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Cyclic AMP is a versatile signaling molecule utilized
throughout the eukaryotic domain. A frequent use is to activate
protein kinase A (PKA), a serine/threonine kinase that drives
many physiological responses. Spatiotemporal organization of
PKA occurs though association with A-kinase anchoring pro-
teins (AKAPs). Sequence alignments and phylogenetic analyses
trace the evolution of PKA regulatory (R) and catalytic (C)
subunits and AKAPs from the emergence of metazoans.
AKAPs that preferentially associate with the type I (RI) or type
II (RII) regulatory subunits diverged at the advent of the
vertebrate clade. Type I PKA anchoring proteins including
smAKAP contain an FA motif at positions 1 and 2 of their
amphipathic binding helices. Fluorescence recovery after
photobleaching measurements indicate smAKAP preferentially
associates with RI (T 1/2. 4.37 ± 1.2 s; n = 3) as compared to RII
(T 1/2. 2.19 ± 0.5 s; n = 3). Parallel studies measured AKAP79
recovery half times of 8.74 ± 0.3 s (n = 3) for RI and
14.42 ± 2.1 s (n = 3) and for RII, respectively. Introduction of
FA and AF motifs at either ends of the AKAP79 helix biases the
full-length anchoring protein toward type I PKA signaling to
reduce corticosterone release from adrenal cells by 61.5 ± 0.8%
(n = 3). Conversely, substitution of the YA motif at the
beginning of the smAKAP helix for a pair of leucine’s abrogates
RI anchoring. Thus, AKAPs have evolved from the base of the
metazoan clade into specialized type I and type II PKA
anchoring proteins.

The nucleotide 30,50-cyclic AMP (cAMP) is a versatile
molecule utilized throughout the archaebacteria, eubacteria,
plant, and animal kingdoms (1, 2). In animals, cAMP is often
utilized as a second messenger to relay information to effector
proteins embedded in membranes or enzymes located deep
inside the cell (3). Binding of cAMP to regulatory subunits of
cAMP-dependent protein kinase A (PKA) triggers the phos-
phorylation of substrates to potentiate hormone action (4),
exchange proteins directly activated by cAMP (Epac) regulate
small GTPases (5), transcription factors such as the cAMP
receptor protein drive certain gene reprogramming paradigms
(6), and cAMP binding to ion channels directly modulates
their conductance (7). Arguably the most common use of
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cAMP is to activate PKA (1). This family of serine/threonine
protein kinases exist as tetrameric holoenzymes (8). A regu-
latory subunit dimer maintains two bound catalytic subunits
(PKAc) in an autoinhibited state (9). Recruitment of cAMP to
binding sites on regulatory subunits relieves autoinhibition of
the kinase allowing the phosphorylation of target substrates
(10). Three genes encode the PKAc a, b, and g isoforms
whereas four genes encode the type I regulatory (RI a and RI
b) and type II regulatory (RII a and RII b) subunits (11). These
gene products are assembled into type I or type II PKA ho-
loenzymes that exhibit different sensitivities to cAMP and
subcellular locations (12).

Spatiotemporal organization of cAMP signaling offers an
efficient mechanism that directs PKA phosphorylation to
precise locations within the cell. These signaling events occur
within the confines of highly organized signaling nanodomains
(13). Recently three independent areas of research have
converged to inform a new appreciation of how precise local
signaling can be (14). First, advanced optical mapping tech-
niques defined local cAMP environments that are formed by
buffered diffusion of the second messenger (15, 16). These
“Receptor-associated independent cAMP nanodomains” not
only sustain local cAMP synthesis but limit where localized
signaling is operational. Second, G protein-coupled receptor
signal transduction is now recognized to occur at subcellular
compartments that are distinct from the plasma membrane
(17). This generates discrete intracellular sites of cAMP syn-
thesis to further propagate local signaling. Third, structural
analyses of intact PKA–AKAP complexes reveal that anchored
holoenzymes exist as a montage of flexible tripartite configu-
rations (10). For example, type II PKA holoenzyme–AKAP18g
complexes are bestowed with a 200 to 400 Å range of motion.
These refined parameters of cAMP action not only emphasize
the value of three dimensional intracellular signaling but stress
the important role that AKAPs play in determining where and
when PKA acts inside the cell (14).

To date, in the order of 60 AKAP genes are encoded by the
human genome, many of which comprise of differentially
spliced and differentially localized anchoring protein families
(12, 13, 18, 19). The physiological importance of AKAPs have
been demonstrated in a range of cellular and pathological
contexts (3, 20). Anchored signaling events have been impli-
cated in the rapid modulation of ion channels, control of
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The emergence of PKA isotype selective anchoring
glucose homeostasis, and steroid hormone biosynthesis
(21–23). Thus anchored PKA events determine the specificity
of these second messenger signaling responses.

PKA anchoring proceeds through modular protein–protein
interactions (24). An emblematic feature of AKAPs is a 14 to
18 amino acid segment that folds to form an amphipathic helix
(25). This region binds with high affinity to a docking and
dimerization domain formed by the first 45 to 50 residues of
the type I or type II regulatory subunits of PKA. Biochemical,
structural, and cell-based studies show that this high affinity
protein–protein interaction is the principal mode of PKA
anchoring (26). Moreover, peptide antagonists are effective
reagents that are used to disrupt the PKA–AKAP interface. Ht
31, AKAP-is, and RIAD peptides have proven to be useful tools
to establish the physiological role of type I and type II PKA
anchoring in a range of cellular contexts (27–29). Structural
elucidation of docking and dimerization domains reveals
subtle but significant differences in the organization of the RI/
AKAP and RII/AKAP binding interfaces (30, 31). The first 50
residues of each RI protomer form a tightly packed helical
structure that is stabilized by interchain disulfide bonds. This
conserved domain creates a binding groove that accepts an
amphipathic helix on the AKAP with intermediate binding
affinities (32). Conversely, the more malleable D/D domain of
RII adopts a conventional four-helix bundle-like configuration
that bonds AKAPs with low nanomolar binding affinities (30).
These findings argue that cryptic side chain determinants
reside within AKAP helices that favor the anchoring of type I
or type II PKA.

In this report, we trace the evolution of PKA subunits and
AKAPs from their origins at the emergence of metazoans. We
also note a rapid expansion of this scaffolding protein class at
the advent of the vertebrate clade. Biophysical, biochemical,
and functional studies define conserved side chain de-
terminants for type I PKA anchoring that reside at both ends of
AKAP anchoring helices. Functional studies show that intro-
duction of these RI anchoring determinants is sufficient to
switch the isotype selectivity of a canonical RII-binding protein
to accommodate an association of type I PKA holoenzymes.
Results

PKA subunit and AKAP co-evolution

Informatic analyses suggest that the evolutionary path of
AKAPs occurred after the existence of PKA catalytic and
regulatory subunits. While invertebrate animals, including the
Tunicates and lancelets, encode a single PKAc subunit gene,
the PRKACA and PRKACB genes rose from a gene duplication
event in early vertebrates (Fig. 1; (33)). In contrast, the
PRKACG gene is intronless, only appears in primates, and
seems to be retrotransposon-derived (Fig. 1; (34)).

Evolution of the regulatory subunits (RIa and RIIa) has
followed a more circuitous path. These genes arose from an
early event where a primordial four helix-like bundle called the
docking and dimerization (D/D) domain (Fig. 1). This region
became fused to cyclic nucleotide-binding domains analogous
to the bacterial catabolite transcriptional activator gene
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(35, 36). Structural studies show clear differences between the
homodimerizing D/D domains of RIa and RIIa (Fig. 1, insets).
In RIa, a stable helical cluster at the N terminus of each RIa
protomer forms a proteinase-resistant dimer held together by
intersubunit disulfide bonds ((9, 31) Fig. 1 inset 1). In contrast,
the more flexible D/D domain of RII adopts a conventional
four-helix bundle-like configuration that lacks flanking helices
((30, 36), Fig. 1, inset 2). Phylogenetic projections presented in
Fig. 1 depict the PRKAR1 and PRKARII genes as appearing
around the same time as the duplication of Ca and Cb genes at
the metazoan last common ancestor (Fig. 1).

Twenty-three AKAPs were arranged on a cladogram of
metazoan classes according to each protein’s last common
ancestor (Fig. 1). Last common ancestors were calculated by
detecting the nearest node on the metazoan tree which would
explain a protein’s distribution in extant species collected by
protein BLAST searches (37). Three primordial AKAPs
emerged at this point: OPA1, dAKAP2, and AKAP28 (Fig. 1).
These are the only AKAPs present in the sponge class Porifera
(Fig. S1). OPA1 anchors PKA to the outer mitochondrial
membrane, AKAP28 is a stabilizing architectural element of
motile cilia, whereas the biological role of dAKAP2 is more
varied (38–42).

The appearance of dAKAP1 and Merlin was coincident with
the advent of ParaHox genes, which dictate the development of
more complex anatomy. Merlin connects PKA to the cyto-
skeleton whereas dAKAP1 resides at the outer mitochondrial
membrane and regulates translation (43, 44). Hence, AKAP
targeting of PKA is unique to animals (45). Tracing the
appearance of AKAPs through the metazoan clade reveals an
increase in anchoring proteins as the biological complexity of
animal cells expanded.

The principal explosion in AKAP complexity occurs at the
base of the vertebrate lineage (Fig. 1). Fourteen AKAPs origi-
nate here, including dual-helix AKAPs (SKIP and AKAP220).
At this point, we see the emergence of type I R subunit se-
lective AKAPs (GPR161 and smAKAP). This burst in AKAPs
is consistent with their role in spatially targeting PKA holo-
enzymes upon development of nervous systems and the
increased complexity of multicellular organisms (46, 47).
These events are concomitant with the appearance of the RIb
and RIIb isoforms (Fig. 1).

After the onset of vertebrates, fewer AKAPs emerged. The
tetrapod linage saw the debut of AKAP4 which synchronizes
sperm flagella action and AKAP79/150, a membrane proximal
scaffolding protein that coordinates the phosphorylation of
hippocampal AMPA receptors in long term potentiation
(Fig. 1, red text). The amniote lineage expanded on the orga-
nization of sperm flagella with AKAP3, sharing a preference of
anchoring type I PKA with AKAP4. Around this time, other
specialized RI-anchoring proteins appeared including mito-
chondrial SKIP and the membrane-tethered smAKAP (Fig. 1,
red text). The phylogenetic data in Figure 1 indicate that early
AKAPs appeared after the formation of the alpha isoforms of
their R subunit–binding partners and the advent of PKAca and
PKAcb. A major expansion of the AKAP class occurred in
vertebrates.
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Figure 1. AKAP and PKA evolutionary history. A cladogram displays the emergence of AKAPs and PKA subunits throughout Metazoan evolution. Clade
names indicate the origin of a protein, as well as numbers in parentheses denoting the number of proteins to emerge in this clade. PKAc subunits (green
dots), RI subunits (gold dots), RI subunits (silver dots), AKAPs (magenta dots). Inset 1: smAKAP helix (magenta) docked to RIa D/D (tan). Inset 2: AKAP79 helix
(magenta) docked to RIIa D/D (gray).

The emergence of PKA isotype selective anchoring
Deriving consensus RI and RII anchoring motifs

The defining feature of AKAPs is a 14 to 18 residue region
that folds into an amphipathic helix (25, 27, 30). This struc-
tural motif snugly fits into a cleft on the D/D domains of R
subunits (12). We reasoned that computational alignment of
AKAP helices might uncover amino acid determinants for R
subunit isotype selectivity. Orthologs of seven AKAPs which
anchor type I PKA (1265 sequences, Figs. 2A and S2) and 13
AKAPs which prefer type II PKA (2255 sequences, Figs. 2B
and S2) were aligned with the MUSCLE algorithm (48).
Sequence conservation logos highlight regions of homology
(49). Side chain conservation was more pronounced on the
hydrophobic faces of each helix (residues 2, 5, 6, 9, 10, 13, 14,
and 17). This surface directly interfaces with D/D domains
(50). There is less conservation on polar face of the amphi-
pathic helixes (51). Strikingly, type I AKAPs exhibit high
conservation at the amino terminus of the binding helix. A
phenyl group (F or Y) at position 1 is strongly favored and an
almost invariant alanine occupies position 2 (Fig. 2A). This
“FA motif” is ubiquitous among type I selective AKAPs across
the metazoan clade (Fig. S2). Hydrophobic side chains are also
favored at positions 17 and 18, although the stringency of
conservation is less (Fig. 2A). In contrast, there was more
degeneracy across the consensus RII binding motif, although
the hydrophobic core of the amphipathic helix was conserved
(Fig. 2B).

Phylogenetic analysis of smAKAP: a representative type I
anchoring protein

Biochemical studies indicate that smAKAP is a prototypic
type I PKA anchoring protein (52–54). A phylogenetic tree was
generated from a BLAST search yielding 219 high quality
orthologs of smAKAP (Fig. 2C). Sequences were aligned using
the MUSCLE algorithm, and phylogenetic representation was
generated using IQ-TREE on the CIPRES gateway with 2000
bootstraps (55, 56). Mammalian (blue), amphibian (red), fish
(orange), and bird (green) smAKAP orthologs segregate into
distinct lineages (Fig. 2C). Interestingly, reptiles (purple) are
divided into two groups that reside within the bird cluster
(Fig. 2C). These are the paired reptilian orders Squamata and
Rhynchocephalia (snakes and lizards) and the lone Testudines
order (turtles and tortoises).

This information allowed us to derive a cladogram that re-
veals the smAKAP origin at the base of the vertebrate lineage
J. Biol. Chem. (2025) 301(5) 108480 3



Figure 2. Type I and II AKAPs. A, consensus logos of 1265 type I AKAP helices, revealing a conserved FA motif (97.7% conservation with F/Y). The AKAPs
used are listed below. B, consensus logos of 2255 type II AKAP helices. C, phylogenetic tree of smAKAP orthologs. D, cladogram showing the smAKAP
distribution among vertebrates. E, consensus logo of 219 smAKAP ortholog helices. F, phylogenetic tree of AKAP79/150 orthologs. G, cladogram of AKAP79/
150 distribution across tetrapods. H, consensus logo of 271 AKAP79/150 ortholog helices.

The emergence of PKA isotype selective anchoring
(Fig. 2D). A consensus smAKAP helix motif from 219 se-
quences indicates the chemical properties of conserved side
chains (Fig. 2E). Although early positions in the RI-binding site
4 J. Biol. Chem. (2025) 301(5) 108480
are invariant, it is pertinent to note that the nature of indi-
vidual hydrophobic and hydrophilic side chains vary within the
core of the helix (Fig. 2E).
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Phylogenetic analysis of AKAP79: a representative type II
anchoring protein

The AKAP79 family of anchoring proteins are emblematic
type II PKA anchoring proteins (25, 57, 58). A phylogenetic
tree was generated with 271 high quality AKAP79/150
orthologs (Fig. 2, F–H). Interestingly, AKAP79 is absent in fish
(Fig. 2G). Mammals (blue) and birds (green) display the
highest diversity due to the sporadic insertion of repeat se-
quences (Fig. 2F). A cladogram illustrates the origin of
AKAP79/150 at the tetrapod lineage (Fig. 2G). The conserva-
tion logo for the AKAP79 helix reveals a higher degree of
conservation with 11 out of 18 positions being invariant
(Figs. 2H and S3). Data in Figure 2 indicates that RI and RII
recognize different anchoring determinants.

Photobleaching measurements of R subunits

Fluorescence recovery after photobleaching (FRAP) mea-
sures the diffusion and interactive properties of proteins in the
membranes of living cells (59). We performed total internal
reflected fluorescence (TIRF) photobleaching experiments to
measure exchange of PKA subunits from prototypic RI and RII
selective anchoring proteins (Fig. 3A). This approach provides
a more sensitive and dynamic appraisal of R subunit AKAP
interactions than standard biochemical methods. As a prelude
to these studies, RI-iRFP and RII-iRFP were photobleached in
the absence of AKAPs (Fig. 3B). These data show that free RI
and RII diffuse at similar rates. The time to 50% fluorescence
recovery for RIa is 1.54 ± 0.6 (n = 3 experiments of 50 cells,
Fig. 3C) seconds. Similarly, the recovery half-time of RIIa is
2.66 ± 0.6 s (n = 3 experiments of 50 cells, Fig. 3C). Rate
constant for RIa is 0.96 ± 0.04 s−1 and for RIIa is 0.95 ±
0.01 s−1 respectively (Fig. 3D).

smAKAP prefers RI

Next, we compared the diffusion properties in the presence
of smAKAP. Representative photobleaching images at 1 s in-
tervals show a faster recovery of RII bleach spots than RI
bleach spots (Fig. 3E). A recovery curve consisting of com-
bined FRAP time courses (50 cells) reveals the slower recovery
of RI in the presence of smAKAP (Fig. 3F). Quantifying three
individual experiments measures a mean RIa recovery half-
time of 4.39 ± 1.2 s for smAKAP (Fig. 3I, left, gold). In
contrast, the mean recovery halftime for RII is 2.19 ± 0.5 s
(Fig. 3I, left, silver). The rate constant for smAKAP for RIa is
0.12 ± 0.05 s−1 (Fig. 3J, left, gold). The rate constant for RIIa is
0.18 ± 0.06 s−1 (Fig. 3I, left, silver). Thus, smAKAP displays a
preference for interaction with RIa in living cells.

AKAP79 prefers RII

Photobleaching experiments with AKAP79 demonstrate
greater retention of type II PKA. This anchoring protein has
less membrane mobility, so images were collected at 1, 5, and
7 s following photobleaching (Fig. 3G). Representative recov-
ery curves for AKAP79 exchange (n = 50 cells) reveal a pref-
erence for RII (Fig. 3H). Quantification of three individual
experiments calculated an RI recovery half-time of 8.74 ± 0.3 s
(Fig. 3I, right, gold). In contrast, the recovery half-time for RII
is considerably longer at 14.4 ± 2.1 s (Fig. 3I, right, silver). Rate
constants of 0.079 ± 0.003 s−1 and 0.049 ± 0.007 s−1 were
calculated for RIa and RIIa exchange with AKAP79, respec-
tively (Fig. 3J, right). These parameters provide quantitative
evidence that AKAP79 exhibits selectivity for type II PKA
(21, 27).

AKAP150 repeat sequences alter anchored holoenzyme
topology

AKAP79 and AKAP150 are products of the AKAP5 gene
(Fig. 4A; (60)). These anchoring proteins compartmentalize a
variety of second messenger regulated enzymes including
PKA, the phosphatase PP2B various PKC isoforms, and ade-
nylyl cyclases (Fig. 4A; (60)). Early studies recognized a repeat
sequence in murine AKAP150 that was not present in human
AKAP79 (61–63). Both anchoring proteins contain an
invariant PKA anchoring helix and conserved calcineurin/
PP2B-binding domains (64, 65). Three conserved polybasic
regions anchor adenylyl cyclases and PKC and assist in plasma
membrane tethering via palmitoyl groups (66–71). AKAP150
family members are classified by an amino acid repeat
sequence that is predicted to form a beta solenoid linker
(Figs. 4A and S4).

Cladograms of AKAP79 and AKAP150 exhibit distinct
patterns of species distribution (Fig. 4, B and C). AKAP79 is
present in all classes of tetrapod: amphibians (orange), reptiles
(purple), birds (green), and mammals (blue, Fig. 4, B and C).
AKAP150 resides in 27 rodent species and 17 species of
passerine birds (Fig. 4C). Remarkably, rodent AKAP150 repeat
sequences differ in amino acid composition and length from
passerine forms (Fig. 4, C and D). Rodents harbor an octa-
peptide VGQAEEAT sequence that repeats imperfectly 8 to 44
times (median 32; Fig. 4, C and D, blue). Passerine birds
encode a DAVSVQ hexapeptide repeat between 40 and 69
times (median 57; Fig. 4, C and D, green). The median length
for rodents is 256 amino acids (Fig. 4D, blue) as compared to
342 amino acids for birds (Fig. 4D, green). These data raise an
interesting conundrum. Do AKAP150 repeat sequences alter
recruitment of binding partners or allosterically impact scaf-
folded enzyme activities?

AKAP150 alters the topology of the anchored PKA holoenzyme

Despite their divergence, the rodent and passerine
AKAP150 repeat units fold into a beta solenoid composed of
parallel beta sheets as predicted by AlphaFold 3 (72). Rodent
repeats have a wider region of beta strand (Fig. S4) These
substructures confer stability and rigidity by forming a planar
network of hydrogen bonded and extended polypeptide
strands (73). Molecular modeling of anchored PKA holoen-
zymes in similar orientations infer structural differences be-
tween AKAP79 and AKAP150, which manifest changes in the
range of motion of their anchored PKA holoenzymes (Fig. 5, A
and B). AKAP79 adopts a tightly packed configuration where
all five protein members of the macromolecular complex are
compressed (Fig. 5A). In contrast, the beta solenoid repeat of
J. Biol. Chem. (2025) 301(5) 108480 5



Figure 3. FRAP analysis of smAKAP and AKAP79. A, schematic of the TIRF-FRAP paradigm (left) and a representative recovery graph (right). Tighter AKAP-
binding results in a slower recovery of the photobleached R subunits. B, representative FRAP recovery curves of free R subunits RIa (gold) and RIIa (silver),
displayed as mean ± SEM (n = 50). Mean ± SD recovery half-times included. C, recovery half times of free RIa (gold) and RIIa (silver). D, recovery rate
constants of free RIa (gold) and RIIa (silver). Means ± SD (n = 3) Student’s t test: *p < 0.05, **p < 0.005. E, time course of photobleaching of smAKAP-bound
RIa (top) and RIIa (bottom) over 3 s. F, representative FRAP recovery curves of smAKAP-bound R subunits RIa (gold) and RIIa (silver) displayed as mean ± SEM
(n = 50). Mean ± SD recovery half-times included. G, time course of photobleaching of AKAP79-bound RIa (top) and RIIa (bottom) over 7 s. H, representative
FRAP recovery curves of AKAP79-bound R subunits RIa (gold) and RIIa (silver) displayed as mean ± SEM (n = 50). Mean ± SD recovery half-time values
included. I, recovery half-time of smAKAP (left) and AKAP79 (right) bound RIa (gold) and RIIa (silver). J, recovery rate constants of smAKAP (left) and AKAP79
(right) bound RIa (gold) and RIIa (silver). Means ± SD (n = 3). Student’s t test: *p < 0.05, **p < 0.005.
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Turkey vulture (Cathartes aura)
Red-crested turaco (Tauraco erythrolophus)
White-tailed tropicbird (Phaethon lepturus)
Red-eyed crake (Zapornia atra)
Sungrebe (Heliornis fulica)
Common cuckoo (Cuculus canorus)
MacQueen's bustard (Chlamydotis macqueenii)
Grey-winged trumpeter (Psophia crepitans)
Wattled jacana (Jacana jacana)
Bar-tailed godwit (Limosa lapponica)
Razorbill (Alca torda)
Killdeer (Charadrius vociferus)
Grand potoo (Nyctibius grandis)
Band-tailed nighthawk (Nyctiprogne leucopyga)
Eurasian hoopoe (Upupa epops)
Common scimitarbill (Rhinopomastus cyanomelas)
Black-breasted hillstar (Oreotrochilus melanogaster)
Nicobar pigeon (Caloenas nicobarica)
Pacific band-tailed pigeon (Patagioenas fasciata monilis)
Yellow-throated sandgrouse (Pterocles gutturalis)
Burchell's sandgrouse (Pterocles burchelli)
Little egret (Egretta garzetta)
Masked booby (Sula dactylatra)
Crested ibis (Nipponia nippon)
Black swan (Cygnus atratus)
Ruddy duck (Oxyura jamaicensis)
White-winged duck (Asarcornis scutulata)
Magpie goose (Anseranas semipalmata)
Australian brushturkey (Alectura lathami)
White-crested guan (Penelope pileata)
Okarito kiwi (Apteryx rowi)
Emu (Dromaius novaehollandiae)
Taiwanese habu (Protobothrops mucrosquamatus)
Western terrestrial garter snake (Thamnophis elegans)
Burmese python (Python bivittatus)
Komodo dragon (Varanus komodoensis)
Eastern fence lizard (Sceloporus undulatus)
Central bearded dragon (Pogona vitticeps)
Viviparous lizard (Zootoca vivipara)
Sand lizard (Lacerta agilis)
Hemicordylus capensis (Hemicordylus capensis)
Townsend's least gecko (Sphaerodactylus townsendi)
European leaf-toed gecko (Euleptes europaea)
Leopard gecko (Eublepharis macularius)
Green sea turtle (Chelonia mydas)
Goode's thornscrub tortoise (Gopherus evgoodei)
Chinese softshell turtle (Pelodiscus sinensis)
Common toad (Bufo bufo)
Sardinian tree frog (Hyla sarda)
Iberian spadefoot toad (Pelobates cultripes)
African clawed frog (Xenopus laevis)
Western clawed frog (Xenopus tropicalis)
Plains spadefoot toad (Spea bombifrons)
Microcaecilia unicolor (Microcaecilia unicolor)
Gaboon caecilian (Geotrypetes seraphini)
Rhinatrema (Rhinatrema bivittatum)
Platypus (Ornithorhynchus anatinus)
Short-beaked echidna (Tachyglossus aculeatus)
Tasmanian devil (Sarcophilus harrisii)
Koala (Phascolarctos cinereus)
Common brushtail possum (Trichosurus vulpecula)
Monito del monte (Dromiciops gliroides)
Agile gracile opossum (Gracilinanus agilis)
Linnaeus's two-toed sloth (Choloepus didactylus)
Aardvark (Orycteropus afer afer)
Lesser hedgehog tenrec (Echinops telfairi)
African bush elephant (Loxodonta africana)
West Indian manatee (Trichechus manatus)
Grey seal (Halichoerus grypus)
American mink (Neogale vison)
Cat (Felis catus)
Smoky shrew (Sorex fumeus)
Etruscan shrew (Suncus etruscus)
Pyrenean desman (Galemys pyrenaicus)
African wild ass (Equus asinus)
Narrow-ridged finless porpoise (Neophocaena asiaeorientalis asiaeorientalis)
Gray whale (Eschrichtius robustus)
East African Hippopotamus (Hippopotamus amphibius kiboko)
Cattle (Bos taurus)
Wild boar (Sus scrofa)
Bactrian camel (Camelus bactrianus)
Honduran Yellow-shouldered Bat (Sturnira hondurensis)
Pale spear-nosed bat (Phyllostomus discolor)
Common vampire bat (Desmodus rotundus)
Parnell's mustached bat (Pteronotus parnellii)
Greater mouse-eared bat (Myotis myotis)
Kuhl's pipistrelle (Pipistrellus kuhlii)
Velvety free-tailed bat (Molossus molossus)
Egyptian fruit bat (Rousettus aegyptiacus)
Greater horseshoe bat (Rhinolophus ferrumequinum)
Chinese pangolin (Manis pentadactyla)
Naked mole-rat (Heterocephalus glaber)
Damara Mole-rat (Fukomys damarensis)
Guinea pig (Cavia porcellus)
Common degu (Octodon degus)
Banner-tailed kangaroo rat (Dipodomys spectabilis)
Pacific pocket mouse (Perognathus longimembris pacificus)
Chinese hamster (Cricetulus griseus)
Golden spiny mouse (Acomys russatus)
Eastern gray squirrel (Sciurus carolinensis)
Chinese tree shrew (Tupaia chinensis)
Gray mouse lemur (Microcebus murinus)
Northern greater galago (Otolemur garnettii)
Philippine tarsier (Carlito syrichta)
European Rabbit (Oryctolagus cuniculus)
Humans (Homo sapiens)

Birds

Reptiles

Amphibians

Mammals

AKAP79

AKAP150 repeat sequence PKA

AKAP79 PKA
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PP2BA

Birds
(passeriformes)
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D

Figure 4. AKAP79/150 repeat analysis. A, diagram of domains on AKAP79 and AKAP150. Individual enzyme binding regions (adenylyl cyclase, AC), (PKC),
(protein phosphatase, PP2B), (protein kinase A, PKA) are indicated. Anchoring domains are conserved, but AKAP150 contains a unique a beta-helical peptide
repeat. B, cladogram of AKAP79-containing species present in all tetrapod classes. C, cladogram of AKAP150-containing species. AKAP150 restricted to the
Passerine bird order and the rodent mammal order, with distinct repeat sequences: VGQAEEAT for rodents and DAVSVQ for birds. Repeat number varies by
species. D, histogram of the repeat lengths (amino acids) for both passerine (green) and rodent (blue) forms, with passerine repeats being longer due to
containing more repeating units.

The emergence of PKA isotype selective anchoring
AKAP150 separates the flanking R-C dimers to induce a more
extended configuration of the anchored PKA holoenzyme
(Fig. 5B).
To test this postulate human AKAP79 and rat AKAP150,
binding to R subunits was measured by FRAP (Fig. 5, C–F).
The RII half-times for AKAP79 is 14.42 ± 2.1 s but it decreases
J. Biol. Chem. (2025) 301(5) 108480 7



Figure 5. AKAP79/AKAP150 PKA binding analysis. A, Alphafold 3 model of AKAP79 bound to the type II PKA holoenzyme, demonstrating the close
positioning of regulatory subunits. B, AKAP150 modeled with type II PKA holoenzyme. The octapeptide repeat helix wedges between the two regulatory
subunits, creating an extended conformation. C and D, representative FRAP recovery curves of AKAP79 (C) and AKAP150 (D) bound RIa (gold) and RIIa
(silver), displayed as mean ± SEM (n = 50). Mean ± SD recovery half time values included. E, recovery half times of AKAP79 (left) and AKAP150 (right) bound
RIa (gold) and RIIa (silver). F, recovery rate constants of AKAP79 (left) and AKAP150 (right) bound RIa (gold) and RIIa (silver). Means ± SD (n = 3). One-way
ANOVA with Tukey’s multiple comparisons test: **p < 0.01, ***p < 0.00, ****p < 0.0001.

The emergence of PKA isotype selective anchoring
to 12.26 ± 0.9 s in the presence of AKAP150 (Fig. 5, C–E
silver). As expected, AKAP79 and AKAP150 recovery rates for
RII were comparable at 0.049 ± 0.007 s−1 and 0.057 ± 0.004 s−1,
respectively (Fig. 5, C, D, and F, silver).

Measuring rates of photorecovery serve as indices for
altered membrane mobility and steric hinderance. AKAP79’s
recovery rate of 0.079 ± 0.003 s−1 for RIa is lower than
AKAP150’s rate of 0.11 ± 0.01 s−1 (Fig. 5, C, D and F, silver
gold). This indicates that AKAP150 binds RI more poorly than
AKAP79. This is perhaps more evident when we compare rate
constants showing that RI (gold) is more readily released from
8 J. Biol. Chem. (2025) 301(5) 108480
AKAP150 than from the more compact AKAP79 ortholog
(Fig. 5, E and F, gold). This is the first evidence that the
extended beta solenoid linkers in AKAP150 subtly impact PKA
anchoring. Also, our data offer the first evidence of slight
physiochemical differences between the AKAP79 and
AKAP150 signaling scaffolds.
Introducing RI-binding determinants into AKAP79

Informatic analyses in Figures 2A and S2 show that type I
AKAP helices contain an FA motif at positions 1 and 2. We
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tested if this 96% conserved motif augments RI binding. Three
helix mutants in AKAP79 were created: (i) introduction of the
FA motif at residues 1 and 2; (ii) a palindromic AF motif at
positions 17 and 18, and (iii) a quadruple mutant with FA and
AF at opposite ends of the helix. A rational for this latter
construct was provided by evidence that bulky aromatic resi-
dues occupy this site in type I preferring AKAPs (Fig. S2). Each
AKAP79 form was tagged with GFP. GFP immune complexes
were isolated from HEK293T cells. Cofractionation of R sub-
units was assessed by immunoblotting (Fig. 6A). AKAP79FAAF

was the only variant to pull down RI (Fig. 6A, top panel, lane
4). Quantification by densitometry of data from three inde-
pendent experiments confirmed a 3.55-fold enhancement of RI
over controls (Fig. 6B). Antibody compatibility issues resulted
in the detection of IgG heavy chain that migrates just above
the RI subunit (Fig. 6A, top panel).

Individual side chain substitutions at either end of the
AKAP79 helix decreased RII binding (Fig. 6A upper-mid panel,
lanes 2–4). Densitometric analyses from three experiments
confirmed that the FA and FAAF mutants decrease RII binding
by 45% and the AF mutant by 22% as compared to WT
AKAP79 (Fig. 6C). Control blots of cell lysates confirmed
equivalent expression of endogenous R subunits and AKAP79-
GFP (Fig. 6A, input panels). Ponceau staining served as loading
controls (Fig. 6A, input panels). These biochemical studies
indicate that AKAP79FAAF gains a binding preference toward
type I regulatory subunits.

Next, we used molecular dynamics to evaluate the contri-
bution of individual side chains in the AKAP79 and
AKAP79FAAF helices (Fig. 6, D and E). Protein–protein in-
teractions were modeled using the Amber22 molecular dy-
namics suite to measure the contribution of each amino acid
to the total binding energy using simulations by Sander and
free energy analysis with MMPBSA (74–76). Contributions of
individual amino acids to the Gibbs free energy of binding
(DG) are color coded. (Blue depicts increased binding;
magenta denotes reduced binding; Fig. 6D). For AKAP79
binding to RIIa, leucine-2, leucine-9, and valine-10 provide the
largest contributions (Fig. 6D, right). Hydrophobic side chains
at positions 13 and14 bond with the central core of the RII
docking domain (Fig. 6D, right).

AKAP79 interaction with RIa proceeds through a different
subset of contacts. Isoleucine-18 interfaces with extra helical
segments that flank the RI docking surface (Fig. 6D, left).
Remarkably, leucine-9 and alanine-13 are negative RI-binding
determinants (Fig. 6D).

AKAP79FAAF displays a distinctive pattern of binding
(Fig. 6E). The FA dimer and its palindromic AF pair alter the
overall conformation of the amphipathic helix (Fig. 6E, left
panel). This promotes slight changes in the orientation of
isoleucine-3, valine-10, isoleucine-14, and phenylalanine-18
(Fig. 6E, left panel). Hence, structural alterations at four
turns of the helix favor interaction with the D/D domain of
RIa. These topological changes act synergistically to bias the
AKAP79FAAF helix toward type I PKA anchoring.

FRAP was used to test this postulate (Fig. 6, F and G).
AKAP79FAAF demonstrates an RIa preference, with a recovery
half-time of 20.5 ± 2.0 (n = 3) seconds (Fig. 6G, gold & 6H,
brown). This value is more than double WT AKAP79’s half-
time of 8.74 ± 0.34 s (Fig. 6F, gold, 6H tan). Conversely, the
AKAP79FAAF mutant is less able to bind RII with a recovery
half-time of 11.4 ± 2.0 s as compared to 14.4 ± 2.1 s for WT
AKAP79 (Fig. 6, F and G, sliver, and I). Rate constants
compare the recovery independent of the mobile fraction
(Fig. 6, J and K). The mean RIa rate constant for AKAP79FAAF

is 0.034 ± 0.003 s−1 as compared to 0.079 ± 0.003 s−1 for
AKAP79 (Fig. 6J). Rate constants of 0.062 ± 0.01 s−1 and
0.049 ± 0.007 s−1 were measured for RII interaction with
AKAP79FAAF and the WT anchoring protein (Fig. 6K). These
biophysical results argue that the AKAP79FAAF helix switches
PKA regulatory subunit binding preference toward RI.

Removal of the FA motif abolishes smAKAP interaction with RI

Reciprocal studies show that replacement of the FA motif in
smAKAP alters RI interaction. These studies were conducted
in two ways. First, mRFP-tagged versions of smAKAP, smA-
KAPLL, and AKAP79 were expressed in HEK293 cells (Fig. 7,
A and B). RFP immune complexes were probed for copreci-
pitation of R subunits using antibodies selective for RI or RII
(Fig. 7C). Immunoblot data presented in Figure 7C top panel
shows that RIa only coprecipitates with native smAKAP (lane
2). Importantly, RIa is refractory to interaction with the
smAKAP-YA61LL mutant (lane 3). Conversely, RIIa only
coprecipitates with AKAP79 (Fig. 7C, top mid panel, lane 1).
These experiments show that loss of the YA motif in smAKAP
abolishes interaction with RI. Immunoblot detection of each
protein confirmed equivalent expression of each component in
cell lysates (Fig. 7C, bottom panels). Second, control RII
overlay experiments show that both smAKAP forms are un-
able to interact with RII (Fig. 7D, top panel, lanes 2 & 3).
Detection of AKAP79 by RII overlay served as a positive
control (Fig. 7D, top panel, lane 1). Immunoblot staining of
AKAP-mRFP forms show equivalent expression of each
component, and Ponceau staining detected proteins in cell
lysates (Fig. 7D, lower panels). Quantification of three inde-
pendent experiments was conducted by densitometry (Fig. 7, E
and F). Collectively, these findings show that the YA motif is a
key determinant for smAKAP interaction with RIa. Further-
more, replacement of this motif with the corresponding
sequence on AKAP79 is not sufficient to switch smAKAP-
binding preference toward the type II PKA.

Functional analyses of AKAP79FAAF action

Adrenal Cushing’s syndrome is a disease of cortisol hyper-
secretion often caused by somatic mutations in the PKA cat-
alytic subunit (77, 78). Cushing’s mutations prevent
incorporation of PKAc into AKAP signaling islands (79, 80).
To test the consequences of biased RI signaling in a physio-
logical context, we monitored the ability AKAP79FAAF to
impact stress hormone release from adrenal cells (Fig. 8A).
PKAc-W196G is a recently identified Cushing’s kinase that
preferentially associates with RI (81). Hence, PKAcW196G is
favorably recruited to type I AKAP signaling islands (81). We
J. Biol. Chem. (2025) 301(5) 108480 9



Figure 6. AKAP79 PKA preference switch. A, full-length GFP-tagged AKAP79WT, AKAP79FA, AKAP79AF, and AKAP79FAAF mutants were immunoprecipitated
from HEK293T cells, and RI and RII coprecipitation was analyzed via immunoblot. Antibody incompatibility caused the detection of an IgG band above the RI
bands (top panel). Only AKAP79FAAF precipitates RI. Both AKAP79FA and AKAP79FAAF show reduced RII binding. B, quantification of RI pulldown bands,
normalized to background. AKAP79FAAF has a band intensity 3.55 times higher than the other mutants. C, quantification of RII pulldown by AKAP mutants.
Data are shown as mean ± SD. One-way ANOVA with Tukey’s multiple comparisons test: *p < 0.05. N-terminal helices contribute to reduced RII binding. D
and E, DG contributions of AKAP helical amino acids from molecular dynamics (MD) experiments. Residues colored on a gradient from blue (more negative
DG; stronger binding) to magenta (more positive DG; weaker binding). AKAP79FAAF shows a switch in preference from RIIa to RIa. F and G, representative
FRAP recovery curves of AKAP79WT (F) and AKAP79FAAF (G) bound RIa (gold) and RIIa (silver). FRAP curves displayed as mean ± SEM (n = 50). Mean ± SD
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reasoned that expression of AKAP79FAAF should sequester
type I holoenzymes away from mitochondrial PKA substrates
that drive stress hormone biosynthesis (Fig. 8A).

ATC7L mouse adrenal cells infected with bicistronic lenti-
viral vectors expressing PKAcW196G/BFP tonically produce
corticosterone (the murine cortisol analog) (81). These cell
lines were co-infected with lentiviral vectors encoding either
AKAP79WT/GFP or AKAP79FAAF/GFP. Populations of double
fluorescent cells were sorted via FACs. Corticosterone levels
were measured by ELISA assay and normalized to total protein
content. These hormone measurements revealed that
AKAP79FAAF reduced corticosterone levels by 61.5 ± 0.8% (n =
3) as compared to the WT anchoring protein (Fig. 8B). Thus,
introduction of AKAP79FAAF helix in the context of the full-
length anchoring protein is sufficient to promote type I PKA
signaling inside cells.
Discussion

This report charts the emergence of AKAPs and amino acid
determinants that confer anchoring selectivity toward the type
I or type II PKA holoenzymes. Phylogenetic analyses presented
in Figure 1 indicate that the first AKAPs appear around the
advent of the RI⍺ and RII⍺ subunits. Hence the formation of
primordial R/AKAP interfaces paved the way for compart-
mentalization of the catalytic subunits of the kinase (1). The
ancestral anchoring proteins OPA1, dAKAP2, and AKAP28
are present in Porifera. These sea sponges are sessile filter
feeders bound to the seabed (82). They lack nervous systems,
have an extremely simple cellular organization, but contain
mitochondria and primary cilia (83). Hence mitochondrial
tethering of PKA may be the seminal signaling roles for OPA1
and dAKAP2. In contrast, the principal function of AKAP28 in
simple organisms is less clear. This anchoring protein gained
biological roles during metazoan development as mammalian
AKAP28 orthologs fulfill dual signaling and architectural roles
in motile cilia and flagella. This is because AKAP28 is equally
adept at interfacing with the R subunits of PKA and other
classes of D/D domain–containing proteins (41, 84). This
latter cohort of “R1D2 and R2D2” proteins include ROPN1L,
SPA17, and CAYBR. They utilize the AKAP–D/D interface to
build structural integrity into motile cilia and coordinate
flagellar motility (41, 84). Circumstantial support for the
broader architectural role of AKAP28 comes from sequence
alignment data presented in Fig. S1. This anchoring helix is
noticeably less conserved as compared to OPA1 and dAKAP2.
This may allow AKAP28 to accommodate its broader reper-
toire of D/D domain protein-binding partners.

The explosion of AKAPs in the vertebrate clade highlighted
in Figure 1 coincides with the increasing complexity of cellular
processes. Interestingly, this is not an example of divergent
evolution, as AKAPs do not originate from a single ancestral
recovery half-time values included. H and I, recovery half-times from three repl
AKAP79FAAF (brown). I, RIIa recovery half times from AKAP79WT (gray) and AK
experiments. J, RIa rate constants from AKAP79WT (tan) and AKAP79FAAF (brow
are presented as mean ± SD (n = 3). Student’s t test: ***p < 0.0005, ****p <
gene. Rather the parallel appearance of fourteen AKAPs at the
base of the vertebrate clade argues that introduction of the
PKA anchoring helix was an advantageous feature to enhance
partitioning of cAMP signaling (1). Accordingly, anchoring
proteins that coordinate PKA signaling at plasma membranes
(AKAP18), mitochondria (SKIP), cytoskeleton (ERM proteins),
perinuclear membranes (mAKAP), centrosomes (Yotiao/
AKAP350), and vesicles (AKAP220) emerged simultaneously
(Fig. 1). A later development was the appearance of RIb and
RIIb isoforms. These regulatory subunits are enriched in the
central nervous system and organize complex behaviors such
as excitatory synaptic transmission and molecular elements of
learning and memory (60, 85, 86). Anchoring proteins such as
MAP2 and AKAP79 appeared to accommodate these neuronal
roles. These AKAPs cluster groups of second messenger ki-
nases and phosphatases to sustain bidirectional regulation of
key phosphorylation events in synaptic dendrites and axons
(21). Another feature of the AKAP expansion is the use of
alternative splicing to generate differentially compartmental-
ized AKAP families. The mammalian AKAP2 and AKAP7
genes encode families of anchoring proteins called AKAP-KL
and AKAP18, respectively. While AKAP-KL family members
exhibit tissue-specific expression, the AKAP18 isoforms utilize
different targeting motifs to sequester short and long isoforms
at the plasma membrane, sarcolemma, and nucleus (18, 87).
These adaptations expand the organellar scope and multi-
plicity of compartmentalized PKA action (3). Another notable
development was the emergence of the type I PKA selective
anchoring proteins SKIP, GRP161, and smAKAP (Fig. 1).
These anchoring proteins appeared simultaneously with type
II selective MAP2 and AKAP-lbc, followed by the later arrival
of AKAP79/150. Hence local PKA isotype selective signaling
had diverged by the appearance of mammals. One advantage
may be to exploit the fourfold greater sensitivity for cAMP of
RI as compared to RII. Consequently, type I PKA responses
would be prolonged within AKAP signaling islands maintained
by SKIP, GRP161, and smAKAP (88).

Systematic investigation of the smAKAP and AKAP79 he-
lices was performed on these prototypic type I and type II
selective anchoring proteins. Both anchoring proteins are
amenable to the use of TIRF microscopy as an analytical tool
to track protein dynamics at the plasma membrane that is
more sensitive than most biochemical approaches (89). As
anticipated, FRAP measurements presented in Figure 3 F and
H indicate that smAKAP and AKAP79 exhibit clear prefer-
ences for their favored R subunit–binding partner. Phyloge-
netic analyses presented in Figure 4 prompted additional FRAP
studies to compare the dynamics of AKAP79 and AKAP150
orthologs. These latter experiments investigate a long recog-
nized genetic curiosity. Certain rodent and bird AKAP5 gene
products encode proteins of differing molecular weights that
correspond to AKAP79 and AKAP150 (57, 90). The larger size
icate FRAP experiments. H, RIa recovery half times from AKAP79WT (tan) and
AP79FAAF (slate). J and K, recovery rate constants from three replicate FRAP
n). K, RIIa rate constants from AKAP79WT (gray) and AKAP79FAAF (slate). Data
0.0001.
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Figure 7. The amino terminal aromatic motif is necessary for smAKAP
interaction with RI. A and B, models depicting the anchoring helix of
smAKAP WT (orange side chains) and the smAKAPLL mutant (magenta side
chains). Full-length mRFP-tagged AKAP79, smAKAP, and smAKAPLL were
immunoprecipitated from HEK293T cells. C, coprecipitation of RI (top) or RII
(upper) was analyzed by immunoblot. Only smAKAP precipitates with RI.
Neither smAKAP or the LL mutant interact with RII. Coprecipitation of RII
with WT AKAP79 served as a loading control. Molecular weight markers and
loading controls are indicated. D, full-length mRFP-tagged AKAP79, smA-
KAP, and smAKAPLL were immunoprecipitated from HEK293T cells. Top:
interaction with RII was assessed by RII overlay. Mid: immunoblot detection
of AKAP-RFP confirmed equivalent levels of each anchoring protein. bot-
tom: ponceau staining demonstrated protein expression of cell lysates.
Molecular markers are indicated. E and F, quantification of (E) RI copreci-
pitation and (F) RII overlay with AKAP variants from three independent
experiments. Data are shown as mean ± SD. One-way ANOVA with Tukey’s
multiple comparisons test: **p < 0.005, ****p < 0.0001.
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of AKAP150 is provided by repeat sequences that are predicted
to form a parallel beta solenoid linker (91). Remarkably, the
length, sequence, and number of repeats is different in the
passerine bird and rodent AKAP150 orthologs (Fig. 4D).
AlphaFold 3 models further predict distinct beta solenoid
configurations in AKAP150’s of bird and rodent origin
(Fig. S4-Supplement 1). The bird “hexapeptide” (DAVSVQ)
may function as a dodecapeptide repeat that adopts an oval
shaped “O-type” conformation where the upper and lower
faces of the beta solenoid are joined by linker amino acids.
Conversely, the rodent octapeptide (VGQAEEAT) repeat as-
sumes a triangular “T-type” helix, with a 4-amino acid beta
sheet and a 4-residue linker per face of the triangle. Modeling
studies presented in Figure 5 suggest that the positioning of
the beta solenoid in AKAP150 limits the flexibility of the
anchored PKA holoenzyme to extend the distance between
PKAc subunits. This elongated topology remains within the
200 to 400 Å range of motion calculated for active and intact
PKA holoenzymes (10, 92). Structural and functional studies
will be necessary to confirm or refute this intriguing postulate.

Bioinformatic and biophysical data presented in Figures 2 and
5 highlight the conservation of FA or YA dipeptides at positions
1 and 2 in AKAP helices as determinants for RI anchoring. This
is perhaps most evident in the alignment of six consensus RI
anchoring logos presented in Fig. S2-Supplement 1. This shows
that this dipeptide is almost invariant in orthologs of the RI
selective anchoring proteins smAKAP, SKIP, and AKAP3 (93,
94). The aromatic side chains phenylalanine or tyrosine are
equally tolerated at position 1 with alanine being almost
invariant at the second position. Interestingly, the synthetic RI
selective anchoring disruptor peptide RIAD contains a YA motif
albeit in the second turn of the amphipathic helix (12, 29, 95).
Structural modeling indicates that the FA motif interfaces with
short flanking helixes that are unique to the docking and
dimerization domain of RI. Tandem type I PKA selective helices
have been identified in the mitochondrial anchoring protein
SKIP (Fig. 2 and Supplements 1 and 2 (93)). Further evidence to
support the importance of the FA motif as an RI anchoring
determinant is provided by data in Figure 7 showing thar
replacement of this dipeptide with a corresponding region in
AKAP79 abolishes interaction with RIa. The FA motif is also
conserved in the distal PKA anchoring helix (residues
1633–1646) of AKAP220 (96, 97). This region exhibits selec-
tivity for RI whereas the proximal site on AKAP220 (residues
610–623) only anchors type II PKA (96). Thus, AKAP220 and
SKIP represent a unique class of anchoring proteins that
sequester multiple PKA holoenzymes to amplify cAMP re-
sponses at vesicles and mitochondria, respectively.

Amalgamated sequence alignments of AKAP helices from
recognized RI and RII anchoring proteins presented in Figure 2
and 2B emphasize different regions of conservation. Although
hydrophobic pairs are conserved in both consensus logos,
alignments of type I selective AKAPs presented in Figure 2 and
Fig. S2-Supplement 1 identify another conserved hydrophobic
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Figure 8. Rescue of Cushing’s syndrome by AKAP79FAAF. A, model depicting how AKAP79FAAF restores corticosterone release in Cushing’s syndrome.
PKAcW196G is displaced from type II PKA holoenzymes, such as those bound by AKAP79WT (orange). Mislocalized PKAc drives ectopic phosphorylation of
mitochondrial substrates. Membrane relocalization of the type I holoenzyme subunit by AKAP79FAAF (magenta) separates the mutant C subunit from the
mitochondria, reducing corticosterone release. B, normalized corticosterone levels measured from ATC7L PKAcW196G cells stably expressing either
AKAP79WT (orange) or AKAP79FAAF (magenta). Data are presented as mean ± SD (n = 3). Student’s t test: **p < 0.005.
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pair at the opposite end of anchoring helix. This is particularly
evident in smAKAP where the WA/V pair at positions 17 and
18 of the helix is invariant across 219 orthologs (Fig. 2E).
Molecular dynamic simulations presented in Figure 5E suggest
that RI binding to FA motifs contact the flanking helices of RI.
The analogous WA/V pair may contribute to similar contacts.
These residues help to guide the positioning of side chain de-
terminants dispersed along the hydrophobic face of the AKAP
amphipathic helix. Such an induced realignment enhances
preferential association of type I AKAPs with the more rigid
and disulfide bonded core of the RIa D/D domain. Another
intriguing prospect is that hydrophobic pairs at either end of
the AKAP helix may form a palindromic binding surface. These
determinants can interface with the symmetric RI D/D domain
in either a forward or backward orientation. This concept is
supported by recent evidence that the PKA-binding helix in
MAP2 can complex with the R subunits in either an N to C or
C to N orientation (98). Also, residues proximal to the
anchoring helix may further contribute to R subunit in-
teractions. For example, hydrophilic anchor points outside the
core AKAP18–RIIa interface contribute to PKA anchoring
whereas a nonnatural linear segment of a peptide that disrupts
the AKAP function of PI 3 kinase g is being developed as a
therapeutic for cystic fibrosis (99, 100). These latter examples
suggest possible variation as to how AKAPs utilize their
anchoring helices to bind R subunits.

Hypercortisolism is a pathological consequence of somatic
mutations in PKAc that drive adrenal Cushing’s syndrome
(77). We took advantage of PKAcW196G, a Cushing’s kinase
that only associates with RI to test the functionality of
recruitment into type I AKAP signaling islands (81). Data
presented in Figure 8 shows that introduction of FA and AF
pairs at opposite ends of the AKAP79 helix not only switches
binding preference toward RIa but reduces stress hormone
production in adrenal cells expressing PKAcW196G. These cell-
based studies illustrate how modification of only a few side
chains have profound effects on PKA subtype–binding pref-
erence in the context of a full-length anchoring protein. This
may be particularly important for type I AKAPs as accumu-
lating evidence indicates that RIa is elevated in certain endo-
crine disorders, heart disease, and cancers (101–104). A logical
next step is to test if PKA association with type I AKAPs is
strengthened under pathological conditions to create venues
for aberrant cAMP signaling.
Experimental procedures

Evolutionary analysis of AKAPs

AKAP and PKA orthologs were acquired through clustered
NCBI BLAST searches on the human isoform of each protein.
Nonmetazoan orthologs were acquired in tandem with non-
clustered BLAST searches excluding the metazoan taxa. The
search size limit was set to 1000 sequences to ensure coverage
of orthologs. The raw sequences from the blast search were
then curated by removing any sequences labeled “hypotheti-
cal,” “low quality,” “predicted,” or sequences attributed to
different proteins than the target of the search. Finally, the
presence of a D/D domain for PKA regulatory subunits and
the amphipathic helix for AKAPs was determined, and pro-
teins lacking either motif were excluded.

The collections of protein orthologs were aligned in Mega11
using the MUSCLE algorithm or CLUSTALu (the alignment
with the fewest gaps was used). Aligned sequences were then
fed into the phylogenic tree generating tool IQTREE on the
CIPRES gateway for the construction of maximum likelihood
phylogenetic trees. Trees were visualized using the Interactive
Tree of Life server.

Cladograms were generated by including nodes which
contain high-quality orthologs of examined proteins. These
were placed on a tree which traces the evolutionary
J. Biol. Chem. (2025) 301(5) 108480 13
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relationships between metazoans. The last common ancestors
are represented by the root point.

Selected protein-interaction domains on AKAPs were iso-
lated to make conservation logos of the amino acids contained
in each motif using the program Weblogo. Larger letters
represent greater degrees of conservation.

FRAP experiments

WT U2OS cells were cultured in Dulbecco’s modified Ea-
gle’s medium (DMEM, Gibco) with 10% fetal bovine serum on
35 mm glass bottom culture dishes (Mattek) at a starting
density of 100,000 cells/dish. Cells were cotransfected with an
iRFP-tagged regulatory subunit (RIa or RIIa) and an mRFP-
tagged AKAP 48 h before imaging using TransIT-LT1
(Mirus) in Opti-MEM (Life Technologies) according to man-
ufacturer’s instructions. Media was replaced with HBSS media
prior to imaging. Imaging was performed on a Deltavision
OMX using a 60× TIRF objective lens and immersion oil with
a refractive index of 1.522.

FRAP experiments were conducted on the Cy5 channel,
with an excitation wavelength of 640 nm, an exposure time of
21 ms, and a transmittance (%T) of 80% in TIRF mode. FRAP
videos had a frame rate of 500 ms and a duration of 45 s.
Photobleaching on spot mode occurred 2 after 2 baseline
frames and lasted for one frame. The photobleach duration
was 50 ms at 80% power. Ninety one frames in total were
collected. FRAP videos were not deconvolved or in any other
way processed prior to analysis and quantification.

FRAP video analysis

Bleach spots, whole cell area, and background were
measured in ImageJ (FIJI) with a 2.022 micron diameter circle
on each frame of the video. These were collected into 50 sets of
measurements per experiment. These sets were uploaded to the
EasyFRAP server, which performed background normalization,
background photobleaching correction, and normalization of
the curves (“double normalization”). The points of each FRAP
recovery curve (n = 50) were then displayed in GraphPad
Prism. Analysis of each curve was performed by deleting the
prebleach points and performing a one phase association
curve-fit equation Y ¼ Y0þðPlateau − Y0Þ ⋅ ð1 − e−KxÞ. The
rate constants (s-1) and recovery half-times were collected in
bar graphs to compare differences in AKAP anchoring of reg-
ulatory subunits.

Protein modeling

Predictive protein models were generated using the Alpha-
fold3 server (Google DeepMind). Representative models were
chosen based on agreement of the five models provided, as
well as agreement with known elements of protein structure
(when available). Models were colored and positioned using
Pymol 3.1 (Schrödinger).

Molecular dynamics

To assess mutations that would confer RI affinity to
AKAP79, we performed molecular dynamics simulations using
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Amber23 on AKAP–D/D domain complexes. The solution
NMR structure of AKAP79 bound to the Rattus norvegicus
RIIa D/D domain [PDB: 2H9R] and the co-crystal structure of
human smAKAP bound to the Bos taurus RIa D/D domain
[PDB:5HVZ] were the starting structures for mutant genera-
tion. The crystal structures were first processed using the
module pdb4amber, which removes water, ions, and hydro-
gens from the PDB structures, and designates cysteines that
form disulfide bridges. Mutagenesis on the AKAP helices was
performed using the program scwrl4. AKAP79 and RI mutants
were created with emphasis on keeping the hydrophobic an-
chor points aligned with corresponding positions of the
smAKAP helix. Both WT and mutant structures were then
parameterized using the LEAP module of Amber, using the
protein force field ff19sb and the water force field “optimal”
three-charge, four-point rigid water model (OPC). Protein
negative charges were neutralized with sodium ions, then
solvated in a 12.0 Å octahedral solvent box; then both sodium
and chloride ions were added to achieve a physiological salt
concentration of 150 mM.

MD simulations were performed using the Amber module
pmemd. The proteins were equilibrated by running two
minimization runs, first with no bond restraints and then with
restraints on hydrogen bonds. Each minimization starts with
the steepest descent method and for 1000 cycles and then
switches to conjugate gradient descent. Step size after both
minimizations is 2 femtoseconds. Heating occurred over 50 ps
from 0 K to 300 K using Langevin dynamics and H-bond re-
straints. Pressure was raised to 1 bar over 50 ps using the
Berendsen barostat while maintaining temperature at 300 K
with H-bond restraints. Equilibration occurred over 500 ps
with no restraints on H-bonds, at 300K and 1 bar. The output
files were processed in cpptraj to assess total energy, density,
temperature, and backbone RMSD.

Output coordinate files from the equilibration were used to
perform production runs on pmemd. Four identical unre-
strained MD production simulations were performed
sequentially for 8 ns with a step size of 2 fs, using the pressure
and temperature conditions as the equilibration run with
trajectories being sampled every 10 ps. Simulations were
combined, and trajectories were processed using MMPBSA.py
using Poisson Boltzmann models to measure the binding free
energy of the complex and then to break down the energetic
contribution of individual amino acids. In Pymol 3.1 (Schrö-
dinger), the per-residue binding energy of each AKAP helix
amino acid was normalized to highlight the influence of each
sidechain and mapped onto a gradient of blue to magenta
(with blue representing a more negative DG and magenta a
more positive DG) and used to color the individual amino
acids of the AKAP helix according to binding free energy.
Generation of AKAP79 mutants

The AKAP79 FA, AF, FAAF mutants were generated from a
human 10xHIS-AKAP79-EGFP N1 construct cloned in with
HindIII (NEB) and AgeI (NEB) followed by site-directed Phu-
sion mutagenesis with the following primers (FA mutant
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forward primer- AATATGAAACATTCGCAATTGAAA-
CAGCCTCTTCTCTAG, reverse primer- GTTCTGAAGTT
CTATCCTCAAAACCATTATCATTAG, AF mutant forward
primer- GTTAATGAAATGGCCTCTGATGATAATAAAA-
TAAAC, reverse primer- CAGCTGTTCAAATGCCAACT-
GAATAG, and FAAF mutant forward primer- CGTT
ATCCTCGAACTGCTGCATAGACTGAGC, reverse primer-
CAGCTGTTCAAATGCCAACTGAATAG). PCR was run for
25 cycles using Phusion Plus Green master mix at a TM of
60 �C (Thermo Fisher Scientific) with 1.6 ng of template DNA
and 0.4 ml of 10 mM forward and reverse primers each.
Methylated parent plasmid DNA was digested with the re-
striction enzyme DPNI (NEB) for 1 h at 37 �C, then linear
DNA was phosphorylated with T4 polynucleotide kinase
(NEB) for 30 min at 37 �C and ligated with T4 ligase (NEB)
before transformation into GC10 chemically competent cells
(Genessee Scientific). mRFP and iRFP fusion plasmids were
simultaneously generated through restriction cloning of the
AKAPs into the mRFP and iRFP backbones using AgeI (NEB)
and HindIII (NEB).

Cell culture and generation of lentiviral lines

U2OS cells were maintained in culture using DMEM
(Gibco) with 10% FBS (Thermo Fisher Scientific) at 37 �C and
5% CO2. For FRAP experiments, U2OS cells were transiently
cotransfected with fluorescently tagged AKAP and R subunit
constructs using TransIT-LT1 (Mirus) in Opti-MEM (Life
Technologies) according to manufacturer’s instructions.

WT and FAAF AKAP79 N1 constructs were used to
generate AKAP79WT/FAAF pSMAL lentiviral plasmids using
Gateway cloning (Invitrogen) in STBL3 cells (Thermo Fisher
Scientific). Viral particles were produced in HEK293T cells via
cotransfection of the pSMAL constructs, PMD2.G, and
psPAX2 (gifts from Didier Trono; Addgene plasmid #12259
[RRID:Addgene_12259] and plasmid #12260 [RRID:Addg-
ene_12260]) with lipofectamine 2000 (Invitrogen). Viral par-
ticles were collected and spin concentrated using PEG-IT
(System Biosciences). ATC7L PKACW196G pSMALB cells
were transduced with 10, 50, 200, and 500 ml concentrated
viral particles using 1 mg/ml polybrene (Santa Cruz). Green
fluorescence was monitored on a Keyence BZ800 microscope,
and the 500 ml virus condition cells were chosen due to robust
expression. The cells were then sorted on a BD FACS ARIA III
for expression of both BFP (PKACW196G) and GFP
(AKAP79WT/FAAF). Cells were treated with 1 nM ACTH
(Sigma-Aldrich) in dimethyl sulfoxide (Thermo Fisher Scien-
tific) after sorting to promote even expression of corticoste-
rone biosynthesis proteins. ATC7L cell lines were maintained
in culture using DMEM/F12 (Cytiva) with 1× ITS supplement
(Sigma Aldrich), 2 mM l-glutamine (Cytiva), 5% horse serum
(Life Technologies), and 5% fetal bovine serum (Thermo
Fisher Scientific) and maintained at 37 �C and 5% CO2.

Immunoprecipitations

Cell lysates were prepared from HEK293 cells transfected
with 1 mg of AKAP79WT/FA/AF/FAAF-EGFP N1 using HSEF lysis
buffer containing 0.5% Triton X-100 (Sigma-Aldrich), 150 mM
NaCl (Thermo Fisher Scientific), 20 mM NaF (Sigma-Aldrich),
2 mM EDTA (Sigma-Aldrich), and 50 mM tris (pH 7.5 at 4 �C)
(Thermo Fisher scientific) along with 1 mM 4-(2-aminoethyl)
benzenesulfonyl fluoride (Sigma-Aldrich), 10 mM leupeptin
(Sigma-Aldrich), and 1 mM benzamidine (Sigma-Aldrich).
Lysates were incubated for 10 min on ice and then spun at
15,000g for 10 min at 4 �C. Protein concentration was
measured by BCA (Thermo Fisher Scientific) and lysates were
diluted to 1 mg/ml using lysis buffer. Samples (500 ml) were
precleared by rotating with 20 ml of protein G agarose
(Thermo Fisher Scientific) (50% in lysis buffer) for 1 h at 4 �C.
Supernatants were then incubated with 1 mg of goat anti-GFP
antibody (Rockland) for 16 h. Thirty microliters of protein G
agarose (50% in lysis buffer) was then added, and samples were
returned to rotation for 1 h. Beads were washed with HSEF
lysis buffer, centrifuged for 1 min at 6000g and 4 �C three
times, and the buffer was aspirated with a 27-gauge needle
before resuspending in 1 × lithium dodecyl sulfate poly-
acrylamide gel electrophoresis sample buffer (Thermo Fisher
Scientific) (3% b-mercaptoethanol (Sigma-Aldrich), final) and
heating at 85 �C for 10 min. IP lanes were paired with input
conditions made from the same lysate, with the volume
adjusted to load 30 mg of protein per condition and heated
alongside IP samples. Samples were run on Bolt 4 to 12% Bis-
Tris Plus gels (Invitrogen). Proteins were transferred onto
nitrocellulose for immunoblotting and probed with a-PKA RIa
rabbit (Cell Signaling), a-PKA RIIa mouse (BD), or a-GFP
rabbit (Life Technologies) primary antibodies. Detection was
achieved with HRP-conjugated mouse and rabbit secondary
antibodies (GE Life Sciences), followed by treatment with
SuperSignal West Dura Extended Duration Substrate (Thermo
Fisher Scientific) and imaging on an iBright FL1000 gel im-
aging system (Invitrogen). Densitometry was performed using
NIH ImageJ (FIJI) software. Band intensity was normalized to
total protein loading via ponceau stain. Figures are represen-
tatives of three experimental replicates.

Corticosterone measurements

Cells were washed in PBS (Cytiva) and the media was
replaced with DMEM/F12 (no supplements) (Cytiva) 24 h
before harvest. Media samples were snap-frozen prior to
analysis. Cells were lysed in HSEF lysis buffer and protein
levels were measured via BCA (Thermo Fisher Scientific).
Media samples were diluted and subjected to measurement
using Corticosterone ELISA kits (Cayman). The absorbance of
three replicates per sample was measured using a plate reader.
Data was fit to a standard curve. Measurements were
completed in three separate biological replicates. Measure-
ments were first normalized to protein concentration and then
to the control for each replicate.

Statistical analysis

Statistical analyses were performed in GraphPad Prism us-
ing either two-tailed Student’s t-tests (for comparisons of two
groups) or one-way ANOVAs with Tukey’s multiple
J. Biol. Chem. (2025) 301(5) 108480 15
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comparison test (for comparisons of more than two groups).
The number of measurements (n) is provided on representa-
tive FRAP timecourses and number of independent experi-
ments (n) is provided on graphs of combined data.

https://bio-protocol.org/eLIFErap52220?item=s4-16.

Sample size and replicates

The sample size was not experimentally determined. For
photobleaching experiments (Figs. 3, 5, and 6), n = 50 mea-
surements were conducted across n ≥ 3 independent experi-
ments. For both the immunoprecipitation (Fig. 6) and
corticosterone (Fig. 7) experiments, n = 3 separate experiments
were conducted.

Data availability

All data generated during this study are included in this
manuscript.

Supporting information—This article contains supporting
information.
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