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Preferential generation of Ca’*-permeable AMPA receptors
by AKAP79-anchored protein kinase C proceeds via GIuA1
subunit phosphorylation at Ser-831
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AMPA-type glutamate receptors (AMPARs) mediate fast
excitatory neurotransmission in the mammalian central nerv-
ous system. Preferential AMPAR subunit assembly favors het-
eromeric GluA1/GluA2 complexes. The presence of the GluA2
subunit generates Ca>*-impermeable (CI) AMPARs that have
linear current-voltage (I-V) relationships. However, diverse
forms of synaptic plasticity and pathophysiological conditions
are associated with shifts from CI to inwardly rectifying, GluA2-
lacking, Ca*>*-permeable (CP) AMPARSs on time scales ranging
from minutes to days. These shifts have been linked to GluA1l
phosphorylation at Ser-845, a protein kinase A (PKA)-targeted
site within its intracellular C-terminal tail, often in conjunction
with protein kinase A anchoring protein 79 (AKAP79;
AKAP150 in rodents), which targets PKA to GluA1l. However,
AKAP79 may impact GluA1 phosphorylation at other sites by
interacting with other signaling enzymes. Here, we evaluated
the ability of AKAP79, its signaling components, and GluA1l
phosphorylation sites to induce CP-AMPARs under conditions
in which CI-AMPARs normally predominate. We found that
GluA1l phosphorylation at Ser-831 is sufficient for the appear-
ance of CP-AMPARs and that AKAP79-anchored protein
kinase C (PKC) primarily drives the appearance of these recep-
tors via this site. In contrast, other AKAP79-signaling compo-
nents and C-terminal tail GluA1 phosphorylation sites exhib-
ited a permissive role, limiting the extent to which AKAP79
promotes CP-AMPARs. This may reflect the need for these sites
to undergo active phosphorylation/dephosphorylation cycles
that control their residency within distinct subcellular compart-
ments. These findings suggest that AKAP79, by orchestrating
phosphorylation, represents a key to a GluA1 phosphorylation
passcode, which allows the GluA1l subunit to escape GluA2
dominance and promote the appearance of CP-AMPARs.

The GluA1l AMPAR? intracellular C-terminal tail harbors
multiple phosphorylation sites that are intimately linked with
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synaptic plasticity based on their ability to control the rece-
ptor’s biophysical and trafficking properties (1). Ser-845, a
PKA/PKG site (2, 3), is linked with GluA1 open probability and
surface expression (4, 5), whereas Ser-831, a CaMKII/PKC site
(6, 7), controls GluA1 single channel conductance (8). Ser-818
and Thr-840 are additional PKC sites that modify single-chan-
nel conductance (9). However, Ser-818 additionally contributes
to the synaptic incorporation of AMPARSs during synaptic plas-
ticity (10). Native AMPARs are predominantly CI due to the
presence of the GluA2 subunit (11). Previous studies indicated
that incorporation of GluA2 into GluA1/GluA2 heteromers
disables the impact of CaMKII-mediated Ser-831 phosphoryla-
tion on single-channel conductance (12), an effect alleviated by
transmembrane AMPAR regulatory protein (TARP) family
members (13). Because PKC can phosphorylate multiple sites
within GluA1, as well as within GluA2 (14), we were interested
in determining the impact of PKC infusion on GluA1/GluA2
heteromers. Moreover, multiple lines of investigation have
implicated AKAP79/150 as a key regulatory element for various
forms of synaptic plasticity by virtue of its ability to target PKA,
PKC, and the Ca®>"-dependent phosphatase calcineurin (CaN)
to GluA1 (15-25). In particular, an expanding body of literature
suggests that AKAP79/150 via Ser-845 phosphorylation may
exert its effects through its ability to promote the appearance of
presumably homomeric GluAl CP-AMPARs (18, 24-27).
However, GluAl phosphorylation at Ser-831 has also been
associated with the appearance of CP-AMPARs (28 -38). As
such, using HEK 293 cells as a model system, we set out
to systematically examine by whole-cell electrophysiology
whether AMPARs generated by co-expression of GluAl and
GluA2 were impacted by the presence of AKAP79, with a par-
ticular focus on AMPAR subunit composition. In addition, we
sought to determine whether any AKAP79-dependent effects
could be linked to its well-described interactions with PKA,
PKC, or CaN and/or the GluA1 phosphorylation state. Addi-
tional biochemical studies were performed to assess the impact
of AKAP79 on GluA1 phosphorylation in the context of GluA2
co-expression as well as to examine the impact of phosphory-
lation on GluA1l accessibility to the cell surface. Collectively,
these studies revealed that the ability of AKAP79 to target PKC

Ca’"/calmodulin-dependent protein kinase Il; TARP, transmembrane
AMPAR regulatory protein; CaN, calcineurin; CP, Ca®>"-permeable; Cl, Ca** -
impermeable; pF, picofarads; ID, immunodepletion; R, rectification index;
SR, strongly inwardly rectifying.
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AKAP79-anchored PKC promotes GluA1 homomers via Ser-831

A.

1.5
N JsoopA —E T
200 ms 200 ms
B |
S o
B e
2
S PKM (4 nM)
@057 4 GUA1/GIUA2
o GIUA1/GIuA2 + AKAP79
00-r—————————
: 5 10 15

Time (min)

B.

60  -40

-0.4]—0— A1/A2 (0 min)

|—m— A1/A2 (15 min)

|—0— A1/A2 + AKAP79 (0 min)
—@— A1/A2 + AKAP79 (15 min)

-0.84

-1.01

normalized

Figure 1. GluA1/GluA2 heteromers are resistant to acute elevation PKC regardless of the presence of AKAP79. A, HEK 293 cells were transfected with
GluA1/GluA2 with or without AKAP79-GFP. The catalytic fragment of PKC (PKM) was included in the pipette recording solution. Currents were evoked every 30 s in
response to glutamate (1 mwm) in the presence of cyclothiazide (100 um). Shown is a summary time course for glutamate-evoked currents. Currents for each cell were
normalized to their initial amplitude. Only cells with minimal rectification indicative of heteromers were included in the analysis. B, averaged I-V relationships for cells
expressing GIuA1/GluA2 with or without AKAP79-GFP obtained via ramp protocol at the beginning and end of each recording. Error bars, S.E.

to GluAl is most tightly aligned with the ability of AKAP79 to
foster the appearance of CP-AMPARs. Nonetheless, the coor-
dinated activities of AKAP79-anchored PKA and CaN influ-
ence the extent to which AKAP79 promotes the appearance
CP-AMPARs. The underlying basis for these findings is an
apparent hierarchy among the GluA1 C-terminal phosphoryla-
tion sites, whereby phosphomimetic substitution at Ser-831
suffices to promote the generation of CP-AMPA receptors. In
contrast, other GluA1 C-terminal phosphorylation sites exhibit
a permissive quality that likely relies on their ability to undergo
active phosphorylation/dephosphorylation cycles.

Results

GluA1/GluA2 heteromers are resistant to augmentation by
acute elevation of PKC

AKAP79 directs PKC to GluA1, enabling efficient phosphor-
ylation of Ser-831 and concomitant enhancement of homo-
meric GluA1l receptor currents, via this site, with properties
resembling that of CaMKII (20, 39). Interestingly, CaMKII-me-
diated enhancement of recombinant AMPARS, due to Ser-831
phosphorylation, is hindered within the context of heteromeric
GluA1/GluA2 receptors (in the absence of TARP family mem-
bers) (12, 13). Because additional PKC phosphorylation sites
exist within GluA1 and GluA2 that control either the biophys-
ical or trafficking properties of these subunits (9, 10, 14, 40, 41),
the possibility existed that these sites could contribute to the
functional modulation of GluA1/GluA2 heteromers, particu-
larly when PKC is localized to these receptors via AKAP79. As
such, we examined whether infusion (4 nm) of the constitutively
active PKC fragment (PKM), generated by trypsinization of rat
brain conventional PKC isoforms, modulated recombinant
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GluA1/GluA2 heteromers. GluAl and GluA2 were co-trans-
fected in a 1:1 ratio, which generates predominantly CI-
AMPARSs with linear I-V relationships that are distinct from
inwardly rectifying CP-AMPARs typified by GluA1 homomers
(42). A voltage ramp protocol was used to initiate each experi-
ment and ensure that the I-V relationships of the currents
largely conformed to GluA1l/GluA2 heteromers. Cells that
exhibited a visually noticeable degree of nonlinearity and were
subsequently confirmed as having a ratio of outward current at
+40 mV to inward current at —60 mV of less than 0.50 were
excluded from this analysis. GluA1/GluA2 heteromers were
resistant to the acute elevation of PKC regardless of the pres-
ence of AKAP79-GEFP, as there was only a minimal decline in
the amplitude of the AMPAR current (GluA1/GluA2: 0.91 =
0.07, n = 5; + AKAP79-GFP: 0.90 = 0.10, n = 6; Fig. 14) and no
obvious changes in the I-V relationship (Fig. 1B). This contrasts
with a ~30-40% increase in homomeric GluA1 receptor cur-
rents under identical conditions (20, 39). Thus, similar to its
impact on CaMKII-mediated regulation, the presence of the
GluA2 subunit shunts the ability of acute elevation of PKC to
up-regulate heteromeric GluA1-containing AMPAR:s.

AKAP79 promotes the expression of GIuA1 homomers

Interestingly, recordings from cells expressing AKAP79-GFP
were frequently terminated because they exhibited, at the onset of
the experiment, a varying degree of inward rectification (Fig. 24),
such that fraction of current at +40 mV normalized to that at —60
mV was significantly reduced for cells expressing AKAP79 (0.52 =
002, n = 14 (GluA1/GluA2) versus 040 *= 0.03, n = 23
(+AKAP79); p < 0.05; Fig. 2B). Application of 1-naphthylacetyl-
spermine (10 uMm), a selective blocker of GluA2-lacking AMPARSs,
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Figure 2. AKAP79 promotes the expression of homomeric GluA1 CP-AMPARs. HEK 293 cells were transfected with GIluA1/GluA2 with or without AKAP79.
A, individual I-V relationships for cells expressing GluA1/GluA2 with or without AKAP79-GFP. Data are normalized to the current at —60 mV. B, averaged data
for sweeps in A. C, representative experiment demonstrating that the inwardly rectifying component in AKAP79-expressing cells is completely blocked by the
CP-AMPAR blocker 1-naphthylacetylspermine (NASPM). D, summary graph of initial current density measured at —60 and +40 mV obtained from a ramp
protocol. Individual cells for each condition are shown. Open symbols, cells in which PKM was included in the pipette solution; filled symbols, cells in which PKM

was not included. *, p < 0.05, compared with GluA1/GIuA2. Error bars, S.E.

completely eliminated the inwardly rectifying component in cells
expressing AKAP79-GEFP, consistent with AKAP79 promoting an
increase in the fraction of current carried by GluA1 homomers
(Fig. 2C). Commensurate with these findings, AKAP79-GFP co-
expression nearly doubled the current density at —60 mV
(—264.8 = 59.3 pA/pF, n = 14 (GluA1/GluA2) versus —516.2 *
99.1 pA/pF, n = 23 (+AKAP79); p < 0.05; Fig. 2D), but only mod-
estly increased the current at +40 mV (144.4 = 34.2 pA/pF,n = 14
(GluA1/GluA2) versus 176.1 = 32.3 pA/pF, n = 23 (+AKAP79);
Fig. 2D). It is important to note that the AKAP79-dependent
increases in rectification and current density at —60 mV did not
require the inclusion of PKM within the recording solution, as
these effects were evident in a subset of cells in which PKM was
omitted (Figs. 2D and 6). Although AKAP79 increased rectifica-
tion and current density, no clear correlation between these
parameters could be ascertained, suggesting that these likely rep-
resent separate phenomena. Based on linear extrapolation of the
outward component to negative potentials, we estimated that
~14.7% of the current, at —60 mV, was carried by GluA1 homom-
ers in GluA1/GluA2-expressing cells, similar to previous estimates
upon co-expression of these subunits in a 1:1 ratio (42). Given the
conductance difference between GluA1l homomers and GluA1/
GluA2 heteromers (12, 13), this is consistent with GluA1 homom-
ers comprising only ~2—4% of the surface receptors. In contrast,
~36.6% of the current was carried by GluA1l homomers in cells
expressing AKAP79-GFP. This ~150% increase in GluAl
homomer activity is greater than that expected from the effects of
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phosphorylation on channel properties, particularly given that
these sites often exhibit substantial basal phosphorylation (43).
Thus, phosphorylation-mediated amplification of an existing pool
of GluA1 homomers is unlikely to solely account for this effect of
AKAP79. Rather, these findings suggest that AKAP-GFP expres-
sion fosters the appearance of a substantial population of GluA1
homomers under conditions in which GluA1/GluA2 heteromers
normally prevail.

Recently, the extensiveness of GluA1 phosphorylation in neu-
rons has been questioned (44). However, it is important to note
that AKAP79-mediated kinase/phosphatase signaling controls
recombinant GluA1 currents, via regulation of Ser-831 and Ser-
845 phosphorylation states, across a substantial fraction of the
modulatory range linked to these sites (4, 6, 8, 17, 20). Basal phos-
phorylation likely constrains the ability of AKAP79 to engage the
full dynamic range. Given the strong concordance between
AKAP79-mediated regulation of recombinant GluA1 phos-
phorylation and function and that observed within native
systems (17, 20, 39), it seems likely that neurons similarly
utilize this dynamic range to regulate the population of
GluA1l-containing CP-AMPARs.

AKAP79-induced increase in GIuAT homomers is not due to
selective changes in subunit abundance

Complementary biochemical experiments were initiated to
assess whether AKAP79 expression led to a selective alteration
in AMPA subunit abundance as a basis for the AKAP79-depen-
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Figure 3. AKAP79 causes a parallel increase in GluA1 and GluA2 abundance. HEK 293 cells were transfected with GIluA1/GluA2 with or without AKAP79-
GFP. A, representative Western blot analysis (/B) of GluA1 and GluA2 abundance in the absence and presence of AKAP79-GFP. For these experiments, B-tubulin
was used to normalize for loading differences. B, similar Western blot analysis except that Ponceau S staining was used for normalization. C, amalgamated
summary graph showing percentage increase in GluA1 and GluA2 subunit abundance due to AKAP79-GFP co-expression. Data from individual experiments
are shown and were normalized to B-tubulin (open circles) or by Ponceau S staining (filled circles). Both methods yielded similar results. Error bars, S.E.

dent increase in GluAl homomers. However, immunoblot
analysis revealed that cells expressing AKAP79-GFP exhibited
alargely parallel increase in GluA1 and GluA2 abundance, irre-
spective of whether B-tubulin or Ponceau S staining was used a
means for normalizing the data (GluA1:40.0 £ 9.2%,n = 8;p <
0.01 compared with GluA1/GluA2; GluA2:52.7 = 14.2%,n = 8;
p < 0.01 compared with GluA1l/GluA2; Fig. 3). Whereas
AKAP79-induced alterations in GluAl or GluA2 abundance
are insufficient to readily explain the increase in GluAl
homomers, these data are nonetheless consistent with the abil-
ity of AKAP79/150 to interact with and influence GluA2-con-
taining AMPARs (22, 23), in addition to GluA2-lacking
AMPARSs. Importantly, these data suggest that AKAP79 favors
surface expression and/or activity of GluA1l homomers.

GluA1 basal phosphorylation is elevated by GIuA2 regardless
of AKAP79 co-expression

AKAP79 enhances the basal phosphorylation of recombi-
nant homomeric GluA1l at Ser-845 and favors Ser-831 phos-
phorylation upon treatment of cells with PKC-elevating agents,
similar to that observed in native systems where GluA1/GluA2
heteromers predominate (15, 17, 20, 39). The degree to which
phosphorylation at these sites, within native systems, emanates
from GluAl homomers or GluA1l/GluA2 heteromers is
unclear. Thus, it was of interest to ascertain whether AKAP79
differentially alters the basal phosphorylation of GluA1 when
GluA2 is present. To address this issue, we employed phospho-
specific antibodies to GluA1 at Ser-831 and Ser-845. We inde-
pendently validated that these antibodies specifically detect
basal phosphorylation at these sites based on their ability to
recognize recombinant GluA1 on immunoblots but are devoid
of signal when probed against their corresponding phosphode-
ficient alanine mutant (Fig. S1). Attempts to biochemically
assess the impact of AKAP79 on the phosphorylation state of
GluAl at Ser-818 and Thr-840 were abandoned, due to the
unavailability of commercially available antibodies to these
sites that satisfied these criteria. Basal phosphorylation at Ser-
831 for GluAl homomers was modestly, but not significantly,
increased by AKAP79-GFP (A1 + AKAP79:1.15 = 0.04, n = 6;
Fig. 4A), as described previously (20). The increase in Ser-845
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for GluA1l homomers due to AKAP79-GFP was more readily
apparent (Al + AKAP79: 1.28 * 0.07, n = 6; p < 0.05 com-
pared with GluAl alone; Fig. 4B), as documented previously
(15, 17). Surprisingly, basal GluA1l phosphorylation was ele-
vated at Ser-831 and Ser-845 upon co-expression of GluA2,
compared with GluA1 alone (S831P: 1.29 * 0.01, n = 6; p <
0.01 compared with GluA1 alone; S845P: 1.55 = 0.13,n = 6;p <
0.01 compared with GluA1 alone; Fig. 4, A and B, respectively).
This increase in basal phosphorylation may be related to the
reduced number of GluA1 subunits in GluA1/GluA2 hetero-
mers compared with GluA1l homomers. Indeed, if basal phos-
phorylation primarily occurs on a single GluA1 subunit within
a given tetrameric assembly, then the proportion of GluA1 sub-
units basally phosphorylated would be expected to increase in
the GluA1/Glu2 heteromers relative to GluAl homomers.
Importantly, AKAP79-GFP did not alter the extent of basal
phosphorylation for cells expressing GluA1l/GluA2 (S831P:
1.35 £ 0.13, n = 6; S845P: 1.67 * 0.11, n = 6; Fig. 4, A and B,
respectively), suggesting an apparent uncoupling of basal phos-
phorylation from AKAP79 when GluAz2 is present. Collectively,
these data suggest that a differential change in the basal GluA1
phosphorylation at either site appears unable to readily explain
the ability of AKAP79 to drive the appearance of GluAl
homomers. Whereas these findings appear at odds with the
known influence of AKAP79 on GluA1l phosphorylation, they
could instead be reflective of a role for AKAP79 in the mainte-
nance of GluA1 phosphorylation within discrete populations.

AKAP79 expands the population of GluA2-lacking GIuA1
subunits

To further address this issue, we carried out GluA2 immu-
nodepletion (ID), combined with cell surface biotinylation, as a
means to examine whether AKAP79 alters the total or surface
fraction of GluAl subunits unassociated with GluA2 and to
examine the GluA1l phosphorylation state within these pools.
HEK 293 cells transfected with GluA1l and GluA2 subunits,
either without or with AKAP79-GFP, were subjected to cell
surface biotinylation, and the resulting extracts were subjected
to two rounds of immunoprecipitation with anti-GluA2 anti-
bodies. Probing the resulting supernatant for GluA2 revealed
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Figure 4. GluA1 basal phosphorylation is elevated by GluA2 co-expression and apparently uncoupled from AKAP79. HEK 293 cells were transfected
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alone. Error bars, S.E.

that this procedure effectively removed the vast majority
(~95%) of GluA2 subunits (A1/A2:0.05 £ 0.01 of pre-ID, n = 5;
A1/A2 + AKAP79:0.06 = 0.02 of pre-ID, n = 5; Fig. 5, A and B).
Quantitation of the immunoblots for GluAl revealed that
AKAP79 significantly expanded the population of GluA2-lack-
ing GluAl subunits by ~40% (0.39 *= 0.03 of pre-ID, n = 5
(A1/A2) versus 0.53 = 0.05 of pre-ID, n = 5 (A1/A2 +
AKAP79); p < 0.05; Fig. 5, A and C). The surface population of
this largely GluA2-lacking pool of GluA1 subunits was subse-
quently isolated by incubation with streptavidin-coupled beads
and then subjected to immunoblot analysis to assess the phos-
phorylation state of GluAl at Ser-831 and Ser-845 within the
surface and total fractions. The phosphorylation state of GluA1
at Ser-831 (A1/A2 :5.57 = 0.57,n =5, p <0.01 compared

surface*

with A1/A2,,; A1/A2 + AKAP79, . .: 6.23 * 0.65, n = 5,
p <0.01 compared with A1/A2 + AKAP79,,,.;; Fig. 5, D and E)
and Ser-845 (A1/A2 :4.34 = 1.01, n = 5, p < 0.05 com-

surface*

pared with A1/A2,,; A1/A2 + AKAP79, . .: 4.81 * 1.04,
n =5, p <0.05compared with A1/A2 + AKAP79,,..;; Fig. 5, D
and F) was dramatically elevated within the surface pool of pre-
sumptive GluA1 homomers compared with the total fraction of
GluA1 subunits. This is consistent with phosphorylation pri-
marily serving as a signal linked to GluA1l plasma membrane
residency. Interestingly, AKAP79 co-expression now signifi-
cantly enhanced GluA1 phosphorylation, within the total frac-
tion, at Ser-831 (A1/A2 + AKAP79, ;141 = 0.10,n = 5; p <
0.05 compared with A1/A2,,;; Fig. 5, D and E). In contrast, the
AKAP79-induced increase in Ser-845 phosphorylation did not
achieve statistical significance due to an increased variability
(A1/A2 + AKAP79,,,.: 1.47 + 0.20, n = 5; Fig. 5, D and F). This
increase in Ser-831 phosphorylation within the GluA2-lacking
pool of GluAl subunits contrasts with the relatively modest
ability of AKAP79 to regulate basal phosphorylation at Ser-831
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when only obligate GluA1 homomers are expressed (Fig. 44),
suggesting that AKAP79 may more readily couple to GluAl
subunits in homomers when the presence of GluA2 normally
limits the abundance of GluA1 homomers. Of note, the fraction
of GluA1 subunits at the cell surface within this GluA2-immu-
nodepleted pool was not impacted by AKAP79 expression (A1/
A2:13.1 = 3.2%, n = 5; A1/A2 + AKAP79: 14.6 = 4.4%,n = 5;
Fig. 5, D and G). Collectively, this suggests that AKAP79-di-
rected Ser-831 phosphorylation may signal expansion of the
pool of GluA1 subunits and by extension GluA1 homomers, but
once entry to this pool is gained, GluA1 homomers access the
cell surface with a similar efficiency regardless of the presence
of AKAP79.

AKAP79-anchored PKC primarily controls the generation of
GluA1 homomers

To further examine the impact of AKAP79 signaling compo-
nents and GluAl phosphorylation sites on the ability of
AKAP79 to promote the appearance of GluA1 homomers, we
used the rectification index (RI), the ratio of current at —60 mV
to that at +40 mV, as a sensitive measure for assessing the
appearance of CP-AMPARs. Using this convention, cells exhib-
iting a RI = 2.5 can be considered strongly inwardly rectifying
(SR) as =33% of the current at —60 mV would be derived from
GluA1 homomers based on a current reversal potential of 2—3
mV. Indeed, replotting the data from Fig. 2 shows that AKAP79
substantially increased the RI and the proportion of SR cells
dramatically (1.91 = 0.07, 0 of 14 SR (GluA1/GluA2) versus
3.62 = 0.58, 10 of 23 SR (+AKAP79); p < 0.05; Fig. 6A). Dele-
tion of the PKC-binding region of AKAP79 (AKAP79APKC)
completely eliminated the increase in RI and the fraction of
cells exhibiting overt rectification (AKAP79APKC: 1.90 * 0.07,
00f11 SR, p < 0.05 compared with AKAP79; Fig. 6 and Fig. S2).

J. Biol. Chem. (2019) 294(14) 5521-5535 5525
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Figure 5. AKAP79 expands the population of GluA1 subunits unassociated with GluA2. HEK 293 cells were transfected with either GluA1 or GIuA1/GluA2
with or without AKAP79-GFP. Cells were biotinylated then subjected to immunodepletion with GluA2/3 antibodies. A, representative Western blots (/B) of
samples from cells transfected with GIuA1 with or without AKAP79-GFP prior to and following immunodepletion probed for GIuA2 (top), GluA1 (middle), and
B-tubulin (bottom). B, summary graph showing the post-ID/pre-ID ratio for GIuA2 for multiple experiments, demonstrating effective immunodepletion of the
GluA2-containing fraction. Each value was normalized for loading based on B-tubulin staining. Circles represent data from individual experiments. C, similar
analysis except quantifying the post-ID/pre-ID ratio for GIuA1.*, p < 0.05 compared with GIuA1/GIuA2. D, total (10% of input) and surface populations were
isolated from the supernatants from the preceding ID assay. Shown are representative Western blots probed for S831P (top), S845P (middle), and GluA1
(bottom). E, summary graph showing the ratio of S831P/GluA1 for multiple experiments. Data for each experiment were normalized to that obtained for cells
transfected with GIuA1/GIuA2. Circles represent data from individual experiments. *, p < 0.05; **, p < 0.01, compared with GIuA1/GIuA2 (total). #, p < 0.01,
compared with GIuA1/GluA2 + AKAP79 (total). F, parallel analysis of the S845P/GluA1 ratio is shown. *, p < 0.05, compared with GIuA1/GIuA2 (total). #,p < 0.05,
compared with GIuA1/GIuA2 + AKAP79 (total). G, summary graph quantifying surface GluA1 in post-ID fractions as a percentage of total GIuA1 subunits. Error
bars, S.E.

surface GluA1 (% total; post-GluA2-ID)

In contrast, deletion of either the CaN-binding or the C-termi- PKA and CaN secondarily limit the degree of rectification while
nal PKA-binding regions of AKAP79 (AKAP79ACaN and possiblyinfluencing overall subunit abundance. This lastidea is
AKAPAPKA, respectively) partially reduced the RI and the consistent with a necessity for balanced opposition of AKAP79-
proportion of cells exhibiting overt rectification, but not anchored CaN and PKA in controlling Ser-845 phosphoryla-
as completely as observed for the AKAP79APKC mutant tion and CP-AMPARs during synaptic plasticity (24, 25).
(AKAP79ACaN: 2.18 = 0.25, 3 of 11 SR; AKAPAPKA: 2.32 +

0.23, 3 of 11 SR; Fig. 6A and Fig. S2). None of the AKAP79 Ser-831 primarily controls the generation of GIuA1 homomers
deletion mutants achieved statistical significance with respect Given that the appearance of GluA1 homomers differentially
to inhibiting the AKAP79-induced increase in current density, relied on the ability of AKAP79 to bind to its associated signal-
yet each mutant yielded current densities that were no longer ing enzymes, we surmised that this may ultimately be mediated
significantly different from cells expressing only GluAl and via regulation of the phosphorylation state of the GluA1 C-ter-
GluA2. This likely stems from the inherent variability, spanning  minal tail in light of the role of AKAP79 in coordinating GluA1
arange up to 2 orders of magnitude within each group, associ- phosphorylation. Thus, we systematically examined the ability
ated with this measure. Nonetheless, it is interesting to of phosphodeficient alanine (A) and phosphomimetic aspartate
note that the current densities for the AKAP79ACaN and (D) mutants at each of the four sites within the GluA1 C-termi-
AKAP79APKA mutants at —60 mV and +40 mV were nearly nal tail to alter the RI of AMPAR currents when expressed with
identical to that observed for GluA1/GIluA2 in the absence of ~GluA2 either alone or in the presence of AKAP79-GFP. Phos-
AKAP79 (Fig. 6B), whereas the AKAP79APKC mutant phomimeticand phosphodeficient substitution at each of these
appeared to have a limited impact on current density at both  sites has been shown to modulate the biophysical properties of
potentials. Collectively, these data strongly support the idea recombinant GluAl receptor currents in a manner consistent
that AKAP79-anchored PKC primarily contributes to the gen-  with phosphorylation and dephosphorylation of GluA1 (4, 8, 9,
eration of GluA1 homomers and suggest that AKAP-anchored 12, 45), supporting the validity of the approach. Of the four
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Figure 6. Domain analysis suggests that AKAP79-anchored PKC primarily controls the generation of GluA1 homomers. HEK 293 cells were transfected
with GIuA1/GluA2 with or without AKAP79-GFP or various AKAP79 mutants deficient for PKC, CaN, or PKA. A, summary graph of the rectification index obtained
from currents evoked by a ramp protocol. Individual cells for each condition are shown. Open symbols, cells in which PKM was included in the pipette solution;
filled symbols, cells in which PKM was not included. Note that only the PKC-deficient mutant of AKAP79 completely blocks the rectification. B, summary graph
(data for individual cells overlaid) of initial current density measured at —60 and +40 mV for the cells shown in A. Note that the CaN- and PKA-deficient AKAP79
constructs both appear to limit the AKAP79-induced increase in current density and rectification to similar extents, suggesting that they act viaa common site.

*,p < 0.05, compared with GIuA1/GIuA2 + AKAP79. Error bars, S.E.

sites, only Ser-831 displayed a pattern consistent with its phos-
phorylation state serving as the primary signal for generation of
GluAl homomers when expressed with GIluA2 subunits.
Indeed, phosphodeficient mutation of this site (S831A) did not
alter the RI, compared with the WT, yet blocked the AKAP79-
induced increase in RI (S831A/GluA2: 1.98 * 0.08, 0 of 11 SR;
S831A/GluA2 + AKAP79: 1.90 = 0.07, 0 of 10 SR; p < 0.05
compared with GluA1/GluA2 + AKAP79; Fig. 7 and Fig. S3).
In contrast, the phosphomimetic S831D mutant sufficed to
increase the RI and proportion of SR cells and occluded any
additional effect of AKAP79 (S831D/GluA2: 3.54 * 0.70, 6
of 14 SR; p < 0.01 compared with GluA1/GluA2; S831D/
GluA2 + AKAP79:3.83 = 0.80,9 of 17 SR; Fig. 7 and Fig. S3). In
conjunction with our previous results, these data support the
idea that AKAP79-anchored PKC drives an increase in homo-
meric GluA1 via Ser-831 phosphorylation. Remarkably, manip-
ulation of the three remaining sites all yielded similar results,
whereby phosphodeficient and phosphomimetic mutants at
each site largely prevented the AKAP79-induced increase in
GluA1l homomers, without any substantial effect on the RI
index in the absence of AKAP79 (S818A/GluA2: 2.09 * 0.19, 2
of 9 SR; S818A/GluA2 + AKAP79: 2.15 = 0.34, 1 of 10 SR;
S818D/GluA2: 1.85 £ 0.09, 1 of 13 SR; S818D/GluA2 +
AKAP79: 1.83 = 0.11, 1 of 11 SR; p < 0.05 compared with
GluA1/GluA2 + AKAP79; T840A/GluA2: 1.96 = 0.25, 1 of 10
SR; T840A/GluA2 + AKAP79: 2.19 * 0.32, 2 of 9 SR; T840D/
GluA2: 1.84 = 0.03, 0 of 12 SR; T840D/GluA2 + AKAP79:
1.96 *= 0.16, 1 of 12 SR; p < 0.05 compared with GluAl/
GluA2 + AKAP79; S845A/GluA2: 2.28 *+ 0.24, 5 of 14 SR;
S845A/GluA2 + AKAP79: 2.28 £ 0.24, 4 of 15 SR; S845D/
GluA2: 2.30 = 0.38, 1 of 11 SR; S845D/GluA2 + AKAP79:
1.83 = 0.13, 2 of 11 SR; p < 0.05 compared with GluA1/
GluA2 + AKAP79; Fig. 7 and Fig. S3). It was notable that the
phosphomimetic mutants of Ser-818, Thr-840, and Ser-845 all
exhibited a more reliable suppression of the ability of AKAP79
to induce rectification than their phosphodeficient counter-
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Figure 7. Mutational analysis of GluA1 phosphorylation sites reveals
that Ser-831 uniquely controls the generation of GluA1 homomers. HEK
293 cells were transfected with WT GIuA1 or phosphodeficient alanine or
phosphomimetic aspartate mutants/GluA2 with or without AKAP79-GFP.
Shown is a summary graph of the rectification index obtained from currents
evoked by a ramp protocol. Data corresponding to individual cells for each
condition are indicated by the open circles. Note that manipulation of Ser-831
was the only site in which the phosphodeficient S831A blocked the effect of
AKAP79, whereas the corresponding phosphomimetic S831D mimicked the
effect of AKAP79. Black asterisk, p < 0.05, compared with GIuA1/GIuA2. Red
asterisk, p < 0.05 compared with GIuA1/GIuA2 + AKAP79. #, p < 0.05, com-
pared with S831D/GIuA2. Error bars, S.E.

parts. These data suggest a permissive role, in the generation or
stability of GluA1 homomers, for these sites provided that they
are phosphorylatable. Locking each site into a phosphodefi-
cient or phosphomimetic state hinders the ability of AKAP79 to
induce the appearance of GluAl homomers, suggesting that
active cycles of phosphorylation and dephosphorylation and/or
interactions among sites critically regulates the pool of GluA1l
homomers. Indeed, the double S831D/S845A mutant pre-
vented the ability of S831D to promote the appearance of
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GluAl homomers and was not substantially altered by
AKAP79-GFP (S831D/S845A/GluA2: 2.02 = 0.10, 0 of 10 SR;
p < 0.05 compared with S831D/GluA2; S831D/S845A +
AKAP79: 2.22 = 0.10, 2 of 11 SR; Fig. 7 and Fig. S3). Interest-
ingly, a double S831D/S845D mutant tended to limit the extent
of rectification in SR cells but not necessarily the proportion of
SR cells relative to the S831D single mutant (S831D/S845D:
2.30 = 0.17, 4 of 10 SR; Fig. 7 and Fig. S3), but upon AKAP79
co-expression, the magnitude of rectification in SR cells tended
to increase such that these cells exhibited an intermediate RI
(S831D/S845D + AKAP79: 2.72 *+ 0.44, 4 of 11 SR; Fig. 7 and
Fig. S3). Together, this suggest that AKAP79 may secondarily
rely on the Ser-845 phosphorylation state to expand the pool of
GluA1l homomers.

Surface expression of GIuA1 homomers relies on
phosphorylation cycling

Ser-845 phosphorylation (38, 46-56) in conjunction with
AKAP79/150 (18, 24-27) has been extensively linked to the
presence of presumably homomeric GluAl CP-AMPAR:s.
However, phosphomimetic mutation of this site was largely
inhibitory to the appearance of GluA1l homomers. Thus, we
were interested in ascertaining whether constraining phosphor-
ylation at this site alters the degree to which obligate GluA1
homomers are expressed at the cell surface and whether
AKAP79 has an independent modulatory role. Using cell sur-
face biotinylation, the phosphodeficient S845A mutant exhib-
ited a slightly, but nonsignificantly, reduced ratio of surface to
total GluA1 compared with WT GluAl (0.88 = 0.11, n = 11;
Fig. 84). Both WT and S845A exhibited a similar degree of
surface expression in the presence of AKAP79 (GluAl +
AKAP79:0.89 = 0.09, n = 11; S845A + AKAP79: 0.84 = 0.11,
n = 11; Fig. 8A). These findings are generally consistent with a
lack of impact of ablation of the Ser-845 site on GluA1 surface
expression in transgenic animals (57, 58). In contrast, the phos-
phomimetic S845D mutant showed an over 50% reduction in
surface expression compared with WT GluA1, regardless of the
presence of AKAP79, suggesting that persistent phosphoryla-
tion of GluA1 at Ser-845 limits cell surface expression (S845D:
0.47 * 0.07, n = 7; p < 0.01 compared with GluA1; S845D +
AKAP79:0.43 = 0.09, n = 7; p < 0.05 compared with GluA1 +
AKAP79; Fig. 8B). Down-regulation of GluAl homomers
by AKAP79-anchored CaN appears exclusively reliant on Ser-
845 (17). Accordingly, AKAP79ACaN co-expression with WT
GluAl, to strongly favor of PKA activity at the receptor (25, 27),
led to a similar reduction in GluA1 surface expression, further
supporting this idea (GluA1 + AKAP79ACaN: 0.54 = 0.09,n =
7; p < 0.01 compared with GluAl; Fig. 8C). Moreover,
AKAP79ACaN co-expression did not further impair the sur-
face expression of the S845D mutant (5845D: 0.39 = 0.04, n =
7; p < 0.01 compared with GluAl; S845D + AKAP79ACaN:
0.33 = 0.01, n = 7; Fig. 8C). These data further suggest that the
restriction of surface expression due to phosphomimetic muta-
tion at Ser-845 is not simply an artifact arising from the pres-
ence of a nonphosphorylatable residue, but rather this process
is engaged when this site is phosphorylated by endogenous
mechanisms.

5528 J. Biol. Chem. (2019) 294(14) 5521-5535

Given that Ser-831 phosphorylation uniquely promoted the
appearance of GluA1 homomers, complementary surface bioti-
nylation experiments were performed to assess whether con-
straining phosphorylation at this site commensurately altered
the surface expression of obligate GluA1 homomers. Similar to
the S845A mutant, the surface expression of the phosphodefi-
cient S831A mutant was not significantly different from WT
GluA1 (S845A:0.91 £ 0.16, n = 3; Fig. 8D). However, there was
a relatively small but significant decrease of surface expression
in the presence of AKAP79 (S831A + AKAP79: 0.78 = 0.03,
n = 3; p < 0.05 compared with GluA1; Fig. 8D). This presum-
ably aligns with the ability of this mutant, when expressed with
GluA2, to impair the AKAP79-dependent shift in subunit com-
position toward homomers. Surprisingly, the phosphomimetic
S$831D mutant dramatically reduced surface expression com-
pared with WT GluAl, either in the absence or presence of
AKAP79 (S831D: 0.31 = 0.11, n = 3, p < 0.05 compared with
GluAl; S831D + AKAP79: 0.24 = 0.28, n = 3, p < 0.05 com-
pared with GluA1; Fig. 8E). This behavior was similar to the
S$845D mutant, further supporting the idea that precluding
active phosphorylation within the C-terminal region limits the
ability of GluAl to access the cell surface. Remarkably, this
ability of the S831D mutant to hinder obligate homomeric sur-
face expression (Fig. 8E) yet favor homomeric activity when
expressed with GluA2 (Fig. 7) suggests that the surface resi-
dency and/or itinerary of GluA1 homomers may be contingent
on the context in which they were generated. This parallels our
finding that AKAP79-directed Ser-831 phosphorylation is
more readily apparent when GluAl is segregated from GluA2-
containing receptors (Fig. 5E) than when expressed as obligate
homomers (Fig. 44). Nonetheless, these data lend further cre-
dence to the notion that whereas phosphorylation of Ser-831
serves as a primary signal for GIuAl to escape GluA2 domi-
nance, the ability to undergo active phosphorylation at C-ter-
minal phosphorylation sites likely provides a permissive signal
for maintaining homomers at the cell surface.

Discussion

Theoretically, phosphorylation-dependent enhancement of
the conductance of a small pool of GluA1 homomers, even in
the absence AKAP79, could lead to an increase in the propor-
tion of current carried by GluA1 homomers and may contrib-
ute to our findings. However, if this was the primary mode for
the increase in the proportion of GluA1 activity in cells express-
ing AKAP79, we would have expected S818D and T840D to
exhibit an increase in rectification similar to the S831D mutant,
because phosphorylation of these sites has an equivalent impact
on homomeric GluA1l conductance (9). On the other hand, an
inverse relationship between the GluA1 phosphorylation state
at Thr-840 and Ser-845 may exist (59, 60), which could mitigate
the effects of single phosphomimetic substitution at either site.
Regardless, the disparity in effects tied to these PKC sites points
to a distinct role for phosphorylation at Ser-831 in expanding
the population of membrane-accessible GluA1 homomers.

Multiple lines of evidence point to AKAP79-anchored PKC
as critical for the appearance of GluA1 homomers via Ser-831
phosphorylation. However, we failed to see a corresponding
current develop upon acute elevation of PKC activity by inclu-
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Figure 8. Phosphorylation cycling regulates GluA1 surface expression. A, HEK 293 cells were transfected with GIuAT or S845A with or without AKAP79-mCherry
and subjected to cell surface biotinylation, followed by immunoblot analysis for GIuA1. Top, representative Western blotting. Bottom, summary graph quantifying the
results from multiple experiments. Data are normalized to the surface/total ratio for GluA1 alone. Individual data points for each experiment are shown. B, similar
analysis comparing the phosphomimetic S845D with WT GluA1, demonstrating that mimicking phosphorylation constrains surface expression of obligate homomers.
** p < 0.01, compared with GIuA1; *, p < 0.05, compared with GIuA1 + AKAP79. C, complementary experiment in which the CaN-deficient mutant was co-expressed
with either GIuA1 or the S845D mutant, suggesting that “overphosphorylation” of WT GluA1 similarly impairs surface expression. **, p < 0.01, compared with GIuA1;
*,p < 0.05, compared with GluAT + AKAP79ACaN. D and E, parallel analysis examining the impact of phosphodeficient S831A (D) and the phosphomimetic S831D (E)
mutations on the surface expression of obligate GIuA1T homomers. *, p < 0.05; **, p < 0.01, compared with GluA1.

sion of PKM within the patch pipette, either in the absence or ments that were largely devoid of surface homomers based on
presence of AKAP79. Several factors likely contribute to this their linear I-V relationships. Such heteromeric GluA1/GluA2
finding. First is the fact that we selected cells for these experi- currents are resistant to acute modulation through phosphor-

SASBMB J. Biol. Chem. (2019) 294(14) 5521-5535 5529



AKAP79-anchored PKC promotes GluA1 homomers via Ser-831

ylation of this site in the absence of a TARP (12, 13). Second,
even if some GluA1 homomers were present on the cell surface,
they were more likely to exhibit substantial basal phosphoryla-
tion (Fig. 5, D and E). Finally, our data suggest that AKAP79-
anchored PKC-driven phosphorylation of Ser-831 may be pri-
marily ushering the expansion of an intracellular pool of GluA1
homomers. The time frame over which this process occurs may
exceed that of our recordings, which were performed with
extensive Ca®" buffering that likely precludes our ability to
resolve delivery of subunits to the plasma membrane. The crit-
ical signals, sites, and ordering of steps required for eventual
delivery of GluA1 homomers remain incompletely understood
but likely involve the coordination of multiple signaling path-
ways extending beyond GluA1 resident sites (25, 61— 65).

Due to the preferential assembly of GluA2-containing
AMPARSs (42, 66), the vast majority of hippocampal and corti-
cal AMPARs are CI (11). However, an expanding body of
literature indicates that GluA2-lacking, inwardly rectifying CP-
AMPARSs appear at synapses following various forms of synap-
tic plasticity and across varying time scales (67-69). GluA1l
homomers are generally thought to provide the basis for these
CP-AMPARs. How GluA1 homomers are formed, maintained,
and granted synaptic access is not entirely clear. Whereas dif-
ferential alteration in subunit synthesis can shift AMPAR sub-
unit composition in favor of GluA1l homomers (70, 71), we
found that AKAP79 reliably increased both subunits by similar
amounts. AKAP79 is targeted to GluA1 by synapse-associated
protein 97 (SAP97) (15), which can interact with GluA1-con-
taining receptors early in the biosynthetic pathway (72). How-
ever, it seems unlikely that the ability of AKAP79 to increase the
abundance of both subunits, yet alter composition, reflects a
change in the initial assembly and/or delivery of subunits.
Rather, it appears more plausible that AKAP79 acts in a regu-
latory fashion, controlling post-endocytic sorting of GluAl
homomers to recycling pools and/or precluding GluAl
homomers from entering degradative pathways. In agreement,
our collective data (Figs. 2 and 5-7) suggests a scenario in which
Ser-831 phosphorylation provides a signal for preferential
intracellular accumulation of GluA1 homomers, particularly in
the presence of GluA1/GluA2 heteromers, with AKAP79 serv-
ing as facilitator of this action by virtue of its ability to recruit
PKC to these receptors. Indeed, AKAP79/150 and its signaling
constituents are exquisitely positioned to operate in this capac-
ity, as they are found in recycling endosomes and the plasma
membrane within heterologous expression systems and native
tissue (63, 73). Moreover, phosphorylation within the GluA1l
C-terminal tail can impair its lysosomal degradation (5, 74).
Whereas these pathways could support the AKAP79-driven
accumulation of GluAl homomers, the mechanistic details
underlying these processes remain obscure. Our analysis
reveals a previously unrecognized role for AKAP79-anchored
PKC in expanding the population of GluA1 homomers via the
phosphorylation state at Ser-831. Although multiple studies
have implicated phosphorylation of this site in the appearance
of CP-AMPARs (28 -38), until now, no clear demonstration
existed indicating that shifts in AMPAR composition can be
readily reconstituted either via manipulation of the phosphor-
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ylation state of this site or by targeting a relevant kinase to this
site.

Substantial evidence implicates AKAP150 and its associated
PKA and CaN as principal elements governing the appearance
of GluAl-containing CP-AMPARs via the phosphorylation of
GluAl at Ser-845 (18, 24-27). Here, using a reductionist
approach, we have recapitulated and validated several previous
findings. In particular, we have demonstrated that co-expres-
sion of AKAP79 suffices to promote the appearance of GluA1l
homomers under conditions in which heteromers normally
prevail and that deletion of the PKA-binding domain of
AKAP79 or the corresponding phosphodeficient S845A
mutant hinders the expression of GluA1 homomers. However,
contrary to expectations, we found that deletion of the CaN-
binding domain of AKAP79 and the corresponding phospho-
mimetic S845D mutant reduced the AKAP-driven appearance
of GluA1l homomers. However, these latter findings may be
mitigated by our evidence that constraining the phosphoryla-
tion state of GluA1l limits the ability of homomers to optimally
populate the plasma membrane. Despite previous positive cor-
relations between Ser-845 phosphorylation and surface expres-
sion (38, 46 —56), the S845D mutant was expressed at the cell
surface to a lesser extent than the S845A mutant. As a means to
reconcile these findings, we suggest that active phosphorylation
may favor successful insertion/reinsertion from this pool, but
active dephosphorylation may ensure its continued access into
the recycling pathway. Commensurate with this idea, the CaN-
deficient mutant of AKAP150 favors basal expression of pre-
sumably homomeric GluA1l CP-AMPARSs, yet this population
is resistant to further augmentation (25). As such, extensive or
persistent phosphorylation at Ser-845 may preclude successive
entry into the recycling pathway and thereby ensure the tran-
sient appearance of GluA1 homomers under certain plasticity-
inducing paradigms (24, 75). This suggests that the recycling
capacity for GluA1 homomers may be limited. A capacity limit
may explain the cell-to-cell variability in the presence of GluA1
homomers in cells expressing either AKAP79 or S831D along
with GluA2.

Whereas our evidence clearly supports the idea that
AKAP79-induced shifts in the GluA1 phosphorylation state at
multiple sites drive the appearance of GluA1l homomers, we
only obtained complementary biochemical evidence upon
immunodepletion of the heteromeric population. This may
stem from a more extensive population of GluA1/GluA2 het-
eromers, which predominate the surface in our heterologous
expression system and within native systems (76, 77) and con-
sequently obscure the population of GluA1 subunits unassoci-
ated with GluA2. Thus, the influence of specific GluA1 phos-
phorylation sites on the appearance CP-AMPARs in response
to various plasticity paradigms may be underestimated if deter-
mined solely on the basis of biochemical measures from a total
population of subunits. Nonetheless, selective alterations in the
GluA1l phosphorylation state at each site have been docu-
mented under a variety of conditions linked with changes in
subunit composition. Whether species, brain region, tissue, or
stimulation paradigm differences contribute to the selective
stabilization of one phosphorylation site over another remains
unclear. The most parsimonious explanation for these differ-
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ences may lie with the concept that a dynamic phosphorylation
passcode exists for GluA1l homomers, which enables these
receptors to sort into distinct regulated endosomal compart-
ments, with each harboring unique spatial and/or temporal tra-
jectories forrepopulatingthe surface. Assuch, biochemical mea-
sures of phosphorylation state may be reflective of the fraction
of receptors participating in these recycling trajectories. In sup-
port of this idea, mimicking phosphorylation within the GluA1
C-terminal tail enables subunits to accumulate within intracel-
lular dendritic compartments, which can nonetheless be deliv-
ered to the cell surface with appropriate additional signals
including other phosphorylation sites (10, 74).

Our studies suggest that dynamic, rather than static, phos-
phorylation within the GluA1 C-terminal tail appears necessary
for functional GluA1l homomers to populate the cell surface.
Nonetheless, the sufficiency of the phosphomimetic S831D
mutant for promoting a population of GluA1 homomers in the
presence of GluA2 strongly suggests that phosphorylation at
this site is a chief signal enabling accumulation of GluAl
homomers. Indeed, Ser-831 is transiently phosphorylated in
response to learning paradigms with a time course that over-
laps with the appearance of CP-AMPARs (78, 79), suggesting
that active cycling in its phosphorylation state contributes to
the appearance and disappearance of these receptors. In hip-
pocampal neurons, phosphorylation of this site along with
Ser-845 appears necessary for Ser-818 phosphorylation to
drive synaptic incorporation of GluA1 homomers (10), sug-
gesting that multisite, and possibly sequential, GluA1 C-ter-
minal tail phosphorylation may be required to allow GluA1l
homomers access to the cell surface. At present, it is unclear
whether the ability of multiple phosphomutants to impair
the AKAP79-induced expression of GluA1 homomers actu-
ally reflects the necessity of each site to undergo concerted
cycles of phosphorylation/dephosphorylation. Rather, each
of these sites may impose unique contingencies that limit
one or more of the multitude of steps needed for GluAl
homomers to become membrane-resident. Indeed, multiple
positive and negative interactions among AMPAR post-
translational modifications have been noted (80). Nonethe-
less, qualitatively similar outcomes are largely obtained by
constraining the phosphorylation state at these sites, with
regard to the ability of AKAP79 to promote the appearance
of GluA1 homomers. This suggests that each site must be at
least available for modification and that some coordinated
cycling of phosphorylation and dephosphorylation among
these sites gates the ability of GluA1 homomers to eventually
populate the cell surface.

In summary, our analysis reveals a previously unrecognized
role for AKAP79-anchored PKC in expanding the population of
GluA1 homomers that is exquisitely controlled via the phos-
phorylation state at Ser-831. As such, our results suggest that
AKAP?79, by controlling local kinase and phosphatase signaling,
plays a critical role in guiding GluA1 through a series of phos-
phorylation site checkpoints, which allows it to escape from
GluA2 dominance and thereby promote the appearance of
GluAl homomers. This pathway likely contributes to the
appearance of CP-AMPARs under physiological and maladap-
tive forms of plasticity associated with AKAP79/150.

SASBMB

Experimental procedures
Molecular constructs and site-directed mutagenesis

GluAlg,, in pRK5 was described previously (17). The edited
form of GIuA2(R)g;,, was generously provided by Peter Seeburg
(Max Planck Institute, Heidelberg, Germany). AKAP79-GFP,
AKAP79(75-427)-GFP denoted as AKAP79APKC, and
AKAP79(1-360)-GFP denoted as AKAP79APKA have been
described previously (17, 81). AKAP79-(del337-343)-mCherry
denoted as AKAP79ACaN was generously provided by Mark
Dell’Acqua (University of Colorado School of Medicine,
Aurora, CO) and described previously (82). Site-directed
mutagenesis for all phosphomutants was performed using
the GluAlg;, as template using the QuikChange Lightning
mutagenesis kit (Agilent) according to the manufacturer’s
instructions. Incorporation of the appropriate mutations was
verified by automated sequencing performed by the University
of Tennessee Health Science Center’'s Molecular Resource
Center. Upon sequence verification, the construct was digested
with Afel and HindIII, and the resulting fragment, correspond-
ing to the C-terminal region, was subsequently ligated back into
the corresponding position of the parent template to ensure
that no unwanted PCR errors were propagated outside the
mutagenized region. Constructs were resequenced to verify
ligation success.

Cell culture and transfections

HEK 293 cells (catalog no. CRL-1573; ATCC, Manassas, VA)
were obtained at passage 35 and used for a maximum of eight
passages. Cell cultures were maintained in DMEM with 10%
fetal bovine serum (Hyclone (Logan, UT) or Life Technologies,
Inc.) and penicillin/streptomycin. For electrophysiology, cells
were plated at low density (~50,000 cells/ml) on 15-mm round
glass coverslips in 12-well plates. Cells were transfected with 1
pg of each construct per coverslip, and 0.3 ug of pEGFP was
included for control cells as above. Epifluorescence was used to
confirm the expression of the corresponding AKAP. For bio-
chemistry, HEK 293 cells were plated at ~50% confluence on
6-well plates. HEK 293 cells were transfected by the calcium
phosphate method. For these experiments, 1 ug of each con-
struct was used. pEGFP or mCherry (0.3 ug) was included in
control conditions based on the corresponding AKAP con-
structs. All experiments were performed 24 h after transfection.

Electrophysiology

Whole-cell recordings were made with an Axopatch 200B or
Axoclamp 700A amplifier (Molecular Devices, Sunnyvale, CA).
Patch pipettes (2—4 megaohms) contained 140 mMm cesium
methanesulfonate, 10 mm HEPES, 5 mm adenosine triphos-
phate (sodium salt), 5 mm MgCl,, 0.2 mm CaCl,, and 10 mm
BAPTA (pH 7.4). PKM (catalog no. SE-133; Biomol, Plymouth
Meeting, PA) was added to this solution from frozen stocks.
The extracellular solution was 150 mm NaCl, 5 mm KCI, 1.8 mm
CaCl,, 1 mm MgCl, 10 mm HEPES, 10 mm glucose, and 100 um
cyclothiazide (LC Laboratories, Woburn, MA) (pH 7.4). Gluta-
mate (1 mMm) was added from frozen concentrated stock solu-
tions. Cyclothiazide (Axxora (San Diego, CA) or Ascent Scien-
tific (Cambridge, UK); 100 wum) was used to block AMPA
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receptor desensitization. Solution exchanges were accom-
plished through a series of flow pipes that were controlled by
solenoid valves (Warner, Hamden, CT) and moved into posi-
tion by a piezoelectric bimorph. HEK 293 cells were lifted off of
the coverslip to speed the solution exchange time. Currents
were digitized at 5 kHz and filtered at 1 kHz and acquired with
a Digidata 1322A board and Clampex 9 or 10 software (Molec-
ular Devices, Sunnyvale, CA). Series resistance (90-95%) and
whole-cell capacitance compensation were employed. Series
resistance was monitored throughout the experiments by 5-mV
hyperpolarizing jumps prior to each application of glutamate.
Only cells that had a series resistance < 6 megaohms and were
stable throughout the recording were included for analysis. All
experiments were initiated within 1 min of establishing the
whole-cell configuration and were performed at a holding
potential of —60 mV at 20 °C. For time course experiments,
currents were normalized to the amplitude of current from the
initial agonist application for each experiment. Current-voltage
(I-V) relationships were generated from the difference between
250-ms voltage ramps (from —60 to 40 mV) obtained in the
absence and presence of agonist and normalized to the current
at —60 mV and used to derive the RI. All data are expressed as
means *= S.E. and were subjected to statistical analysis using
either a ¢ test (Figs. 1 and 2) or ANOVA followed by a Dunnett’s
post hoc test (Figs. 6 and 7) using the SPSS software package
(IBM, Armonk, NY).

Cell surface biotinylation, immunodepletion, and Western
blotting

Cells were rinsed three times in PBS (Life Technologies) at
4 °C. For cell surface biotinylation, 2.5 mm CaCl, and 1 mm
MgCl, were added to the PBS and then subsequently incubated
in this solution supplemented with 1.5 mg/ml sulfo-NHS-SS-
biotin (Thermo Fisher Scientific) for 20 min at 4 °C. The bioti-
nylation reaction was quenched with 50 mm glycine in the mod-
ified PBS solution (two washes, 5 min each) and then a final
rinse in PBS. All extracts were prepared by lysing cells in 250 ul
of lysis buffer (10 mm phosphate, 150 mm NaCl, 5 mm EDTA, 5
mM EGTA, 1% Triton X-100) containing protease inhibitors
(Sigma; 1:100 dilution) and phosphatase inhibitors (10 mm
sodium pyrophosphate, 50 mm sodium fluoride, 1 mm sodium
orthovanadate, 1 um okadaic acid, 1 uM microcystin, and 1 um
cyclosporin A). Lysates were incubated on ice for 10 min and
then clarified by centrifugation at 14,000 X g for 10 min at 4 °C.
For immunodepletion, cells were instead lysed in 300 ul of
buffer, and 20 ul of the extract was reserved to assess pre-ID
input, whereas the remaining was incubated with 4 ug of rabbit
polyclonal anti-GluA2/3 (EMD Millipore) coupled to protein
G- coated Dynabeads (40 ul; Life Technologies) for 2 h at 4 °C
with nutation. The resulting supernatant was subjected to a
second round of GluA2 immunodepletion carried out over-
night (~16 h). 40 ul of the resulting supernatant was reserved
for post-ID analysis and as total input for subsequent biotin-
based assessment of surface receptors as indicated below. For
biotinylation assays, 20 ul of the extract (corresponding to 10%)
was reserved for assessment of total GluAl, and 200 ul was
subsequently incubated with streptavidin-coated MyOne-T1
Dynabeads (40 ul; Life Technologies) for 1 h at 4 °C with nuta-
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tion. Following three washes (5 min) with lysis buffer, biotiny-
lated complexes were eluted in 2X Laemmli buffer. For all other
lysate, 2X Laemmli buffer was added as well. All samples were
boiled for 5 min and subsequently resolved on 4-20% SDS-
polyacrylamide gels (Lonza, Rockland, ME) and transferred to
nitrocellulose and stained with Ponceau S solution (Sigma).
Membranes were blocked overnight in 3% nonfat dry milk in
TBS + 0.05% Tween 20 (TBST). For analysis of GluAl and
GluA2 levels, Western blots were probed with mouse monoclo-
nal anti-GluA1 (N-terminal) clone RH95 (1:1000; EMD Milli-
pore), stripped, and reprobed with mouse monoclonal anti-
GluA2 (N-terminal) clone 6C4 (1:1000; EMD Millipore),
stripped and finally reprobed with mouse monoclonal anti-3-
tubulin clone AA2 (1:1000; EMD Millipore). Signals for GluA1
and GluA2 were adjusted by the B-tubulin loading levels and
then normalized to controls in the absence of AKAP79. For
analysis of GluA1l phosphorylation state, blots were probed
with either rabbit monoclonal to phospho-Ser-831 clone N453
(1:1000; EMD Millipore) or rabbit polyclonal to phospho-Ser-
845 (1:500; Cell Signaling Technology, Danvers, MA) and then
stripped and reprobed with rabbit polyclonal anti-GluAl
(C-terminal) (1:1000; catalog no. AB1504; EMD Millipore). The
ratio of phospho-GluA1l to GluA1 was determined and normal-
ized to the control condition for each experiment. For analysis
of surface to total ratios, blots were probed with anti-GluA1l
(N-terminal) as above. Goat anti-rabbit or anti-mouse IgG
horseradish peroxidase—conjugated antibodies (EMD Milli-
pore; 1:10,000) were used as secondary antibody. All im-
munoblots were visualized by enhanced chemiluminescence
(Thermo Fisher Scientific). Data were digitally acquired and
quantified using a Bio-Rad XRS chemiluminescence documen-
tation system and Quantity One software. Data are expressed as
means * S.E. and were subjected to statistical analysis by ¢ test
(Figs. 3 and 5 (B, C, and G)) or ANOVA followed by either
Games—Howell post hoc test (Figs. 4, 5 (E and F), and 8 (A-C))
or Dunnett’s post hoc test (Fig. 8, D and E) using SPSS software.

Author contributions—K. C.S., A.S.B.,, and S.J.T. resources;
K.C.S, A.S.B, and S.J.T. investigation; K. C.S., A.S.B., and
S.J. T. writing-original draft; S.]. T. conceptualization; S.J. T. for-
mal analysis; S. J. T. supervision; S. J. T. funding acquisition; S. J. T.
methodology; S.J. T. writing-review and editing.
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