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ABSTRACT A-kinase anchoring protein 79 (AKAP79) is a human scaffolding protein
that organizes Ca?*/calmodulin-dependent protein phosphatase calcineurin, calmodulin,
cAMP-dependent protein kinase, protein kinase C, and the transcription factor nuclear
factor of activated T cells (NFAT1) into a signalosome at the plasma membrane. Upon
Ca%* store depletion, AKAP79 interacts with the N-terminus of STIM1-gated Orail Ca?*
channels, enabling Ca2* nanodomains to stimulate calcineurin. Calcineurin then dephos-
phorylates and activates NFAT1, which then translocates to the nucleus. A fundamental
question is how signalosomes maintain long-term signaling when key effectors are
released and therefore removed beyond the reach of the activating signal. Here, we
show that the AKAP79-Orail interaction is considerably more transient than that of
STIM1-Orail. Free AKAP79, with calcineurin and NFAT1 in tow, is able to replace rapidly
AKAP79 devoid of NFAT1 on Orail, in the presence of continuous Ca?" entry. We also
show that Ca?* nanodomains near Orail channels activate almost the entire cytosolic
pool of NFATI. Recycling of inactive NFAT1 from the cytoplasm to AKAP79 in the
plasma membrane, coupled with the relatively weak interaction between AKAP79 and
Orail, maintain excitation-transcription coupling. By measuring rates for AKAP79-NFAT
interaction, we formulate a mathematical model that simulates NFAT dynamics at the
plasma membrane.
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t has now been firmly established that signal transduction is often compartmental-

ized, accomplished through spatial segregation of signaling molecules into distinct
signalosomes. A major orchestrator of signalosomes is the membrane-bound A-kinase
anchoring protein (AKAP79) (1). AKAP79 accommodates various adenylyl cyclases to
generate cAMP, cAMP-dependent protein kinase A, cAMP-dependent phosphodiester-
ases that degrade cAMP, the protein phosphatase calcineurin, as well as a host of other
kinases and transducers (2-4). Activated protein kinase A remains on AKAP79 and
phosphorylates proximal targets, such as the monomeric GTP-binding protein Rad that

regulates CaV1.2 Ca2* channel activity (5). These targets are located within an arc of Thisis a work of the U.S. Government and is
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Central to this model is the formation of protein-protein networks between AKAP79 TnaUiliess dederere comiie ozt
Received 6 May 2022

2+ i -
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ered protein kinase A. An interesting problem arises when a signaling molecule bound Accepted 18 August 2022
to AKAP79, such as calmodulin or the transcription factor nuclear factor of activated T
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cells (NFAT), dissociates upon activation and migrates into the cytosol. AKAP79 would
remain in the signalosome but, without that key effector present, the signaling
strength of the complex is negated, and this would preclude long-term downstream
transduction. This problem is nicely encapsulated in the CRAC channel-AKAP79-NFAT
triumverate and is the focus of this study.

In many non-excitable cells, Ca?* release-activated Ca?* (CRAC) channels are a pri-
mary route for raising cytosolic Ca2* (8). CRAC channels are encoded by the Orai genes
(Orai1-3) and require the endoplasmic reticulum Ca2* sensors STIM1 and STIM2 for
activation (9, 10). Mechanistically, STIM proteins detect the endoplasmic reticulum
Ca?™ content and, following store depletion, migrate to junctional endoplasmic reticu-
lum just below the plasma membrane. At these specialized endoplasmic reticulum-
plasma membrane sites, STIM oligomers bind directly to and gate open Orail, the
pore-forming subunit of the CRAC channel (8, 9). Ca>* nanodomains near open CRAC
channels regulate the activities of Ca?"-dependent adenylyl cyclases in glia (11), stimu-
late phospholipase A, (12), and enhance plasma membrane Ca2*ATPase pump activity
through delayed modulation (13). In all cases, the enzymes are positioned close to the
CRAC channel, sensing the local Ca2*.

Ca?* nanodomains near open CRAC channels also activate NFAT1 and NFAT4 tran-
scription factors (14-17), which increase expression of various chemokines and cyto-
kines that help shape immune responses (18). NFAT1-4 comprise a family of Ca2*-de-
pendent transcription factors which are stimulated by the Ca?*-activated protein
phosphatase calcineurin, the target for immunosuppressants (19). Active calcineurin
dephosphorylates NFAT and thereby leads to the exposure of a nuclear localization
sequence, which enables NFAT to migrate into the nucleus. A fraction of cellular calci-
neurin and NFAT are associated with the plasma membrane through binding to the
anchoring protein AKAP79 (20, 21). Under non-stimulated conditions, CRAC channels
and AKAP79 do not interact, but do so after store depletion (22). Interaction involves
the AKAP79 anchoring region (AKAR) on the N-terminus of Orail (21). The store-de-
pendent association of AKAP79 with Orai1 ensures calcineurin is brought close to the
trigger Ca?* and, once active, has immediate access to its juxtaposed NFAT targets.
Activated calcineurin dephosphorylates NFAT and both activated enzyme and tran-
scription factor dissociate from the AKAP79-Orai1 complex and translocate independ-
ently to the nucleus (14, 22).

However, there is an inherent challenge with using AKAP79 for long-term NFAT sig-
naling. Although bringing calcineurin and NFAT to Orai1 upon store depletion ensures
Ca?* nanodomains near the open channels activate NFAT, enabling selective stimula-
tion by the Orail homolog (21), both stimulated calcineurin and dephosphorylated
NFAT then dissociate from AKAP79 (15). This raises a problem: as only the pool of
NFAT1 tethered to AKAP79 is activated by CRAC channels (21), how does a cell distin-
guish between different stimulus exposure times? Without replenishment of calci-
neurin and phosphorylated NFAT1 on AKAP79, only a fixed bolus of NFAT1 would be
activated regardless of stimulus intensity, precluding temporal coding.

Our primary goal in this study was to answer the question of how AKAP79-Orail
interaction at the plasma membrane can nevertheless lead to sustained NFAT activa-
tion. While addressing this, a number of other interesting questions arose. Is the associ-
ation of AKAP79 with Orail confined to where Orail channels cluster at endoplasmic
reticulum-plasma membrane junctions or does it occur across the plasma membrane?
How quickly does NFAT that is tethered to AKAP79 dissociate from the scaffold once
Ca2* entry through CRAC channels occurs? And over what time course does cytosolic
NFAT1 bind to AKAP79 at the plasma membrane?

To address these questions and derive a more complete quantitative understanding
of AKAP79-Orail interaction, we have used high resolution imaging approaches to
track the dynamics of AKAP79 in intact HEK cells and its interaction with Orail and
NFAT1. We find that the interaction between AKAP79 and Orail is considerably more
transient than that between STIM1 and Orail. The faster turnover between AKAP79
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and Orail ensures new AKAP79 molecules with calcineurin and NFAT in tow bind to
open Orail channels, replacing AKAP79 that has released its cargo. We show that the
AKAP79-Orai1 interaction enables local Ca2* entry through CRAC channels to activate
the entire cytoplasmic pool of NFAT, through continued recruitment of NFAT onto
plasma membrane AKAP79. Different kinetics of interaction of Orail with STIM1 and
AKAP79 ensure sustained Ca?* entry as well as continual replenishment of calcineurin
and NFAT, both of which are required for prolonged NFAT activation by spatially con-
fined local Ca?* signals.

RESULTS

Diffusive behavior of AKAP79 in cells with replete Ca2* stores. Following expres-
sion of AKAP79-yellow fluorescent protein (YFP) in HEK293 cells, a significant fraction
of recombinant protein is expressed at the plasma membrane (Fig. 1) (21). Dell’Acqua
et al. demonstrated that recombinant AKAP79 was targeted mainly to the plasma
membrane in HEK cells, even after disruption of the cortical barrier (23). Because confo-
cal microscopy does not have the spatial resolution to focus exclusively on the plasma
membrane, we will refer to the surface expression of AKAP79-YFP as peripheral
AKAP79.

To measure the diffusion of AKAP79-YFP, we photobleached a small area of the cell
periphery approx (1 um x 1 um) (Fig. 1A) such that the initial fluorescence fell by
~ 80-90% within 1 sec of bleaching, and then we monitored the recovery of YFP
fluorescence as a function of time (Fig. 1B). Fluorescence recovery after photo-
bleaching occurred over several seconds (Fig. 1B, mean of 8 cells, and Fig. 1C, half-
time (t,,,) shown in upper panel). The mobile fraction, which is a measure of diffus-
ible AKAP79-YFP into the photobleached spot, was 0.96 (median) (Fig. 1C), and
0.97 = 0.02 (mean * standard error of the mean [SEM]). The effective diffusion
coefficient (Deff), derived from equation 8 in Methods was found to be 0.078 um?/
s under resting conditions.

Following overexpression of STIM1 and Orail, the t,,, of recovery of fluorescence of
AKAP79-YFP in a photobleached spot in non-stimulated cells was ~ 5 s (Fig. 1D, black
trace and Fig. 1E, t,,, shown in upper panel) and the mobile fraction was 0.99 (median)
(Fig. 1E, 0.98 = 0.02 [mean=SEM]). Both these values are close to those obtained for
AKAP79-YFP in the absence of overexpressed Orail and STIM1 (Fig. 1B and C, P > 0.1
in both cases), supporting previous pulldown and proximity ligation assays that
showed little interaction of AKAP79 with Orail under non-stimulated conditions (21).

Diffusion of AKAP79 is slowed in Orai1-containing puncta after store depletion.
We measured the kinetics of fluorescence recovery after photobleaching (FRAP) for
AKAP79-YFP after store depletion with thapsigargin. In HEK cells expressing AKAP79-
YFP and with endogenous levels of STIM and Orail proteins, t,,, for recovery from
FRAP increased slightly (Fig. 1B) but this was not significantly different from the unsti-
mulated response (Fig. 1C, upper panel; P < 0.01). Mobile fraction did not change sig-
nificantly (Fig. 1C, lower panel). We reasoned that these small differences reflected the
comparatively low levels of endogenous STIM and Orail, with the consequence that
the majority of expressed AKAP79-YFP protein would not be able to engage with Orai1
after store depletion and hence there would be little change in FRAP kinetics. To test
this, we overexpressed untagged STIM1 and Orail-myc together with AKAP79-YFP and
stimulated cells with thapsigargin (Fig. 1D). The t,,, for FRAP increased almost 2-fold af-
ter thapsigargin (Fig. 1E, upper panel; P < 0.01) and the mobile fraction decreased (Fig.
1E, lower panel; P < 0.01), compared with unstimulated cells expressing AKAP79-YFP
together with STIM1 and myc-tagged Orail. The median effective diffusion coefficient
for AKAP79-YFP fell from 0.078 wm?/s in unstimulated cells to 0.056 um?/s after thapsi-
gargin treatment (P < 0.05). Orail redistributes to punctate-like structures after store
depletion. We therefore measured FRAP of AKAP79-YFP in punctate and non-punctate
regions of the cell periphery after store depletion. The t,,, was significantly larger (Fig.
1F, 13.5 = 1.4 s) and the mobile fraction was substantially smaller (Fig. 1G) in punctate
than in non-punctate regions (t,,, for non-punctate regions was 8.7 = 0.9 s; P < 0.001
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FIG 1 Store depletion reduces AKAP79 mobility at the cell periphery. (A) Images show AKAP79-YFP expression at the cell surface before (labeled Rest) and
after photobleaching in an unstimulated cell and in a cell exposed to thapsigargin (Thap; 2 M for 10 min). The white square depicts the photobleached
area. (B) Aggregate data are shown comparing the time course of FRAP between unstimulated and thapsigargin-treated cells. The unstimulated trace is the
mean of 8 cells and the thapsigargin (Thap) trace is the mean of 12 cells. (C) Box plots compare t,,, and mobile fraction for the conditions shown. Median
is depicted by the straight line within each box. (D) The kinetics of FRAP are compared between 28 unstimulated cells and 23 cells exposed to
thapsigargin. (E) Box plots compare t,,, and mobile fraction for the conditions indicated. (F) The time course of FRAP is shown for unstimulated cells (9
cells), and in punctate (11 cells) and non-punctate (12 cells) regions of the cell periphery after thapsigargin treatment. (G) The mobile fraction is compared
for the conditions indicated. For the data in panels D-G, STIM1 and myc-tagged Orail were also expressed. Scale bar denotes 2 um.

compared with puncta). The t,,, and mobile fraction values in non-punctate regions af-
ter store depletion were similar to values obtained in unstimulated cells (Fig. 1F and G,
P> 0.12).

To address directly whether AKAP79 diffusion was restricted to a greater extent in
punctate regions of the cell periphery, we co-expressed AKAP79-YFP, Orail-cherry and
untagged STIM1 to visualize Orai1 puncta more clearly. In unstimulated cells, both YFP
and cherry tagged proteins were distributed close to the plasma membrane (Fig. 2A).
The kinetics of FRAP (Fig. 2B), the t,,, for recovery of AKAP79-YFP (Fig. 2C) and the mo-
bile fraction (Fig. 2D) were all similar to those measured in cells expressing AKAP79-
YFP alone (compare Fig. 2B and D with Fig. 1B and Q). After stimulation with thapsigar-
gin, Orail-cherry formed numerous puncta. A fraction of AKAP-YFP also relocated to
these puncta (Fig. 2A). The kinetics of FRAP was now considerably slower (Fig. 2B), the
t,,» increased (Fig. 2C) and the mobile fraction was smaller for AKAP79-YFP in Orail-
cherry-containing puncta than in unstimulated conditions (Fig. 2D, P < 0.001). By con-
trast, the mobile fraction in non-punctate regions of store-depleted cells was signifi-
cantly larger than in puncta (Fig. 2D, P > 0.2).

The finding that AKAP79-YFP FRAP had similar t,,, values and mobile fractions after
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FIG 2 AKAP79-YFP diffusion is reduced in Orail-containing punctate regions of the cell periphery. (A) Images show
expression of AKAP79-YFP and Orail-cherry at the cell surface in an unstimulated cell and in one treated with
thapsigargin (Thap). The photobleached area is shown in white. (B) The time course of FRAP is compared between 15
unstimulated cells and 11 cells treated with thapisgargin. (C) Box plot compares t,,, for the conditions indicated. In (B)
and (C), FRAP was carried out at punctate regions of the membrane after thapsigargin treatment. (D) Mobile fraction
is compared for the conditions shown.

store depletion when cells co-expressed either Orail-myc or Orail-cherry shows that
the tag on Orail does not alter AKAP79-YFP diffusion. These data also show that the
cherry tag does not affect FRAP of YFP.

Reduced mobility of AKAP79 in puncta requires the presence of Orail. To test
whether AKAP79-YFP mobility was reduced in puncta after store depletion because of
interaction with Orai1, we measured FRAP of AKAP79-YFP in puncta that lacked Orail.
In these experiments, we used a HEK cell in which all 3 Orai genes had been knocked
out by CRISPR/Cas (21). Following expression of STIM1-cherry, numerous STIM1 puncta
formed after store depletion. We measured AKAP79-YFP FRAP kinetics before and after
thapsigargin, and for the latter both in puncta and non-punctate regions. Both t,,, and
mobile fraction in unstimulated cells were similar to those values seen in puncta after
store depletion (Fig. 3A, P > 0.1). There was also no difference in mobile fraction
between puncta (median 0.89; mean 0.89 = 0.02) and non-punctate regions (median
0.89; mean 0.90 = 0.03) in thapsigargin-treated cells (P >0.1).

Targeting the AKAR region on the N-terminus of Orai1 suppresses interaction
with AKAP79. The preceding results suggest that the slower recover of AKAP79-YFP
fluorescence in punctate-like regions of the cell periphery after photobleaching following
store depletion is due to interaction with Orail. We have recently found that a stretch of
amino acids on the N-terminus of Orail, the AKAP79-association region (AKAR), is essential
for interaction between AKAP79 and Orail (21). Deletion of this domain or expression of a
peptide that mimics the region both prevent association of Orail with AKAP79 and subse-
quent activation and nuclear translocation of NFAT1. If the slower kinetics of FRAP for
AKAP79-YFP after store depletion reflects interaction with Orail, then expression of the
AKAR peptide should result in a faster FRAP by abolishing the interaction. To test this, we
expressed the AKAR peptide and measured the kinetics of AKAP79-YFP FRAP before and
then after store depletion. To confirm that the AKAR peptide indeed prevented association
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FIG 3 Targeting the AKAR region on Orail accelerate AKAP79-YFP recovery from photobleaching after store depletion. (A) AKAP79-YFP mobility is not
reduced after store depletion in the absence of Orai expression. In this experiment, Orail triple knockout cells were used and cells co-expressed AKAP79-
YFP and STIM1-cherry. Upper panels compare mobile fraction and t,,, for the conditions shown. Lower images compare AKAP79-YFP and STIM1-cherry
distribution after stimulation with thapsigargin. All images were taken in the presence of thapsigargin. (B) Images compare NFAT1-GFP translocation to the
nucleus following treatment with thapsigargin for the times indicated. Control denotes a cell transfected with scrambled AKAR plasmid and AKAR
represents a cell transfected with AKAR plasmid. (C) Aggregate data as in panel B are compared. Control group denotes 24 cells and AKAR group 21 cells.
(D) Images show expression of AKAP79-YFP at the cell periphery before and after photobleaching cells transfected with AKAR plasmid. The photobleached
area is shown in white. (E) The graph compares the time course of FRAP for the conditions shown following AKAR expression. Unstimulated trace
represents the mean of 13 cells and thapsigargin (Thap) trace denotes 14 cells. (F) Mobile fraction is compared. In panels (D) to (F), STIM1 and myc-tagged
Orail were also overexpressed.

between AKAP79 and Orail, we monitored NFAT1-GFP translocation to the nucleus.
Nuclear accumulation was suppressed by the peptide (Fig. 3B and C), confirming it dis-
rupted AKAP79-Orail interaction (21). Expression of the AKAR peptide did not interfere
with AKAP79-YFP expression at the plasma membrane (Fig. 3D). However, the recovery of
AKAP79-YFP fluorescence following photobleaching in AKAR-expressing cells exposed to
thapsigargin occurred at a similar rate to that seen in the absence of store depletion (Fig.
3E). The mobile fraction between unstimulated cells and thapsigargin-treated cells was also
similar following AKAR expression (Fig. 3F). Hence the slower recovery of AKAP79-YFP fluo-
rescence after photobleaching in store-depleted cells reflects interaction with Orail.
AKAP79 interacts with the long isoform of Orai1 but not the short isoform.
Further evidence that the slower recovery of AKAP79-YFP from photobleaching after
store depletion arises from association with Orail was provided by comparing the
kinetics of FRAP in cells expressing AKAP79-YFP and either the long form of Orail
(Oraila) or the short form (Orai1B). We have shown that short Orail lacks the AKAR
domain and is considerably less able to interact with AKAP79 (21). To confirm selective
interaction between AKAP79 and the long form of Orail, we used a proximity ligation
assay that identifies co-localization between 2 proteins when <50 nm apart. In this
assay, proximity of 2 proteins is reflected in the presence of discrete spots. Orai triple
KO cells were co-transfected with AKAP79-YFP, long or short Orai1-FLAG and untagged
STIM1. In unstimulated cells, modest overlap of AKAP79 with either long or short Orail1
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FIG 4 The long form of Orail interacts with AKAP79. (A) Proximity ligation assay shows close association between long Orail and AKAP79
after store depletion but not for short Orail. (B) Aggregate data from experiments as in panel (A) are compared. Each bar is >30 cells. Data
are mean * SEM. (C) Images show AKAP79-YFP surface expression before and after photobleaching in cells expressing either long or short
FLAG-tagged Orail. (D) Kinetics of AKAP79-YFP FRAP before and after store depletion are compared between cells expressing long or short
Orail. Each trace is the mean of 9 to 13 cells. (E) The box plot compares mobile fraction for the conditions depicted. In all experiments, the
Orai triple knock out HEK293 cell line was used. Long and short Orail were expressed at similar levels, as gauged by anti-FLAG staining.

was observed (Fig. 4A and B). After store depletion with thapsigargin, numerous spots
formed between AKAP79-YFP and long Orai1 but not when the short form was
expressed instead (Fig. 4A and B).

We repeated these experiments using FRAP instead. Both long and short forms of
Orai1 did not affect expression of AKAP79-YFP at the cell periphery (Fig. 4C). Following
photobleaching, t,,, and the mobile fraction of AKAP79-YFP were similar in the pres-
ence of either form of Orail in non-stimulated cells (Fig. 4D and E). However, after ex-
posure to thapsigargin, the t,,, significantly increased (Fig. 4D) and mobile fraction sig-
nificantly decreased (Fig. 4E) for the long form of Orail that redistributed to puncta.
FRAP kinetics for AKAP79 in cells expressing short Orail after store depletion were
indistinguishable from the non-stimulated state (Fig. 4D and E), confirming relatively
weak interaction between this form of Orai1 and AKAP79.

STIM1-Orai1 interaction shows slow recovery from FRAP. We measured FRAP
between STIM1 and Orail, to compare the relative interaction dynamics between
AKAP79 and STIM1 with Orail. Following overexpression of STIM1-YFP and Orail-
cherry in the Orai triple knock out HEK cells, numerous puncta were visible after store
depletion (Fig. 5A). The t;, for FRAP for STIM1 in non-stimulated cells was ~7 s (Fig. 5B)
and the mobile fraction was 0.80 (median; 0.79 = 0.014) (Fig. 5C, mean = SEM) . The
effective diffusion coefficient for STIM1-YFP was calculated to be 0.091 um?/s, in good
agreement with previous FRAP reports of 0.10 um?/s (24) and 0.15 um?/s (25).
However, after store depletion with thapsigargin, recovery of STIM1 FRAP was slower
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FIG 5 Kinetics of STIM1-Orail interaction probed using FRAP. (A) Images show expression of STIM1-YFP and Orail-cherry before and after store depletion.
(B) Time course of FRAP is compared for the conditions shown. Each graph is the mean of 12 to 13 cells. (C) Box plot shows the mobile fraction for each
condition.

(Fig. 5B), and the mobile fraction fell to 0.21 (median; 0.19 = 0.02) (Fig. 5C, mean =
SEM). To see whether the reduced mobility of STIM1 after store depletion was due to
interaction with Orai1 or arose purely from STIM1 oligomerization, we overexpressed
STIM1-YFP in the absence of Orail. The kinetics of FRAP was now faster than that seen
in the presence of Orail (Fig. 5B) and the mobile fraction also increased (Fig. 5C).

Effect of altering Ca2*-dependent fast inactivation of CRAC channels on NFAT
activation. It has been suggested that ability of the long form of Orail to activate
NFAT is impaired by Ca?*-dependent fast inactivation (CDFI) of the channels (26). CDFI
of CRAC channels arises from the action of local Ca?* on a site 3 to 4 nm from the intra-
cellular mouth of the pore, and develops within tens of milliseconds (27, 28). The mo-
lecular basis of CDFI is complex, involving both the N-terminus and intracellular loop
of Orail as well as acidic residues on STIM1 (9). CDFl is manifest only at negative mem-
brane potentials (beyond ~ -60 mV) and increases when extracellular Ca2* is raised
from 2 mM to 10 to 20 mM (27, 28). We manipulated CDFI by either depolarizing the
membrane potential or increasing extracellular Ca?2* and examined the impact on
NFAT1 activation in the triple KO HEK cell line lacking all 3 Orai genes. Raising extracel-
lular Ca2* from 2 mM to 10 mM increases CDFl of CRAC channels significantly (29) but
NFAT1 translocation to the nucleus in long Orail-expressing cells followed similar time
courses and the overall extent of nuclear accumulation was indistinguishable between
the two different external Ca?* concentrations (Fig. 6A and B). CDFI decreases steeply
as the membrane potential depolarizes (27, 28). We therefore clamped cells close to
0 mV, where no detectable CDFI occurs, by exposing them to high K* (100 mM)-con-
taining extracellular solution. NFAT1 nuclear translocation proceeded at a similar rate
to that seen in normal K™ solution (Fig. 6A and B). Therefore, increasing or decreasing
CDFI has little impact on NFAT1 nuclear translocation in intact cells.

Local Ca?* entry promotes dissociation of NFAT1 from AKAP79. A portion of the
total cellular NFAT pool binds to a leucine zipper motif on AKAP79 and is thereby asso-
ciated with the plasma membrane (20, 21). Pulldown of AKAP79 after store depletion
has revealed the presence of Orail, calcineurin and NFAT1, with calcineurin and NFAT1
dissociating from the complex following Ca?* entry (22). To visualize this more directly,
we co-expressed AKAP79-YFP and NFAT1-cherry. Imaging the cell periphery using Airy
scan confocal microscopy showed co-localization between AKAP79-YFP and NFAT1-
cherry and the proteins remained associated after store depletion in the absence of
external Ca2?*(Fig. 7A). Readmission of external Ca?* led to release of NFAT from
AKAP79 (Fig. 7A) with a t,,, of ~ 7 min for the pool at the cell periphery (Fig. 7B, red
trace). The fall in NFAT1 levels at the cell surface correlated with the rise in nuclear
NFAT1 (Fig. 7B). Previous work has established that local Ca?* entry through CRAC
channels rather than the subsequent rise in bulk Ca2* preferentially activates NFAT1
(16, 17). Consistent with this, we found that loading the cytosol with the Ca2?* chelator
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FIG 6 Altering Ca?*-dependent fast inactivation has little effect on NFAT nuclear translocation. (A) Images compare nuclear translocation
of NFAT1-cherry in Orai triple knock out HEK293 cells expressing the long form of Orail, under conditions where the rate and extent of
fast inactivation is altered. The short form of Orail does not interact with AKAP79 and hence does not cause nuclear translocation of
NFAT1 (21). (B) Aggregate data from several experiments as in panel (A) are compared. Each point is the mean of 11-13 cells.

EGTA, which is too slow to affect the size or lateral extent of a Ca?* nanodomain but
suppresses a rise in bulk Ca2™(30, 31), failed to prevent NFAT1 dissociation from
AKAP79 (Fig. 7C, t,,, ~ 6 min). By contrast, the fast Ca2™ chelator BAPTA, which can
buffer Ca?2™ within the CRAC channel nanodomain, suppressed NFAT1 dissociation
from AKAP79 (Fig. 7C). If NFAT1 dissociation requires close interaction between
AKAP79 and Orail, then the AKAR peptide should prevent NFAT1 at the plasma mem-
brane from being released from AKAP79 by local Ca2* entry. This was indeed the case
(Fig. 7D). Therefore, the association between AKAP79 and Orail enables local Ca?* sig-
nals near open CRAC channels to release NFAT1 that is compartmentalized at the
plasma membrane through binding to AKAP79.

Replenishment of the plasma membrane NFAT1 pool. To measure the time course
of NFAT1 rebinding to AKAP79 at the cell periphery, we first activated CRAC channels to
drive NFAT1 away from AKAP79-YFP at the cell periphery. After ~ 15 min of Ca?* entry,
when the vast majority of NFAT1 had left the periphery (Fig. 7B), we applied both cyclospo-
rine A (1 uM) to inhibit calcineurin and BTP2 to block CRAC channels, and tracked co-local-
ization between NFAT1-cherry and AKAP79-YFP at the periphery. BTP2 suppresses Ca?*
entry within 6 min (data not shown), yet little NFAT reassociated with AKAP79 for at least
15 min (Fig. 7E). This reflects the slow rephosphorylation of NFAT1 in the cytosol and nu-
cleus (15). Thereafter, co-localization developed but did so slowly, with 50% recovery after
~12 min (Fig. 7E). Hence reassociation of NFAT with AKAP79 is relatively slow, consistent
with the slow rephosphorylation kinetics in the cytosol and nucleoplasm.

Quantification of NFAT1 dynamics through 3D-reconstruction. We used Airy
scan confocal microscopy with sequential optical slices 222 nm apart in the z-axis, cov-
ering the entire cell, in order to quantify the redistribution of NFAT between the cell
periphery, cytosol, and nucleus before and after activation of CRAC channels. Figure
8A shows a 3-D image of a non-stimulated cell, with the blue signal showing Hoechst
staining of the nucleus, the green signal documenting AKAP79-YFP and the red signal
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FIG 7 NFAT1 dissociates from AKAP79 following local Ca?* entry through CRAC channels. (A) Airy scan confocal images show co-localization of NFAT1-
cherry and AKAP79 close to the cell periphery in unstimulated cells in Ca?*-free (0Ca) external solution, and after exposure to thapsigargin (Thap) in Ca®*-
free external solution (0Ca/Thap). After Ca** readmission, NFAT1 dissociates from AKAP79 and translocates to the nucleus. Images show responses at
different times after Ca®* readmission (2Ca/Thap). (B) The time course of loss of co-localization of NFAT1 with AKAP79 is shown (red trace). Included in the
graph is the time course of NFAT1 translocation into the nucleus in the same cells (black trace). Each point is mean * SEM of 26 to 30 cells. (C), Loading
the cytosol with the slow Ca?* chelator EGTA (30 min pre-exposure to 10 uM EGTA-AM) does not prevent NFAT1 dissociation from AKAP79 (upper graph).
Each point is the mean = SEM of 25 cells. Loading the cytosol with the fast Ca?* chelator BAPTA (30 min pre-exposure to 10 uM BAPTA-AM) prevented
dissociation of NFAT from AKAP79 (lower graph). Each point is the mean = SEM of 16 cells. (D) Expression of the AKAR peptide prevents Ca®" entry
through CRAC channels from releasing NFAT1 from AKAP79. Each point is the mean *= SEM of 16 cells. (E) Time course of NFAT1 co-localization with
AKAP79 is shown. In these experiments, activation of CRAC channels triggered dissociation of NFAT1 from AKAP79. After 20 min, BTP2 and cyclosporine A
were added, to prevent activation of calcineurin. Each point is the mean = SEM of 14 cells.

NFAT1-cherry. Figure 8B shows a cell following stimulation with thapsigargin for 30
min. In resting cells, ~10% of the total NFAT1-cherry pool was associated with the cell
periphery, ~70% was in the cytosol and ~20% was in the nucleus (Fig. 8C). After stim-
ulation with thapsigargin, both peripheral and cytosolic portions fell significantly, and
the nuclear levels rose substantially (Fig. 8C).

Modeling NFAT-AKAP79 membrane dynamics at the cell periphery. We con-
structed a simplified model of NFAT1-AKAP79 plasma membrane dynamics (Fig. 9A
and Table 1 for definitions).

Writing down reactions shown in Fig. 9 with mass-action kinetics gives the follow-
ing set of equations:

d[A
d[AC
G _ k4] - KalAC) + (ks ) AN,C] — Ki[ACIING) @
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FIG 8 NFAT redistribution following stimulation in 3D-reconstruction of Z-slices spanning the entire cell. (A)
Image shows a resting, non-stimulated cell. (B) A cell after stimulation with thapsigargin is shown. Scale
bars are all 10 um. (C) Aggregate data are compared for the different cellular compartments (cell periphery,
cytosol and nucleus). Rest versus thapsigargin was significantly different in all 3 groups (P < 0.05 for PM,
P < 0.001 for Cytosol and for Nucleus).

AT _ 4ty (4N, ~ KofANYC] + ki[ACNG] ~ (ky Hhs) AN, ®
Wl _ 1 (1AN,) + (AN,]) — Ka((AC) + AD[N] + ko[, @
d[jl\t’f} = +ks[AN,C| — ks[N/] (5)

AN,) = Ar — (14] + [AC] + [AN,C)) ©

[N = No = ([Nl + [AN;] + [AN,C] + [N )

By dividing each quantity by [A;] we can work with a set of transformed variables
representing the proportion of AKAP in the various states, and the amounts of NFAT
relative to total AKAP, without loss of generality. We set [N;l/[A{] = 2 which reflected
the fact that a higher proportion of total AKAP was associated with NFAT than total
NFAT associated with AKAP79, as seen in Western blot experiments compared to the
3-D reconstruction.

We fitted parameters k; to ks by simulating the experiment shown in Fig. 7E, that is
the activation of CRAC channels in 2 mM Ca2* at t = 10 followed by inhibition of the
channels and subsequent rebinding of NFAT1 to AKAP79. Instead of removing CRAC
channel activity at ~t = 30 min we introduce it at t = 46 (due to the apparent sudden
increase in AKAP79 and NFATT1 association) with the difference due to the delays asso-
ciated with multiple (de)phosphorylation events as discussed above, and also time
delays associated with spatial movement to and from the nucleus, neither of which are
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FIG 9 Mathematical model for NFAT-AKAP79 plasma membrane dynamics. (A) Cartoon summarizes the various steps in the model. See Table 1 for
definitions. (B) Graph simulates how the various parameters change following CRAC channel activation and then inhibition, shown between the dotted
lines. (C) Simulations are superimposed on original data (Fig. 7C), for different levels of nuclear export.

captured in this simplified model. Based on previous work, we treated K as fixed at
0.1 min~" (15). We derived a multi-objective function with likelihood based on square
error between the data seen in Fig. 7E, nuclear proportion of NFAT at 67% at t = 30 min,
and for the amounts of co-localized AKAP79 and NFAT1 to match Fig. 7. With each pro-
posed parameter set, we simulated for 200 min before t = 0 to allow the system to settle
into a steady state at rest. The full likelihood function and weightings can be seen in the
Open-source Python3 code for all of the simulation fitting and results plots is available at
http://www.github.com/mirams/NFAT-and-AKAP. We solved the differential equations
using the scipy v1.8.0 ‘odeint’ function and ran maximum likelihood optimization using
the global optimization using the CMA-ES algorithm via the PINTS v0.4.0 library (32). The
resulting parameter values are shown in Table 2.

Following optimisation, we varied the rate of nuclear export (k,) and this has little
effect on the behavior of AKAP79 at the membrane (versions of Fig. 9 for each value of
k, can be seen in the code repository). Interestingly, nuclear phosphorylation and
export has a strong effect in determining what equilibrium level is reached for the pro-
portion of AKAP79 that is co-localized with NFAT, that is ([AN,1+[AN,C])/([A;]) (Fig. 9B).
Our model predicts a second ‘hump’ of AKAP79-NFATp-CRAC, which is manifest after
the channels are blocked. In the model, this second smaller peak is caused by NFATp
rebinding to AKAP79-CRAC channel complexes, enabling a modest buildup before the
complex dissociates into AKAP79-NFATp and the CRAC channel. This second hump
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TABLE 1 Model variables and parameters and their descriptions

Symbol Description

A AKAP79 (free within membrane)

AC AKAP79:CRAC

AN, AKAP79:NFAT(phosphorylated)

AN,C AKAP79:NFAT(phosphorylated):CRAC

N, NFAT (cytosolic)

N, NFAT (cytosolic & phosphorylated)

N, NFAT (nuclear)

N, NFAT (nuclear & phosphorylated)

A; Total AKAP79 dimers®

Ny Total NFAT

k, Rate of AKAP or AKAP:NFAT, association with CRAC channels (zero when CRAC channels are inactive)
k, Rate of AKAP or AKAP:NFAT dissociation with CRAC channels

ks Rate of NFAT,, dissociation from AKAP or AKAP:CRAC

k, Rate of NFAT association with AKAP or AKAP:CRAC

ks Rate of NFAT dephosphorylation and release from AKAP:CRAC (zero when CRAC channels are inactive)
ks Rate of nuclear import of dephosphorylated NFAT

k, Rate of phosphorylation and subsequent export of nuclear NFAT

“We assume the majority of AKAP79 exists as dimers as described (43). Free AKAP79 simply refers to AKAP79 that is not bound to another unrelated protein.

would provide a supply of NFAT under conditions where CRAC channels activate then
deactivate, as seen during physiological Ca2* oscillations.

Different NFAT isoforms are phosphorylated at different rates in the nucleoplasm
and are exported out of the nucleus with strikingly different kinetics. NFAT1 is phos-
phorylated several folds more slowly than NFAT4 and therefore lingers in the nucleus
for considerably longer (15). Differences in nuclear export rate will therefore impact on
frequency-dependent signaling. With its faster nuclear exit, NFAT4 better tracks oscilla-
tory Ca2* signals (14) Our model provides new insight into repetitive NFAT4 signaling
in that the AKAP-NFAT4 complex reforms quickly at the cell surface when nuclear
export is relatively fast (Fig. 9C). Hence relatively more NFAT4 will be available to CRAC
channels than NFAT1, enabling frequency-dependent tracking.

DISCUSSION

The involvement of AKAP79 scaffolding in CRAC channel-transcription coupling
poses competing requirements: The protein must bind to calcineurin and NFAT and
place them adjacent to Orail but at the same time ensure that there is a maintained
supply of calcineurin and NFAT1, as both are released from AKAP79 by Ca?* nanodo-
mains near open channels. The interaction between AKAP79 and Orail must therefore
be strong enough to enable activation of calcineurin and hence NFAT1 by local Ca?*
entry but not so strong as to prevent AKAP79, depleted of calcineurin and NFATT1, from
being replaced by AKAP79 replete with enzyme and transcription factor. Our FRAP
experiments show that the interaction between AKAP79 and Orai1 results in an ~ 30%
decrease in the effective diffusion coefficient of AKAP79-YFP and an ~2-fold decrease
in mobile fraction after store depletion. By contrast, the mobile fraction for STIM1-YFP
in puncta with Orail fell almost 4-fold after store depletion. Therefore, while Orai1

TABLE 2 Fitted parameter values for the model shown in Fig. 9

Parameter Value Unit

[N/[A] 2 dimensionless

k, 0.146 min~'

k, 0.025 min~'

ks 0.077 min~’

k, 0.014 min~'

ks 0.597 min~'

ks 0.1 min~’

k, Varied from 0, 0.01, 0.1 min~’
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interacts with both STIM1 and AKAP79 after store depletion, the relative strengths of
interaction differ significantly. STIM1 forms a comparatively stable complex with Orai1
and free STIM1-YFP molecules exchange only slowly with photobleached STIM1 pro-
teins in puncta with Orail. Such a relatively tight association ensures the appropriate
STIM1-Orail stoichiometry is maintained for prolonged CRAC channel activity. The
weaker interaction between Orail and AKAP79 allows for sustained NFAT activation;
the exchange between free AKAP79 and AKAP79 bound to Orail provides Orail with
continuous access to a supply of calcineurin and NFAT. Therefore, a nuanced set of
interactions between Orai1 and STIM1 and AKAP79 allows for long-term Ca?*-depend-
ent signaling to the nucleus by CRAC channels.

Our data on STIM1 diffusion are in good agreement with previous FRAP and single
particle tracking measurements. Those earlier studies ascribed a diffusion coefficient
for STIM1 under non-stimulated conditions of ~0.1 um?/s (24) and 0.15 um?/s (25) and
a value of 0.116 um?/s was obtained from single particle tracking (33), all of which are
close to the value we obtain (0.091 um?/s). Wu et al. reported a 4-fold slowing of
STIM1 diffusion after store depletion, which was mainly due to interaction with Orai1
at ER-PM junctions (33). Escape of STIM1 and Orail from puncta when both proteins
are overexpressed is limited because each protein is surrounded by excess of its bind-
ing partner. In our experiments, we overexpressed STIM1 and Orai1 to ensure we could
visualize puncta clearly. Therefore, the t,,, of FRAP for STIM1-YFP interacting with Orai1l
will be shorter for endogenous levels of protein expression. Because we overexpressed
AKAP79-YFP and STIM1-YFP to broadly similar extents, the difference in FRAP kinetics
for AKAP79 and STIM1 with Orai1 after store depletion is expected to hold under more
physiological levels of expression.

The slower mobility of AKAP79-YFP after store depletion could be due to molecular
crowding if lateral diffusion of AKAP79 slows at STIM1-Orail puncta but through a
mechanism independent of Orail. Three arguments suggest the slowing of AKAP79
mobility arises from interaction with Orail. First, expression of the AKAR peptide, which
inhibits AKAP79 from associating with Orai1, prevented the decrease in AKAP79 mobil-
ity after store depletion. Second, the short form of Orai1 (Orai1B) forms puncta with
STIM1 but does not interact with AKAP79. In HEK Orai triple knockout cells, expression
of recombinant short Orail did not reduce AKAP79-YFP mobility after store depletion.
By contrast, AKAP79 mobility was significantly lowered in the presence of long Orail.
Third, the decrease in AKAP79 mobility only occurred when Orail was present. In punc-
tate-like structures containing STIM1-cherry expressed in the Orai triple knockout cells,
AKAP79-YFP mobility was not reduced following store depletion.

Our data can be rationalized in terms of a diffusion-trap model for activation of
store-operated Ca2* entry (33, 34). In this model, STIM1 and Orail passively diffuse
within the ER and cell surface membrane, respectively. Upon store depletion, STIM1
undergoes a conformational change that leads to exposure of the polybasic domains
which facilitate binding to phosphoinositide phospholipids in the plasma membrane
at the endoplasmic reticulum-plasma membrane junctions. At these sites, STIM1 binds
to the C-terminus of Orai1 channels through the SOAR/CAD domain (9). STIM1 cluster-
ing and activation of store-operated Ca?* entry have been reported to take place in
lipid rafts (35). AKAP79 is also targeted to lipid rafts, both through basic residues in the
N-terminal domain that interact with negatively charged phosphoinositides (23) and
through palmitoylation of cysteine residues in the N-terminus (36). Therefore, a fraction
of AKAP79 might be transiently trapped within membrane sub-domains that are asso-
ciated with active CRAC channels. AKAP79 interacts with the AKAR domain on the N-
terminus of Orail (21) and we have found that this interaction occurs only at punctate
regions of the membrane containing Orail clusters. One possibility is therefore that
STIM1 binding to Orail exposes better the AKAR region on Orail, favoring AKAP79-
Orail interaction only at endoplasmic reticulum-plasma membrane junctions where
STIM1 and Orail interact. Alternative explanations could involve STIM2, which has
been suggested to couple AKAP79 to Orail (37).
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Because expression of an AKAP79 mutant with reduced capacity to bind NFAT1 sup-
presses CRAC channel-driven activation of NFAT1 (21), the majority of NFAT1 activated by
local Ca?* entry is associated with AKAP79 at the cell periphery. We found that ~10% of
NFAT1-cherry was associated with the plasma membrane at rest, ~70% was in the cytosol
and ~20% was in the nucleus. However, this changed dramatically upon stimulation.
Nuclear levels increased to >70%, whereas cytosolic and plasma membrane-associated
NFAT1-cherry fell to ~25% and ~5%, respectively. It is remarkable that local Ca?* entry
through CRAC channels, restricted to < ~100 nm from the plasma membrane, can activate
almost the entire cytosolic pool of NFAT1. As it is only NFAT1 associated with AKAP79 at the
plasma membrane that is activated by CRAC channels (21), cytosolic phosphorylated (inac-
tive) NFAT must replace NFAT at the plasma membrane that has dissociated from AKAP79
in order to sustain NFAT activation. However, it is not sufficient for cytosolic phosphorylated
NFAT1 to bind to the AKAP79-Orail complex; calcineurin also has to rebind, in order to cou-
ple Ca?* nanodomains near the channels to NFAT1 activation. Because the mobility of calci-
neurin through the cytosol is independent of NFAT1, the 2 proteins will bind to AKAP79 at
different rates (38). Hence, some AKAP79 molecules associated with Orail will, after releas-
ing calcineurin and NFAT1, subsequently rebind either calcineurin or NFAT1, with neither
form resulting in NFAT1 activation. Therefore, free AKAP79 in the plasma membrane, with
calcineurin and NFAT1 bound, represents the primary source for simultaneous presentation
of enzyme and transcription factor to Orail channels. NFAT cycling between cytosol and
AKAP79 at the plasma membrane ensures local Ca?* signals near Orai1 remain the exclusive
trigger for NFAT1 activation, thereby maintaining specificity.

It is noteworthy that activated calcineurin, liberated from the confines of the plasma
membrane following dissociation from AKAP79, does not appear to dephosphorylate
cytosolic NFAT to a discernible extent. This could be explained by the finding that cyto-
solic phosphorylated NFAT is not free in the cytosol but is instead bound within a large
macromolecular cytoplasmic RNA-protein scaffold complex from which calcineurin is
excluded (39). Therefore, activated calcineurin released from AKAP79 is unlikely to
have unhindered access to cytoplasmic phosphorylated NFAT.

To sustain excitation-transcription coupling, the stability of the STIM1-Orai1 com-
plex must last longer than the AKAP79-Orai1 interaction, in order for local Ca2* entry
to ensure several cycles of NFAT activation. Our FRAP experiments demonstrate that
this is indeed the case; free AKAP79 exchanged with AKAP79 bound to Orail consider-
ably more quickly than free STIM1 replaced STIM1 molecules bound to Orail. In this
way, free AKAP79 acts as a buffer, sequestrating non-active calcineurin and NFAT1 mol-
ecules and then replacing AKAP79, relieved of these proteins, on the CRAC channel
complex. The more stable STIM1-Orail interaction enables Ca2* entry to continue long
enough to activate calcineurin and thereby NFAT on new AKAP79 molecules that have
now associated with Orail.

AKAP scaffolding proteins are thought to enhance signaling in 4 ways. First, by
associating with different membranes, AKAPs localize their binding partners to spe-
cific sub-cellular domains. Second, AKAPs help determine which proteins partici-
pate in a signalosome and therefore define specificity of signaling. Third, AKAPs
accelerate signaling by juxtapositioning enzymes with the target. Fourth, by plac-
ing protein kinase A, for example, at the nuclear membrane, AKAP75 amplifies pro-
tein kinase A activity in the nucleus by facilitating nuclear import (40). Our data
add a fifth element to AKAP signaling. The kinetics of AKAP dissociation from a
binding partner such as the CRAC channel in a signalosome enables free AKAP mol-
ecules, attendant with a new stock of signaling molecules, to join the nexus and
thus ensure long-term signaling.

MATERIALS AND METHODS

FRAP. Fluorescence images were captured on a Zeiss LSM880 confocal microscope (Carl Zeiss Inc.)
using a C-Apochromat 40X/1.2 Water DIC objective. The 488 nm laser line from an argon laser at 1.0%
power was used for excitation of YFP. Subsequently, a 491 to 579 nm band pass emission filter was used
to collect the emission signal with a pinhole set to yield an optical Z-thickness of 6.6 um. The FRAP
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experiments were done as a time series of 400 images taken as quickly as possible for the given scan-
ning parameters (zoom 2.5, scan speed 12, line average 1, 512 x 512 pixel size, bidirectional scanning)
which yielded a time interval between images of 207 ms. For photobleaching, the 488 nm argon laser
was used to bleach a 1.3 um x 1.3 um FRAP ROI at 100% laser power for 200 iterations beginning after
the 60" frame so that the remaining 340 frames could be used to capture the recovery. After image ac-
quisition, double normalization and quality control were performed according to Light Microscopy
Methods and Protocols (https://link.springer.com/book/10.1007%2F978-1-4939-6810-7) with EASY FRAP
web (https://academic.oup.com/nar/article/46/W1/W467/5036838). The normalized data sets were then
imported into Igor Pro 8 where a double exponential with X offset curve fitting was performed to deter-
mine half life (t,,,) and mobile fraction. Measurements of half-time were used to calculate the diffusion
coefficient according to Kang et al., (41):

DCoeff = (r’e + rzn)/Stl/z ®)

where Re = 0.75 and Rn = 2.03.

FRAP data were obtained on 1 to 3 cells per coverslip and recordings from multiple coverslips,
obtained from different preparations on different days, were combined.

Cell culture. HEK293 cells were purchased from ATCC. Orai1,2,3 triple knockout (TKO) HEK293 cells,
generated using a CRISPR/Cas-9 strategy, were provided by Dr Rajesh Bhardwaj (NIEHS) and Dr Matthias
Heidegger (Department of Nephrology and Hypertension, University Hospital Bern) and were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (Thermo Scientific), as described (21). Media were supple-
mented with 10% fetal bovine serum and 1% penicillin-streptomycin.

Cell transfection. Plasmid, AKAP79-YFP, was kindly provided by Dr Mark Dell’/Acqua (Colorado). Orail
was myc-tagged as previously described (42), NFAT1-cherry was from Mutagenex, untagged STIM1 and
STIM1-YFP, Oraila-GFP (long Orai1) and Orail 3-GFP (short Orai1) were provided by Dr. James Putney (NIEHS,
USA). Orail-cherry was from Dr Irene Frischauf (Linz University, Austria). The AKAR plasmid, mimicking amino
acids 39 to 59 on Orail preceded by methionine, was provided by Mutagenex. Plasmids were typically used at
1 wg. When Orail was expressed, we used x2 more STIM1. We used 2 ug of AKAP79-YFP plasmid as empirical
measurements showed this led to similar levels of YFP expression as seen with STIM1-YFP. HEK293 cells were
transfected with Lipofectamine 2000 (Invitrogen), and then incubated in media 24 to 36 h before experiments
began.

Proximity ligation assay. Triple KO HEK293 cells were transfected with either long-Orail1-Flag or
short-Orai1-Flag together with AKAP-YFP and untagged STIM1 and then plated on glass coverslips, as
described (21). After 24 h, cells were treated with thapsigargin (2 ©M) for 15 min. The Duolink In Situ Kit
(Millipore Sigma) was used to probe interaction between AKAP79 and Orail according to the manufac-
turer’s instructions. In brief, cells were fixed in 4% paraformaldehyde and permeabilized on ice-cold
methanol. After 1 h blocking, the cells were hybridized with anti-GFP (Cell Signaling) and anti-Flag-
tagged (Cell Signaling) primary antibodies at 4°C overnight. Cells were washed with Duolink washing
buffer A twice for a total of 10 min, then probed with primary antibodies using anti-rabbit PLUS and
anti-mouse MINUS probes at 37°C for 1 h. Samples then underwent ligation and amplification processes.
After final washing, the slides were mounted using Duolink In Situ mounting medium with DAPI.
Fluorescence signal was measured using a Zeiss LSM 880 microscope and puncta number were analyzed
with Imaris software.

NFAT translocation. NFAT1-mcherry levels in the cytosol and nucleus of living cells were measured
using a Zeiss LSM 880 inverted confocal microscope with a 40x water immersion objective. Regions of
interest of identical size were drawn in the cytosol and nucleus using Fiji software and fluorescence
computed. The time course of NFAT1 nuclear translocation accumulation was measured for up to 50
min. One or two images were taken before stimulation and the images were acquired every 5 min after
exposure to thapsigargin (2 wM). Nuclear localization was confirmed by co-staining with the nuclear dye
DAPI.

NFAT1-cherry and AKAP-YFP co-localization. HEK293 cells were transfected with NFAT1-cherry
and AKAP-YFP. After 24 to 36 h, cells were imaged using an AiryScan detector system attached to a Zeiss
LSM 880 inverted confocal microscope. Cells were exposed to thapsigargin (2 uM) in Ca®*-free solution
for 5 to 6 min, and then external Ca*" was readmitted. Images were acquired every 3 min. One or two
images were taken in Ca?*-free solution. The extent of colocalization between NFAT and AKAP79 in indi-
vidual cells was analyzed using Imaris software.

Airyscan confocal super-resolution images were taken on a Zeiss LSM880 confocal microscope with
Airyscan (Carl Zeiss Inc.) using a C-Apochromat 40X/1.2 Water DIC objective. For the red channel, a
561 nm DPSS laser at 0.5% power was used for excitation of mCherry while a long pass 570 nm filter col-
lected the emission. For the green channel, a 488 nm ArKr laser line at 0.5% power was used for excita-
tion of YFP while a bandpass 495 to 550 filter was used for collection of the emission signal. The master
gain setting of the Airyscan detector was held constant for all images of both channels with a setting of
800. Furthermore, all images were taken with a zoom of 4, a 0.98 us pixel dwell time, a 0.05 um pixel
size, a physical pinhole setting of 135 um, and with line averaging set to 2. The imaging experiment
were performed as a time series of multiple positions where a total of 25 images were acquired every 3
min at each position.

Individual cells were analyzed across the time series from each position. Time lapse images of each
cell were imported into Imaris 9.8 (Oxford Instruments plc), licensed with the Coloc feature.
Colocalization thresholds for each channel were manually set and held constant across the entire time
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series. The number of colocalized voxels for each time point were then exported and subsequently nor-
malized to time zero where a mean and standard error were calculated across all replicates.

3-D reconstruction of NFAT distribution. Airyscan confocal images below the Rayleigh criterion
were taken on a Zeiss LSM880 with Airyscan (Carl Zeiss Inc.) using a C-Apochromat 40X/1.2 Water DIC
objective. For the red channel, a 561 nm DPSS laser at 0.5% power was used for excitation of mCherry
while a long pass 570 nm filter collected the emission. For the green channel, a 488 nm ArKr laser line at
1% power was used for excitation of YFP while a bandpass 495 to 550 filter was used for collection of
the emission signal. For the blue channel, a 405 nm Diode laser at 1% excited Hoechst while a 420 to
480 nm bandpass filter collected the emission. The master gain setting of the Airyscan detector was
held constant for all images of all channels with a setting of 800. Furthermore, all images were taken
with a zoom of 3, a 1.22us pixel dwell time, a 0.041 um pixel size, and a physical pinhole setting of
103 um. The imaging experiment was performed as Z-stack acquisition of the entire cell with a Z-inter-
val of 0.222 um.
Z-stack images were imported into Imaris 9.9 (Oxford Instruments plc) and individual cells with dual
expression of AKAP79 and NFAT were segmented. A surface mask was made with Imaris to identify the
cortical area of the cell while a second surface using Hoechst was used to define the nucleus. The Imaris
software was then used to quantify the integrated density of AKAP79 and NFAT in the Cortical area,
cytosol, and nucleus.
Statistics. All statistical analyses used GraphPad Prism 9 software. Graphs are represented as mean *+
SEM, whereas Box plots are used present data between 2 parameters. Experiments were repeated at least
3 independent times, using different cell preparations. For statistical analyses with only 2 experimental
groups, two-sample t tests were performed, and for statistical analyses with more than 2 experimental
groupsa one-way ANOVA was performed. *, **, and *** indicate P-values of < 0.05, < 0.01, and < 0.001,

respectively. Differences were considered statistically significant when P < 0.05.
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