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Significance

There is increasing interest in the 
ability of proteins involved in cell 
adhesion to convert mechanical 
force into altered biochemistry. 
Cellular signal transduction is 
most often conducted through 
multiprotein scaffolds that 
consolidate, localize, and specify 
signaling inputs and outputs. This 
report bridges these fields by 
identifying an interaction between 
talin, a mechanosensitive 
adhesion protein, and PKA, a 
pleiotropic kinase with myriad 
cellular targets. Together, these 
observations form the foundation 
for a mechanotransduction 
pathway that utilizes force-
dependent changes in protein 
conformation to establish a 
solid-state signaling complex well 
positioned to couple cellular 
tension to cellular communication.
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Protein kinase A (PKA) is a ubiquitous, promiscuous kinase whose activity is specified 
through subcellular localization mediated by A-kinase anchoring proteins (AKAPs). 
PKA has complex roles as both an effector and a regulator of integrin-mediated cell 
adhesion to extracellular matrix (ECM). Recent observations demonstrate that PKA is 
an active component of focal adhesions (FA), suggesting the existence of one or more 
FA AKAPs. Using a promiscuous biotin ligase fused to PKA type-IIα regulatory (RIIα) 
subunits and subcellular fractionation, we identify the archetypal FA protein talin1 
as an AKAP. Talin is a large, mechanosensitive scaffold that directly links integrins to 
actin filaments and promotes FA assembly by recruiting additional components in a 
force-dependent manner. The rod region of talin1 consists of 62 α-helices bundled into 
13 rod domains, R1 to R13. Direct binding assays and NMR spectroscopy identify 
helix41 in the R9 subdomain of talin as the PKA binding site. PKA binding to helix41 
requires unfolding of the R9 domain, which requires the linker region between R9 and 
R10. Experiments with single molecules and in cells manipulated to alter actomyosin 
contractility demonstrate that the PKA–talin interaction is regulated by mechanical 
force across the talin molecule. Finally, talin mutations that disrupt PKA binding also 
decrease levels of total and phosphorylated PKA RII subunits as well as phosphorylation 
of VASP, a known PKA substrate, within FA. These observations identify a mechanically 
gated anchoring protein for PKA, a force-dependent binding partner for talin1, and a 
potential pathway for adhesion-associated mechanotransduction.

mechanotransduction | talin | protein kinase A | signaling | cell adhesion

The cAMP-dependent protein kinase (protein kinase A; PKA) is the major receptor for 
the second messenger cAMP and is responsible for regulating myriad physiological and 
cellular processes. PKA is a heterotetrameric enzyme consisting of a dimer of regulatory 
(R) subunits that binds and sequesters two catalytic (C) subunits until cAMP binding to 
the R subunits causes C subunit release and activation (1). PKA is ubiquitous, with hun-
dreds of substrates associated with numerous distinct signaling pathways and cellular 
functions throughout the cell (2), leading to an abiding challenge and effort to understand 
how specificity in PKA signaling is achieved.

A significant literature establishes that, despite its ubiquity, PKA and its activity are 
highly localized within cells (3–5). While PKA C subunits were classically thought to 
freely diffuse from cAMP-bound R subunits (1), recent impactful work supports a more 
restrained radius of activity through either maintenance of an intact, catalytically active 
tetrameric holoenzyme (6, 7) or restricted release and recapture of the C subunit (8, 9). 
Importantly, PKA activity is also localized through interaction (predominantly of type-II 
R subunits) with A-kinase anchoring proteins (AKAPs) that physically and functionally 
assign PKA to discrete subcellular niches (4, 10). AKAPs comprise a large, growing, and 
functionally diverse family of proteins with two common structural features: an amphi-
pathic α-helix that mediates binding to R subunit dimers with nanomolar affinity and a 
complement of unique domains that specify distinct subcellular localization. In addition 
to anchoring PKA, AKAPs often scaffold substrates and regulators of PKA as well as other 
signaling proteins (4, 10). Thus, AKAPs mediate assembly and localization of discrete 
subcellular signaling nodes for PKA and allow this single kinase to participate in multiple, 
spatiotemporally distinct cellular processes.

Importantly, AKAP-mediated localization of PKA activity has been shown to regulate 
various aspects of cell migration (11–13). For example, PKA activity is enriched in the 
leading edge in a manner that requires both anchoring and actomyosin contractility 
(14–16). PKA has also been shown to be both a complex regulator and effector of 
integrin-mediated adhesion to the extracellular matrix (ECM) (11, 17–23), although the 
underlying molecular mechanisms are not fully understood. Recently (24), we reported 
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the presence of PKA subunits, activity, and novel substrates within 
focal adhesions (FAs), dynamic, multiprotein junctions formed 
between the cytoplasmic tails of ECM-bound integrins and actin 
microfilaments (25). This positioning means that FAs are subject 
to actomyosin-generated mechanical forces that alter the confor-
mation of various FA components and thus regulate FA compo-
sition and dynamics (26–28). In addition to their structural role, 
FAs are solid-state signaling centers that scaffold kinases, phos-
phatases, and other enzymes to transmit and control the state of 
integrin-mediated cell adhesion and mechanosensing (26–29). 
Central to this mechanosensitive machinery is the protein talin, 
which directly couples integrins to F-actin (30, 31). The C terminus 
of talin is an extended rod comprised of 62 α-helices arranged in 
13 modular bundles, R1 to R13, that serve as force-dependent 
switch domains by opening and closing in response to small 
changes in contractility, thereby recruiting and displacing a myriad 
of interacting proteins enabling talin to serve as a mechanosensi-
tive signaling hub (31). While many proteins have been identified 
that bind to the folded switch domains, only vinculin has been 
reported to bind to the unfolded domains, as its binding requires 
exposure of cryptic vinculin binding sites, comprising single 
amphipathic helices where the epitope is buried within the folded 
rod domain (32–34).

The functional connections between PKA and cell adhesion 
(11, 13), the presence of PKA subunits and activity within FAs 
(24), and the precept that AKAPs establish and colocalize with 
PKA activity microdomains (35) led us to search for potential 
AKAPs within FAs. In this study, we identify that PKA binds 
directly to an α-helix in talin that is cryptic and exposed only when 
the R9 domain unfolds, establishing talin as a mechanically gated 
AKAP and PKA as a mechanically gated signaling partner for talin.

Results

Identification of PKA RIIα-Binding Proteins in FA. As a preliminary 
test for the presence of AKAPs in FA, whole-cell extracts (WCE) 
and isolated focal adhesion cytoskeletal (FACS) fractions were 
analyzed using an RII overlay assay (36), a blotting method 
in which a purified recombinant V5 epitope-tagged docking/

dimerization domain of PKA RIIα (RIIα-D/D) is used in place of 
a primary antibody, allowing detection of AKAP–RIIα interactions 
using anti-V5 secondary antibody. Both whole cell extracts and 
isolated FACS fractions exhibited broad RIIα-binding activity over 
a wide range of molecular weights (SI Appendix, Fig. S1) that was 
significantly diminished by Ht31, an AKAP-derived peptide that 
binds to PKA R subunit D/D domains and thus competitively 
inhibits PKA–AKAP interactions (36), but not by the inactive 
control peptide Ht31p. These observations indicate the presence 
of AKAPs in FACS fractions.

To identify potential FA AKAPs, we used proximity-dependent 
biotinylation catalyzed by a V5 epitope-tagged miniTurbo (mTb) 
biotin ligase (37) attached to the C terminus of PKA RIIα. The mTb 
ligase biotinylates proteins in a ~35 nm radius (37), so we hypothe-
sized that RIIα-mTb would biotinylate AKAPs and proximal 
AKAP-associated proteins (Fig. 1A). Expression of V5-RIIα-mTb 
resulted in robust protein biotinylation in a manner dependent on 
exogenous biotin (SI Appendix, Fig. S2A) and with a pattern quite 
distinct from that catalyzed by ER-mTb, a well-characterized mTb 
targeted to the ER membrane (37). To increase experimental control 
of biotin labeling, we generated a stable line of U2OS cells in which 
the expression of V5-RIIα-mTb and consequent biotinylation are 
controlled by a doxycycline-inducible promoter (Fig. 1 B and C). 
Importantly, induced expression of V5-RIIα-mTb did not suppress 
bulk PKA activity (SI Appendix, Fig. S2B). Moreover, V5-RIIα-mTb, 
like endogenous RIIα subunits (24), was present in isolated FACS 
fractions (Fig. 1D) and catalyzed biotinylation of FACS proteins 
(Fig. 1E). Thus, FACS fractions from RIIα-mTb-expressing cells (or 
uninduced control cells) were collected and biotinylated proteins 
were isolated using streptavidin beads then characterized by 
LC–MS/MS-based proteomics (Fig. 1F). A total of 326 proteins were 
present either exclusively or at least fivefold higher in doxycycline- 
induced vs uninduced samples (Fig. 1G and Dataset S1). This list 
was narrowed as shown in Fig. 1G. Briefly, we excluded proteins not 
present in the “meta-adhesome” [a compilation of FA proteomic 
datasets (28, 38–41)], leaving 230 hits, and further refined this list 
by selecting proteins in the more exclusive “consensus core adhesome” 
(28), comprising proteins common to all published FA proteomes. 
This list of 18 hits was then compared to a list of in silico predicted 

Fig. 1.   Proximity-dependent biotin labeling reveals potential focal adhesion AKAPs. (A) Schematic of the approach, using the miniTurbo (mTb) biotin ligase 
fused to PKA RIIα to biotinylate AKAPs and associated proteins (AP). (B and C) U2OS cells stably expressing V5-tagged PKA RIIα-mTb under a doxycycline-inducible 
promoter were induced (+Dox) and labeled with biotin. Lysates were analyzed by blotting with the indicated antibodies (B) or streptavidin-conjugated HRP (SA-
HRP; C). (D and E) Whole cell extracts (WCE) or focal adhesion/cytoskeleton (FACS) fractions made from Dox-induced cells were immunoblotted with the indicated 
antibodies (D) or SA-HRP (E). (F) Schematic of the FA AKAP screening protocol. (G) Bioinformatic pipeline for vetting candidate FA AKAPs. Hits from proteomic 
analysis were initially screened for inclusion in a combined “meta-adhesome” then for inclusion in the consensus core adhesome, and for the presence of a 
high-scoring, in silico–predicted potential AKAP motif. The only surviving hit was talin1.D
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AKAPs (42) generated by algorithmic scanning and scoring of protein 
sequences for homology to the degenerate PKA RIIα binding motif 
(SI Appendix, Fig. S5). For this stringent comparison, only proteins 
with a MAST [Motif Alignment and Search Tool, MEME Suite) 
score ≤50 (a cutoff that retains >95% of known AKAPs (42)] were 
considered. The only proteins surviving this vetting were talin1 and 
talin2, two isoforms of the key regulator of integrin-cytoskeletal cou-
pling (31). Given that the number of talin1 peptides identified by 
LC–MS/MS greatly outnumbered that of talin2 (337 vs. 2; 
Dataset S1), we chose talin1 for initial investigation.

Talin1 Is an AKAP. Talin1 is a crucial FA component, binding and 
activating integrins and coupling them directly to cytoskeletal actin 
(30, 31). Talin1 also contributes to integrin-mediated adhesion 
through interaction with myriad FA and signaling proteins that 
regulate FA assembly, adhesive signaling, and mechanosensing 
(30, 31). To determine whether talin1 is indeed an AKAP, we 
directly assessed talin-PKA interaction. Talin immunoprecipitated 
from biotin-labeled, V5-RIIα-mTb-expressing cells is detectable 
by streptavidin-HRP (Fig.  2A), confirming that talin is directly 
biotinylated by RIIα-mTb and not present in the dataset due to 
indirect interaction with a biotinylated intermediate. Expression of 
an RIIα-mTb with point-mutations (I3S, I5S) known to disrupt 
RII-AKAP interactions (43, 44) significantly reduced the amount 
of both AKAP79 [a well-characterized AKAP (45)] and talin in 
streptavidin pull-downs compared to WT RIIα-mTb levels (Fig. 2B). 
Furthermore, both AKAP79 and talin coimmunoprecipitated with 
PKA RIIα-mTb under cross-linking conditions (Fig. 2C). These 
results support a close molecular interaction between talin and 
PKA RIIα but do not directly demonstrate that the interaction is 
direct—a sine qua non requirement for classification as an AKAP.

Talin1 is a large (~270 kDa) protein comprising an N-terminal 
globular head domain connected to an extensible rod domain com-
prising 62 helices arranged in 13 helical bundle domains (R1 to R13) 
with a helical dimerization domain (DD) at the C terminus (30, 
46). In silico AKAP prediction software identified four of these 62 
amphipathic helices (Fig. 2D) as putative PKA RIIα binding sites 
(42). To test whether talin interacts directly with PKA RIIα, con-
structs that divide the rod into four fragments—R1-3, R4-8, R9-12, 
and R13-DD, each containing one of the four in silico–predicted 
RIIα binding sites (Fig. 2D)—were used for recombinant protein 
expression (47) and purified fragments were analyzed by PKA RIIα 
overlay assay. Importantly, the denaturation and in situ refolding 
steps in this assay promotes refolding of individual α-helices but not 
of higher-order tertiary structures such as helical bundles (48–50). 
Strikingly, only the fragment comprising talin1 rod domains R9-12 
bound directly to both the PKA RIIα D/D domain (Fig. 2E) and 
to purified, full-length PKA RIIα (SI Appendix, Fig. S3). This inter-
action could be specifically inhibited by the Ht31 inhibitor peptide 
indicating a canonical AKAP interaction. Furthermore, the interac-
tion of talin1 R9-12 with PKA RIIα was comparable to that of the 
known AKAP, ezrin (Fig. 2F), a membrane-associated cytoskeletal 
linker (51). Taken together, these data indicate that talin1 directly 
binds PKA RIIα and establishes talin1 as a potential AKAP.

The R9 and R10 Domains of Talin1 Are Required, but Neither 
Is Sufficient, for PKA RIIα Binding. The in silico–predicted PKA 
RIIα binding motif within the R9-R12 fragment is helix 50 (h50) 
in the R11 domain (SI Appendix, Fig. S4), which shows significant 
homology to the canonical amphipathic helical motif for AKAPs 
(SI Appendix, Fig. S5). To determine whether talin h50 mediates 
binding to PKA, we mutated a key residue on the hydrophobic 
face of the helix, V2087, which would be predicted to abolish 
interaction with PKA RIIα (36). Specifically, we generated three 

mutant talin1 R9-12 fragments targeting V2087—V2087P 
introduces a helix-breaking proline [analogous to the proline 
in the inactive Ht31p control peptide (36)], while V2087S 
interrupts the hydrophobic surface of h50 and the conservative 
V2087A replaces valine with the smallest hydrophobic residue 
alanine. Surprisingly, all mutant fragments, including V2087P, 
bound PKA RIIα D/D in overlay assays (SI Appendix, Fig. S4), 
strongly suggesting that h50, despite predictions and homology, 
is not the PKA RII binding site in talin.

We reverted to an empirical approach to map the binding site, 
performing overlay assays with serial truncations of the RIIα-binding 
R9-12 fragment (Fig. 3A). Removal of R12 and R11 did not dis-
rupt talin-RIIα interaction, confirming that h50 is not the PKA 
binding site. Furthermore, while R9-10 still bound RIIα D/D, an 
isolated R9 domain did not (Fig. 3A), suggesting that R10 is essen-
tial for PKA RIIα binding. To confirm this, we performed addi-
tional overlay assays with R9-12 (ΔR10) and R10 alone (Fig. 3B). 
As expected, R9-12 (ΔR10) did not bind PKA RIIα D/D, rein-
forcing the hypothesized requirement for R10. Surprisingly, how-
ever, the R10 domain showed only very weak RIIα binding on its 
own (Fig. 3B). Together, these data indicate that the R9-10 domains 
are required for efficient binding to PKA and that neither R9 nor 
R10 alone is sufficient.

NMR Spectroscopy Reveals That Talin R9 Contains the RIIα 
Binding Site. The challenge of interpreting these RII overlay results 
prompted us to adopt a different methodology to assess the structural 
basis of the talin-PKA interaction. Thus, we used protein NMR 
spectroscopy—specifically, 1H,15N TROSY-HSQC experiments. 
HSQC spectra provide a powerful way to evaluate the structure 
of a protein, as each backbone amide gives rise to a discrete peak. 
When an unlabeled binding partner is added, changes to the spectral 
peaks can be detected. As reported previously, the NMR spectrum 
of talin1 R9-R10 shows good peak dispersion (46), and the spectra 
of the individual R9 and R10 domains overlay well indicating only 
limited interaction between the two domains [Fig. 3C and (46)]. 
Addition of unlabeled PKA RIIα D/D to 15N-labeled R9-10 talin 
fragment confirmed a direct interaction of PKA to talin1 R9-10, 
as evidenced by significant changes in the talin spectra (Fig. 3C). 
A similar experiment with talin2 R9-R10 demonstrated that both 
talins can bind PKA (SI Appendix, Fig. S6). The nature of the spectral 
changes upon talin-PKA interaction was unexpected, however, as it 
showed a dramatic loss of a subset of the signals predominantly from 
the talin R9 domain, with the signals from the R10 domain largely 
unaffected (Fig. 3C and SI Appendix, Fig. S7). Specifically, addition of 
PKA RIIα D/D to talin R9-10 caused the signals from R9 to broaden 
and decrease in intensity (Fig. 3C and SI Appendix, Fig. S7A). This 
suggests that RIIα binding to R9-10 causes R9 to unfold and adopt 
a molten globule-like state, with broadened peaks indicative of an 
unfolded bundle but lacking the strong signal intensity of a fully 
extended polypeptide. In contrast, PKA RIIα D/D had minimal effect 
on the NMR spectra of individual R9 or R10 fragments, with only 
very small chemical shift changes in R9, indicative of a very weak 
interaction but no alteration in structure (Fig. 3D) and consistent 
with the inability of individual R9 or R10 to bind PKA in overlay 
assays (Fig. 3B). These NMR analyses indicate that the PKA RIIα 
D/D binds to R9-R10 primarily on R9, and is able to unfold the R9 
domain but, intriguingly, only when attached to R10.

Helix41 in Talin R9 Domain Is the PKA RIIα Binding Site, but It 
Requires the R9-R10 Linker and Part of Helix42 from R10. AKAPs 
canonically use the hydrophobic face of an amphipathic helix to 
bind the RII dimer, and talin helices are arranged in bundles with 
the hydrophobic surfaces toward the center. Thus, we hypothesized D
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that the observed R9 unfolding is due to the RII-binding motif 
being on residues that are buried within the folded R9 5-helix 
bundle such that high-affinity PKA binding requires unfolding of 
the talin R9 domain to expose this motif. The paradigm of talin 
helix bundles unfolding in order to bind ligands is exemplified 
via the well-studied interaction between vinculin and the 11 talin 
helices that are vinculin-binding sites (VBS) (30, 31). To date, 
however, vinculin is the only protein identified that binds to open 
talin bundles. Furthermore, vinculin binding does not require 

an adjacent domain being present to bind, unlike the currently 
observed requirements for PKA binding. Therefore, we next set 
out to identify how R10 was contributing to R9 unfolding and 
binding to PKA RII D/D. When we first resolved the domain 
boundaries of R10, we generated a series of constructs of R10 (52), 
including one 6-helix fragment—helix41-R10—comprising the 
last helix of R9 and the five helices of R10 (helices 41 to 46), so 
we tested whether this fragment was sufficient to bind PKA RIIα 
subunits. In the spectra of h41-R10, the signals corresponding 

Fig. 2.   Talin is an AKAP. (A) Cells were induced to express V5-RIIα-mTb and labeled with biotin. Lysates were directly blotted for talin or V5-RIIα-mTb or were 
immunoprecipitated with IgG or anti-talin antibody and then blotted with anti-talin antibody or streptavidin-HRP. Results are representative of seven independent 
immunoprecipitations. (B) Cells induced to express wild-type (WT) RIIα-mTb or a point-mutant deficient for AKAP binding (mt) were labeled with biotin. Lysates 
(Input) or streptavidin pull-downs (SA-Pd) were analyzed by immunoblotting for talin or AKAP79. (C) Lysates and control (IgG) or anti-V5 immunoprecipitates 
of DTBP-crosslinked, V5-RIIα-mTb-expressing cells were analyzed by immunoblotting. Results are representative of three independent immunoprecipitations. 
(D) Schematic of the talin1 rod, indicating the 13 rod (R) domains, R1-13, and the four fragments (black underline) used below. Each fragment contains an in 
silico–predicted RII-binding domain (red underline). (E) The fragments indicated in (D) were expressed recombinantly, separated by SDS-PAGE and transferred 
to membranes which were analyzed for equal loading (Ponceau) and then for direct PKA interaction by overlay with V5-tagged RIIα-dimerization/docking (RII 
D/D) domain in the presence of either a competitive blocking peptide (Ht31) or a nonblocking control (Ht31p). Results are representative of >5 similar overlays, 
with binding of R9-12 observed in >25 independent overlays. (F) Talin1 R9-12 fragment, GST alone, and GST-tagged ezrin were analyzed by RIIα D/D overlay as 
described in (E). Results are representative of eight independent overlays.
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to h41 are readily identifiable by overlaying the spectra of R10 
alone [SI Appendix, Fig. S8 and (52)]. As h41 is unbundled in this 
construct, it is unstructured, has only helical propensity and, as 
a result, its NMR peaks form a cluster of sharp signals with poor 
dispersion [SI Appendix, Fig. S8 and (52)], making it particularly 
amenable for visualizing shifts upon protein–protein interactions. 
Thus, 15N-labeled talin1 h41-R10 fragment was analyzed by NMR 
in the absence and presence of PKA RIIα D/D (Fig. 4A). Upon 
addition of PKA RIIα D/D, chemical shift changes were visible, 
indicating binding of PKA to h41-R10. Moreover, the shifts were 
predominantly in the intense peaks that correspond to unbundled 
h41, with the signals both shifting and becoming less sharp as the 
helical conformation is stabilized upon binding (Fig. 4A).

Alignment of the h41 sequence with the PKA RII-binding 
motifs of known AKAPs shows significant similarities (SI Appendix, 
Fig. S5), most notably the semiregular spacing of aliphatic residues 
that form the requisite hydrophobic face on the helix. This align-
ment also reveals some significant deviations, most notably a pair 
of methionine residues in a position typically occupied by smaller 
aliphatics [Fig. 4B and SI Appendix, Fig. S5 (4, 36, 43)]—a devi-
ation often associated with decreased affinity for RII subunits (36, 
53) and likely responsible for the absence of h41 from in silico–
predicted talin1 AKAP motifs (42). Given these considerations, 
along with the unique requirement of unfolding of R9 to enable 

h41 to bind RIIα subunits, we endeavored to confirm the principal 
importance of h41 as the primary RIIα-binding interface using 
targeted point mutations (Fig. 4 B and C). The most common 
approach for this is substitution of one of the core hydrophobic 
residues with a helix-breaking proline [as seen in the inactive 
Ht31p control peptide (36)]. However, given the importance of 
individual talin α-helices in forming the helical bundles that estab-
lish R domain conformation and the importance of R9 in main-
taining talin in an autoinhibited conformation (54), we wanted 
to avoid using a mutation with such a high likelihood of causing 
global and activating conformational changes. Overlay assays 
revealed that two mutants with conservative substitutions 
(V1807A and V1800A/V1807A) still bound RIIα D/D, albeit at 
a significantly reduced level, while a double mutant with more 
radical substitutions that disrupt the hydrophobic face of h41 but 
still support helicity (A1806D/V1807D) exhibited markedly 
reduced binding (Fig. 4C), confirming the importance of h41 for 
PKA RII binding. These results unequivocally establish h41 as the 
PKA RIIα-binding site in talin1.

The preceding observations demonstrate that h41 is the RIIα 
binding site and is available for PKA binding when it is “free” or 
unbundled, as in h41-R10 (Fig. 4A). However, in the context of 
the complete R9 domain bundle, the site is “cryptic” and requires 
unfolding of R9 and exposure of the hydrophobic face of h41 for 

Fig. 3.   The R9 and R10 domains of talin1 are required, but neither is sufficient, for PKA RIIα D/D binding. (A and B) Recombinant talin R9-12 and various  
R-subdomain truncation, deletion, or isolation fragments (Left) were analyzed by RIIα D/D overlay (Right) in the presence of either control Ht31p or AKAP-blocking 
Ht31 inhibitor peptides. Similar patterns of fragment binding were observed 9 (R9-10), 5 (R10), 4 (R9), and 2 (R9-12Δ10) overlays in various combined experiments. 
(C) 1H,15N HSQC spectra of 15N-labeled talin R9-10 domains in the absence (gray) or presence (blue) of PKA RIIα D/D at a ratio of 1:5. Arrows indicate spectral 
peaks that disappear or shift in the presence of RIIα D/D. (D) 1H,15N HSQC spectra of individual 15N-labeled talin R9 (Top) or R10 (Bottom) domains in the absence 
(gray) or presence (blue) of PKA RIIα D/D at a ratio of 1:3.
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RIIα access (Fig. 3 B–D), which appears to require R10. Therefore, 
we wanted to determine how much of the R10 domain is required 
to unfold R9 and allow PKA to bind. Thus, we analyzed an 
15N-labeled talin1 fragment comprising R9-h42 (R9 through to 
the first full helix of R10; Fig. 4D) and found that addition of 
PKA RIIα D/D to R9-h42 elicited clear, striking changes in R9 
spectral peaks, indicating that the addition of h42 alone was suf-
ficient to allow PKA to unfold and bind to R9 (Fig. 4E). Thus, 
both h41-R10 and R9-h42 are able to bind PKA — one because 
the PKA binding site is constitutively exposed (h41-R10) and the 
other because PKA is able to unfold R9 to expose it (R9-h42).

To further define how much of the sequence beyond R9/h41 
is required to allow PKA to unfold R9 and bind, we analyzed a 
series of fragments of R9-h42 (Fig. 4 D–G), with decreasing 

lengths of the R9-R10 linker and h42 (Fig. 4D), approaching the 
R9 domain alone which is not unfolded by PKA (Fig. 3D). Thus, 
R9 with 13 additional residues (spanning the entire R9-R10 linker 
and first 10 of the 16 h42 residues; R9-h42-long) unfolded and 
bound to PKA RIIα D/D as efficiently as the full-length R9-h42 
(Fig. 4F). However, R9 with only six additional residues (spanning 
the R9-R10 linker and first two h42 residues; R9-h42-short) 
showed only weak binding to PKA RIIα D/D and no unfolding 
of R9 (Fig. 4G). Recall that removal of these six residues generates 
R9 alone which, as shown above, does not bind (Fig. 3D). These 
data indicate that the interaction of PKA RIIα to talin1 is medi-
ated by h41 in R9, but in a manner that requires the R9-R10 
linker and a small portion of h42 in R10 for unfolding, exposure, 
and strong binding. Based on these cumulative data, we assign the 

Fig. 4.   Helix41, the R9-R10 linker, and part of helix42 together are required for PKA D/D RII binding. (A) 1H,15N-HSQC spectra of 15N-labeled talin1 helix41-R10 
(h41-R10; residues 1785 to 1973) in the absence (black) or presence (magenta) of PKA RIIα D/D domain at a ratio of 1:5. The intense peaks from h41 are the 
ones that shift. Two Insets (a’, a’’) show magnification of regions (indicated by dotted outlines) with peaks that shift on addition of increasing amounts of PKA RIIα 
D/D (1:0, 1:3. 1:5 in black, blue, and magenta, respectively). (B and C) Three single or double point mutants, targeting selected hydrophobic residues within h41 
(B), were generated and analyzed by PKA RIIα D/D domain overlay (C) (n = 2 experimental replicates). (D) Amino acid sequence of h41-linker-h42. Underlining 
indicates amino acids in helices, italics indicate the linker, and highlighting indicates hydrophobic residues. The terminus of R9-h42 (FL), long and short h42 
truncations, and the R9 domain-only construct are indicated with arrows (RIIBD = RII binding domain). (E–G) 1H,15N-HSQC spectra of 15N-labeled talin R9-h42 (E) 
and truncated [long (F), short (G)] fragments in the absence (gray peaks) or presence (blue peaks) of PKA RIIα D/D domain fragments at a ratio of 1:3. In each 
panel, the common linker is shown in black and the varying lengths of h42 are shown in red underline.
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region of amino acids 1791 to 1835 (h41-linker-h42-long) as the 
talin1 PKA RII binding domain (RIIBD; Fig. 4D and SI Appendix, 
Table S1). Interestingly, the first six residues of the h42 sequence 
in R10, that are required for PKA binding to R9, are not a 
well-defined part of the helix in the structures containing R10 
(52) which likely explains why PKA binding does not unfold, nor 
require unfolding of, R10.

Mechanical Force across Talin Regulates PKA RIIα Binding. At the 
nexus of ECM-bound integrins and the actomyosin cytoskeleton, 
talin1 functions not only as a linker but also as a mechanosensitive 
scaffold, with force-dependent unfolding of its rod domains 
controlling interactions with various binding partners (30, 31, 33). 
The most well-studied example of this mechanosensitivity is the 
binding of talin to vinculin, with elegant structural and biophysical 
studies establishing that this interaction requires unfolding of talin 
rod bundles containing cryptic VBS that can be attained in vitro 
by application of mechanical force across relevant talin rod domain 
fragments (32, 55–57). Given that PKA binding to talin1 requires 
the talin R9 domain to unfold, it has the potential to be similarly 
regulated by mechanical force. This would be consistent with the 
current observation that, while talin1 is one of the most abundant 
proteins biotinylated by RIIα-mTb, coimmunoprecipitation of 
talin1 with RIIα-mTb occurred only under crosslinking conditions 
(Fig. 2C).

To test this, we used magnetic tweezers to immobilize and 
mechanically stretch the talin1 R9-12 fragment, as described pre-
viously (58), to generate force-extension curves before and after 
addition of PKA RIIα D/D. For each force cycle, a linearly increas-
ing force from 1.5 to ~30 pN is applied to the protein tether at a 
constant loading rate (2 pN/s) to unfold the domains, then the 
applied force is reduced to ~1.5 pN to allow refolding. During force 
loading, the height of the end-attached paramagnetic microbead is 
recorded at a nanometer resolution in real time (59, 60). In the 
absence of PKA RIIα D/D, R9–12 shows four distinct unfolding 
steps in the force range of ~10 to 25 pN (Fig. 5 A and C), with each 
extension of ~35 to 50 nm corresponding to the unfolding of one 
rod domain bundle as seen previously (58). These results confirm 
that, in the absence of other proteins, each domain unfolds rapidly 
once the applied force exceeds the mechanical stability of that 
domain and that they each faithfully refold at low forces.

Importantly, this characteristic force-bead height profile is sig-
nificantly altered after addition of PKA RIIα D/D (Fig. 5 B and 
D and SI Appendix, Fig. S9). Specifically, in the first cycle in the 
presence of 100 nM PKA RIIα D/D, the characteristic four 
unfolding steps of R9-12 are still present, indicating that PKA 
addition alone was not sufficient to unfold the domains. However, 
within 1 to 2 force loading cycles, the number of unfolding steps 
decreased from four to three, and correspondingly the bead height 
increased at forces below 10 pN. Moreover, the three unfolding 

Fig. 5.   Mechanical gating of talin-PKA interaction. (A–D) Magnetic tweezers were applied to immobilized, paramagnetic bead-conjugated Talin1 R9-12 to generate 
unfolding force vs bead height (i.e., extension) curves. (A) Iterative extension cycles of a single talin R9-12 tether, demonstrating four characteristic extensions 
corresponding to the unfolding of each of the four R domains (black arrows). Following each force-loading process, the tether was returned to and maintained 
at ~1.5 pN for 100 s to allow domains to refold before the next force-loading process. (B) Iterative cycles of a single talin R9-12 tether before (blue) and after 
(orange, purple) addition of 100 nM PKA RIIα D/D domain. The characteristic four unfolding steps persist for one extension cycle after addition of PKA D/D 
(orange arrows) but reduce to three (purple arrows) in the subsequent cycle, indicating unfolding-dependent binding of PKA RIIα D/D which inhibits the refolding 
of one domain. (C and D) The number of unfolding steps during consecutive force-loading processes for five independent tethers alone (C) or before and after 
addition of PKA D/D domain (D). (E) Schematic of the immobilized protein extension (IPE) assay. Bait protein, adsorbed onto a flexible silicon sheet which is 
left taught or stretched to varying extents, is incubated with prey protein and bound proteins are analyzed by immunoblotting. (F) IPE assays of uncoated or 
His6(R9-12)-coated sheets that were unstretched (0%) or stretched by the indicated amounts (as % increase in surface area) before incubation with V5-tagged 
PKA RIIα D/D domain. Bound proteins were collected and immunoblotted with the indicated anti-tag antibodies. (G) V5-RIIα-mTb expressing cells were labeled 
with biotin in the absence or presence of 25 µM of blebbistatin. Lysates (Input) or biotinylated proteins isolated using streptavidin bead pull-down (SA-Pd) were 
immunoblotted with the indicated antibodies. (H) A hypothetical model of mechanically gated talin-PKA RII interaction where unfolding of the R9 domain leads 
to exposure of the talin AKAP motif and binding of PKA.D
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steps persisted in subsequent force-loading cycles (Fig. 5D and 
SI Appendix, Figs. S9 and S10), indicating that one domain was 
unable to refold. Interestingly, we sometimes observed a further 
reduction in the number of unfolding steps during subsequent 
force-loading cycles (SI Appendix, Fig. S10), implying that the 
bound PKA RIIα D/D may exert a suppressive effect on the refold-
ing of adjacent domains as well. Together, these data indicate an 
unfolding-dependent binding of PKA RIIα D/D to talin R9-12 
and subsequent inhibition of the refolding of one or more domains.

We noticed with some tethers that increased numbers of force 
loading cycles (typically 3 to 4 cycles) in the presence of RIIα D/D 
led to a reduction in the maximum extension length of R9-12 at 
the maximal tested force (SI Appendix, Fig. S11), suggesting the 
possibility of an additional interaction between PKA RIIα D/D 
and unfolded α-helices in R9-R12. However, such an additional 
interaction was not evident in our biochemical assays. We note that 
maintaining R9 in an unfolded state exposes two buried cysteines 
(C1661 and C1671), and even though the experiments were done 
in the presence of reducing agent (2 mM TCEP), we cannot 
exclude that this is not a result of looping via a disulfide bond that 
is only able to form because the R9 is prevented from refolding. 
Nonetheless, the reduced number of unfolding steps persisted 
through multiple force-loading cycles even as the maximum exten-
sion length decreased (Fig. 5B and SI Appendix, Figs. S10 and S11). 
Together, these observations unequivocally demonstrate the regu-
lation of talin-PKA interaction by force-dependent changes in talin 
conformation and show that PKA RIIα D/D stabilizes the unfolded 
conformation of one of the domains through multiple cycles of 
force-loading.

We corroborated the observations from these single-molecule 
experiments using a previously described immobilized protein exten-
sion (IPE) assay (61) in which the talin1 R9-12 fragment was 
adsorbed onto a silicon membrane before incubation with RIIα D/D 
under unstretched or stretched conditions (Fig. 5E). While only 
qualitative, this assay clearly showed that RIIα D/D bound to immo-
bilized talin1 R9-12 in proportion to the level of membrane stretch 
with minimal binding in the absence of stretch (Fig. 5F), further 
demonstrating direct mechanical regulation of the talin1-PKA inter-
action. Finally, we sought to further support these observations by 
altering actomyosin contractility in cells. Thus, we treated cells 
expressing RIIα-mTb with blebbistatin and then assessed the 
amount of talin recovered in streptavidin pull-downs. While the 
level of auto-biotinylated RIIα-mTb remained unchanged, indicat-
ing no contractility-dependent changes in ligase activity, the level of 
talin in the blebbistatin-treated sample was significantly reduced 
(Fig. 5G). These data are consistent with a blebbistatin-induced 
reduction of contractility leading to decreased mechanical unfolding 
of talin1 (62) and reduction in talin1 biotinylation through decreased 
tension-dependent binding of PKA RIIα-mTb. These observations 
establish that talin binds directly to PKA and that the talin-PKA 
interaction is regulated by conformational changes in talin that are 
controlled by mechanical force (Fig. 5H).

Talin Anchors PKA to FA In  Vivo. To determine whether talin 
actually functions as an AKAP in cells, we generated stable human 
umbilical vein endothelial cells (HUVECs) expressing GFP-tagged 
WT talin1 or the PKA nonbinding A1806D/V1807D (“AV/DD”) 
mutant described in Fig. 4C. Whereas most cell types express talin1 
as well as the closely-related talin2 isoform, HUVECs express only 
talin1, so the phenotypes associated with loss of endogenous talin1 
are not compensated by talin2 but can be rescued by expression 
of exogenous talin1 (63). Thus, we serially transduced HUVECs 
first with lentivirus encoding GFP-tagged WT or AV/DD murine 
talin1 and then a second lentivirus expressing shRNA against 

human talin1. Immunoblotting confirmed both knockdown of 
endogenous talin1 and reexpression of the GFP-tagged isoforms 
(Fig. 6A). Recent work has shown that PKA RIIα subunits are 
retained in FAs in unroofed cells (24). Moreover, phospho-Ser99 
RII, which is part of an epitope that is exposed upon dissociation 
of the PKA C subunit following enzyme activation and is used as 
a readout of PKA activity within the anchored holoenzyme (64, 
65), is enriched in FAs (24). Immunofluorescence analysis showed 
the localization of both total and active (i.e., phospho-Ser99) RIIα 
in GFP-positive FAs is significantly reduced in sh-AV/DD-talin 
HUVECs compared to sh-WT-talin cells (Fig.  6 B–E). These 
data confirm that talin is a bona fide AKAP that contributes to 
localization of PKA to FAs.

We sought to determine whether loss of talin-mediated PKA 
anchoring exhibited effects on FA signaling or function. However, 
while the AV/DD mutation effectively disrupts talin-RII interac-
tion (Fig. 4C), it still can also alter helical bundling within R9 
which may affect talin conformation which may, in turn, have 
effects on FA dynamics that are independent of loss of AKAP func-
tion. Therefore, we endeavored to assess a readout more “proximal” 
to the loss of PKA function within FAs by measuring the relative 
phosphorylation of VASP (vasodilator-stimulated phosphopro-
tein)—a FA protein with important scaffolding and actin-regulatory 
roles and a known substrate for PKA (66)—within FAs in sh-WT 
and sh-AV/DD HUVECs. Coimmunofluorescence with antibodies 
against total VASP and against VASP phosphorylated on Ser157 
[the preferred PKA site (66)] allowed ratiometric measurement of 
relative VASP phosphorylation within individual, GFP-talin-positive 
FAs (Fig. 6F) and revealed a significant decrease in phospho-VASP 
in AV/DD-talin adhesions compared to WT (Fig. 6 F and G). 
These data demonstrate that mutations that disrupt talin-PKA RII 
interaction in vitro result in decreased PKA abundance and activity 
in FAs in vivo. Together, the observations in this report establish 
talin as a conformationally regulated AKAP that contributes to 
localizing PKA activity within FAs.

Discussion

It is clear that cellular signal transduction events often occur 
through multiprotein scaffolds that consolidate, localize, and spec-
ify signaling inputs and outputs (4, 67). There is increasing rec-
ognition that proteins involved in cell–ECM adhesion are ideally 
positioned to convert mechanical force into altered biochemistry 
(68, 69). This report bridges these two important fields by iden-
tifying talin, the archetypal FA protein, as a mechanically-gated 
anchoring protein for PKA. In so doing, it also establishes PKA, 
a pleiotropic kinase with myriad cellular targets, as a force-
dependent binding partner and signal transducer for talin. 
Together, these observations form the foundation for a mech-
anotransduction pathway that utilizes force-dependent changes 
in protein conformation to establish a new, solid-state signaling 
complex well positioned to couple cellular tension to cellular 
communication.

Given the promiscuity of PKA activity and the number and 
diversity of substrates, mechanisms have evolved to focus PKA 
function to enhance signaling fidelity and specificity. The 
best-characterized mechanism for this is through AKAP-mediated 
changes in PKA localization, thereby sequestering PKA activity 
to specific subcellular niches, substrates, and events (4, 10, 13). 
The diversity of mammalian AKAP complexes, which differ not 
only in their localization but also in their composition and dynam-
ics, produces a wide range of distinct signalosomes, each producing 
highly regulated and specific outputs. Thus, identifying new AKAPs 
increases our understanding not only of how PKA contributes to D
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specific cellular events but also of how signaling is controlled at the 
subcellular scale. In this way, the current demonstration of talin as 
an AKAP provides an important new niche for PKA signaling, 
while the demonstration that the PKA–talin interaction is regulated 
by mechanical force across talin establishes an important new way 
to regulate PKA anchoring.

The current data show direct, mechanical gating of PKA anchor-
ing. Indeed, a requirement for conformational rearrangement for 
AKAP-PKA interaction is not common—nearly all known AKAPs 
are reported to interact with PKA R subunits constitutively (36, 
70, 71). To our knowledge, the only other exception is ezrin, a 
membrane-cytoskeleton adapter whose phosphorylation-dependent 
switch between open and closed conformations controls its bind-
ing to PKA type-I, but not RIIα, subunits (51, 72). The PKA 
binding site in talin identified here is similarly cryptic, being 
occluded when R9 is in its closed conformation and available for 
binding only when the domain is opened—by denaturation and 
partial refolding (as in the overlay assays), high stoichiometric 
excess of PKA D/D domain (as in the NMR assays), or mechanical 
extension through applied force (Fig. 5 A–F). Furthermore, the 
PKA binding domain in h41 of talin has some divergence from 
canonical RIIα binding motifs [Fig. 4 B and D and SI Appendix, 
Fig. S5, and (4, 36, 43)]. While notable, this divergence is not as 
radical as seen in pericentrin, a centrosomal protein that anchors 
PKA through a large, noncanonical domain of ~85 amino acids 
that is rich in leucine and valine repeats, is not predicted to form 
an amphipathic helix, and exhibits no significant sequence or 
structural homology to the RII binding sequence in talin identified 
here (73). Nonetheless, the requirement for mechanical gating for 

talin-PKA interaction, combined with the slight divergence of 
talin h41 from canonical RIIα binding motifs, underscores the 
uniqueness of the PKA–talin complex and importance of deter-
mining its structural detail at higher resolution—a pursuit cur-
rently underway. It further suggests the possibility of additional, 
“semicanonical” AKAPs with divergent binding motifs that might 
not be readily predicted by in silico algorithms. It is therefore 
tempting to posit the possibility of additional mechanically regu-
lated PKA anchors in other dynamic, tension-bearing cellular 
structures such as cell–cell junctions and kinetochores.

The mechanically regulated interaction between PKA and talin 
also has important consequences for our understanding of talin 
biology. Talin binds other enzymes [e.g., focal adhesion kinase, 
phosphatidylinositol 4-phosphate 5-kinase type I-γ, cyclin-dependent  
kinase-1 and alpha tubulin acetyltransferase 1 (30, 47, 74)] but the 
talin-PKA interaction is noteworthy because it represents a report 
of an enzyme that binds preferentially to a mechanically opened 
rod domain. Previously, the only other protein known to bind to 
the force-dependent open conformation of talin rod domains was 
vinculin, another core actin-binding FA protein and mechanotrans-
ducer (30, 32, 75, 76). Indeed, there are important parallels 
between the well-known, mechanically regulated talin–vinculin 
interaction and the newly described talin-PKA interaction. Each 
of the 11 VBS in talin consists of a string of hydrophobic residues 
along the face of an individual helix buried within the folded rod 
domains. For talin–vinculin interaction, force across the talin rod 
exposes one or more of these sites, recruiting vinculin to FAs and 
strengthening the link between integrins and F-actin (30, 75–77). 
As only 11 of the 62 helices that form the 13 talin rod domains 

Fig. 6.   Mutation of the PKA binding site in talin-1 decreases levels of PKA RIIα subunits, phosphorylated RII, and VASP phosphorylation in focal adhesions. (A) 
HUVECs were serially transduced with lentivirus expressing GFP-tagged murine wild-type (WT) or PKA nonbinding A1806D/V1807D talin (AV/DD) and lentivirus 
expressing shRNA against human talin-1, then analyzed by immunoblotting with the indicated antibodies. (B) Stable, sh-WT or sh-AV/DD cells plated on FN-coated 
coverslips, then fixed, unroofed, and immunostained to visualize PKA RIIα in GFP-positive adhesions (Scale bar: 10 µm.) (C) Intensity correlation quotients (ICQ) 
were determined to quantify colocalization of talin and RIIα in WT and AV/DD cells (from 50 full-frame microscopic fields from three separate experiments; **P 
< 0.05). (D) Stable sh-WT or sh-AV/DD cells were processed as in (B) and immunostained to visualize active, phospho-Ser99 PKA RII (pS99-RII) in GFP-positive 
adhesions. (E) Quantification of colocalization of talin and pS99-RII PKA in WT and AV/DD cells (from 58 full-frame microscopic fields from three separate 
experiments; ****P < 0.001). (F) Stable sh-WT or sh-AV/DD cells were processed as in (B), stained with antibodies against total VASP and VASP phosphorylated 
on Ser157 (pSer157VASP), and ratiometric images of phospho-VASP to total VASP were generated as described in Materials and Methods (panels depict a 15 × 15 
µm region of interest). (G) Quantification of pSer157VASP:VASP ratios from 1,078 and 1,073 individual WT or AV/DD adhesions, respectively, from three separate 
experiments. Violin plots show all data points, with dotted lines indicating mean values (1.169 and 1.091 for WT and AV/DD, respectively; ****P < 0.001).
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have been reported to bind vinculin once exposed, the remaining 
helices might also be expected to bind other ligands, yet evidence 
for this has been lacking until now. Therefore, the PKA–talin 
interaction confirms a new paradigm for talin signaling whereby 
signaling molecules and enzymes can be directly recruited to the 
exposed residues of open talin domains.

While not likely to contribute to architectural reinforcement 
directly, it is quite likely that recruitment of PKA to talin may, as 
a proximal effect, promote the phosphorylation of talin itself and/
or some of the myriad talin-associated proteins (30, 31, 78). 
Circumstantial, but nonetheless supportive, evidence for this 
comes from the presence of predicted PKA phosphorylation sites 
in talin and several talin-associated proteins (using PhosphoSitePlus, 
Phosida, and dbPAF; also ref. 79) and the presence of talin and 
interactors in unbiased screens for PKA substrates (80–86). The 
current demonstration of decreased phosphorylation of VASP in 
FA from cells expressing an AKAP-deficient mutant of talin 
expands this hypothesis. While VASP is associated with talin, this 
interaction is indirect—mediated through the adapter protein 
RIAM—and is thought to occur only in nascent adhesions and 
not mature FAs (30, 87), as analyzed here. Nonetheless, VASP is 
a prominent FA protein and has important, complex roles as a 
scaffold and regulator of microfilament dynamics during cell 
migration (66). VASP phosphorylation is similarly complex, 
occurring on at least three sites and potentially mediated by several 
kinases including PKA (66, 88). The most common effect of phos-
phorylation at Ser 157 is regulation of VASP protein–protein 
interactions (e.g., with various SH3-domain-containing proteins) 
but the consequences of this for VASP function and adhesion and 
migration dynamics are not fully understood (66, 88). While other 
kinases can phosphorylate VASP Ser157 (66, 88), none are known 
to interact with talin or to be immediate effectors of PKA, so it is 
reasonable to conclude that the decrease in Ser157 phosphoryla-
tion in FAs containing AKAP-deficient talin is likely due to loss 
of local PKA activity. Thus, this modification serves as a useful 
readout of local PKA activity in FAs, and this may provide a 
foundation for deeper understanding of VASP function and reg-
ulation. Finally, given the dense, layered, and multicomponent 
composition of FAs (28), it is reasonable to expect that talin- 
anchored PKA might phosphorylate additional proteins that do 
not directly interact with talin but are nonetheless present in FAs 
(11, 13, 24). Identification of substrates for the talin-anchored 
pool of PKA and characterization of the effects and consequences 
of their phospho-regulation is an important and likely fruitful 
endeavor.

Another important direction for future efforts involves deline-
ating the cellular regulation and function of the talin-PKA com-
plex. Talin is autoinhibited by interaction between R9 and the F3 
domain in the talin head; as F3 contains the principal integrin 
binding site of talin, this interaction must be released to allow 
binding to actin and integrin and recruitment to FAs (30, 31, 78). 
We have shown that the major constituent of the PKA binding 
site in talin is h41 of R9, which therefore suggests that the 
talin-PKA interaction is most likely to occur at sites of talin acti-
vation where R9 is unfolded. Similarly, PKA binding to talin 
might limit R9 refolding, maintaining talin in an active confor-
mation, and so activate and sustain adhesion assembly. Direct 
analysis of the force borne by talin in adhesive complexes in live 
cells, using a mechanically responsive talin biosensor, established 
that talin is under higher tension in peripheral FAs compared to 
more central FAs and/or fibrillar adhesions, and even showed het-
erogenous force-loading within individual FAs (62, 89). In recent 
work, we have reported that PKA is active and dynamic within 

subregions of FA (24). Furthermore, as the opening of talin rod 
domains introduces 40 to 50 nm extension in the length of the 
talin molecule (90), the anchoring of PKA could be dynamically 
moved within each adhesion as other talin rod domains open and 
close. It will be an informative challenge to determine the precise 
subset of adhesion complexes (or subregions within individual 
adhesion complexes) in which the talin-PKA interaction occurs.

Finally, it will also be important to identify the physiological 
function of talin-mediated PKA anchoring for cell adhesion 
and motility. Recent work demonstrated that global inhibition 
of PKA during cell spreading promotes an adhesive phenotype 
characterized by elongated, clustered FAs located along the cell 
periphery with fewer, smaller adhesions in the cell center (24). 
While this phenotype may involve PKA-dependent pathways 
outside of the FA structure itself, it suggests that PKA may be 
involved in regulating the assembly, maturation, and/or turn-
over of FAs. In this regard, it is noteworthy that longitudinal 
“splitting” and maturation of FA clusters into individual adhe-
sions requires VASP (91) and that depletion of VASP—phos-
phorylation of which is regulated by talin-anchored PKA 
(Fig. 6)—prevents splitting and results in FA clusters similar to 
those seen in PKA-inhibited cells (24, 91). Similarly, DLC1, a 
talin-associated Rho GAP (92, 93), localizes to mature FAs (94), 
increases FA lifetime (94), and is regulated by PKA (95). DLC1 
also interacts with tensin-3 (96), a prominent component of 
integrin-associated fibrillar adhesions that mature from FAs in 
the cell center and are associated with ECM fibrillogenesis (97). 
Notably, tensin-3 drives the formation of fibrillar adhesions in 
a manner dependent on its interaction with talin (98) and has 
also recently been identified as a novel PKA substrate (24). 
While circumstantial, these observations support not only the 
hypothesis that PKA may have complex roles in FA dynamics 
and maturation but also the assertion that there may be many 
individual targets or multiprotein complexes regulated through 
anchoring of PKA to talin.

Ultimately, the task of parsing the roles of talin-anchored 
PKA in FA dynamics will require the generation of discrete talin 
point mutants that prevent RIIα binding without altering any 
other talin function (e.g., talin autoinhibition, folding/refold-
ing; other protein–protein interactions). Although we show here 
it is possible to disrupt the talin-PKA interaction using a canon-
ical AV/DD (A1806D/V1807D) mutant, this mutant is limited in 
its utility as it results in constitutive unfolding of the R9 
domain, which would also prevent talin regulation by autoin-
hibition. While the goal of identifying a discrete AKAP-deficient 
mutant will be greatly facilitated by higher resolution analysis 
of the unique structure of the talin-RIIα complex, more imme-
diate empirical efforts may be informed by analysis of talin 
mutants that are analogous to single nucleotide polymorphisms 
in known AKAPs that spare α-helix formation but significantly 
reduce PKA-binding (53). While there is much work to be done, 
this report establishes an important new protein–protein inter-
action that impacts our understanding of PKA localization, talin 
function, and mechanotransduction.

Materials and Methods

ImageJ macros are available from https://github.com/howelabuvm/Kang_
PNAS2024 (99).

Focal Adhesion Cytoskeletal (FACS) Complex Preparation. FACS complexes 
were prepared using a modification of the method (100) in which cells are fixed 
with a reversible crosslinker, permeabilized, then unroofed by hydrodynamic 
shear. FACS proteins are collected, reverse-crosslinked, acetone precipitated, 
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resuspended, and used immediately for FA AKAP screening or stored at −20 °C 
for further analyses.

Focal Adhesion AKAP Screening. RIIα-mTb cells were grown with or without 
2 µg/mL doxycycline for 18 h until ~70% confluency, followed by incubation 
with 50 µM biotin-containing media for 3 h. FACS proteins were collected from 
the non- or Dox-treated cells and diluted in RIPA buffer (Millipore). Biotinylated 
proteins were isolated by streptavidin pull-down (SA-Pd) using SA-coated 
magnetic beads (Invitrogen). The biotin-labeled proteins were separated by 
SDS-PAGE, trypsinized, and analyzed by LC/MS-MS (UVM Proteomics Core).

RII Overlay. First, 1.5 µg of recombinant proteins or 10 µg of U2OS WCE or FACS 
proteins were separated by SDS-PAGE and transferred to nitrocellulose. Blots were 
blocked with 10% nonfat dry milk (NFDM) in TBS-T for 1 h and then incubated 
with either V5-tagged PKA RIIα-D/D domain or full-length PKA RIIα (0.2 µg/mL 
concentration in 10% NFDM, containing either 0.4 µM Ht31p or Ht31 peptides) 
for 12 h. Then, after extensive washing with TBS-T, membranes were incubated 
with V5-HRP (BioLegend, 1:4,000 in 10% NFDM) for 12 h, washed with TBS-T, 
and developed by enhanced chemiluminescence.

NMR Analysis. 15N-labeled protein samples were prepared at 150 µM final 
concentration in 12 mM NaH2PO4, 6 mM Na2HPO4, pH 6.5, 50 mM NaCl, 2 mM 
DTT, and 5%(v/v) D2O. NMR spectra were collected at 298 K on Bruker Avance III 
600 MHz NMR spectrometer equipped with CryoProbe. All data were processed 
via TopSpin and analyzed with CCPN analysis (101).

Single-Molecule Manipulation. These experiments were carried out as 
described previously (58), using a custom high-force magnetic tweezers plat-
form that can exert forces up to 100 pN with ∼1 nm extension resolution (59, 
60). Talin R9-12 fragments were immobilized on the glass coverslip of a laminar 
flow chamber via using Halo-tag/Halo-ligand chemistry and tethered to a 3-mm 
paramagnetic bead through biotin/streptavidin chemistry.

Generation of Transduced HUVEC Lines. WT and AV/DD GFP-talin1 sequences 
were cloned into pLVX-IRES-Hygro-RGECO1.2 (Addgene, #164592), replacing the 
RGECO1.2 sequence through Gibson assembly. Pooled primary HUVECs (in ECGM2 
growth media, both from PromoCell) were transduced with GFP-tagged WT or AV/
DD talin1 lentiviruses and selected for 7 d in 100 µg/mL of hygromycin. Pooled 
resistant cells were transduced with lentivirus particles expressing a puromycin-
resistance marker and shRNA against human talin1 (sc-36610-V; Santa Cruz 
Biotechnology). HUVECshWT and HUVECshAV/DD lines were selected and maintained 
in ECGM2 containing 100 µg/mL of hygromycin and 1 µg/mL puromycin.

Data, Materials, and Software Availability. All study data are included in the 
article and/or supporting information.
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