;
Gibco) supplemented with 10% fetal bovine serum (FBS; Gibco)
and 1% penicillin-streptomycin (PS; Gibco). MA10 cells were a
generous gift from Dr. Joseph Beavo (University of Washing-
ton) and were grown in RPMI 1640 (Gibco) supplemented with
10% horse serum (HS; Gibco) and 1% PS. HEK293T cells were
transfected at 50% confluence with TransIT-LT1 (Mirus; 1:4 pug
DNA:pl TransIT reagent ratio per 10-cm dish) and incubated
for 48 h before further experiments were performed.

Immunofluorescence

Cells were grown on poly-L-lysine-coated 10-mm No. 1.5
glass coverslips for 12—-18 h preceding transfection using
TransIT-LT1 as described. Following transfection, cells were
fixed for 15 min at room temperature using 4% paraformalde-
hyde in PBS (EMS, 15710). Permeabilization and blocking were
performed for 1 h at room temperature in 0.0005% Saponin—
PBS plus 10% normal goat serum, followed by three 5-min PBS
washes. Cells were incubated overnight at 4°C in primary anti-
bodies diluted (1:200) in 1% BSA plus 0.0005% Saponin—PBS.
Primary incubation was followed by three 5-min PBS washes.
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Cells were incubated for 1 h at room temperature in secondary
antibodies diluted (1:500) in 1% BSA plus 0.0005% Saponin-
PBS. Finally, cells were washed three times in PBS (10 min
each) and mounted onto slides using Prolong Diamond anti-
fade medium. Coverslips were cured at room temperature
overnight before being sealed and imaged.

Image acquisition

3D SIM images were acquired using a DeltaVision OMX
superresolution microscope with PlanApo N 60X oil immer-
sion objective (numeric aperture [NA], 1.42). 3D SIM images
were reconstructed and aligned using Deltavision softWoRx
software. Representative 3D surface renderings were created
using Imaris image analysis software. Colocalization was
assessed using maximum intensity projections. Fluorescence
intensity profiles were created with the Image] “plot profile”
module using lines drawn arbitrarily across the mitochondrial
network. Fluorescence intensity was compared between chan-
nels along the same line. Widefield images were acquired either
using the Deltavision OMX superresolution microscope with
PlanApo N 60X oil immersion objective (NA, 1.42), or a Key-
ence BZ-X 710 microscope with PlanApo_l 100xH oil immer-
sion objective (NA, 1.45). Widefield images acquired on the
OMX were deconvolved and aligned using Deltavision soft-
Worx software, and colocalization was assessed from line pro-
files as described above. Within experiments, all images were
acquired with the same magnification, exposure time, and illu-
mination intensity. Images were processed and quantified using
Image] software.

Immunoprecipitation

Cells were harvested on ice in PBS by scraping, followed by
pelleting at 1000 X g, and washed once in cold PBS. Cell pellets
were suspended in RIPA buffer (50 mm Tris-HCI, pH 7.4, 150
mwm NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1%
SDS, 1 mm EDTA, 50 mm NaF; 500 pl per 10-cm plate) supple-
mented with protease and phosphatase inhibitors (1 mm
AEBSF, 2 ug/ml leupeptin, 16 pg/ml benzamidine, 100 nm oka-
daic acid, 1 mm sodium orthovandanate) and incubated on ice
for 15 min, with occasional vortexing, before being cleared at
15,000 X g at 4°C. Supernatants were collected and protein
concentrations were determined by BCA assay (Pierce). For
most IP reactions, 1 g of appropriate antibody was incubated
with 1 mg lysate per reaction in a 1-ml total volume. Depending
on the antibody, reactions were carried out at 4 °C with rocking
for either 1 h or overnight. Following primary antibody incuba-
tion, 15 ul 50% 1:1 Protein A:G agarose suspension (mixed
from components; Millipore, 16-156/16-266) was used to iso-
late immune complexes by incubation for 1 h with rocking at
4°C. Captured complexes were washed five times as described
above. Beads were resuspended in 1 ml RIPA and pelleted by
centrifugation at 500 X g for 1 min, and supernatant was aspi-
rated. Following the final wash, beads were resuspended in
15 pl 1X NuPAGE LDS sample buffer (Thermo Fisher) supple-
mented with 5% 2-mercaptoethanol (Sigma-Aldrich) and
boiled for 5 min at 95 °C before resolution by SDS-PAGE.
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For serial co-IP experiments, the first IP reaction was car-
ried out as described above with anti-V5 antibody, followed
by an additional wash in 1 ml PBS. A small volume (5 ul) of
beads was saved as input. V5-dAKAP1 immune complexes
were eluted from beads by incubation with 3 column volumes
(30 ul) of V5 peptide (2.5 mg/ml) in PBS (Millipore Sigma,
V7754-4MG; ~0.25 M) with gentle rocking for 5 min at room
temperature. Beads were pelleted at 1000 X g, 1 min, 4 °C, and
the supernatant was used as the input for secondary IP reac-
tion, supplemented with additional RIPA without SDS to a
total volume of 100 ul. A small volume (5 ul) was saved as the
input. Secondary co-IP reactions were performed with anti-
phosphoPKA substrate antibody (CST) (2 ul; 1:50) in 0.5-ml
Eppendorf tubes; all subsequent steps were carried out as
above.

In vitro phosphorylation

In vitro phosphorylation experiments were performed as
previously described (75, 76). Briefly, following immunopre-
cipitation of substrate, beads were resuspended in kinase
reaction kinase assay buffer supplemented with 0.2 pg PKAc
for 30 min at 30 °C. Reactions were stopped by resuspension
in 2X Laemmli sample buffer and resolved by SDS-PAGE
before transfer to nitrocellulose membrane. Membranes
were exposed to a phosphor screen (Molecular Dynamics) for
up to 48 h before imaging on a Personal Molecular Imager
(Bio-Rad).

Immunoblotting

Lysed samples were boiled for 5 min at 95 °C in 1X NuPAGE
LDS sample buffer (Thermo Fisher) supplemented with 5% 2-
mercaptoethanol (Sigma-Aldrich). Samples were resolved on
Bolt 4-12% Bis-Tris Plus gels (Invitrogen), and proteins were
transferred to nitrocellulose for immunoblotting using stand-
ard techniques. Membranes were blocked for 1 h in 5% nonfat
dry milk and 1% BSA in Tris-buffered saline (50 mm Tris-Cl,
pH 7.5, 150 mm NaCl) with 0.05% Tween (TBST). They were
incubated with primary antibodies according to the manufac-
turer’s instructions (either room temperature for 1-2 h or over-
night at 4 °C). Blots were washed three times at room tempera-
ture, with gentle rocking for 10 min each, in TBST. Detection
was achieved by incubation with an HRP-conjugated secondary
antibody (1:10,000 in 5% NFDM; GE Healthcare), followed by
washing as above and enhanced chemiluminescence detection
with SuperSignal West Pico or Dura extended-duration sub-
strate (Thermo Fisher). Densitometry was performed using
NIH Image] (Fiji) software.

Subcellular fractionation and mitochondrion isolation

Cells were grown to confluence and harvested in cold PBS by
scraping, followed by pelleting at 1000 X g. Cell pellets were
washed once in PBS, and 1/10 of the total cell pellet was saved
for whole-cell lysate. Mitochondria were isolated by following
published methods (77). Whole-cell and mitochondrial lysates
were suspended in RIPA buffer and incubated on ice for 15 min,
with occasional vortexing, before being cleared at 15,000 X g at
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4°C. Pellets were resuspended in RIPA as above. Protein con-
centrations were determined by BCA assay.

Puromycin labeling of ribosomes

Puromycin labeling protocols were adapted from published
methods (31). Cells were passaged into antibiotic-free media and
grown to confluence. Treatments included puromycin (10 pg/ml
puromycin), cycloheximide (100 um cycloheximide), and both
cycloheximide and puromycin. Cells were pretreated with cyclo-
heximide for 10 min before addition of puromycin or vehicle and
subsequent incubation for an additional 10 min. After treatment,
cells were harvested by scraping in PBS and washed once with
PBS before subsequent analysis. Independent experiments con-
sisting of immunofluorescent detection of puromycin labeling
were performed and quantified as described above.

Statistical analyses

Generally, data were analyzed in Prism 8 (Graphpad). Statis-
tically significant differences between samples were calculated
as indicated in the figure legends, using Student’s two-tailed ¢
test or analysis of variance (ANOVA) with post hoc multiple
comparisons by Tukey’s test for groups of 3 or more. All results
are presented as the mean = S.E.M. unless otherwise indicated.
Sample size () indicated the number of independent experi-
ments represented in amalgamated data. p values of <0.05
were considered statistically significant.

Data availability

All RNA-Seq and proteomic data referenced in this work will
be made publicly available. RNA-Seq data were deposited in
GEO with accession number GSE138277. Raw MS data have
been uploaded to MassIVE, an NIH-supported MS data reposi-
tory (MSV000085087).
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