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Background:Themechanisms underlying slow kinetics of the kainate receptor-mediated EPSCs are not totally understood.
Results: Phosphorylation-dependent binding of 14-3-3 proteins to GluK2a subunits modulates the biophysical property of
GluK2a-containing kainate receptors.
Conclusion: 14-3-3 is an important regulator of GluK2a-containing kainate receptors.
Significance: The dynamically regulated 14-3-3�GluK2a protein complex may contribute to the diverse functions of kainate
receptors in synaptic signaling.

Kainate receptors (KARs) are one of the ionotropic glutamate
receptors thatmediate excitatory postsynaptic currents (EPSCs)
with characteristically slow kinetics. Although mechanisms for
the slow kinetics of KAR-EPSCs are not totally understood,
recent evidence has implicated a regulatory role of KAR-associ-
ated proteins. Here, we report that decay kinetics of GluK2a-
containing receptors is modulated by closely associated 14-3-3
proteins. 14-3-3 binding requires PKC-dependent phosphory-
lation of serine residues localized in the carboxyl tail of the
GluK2a subunit. In transfected cells, 14-3-3 binding to GluK2a
slows desensitization kinetics of both homomeric GluK2a and
heteromeric GluK2a/GluK5 receptors. Moreover, KAR-EPSCs
at mossy fiber-CA3 synapses decay significantly faster in the
14-3-3 functional knock-out mice. Collectively, these results
demonstrate that 14-3-3 proteins are an important regulator of
GluK2a-containing KARs andmay contribute to the slow decay
kinetics of native KAR-EPSCs.

Kainate receptors (KARs)4 are one of the three principal
classes of ionotropic glutamate receptors that consist of five
subunits termed GluK1 through GluK5. Among them, GluK1
through GluK3 subunits are able to form functional homo-

meric receptors, but GluK4 and GluK5 have to be coassembled
with one of the GluK1 through GluK3 subunits (1–5). In neu-
rons, KARs are present at both presynaptic terminals and post-
synaptic sites, where they regulate neurotransmitter release,
synaptic plasticity, and neuronal excitability (6–14). KAR-me-
diated excitatory postsynaptic currents (KAR-EPSCs) exhibit
characteristically slow decay kinetics, which might be impor-
tant for synaptic integration of temporal information (4,
15–19). Despite recent progress, there appears to be a discrep-
ancy between the kinetics of recombinant and native KARs, as
homomeric or heteromeric KARs display fast desensitization
and deactivation kinetics in heterologous expression systems
(20–22). Interestingly, Barberis et al. (41) reported that the het-
eromeric GluK2/GluK5 receptor exhibits slow deactivation
kinetics when activated by brief agonist application mimicking
the glutamate transient in the synaptic cleft. Because the het-
eromeric GluK2/GluK5 receptors likely constitute postsynap-
tic KARs in the brain, their intrinsic slow deactivation property
should play an important role in determining the slow kinetics
of KAR-EPSCs.
Additionally, regulatory/auxiliary proteins of KARs have also

been implicated in modulating the kinetics of KARs (23–30).
Recently, several groups have identified the neuropilin and
tolloid-like proteins, NETO1 and NETO2, as novel auxiliary
subunits that modulate properties of KARs. Both NETO1 and
NETO2 significantly slow desensitization and deactivation of
homomeric and heteromeric KARs in heterologous expression
systems (30–33). In addition, the decay kinetics of KAR-EPSCs at
hippocampal synapses isnotablyaccelerated inNETO1knock-out
mice, demonstrating the importance of regulatory proteins in
determining biophysical properties of KARs (32, 34).
We report here that kinetics of KARs is also modulated by

14-3-3, a family of proteins that consist of seven homologous
isoforms denoted �, �, �, �, �, �, and �. They bind to target
proteins containing specific phosphoserine motifs and partici-
pate in regulation of a variety of cellular processes (35). In the
brain, 14-3-3 proteins are abundantly expressed, with some iso-
forms being particularly enriched at synapses (36). Previously,
certain 14-3-3 isoforms have been identified as potential bind-
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ing partners of KARs (26, 37). In this study, we carried out
detailed analyses of both the biochemical basis and functional
significance of the protein/protein interaction between 14-3-3
and the GluK2a subunit. We found that decay kinetics of
GluK2a-containing receptors ismodulated by PKCphosphory-
lation-dependent binding of 14-3-3. Moreover, antagonizing
14-3-3 binding in the 14-3-3 functional knock-out mice accel-
erates the decay kinetics of KAR-EPSCs at hippocampal syn-
apses. Together, our findings establish a novel role of 14-3-3
proteins in regulating biophysical properties of KARs.

EXPERIMENTAL PROCEDURES

Mice—All animal procedures were carried out in accordance
with the guidelines for the Care andUse of Laboratory Animals
of both Shanghai Jiao Tong University School of Medicine and
the Florida State University and were approved by the respec-
tive Institutional Animal Care and Use Committees (IACUC).
Transgenic 14-3-3 functional knock-out (FKO)mice were gen-
erated by expressing the YFP-fused difopein (dimeric fourteen-
three-three peptide inhibitor) using a thy-1 promoter. After
PCR-based genotyping, positive founders were backcrossed to
C57BL/6J mice for at least eight generations. Expression pat-
terns of transgene expression in different founders were exam-
ined by fluorescence microscopy.
cDNAs and Antibodies—Two main splice variants of rat

GluK2 (GluK2a and GluK2b) were used in our experiments.
The full-length cDNAs of rat GluK2a with the three RNA-ed-
iting sites encoding VCQ and rat GluK5 were kindly provided
byDr. Peter Seeburg (Max-Plank Institute, Germany). Ratmyc-
GluK2b with the three RNA-editing sites encoding IYQ was
kindly provided byDr. ChristopheMulle (Institute for Interdis-
ciplinary Neuroscience, France). GluK2a was subcloned into
pcDNA3.1� and pAdTrack-CMV vectors. cDNAs encoding
various isoforms of human 14-3-3 were subcloned into either
pcDNA3 with an N-terminal FLAG tag or pEBFP-N1 as
reported previously (38). The plasmids for enhancedYFP-fused
difopein (pSCM138) and the inactive mutant (pSCM174) were
kindly provided by Dr. Haian Fu (Emory University). Mutant
GluK2a cDNAs (S846A, S856A, S859A, S868A, and 4SA-
GluK2a) were generated using the QuikChange site-directed
mutagenesis kits (Stratagene) and confirmed by DNA sequenc-
ing. Antibodies used were as follows: rabbit anti-GluK2/3 poly-
clonal antibody (53518) was from AnaSpec; rabbit anti-GluK5
polyclonal antibody (06-315)was fromMillipore;mousemono-
clonal anti-FLAG M2 (F1804) was from Sigma; rabbit anti-
pan14-3-3 (K19) polyclonal antibody (sc-629) was from Santa
Cruz Biotechnology; and mouse anti-c-Myc monoclonal anti-
body (MA003) was from Shanghai Immune Biotech Co. Ltd.
RT-PCR—Total RNAs from the HEK293 cells or rat hip-

pocampi were isolated using TRNzol-A� reagent (TIANGEN
BIOTECH,China). Theywere then used to generate cDNAs via
reverse transcription reaction using PrimeScript RT reagent
kits with gDNA Eraser (Takara, China) according to the man-
ufacturer’s protocol. The PCR was performed in 50 �l of reac-
tion mixture containing 5 �l of 10� PCR buffer, 4 �l of dNTP
mixture (each 2.5 mM), 0.25 �l of Takara TaqDNA polymerase
(5 units/�l), 0.4 �M final concentration of both primers (for-
ward and reverse), and 1.5 �l of cDNA. The sequences of the

primers used for GluK2a are as follows: forward, GGCACTC-
CTATGGGCTCT; reverse, TTCTTTACCTGGCAACCT. The
size of the PCR product was 417 bp.
Cell Culture, Transfection, and Protein Preparation—

HEK293 cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum at 37 °C in
a humidified 5% CO2 incubator. Cells were plated in 60-mm
dishes at 1 � 106 cells and allowed to grow to 70–90% conflu-
ence prior to transient transfection using the Lipofectamine
2000 reagent (Invitrogen). Two days after transfection, cells
were lysed in lysis buffer (20 mM Tris-HCl, pH 8.0, 137 mM

NaCl, 1% Nonidet P-40, 10% glycerol, 2 mM EGTA) supple-
mented with protease and phosphatase inhibitor mixture tab-
lets (Roche Applied Science). In PKC-related experiments,
transfected cells were treated with either PMA (5 �M) or cal-
phostin C (CC, 1 �M) for 1 h at 37 °C before harvesting.
Hippocampal Lysates—Dissected hippocampi were homog-

enized in ice-cold homogenization buffer (20mMTris-HCl, pH
8.0, 137mMNaCl, 1%Nonidet P-40, 10% glycerol, 2mMEGTA)
supplemented with protease and phosphatase inhibitor mix-
ture tablets. The homogenates were centrifuged at 13,000 � g
for 15min at 4 °C. Protein concentrations in collected superna-
tants were determined by BCA assay.
Immunoprecipitation and Western Blot—Immunoprecipita-

tion was performed using standard approaches. Briefly, lysates
containing 800 �g of proteins were first precleared by incubat-
ingwith 30�l of proteinG-agarose (RocheApplied Science) for
2 h at 4 °C. They were then incubated with 2 �g of antibodies
overnight at 4 °C, followed by the incubation with 30 �l of pro-
tein G-agarose at 4 °C for 4 h. The beads were then washed five
timeswith lysis buffer, and boundproteinswere eluted from the
beads by boiling in sample buffer (62.5mMTris-HCl, pH6.8, 2%
SDS, 0.01% bromphenol blue, 10% glycerol, 1%�-mercaptoeth-
anol) for 10 min and analyzed by electrophoresis and immuno-
blotting. Immunoreactive bands were visualized using horse-
radish peroxidase (HRP)-conjugated goat anti-mouse/rabbit
secondary antibody (1:2000, Bio-Rad). Protein densities on
Western blots were analyzed by ImageJ software. Relative band
densities were determined by normalizing the immunoprecipi-
tated band density to that of the lysate band. All experiments
were repeated at least three times.
Crude Membrane Preparations—Cell membranes were pre-

pared as described (40) with modifications. Briefly, cells were
washed twicewith ice-cold PBS 48hpost-transfection andwere
homogenized by ultrasonic treatment in buffer (10 mM Tris-
HCl, pH 7.4, 1 mM EDTA, 320 mM sucrose, 1 mM MgCl2) con-
taining both protease and phosphatase inhibitor mixtures. The
cell homogenate was centrifuged at 1000 � g for 10 min at 4 °C
to remove nuclei and unbroken cells. The volume of 2.5%
supernatant fraction was stored as total protein used for input
control in Western blot. The resulting supernatant was centri-
fuged at 200,000 � g for 1 h at 4 °C. The membrane pellet was
solubilized in lysis buffer (20 mM Tris-HCl, pH 8.0, 137 mM

NaCl, 2 mM EGTA, 10% glycerol, 1% Nonidet P-40) containing
both protease and phosphatase inhibitor mixtures for a mini-
mum of 1 h at 4 °C. Insoluble material was removed by centrif-
ugation at 14,000 � g for 10 min at 4 °C, and then the coimmu-
noprecipitation was performed as described above.
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Measurement of KAR Kinetics—To record recombinant
KAR-mediated currents, HEK293 cells were transfected with
cDNAs of KAR subunits (GluK2a, GluK2b, GluK5, or 4SA-
GluK2a), either alone or together with 14-3-3 isoforms,
pSCM138 or pSCM174. At least 48 h after transfection, cur-
rents were recorded from transfected cells identified by tagged
fluorescent protein (enhanced GFP, enhanced BFP, or
enhanced YFP) in lifted whole-cell or outside-out patch config-
uration with an EPC10 amplifier (HEKA) at room temperature
(22–25 °C). Recording microelectrodes with resistances of 3–5
megohms were pulled from thin-walled borosilicate glass with
inner filament (Sutter Instrument) and filled with the intracel-
lular solution containing 135 mM CsCl, 10 mM EGTA, 4 mM

Mg-ATP, and 10 mM HEPES (pH adjusted to 7.2 with CsOH,
290–295 mosM). The coverslips were placed in a perfusion
chamber and continuously perfused with a standard extracel-
lular solution containing 150 mM NaCl, 5 mM KCl, 10 mM

HEPES, 1 mM MgCl2, 2 mM CaCl2, and 10 mM glucose (pH
adjusted to 7.35 with NaOH, 305–315 mosM). To ensure cell
dialysis, measurements were obtained at least 3–5min after the
whole-cell configuration was established. Channel currents were
recorded in outside-out patch or liftedwhole-cell configuration at
a holding potential of �60mV, and signals were analog low pass-
filtered at 2.9 kHz (four-poleBessel-type, 23 db) and sampled at 20
kHz. In experiments involving recording currents from hetero-
meric GluK2a/GluK5 receptors, we utilized the following estab-
lished criteria (41, 42). First, the cells were cotransfected with
GluK2a and GluK5 cDNAs in a 1:3 ratio, which yielded a largely
homogeneous population ofGluK2a/GluK5 heteromeric KARs at
the cell membrane surface (50); Second, glutamate pulses (1 mM,
100 ms) delivered to GluK2a/GluK5 cotransfected cells elicited
current responses of smaller amplitude than that ofGluK2a singly
transfected cells. Third, the rectification index of heteromeric
receptors is greater than 0.9 (Fig. 6B).
Drug Application—Glutamate was applied to HEK293 cells

using a fast step perfusion system (Warner Instruments,
SF-77B) through a 	-tube with a tip diameter about 200 �m.
Patches of outside-out or lifted whole cells were positioned
near the solution interface, and the interface was moved by
applying voltage across digital to analog converter output on
EPC10 amplifier to SF-77B. The open-tip recordings of the liq-
uid junction potentials revealed that the 10–90% exchange of
solution occurred within 300 �s. For lifted whole-cell record-
ing, HEK293 cells were lifted from the coverslip and placed
within 100�mof the tip of a 	 tube (41, 43, 44). Tominimize the
solution exchange time in the whole-cell configuration, cur-
rents were recorded from small HEK293 cells, showing amem-
brane capacitance of�8–16 picofarads. Agonist was applied for
100msat60-s intervals tomonitor thepeakcurrentamplitudeand
desensitization time constant. Desensitization time constants
were determined by adjusting cursors in FITMASTER software
(HEKAElectronik) to find the best (visual) fit of the current decay
to single exponential function (Fig. 3,A–D) (45).
Synaptic Electrophysiology—Acute hippocampal slices (250

�m)were prepared frommale 14-3-3 FKOmice and their wild-
type (WT) littermates (4–6 weeks old). The procedures for
preparing brain slices were as described previously (32). Briefly,
the mouse was sacrificed after being deeply anesthetized with

ketamine (100 mg/kg) and xylazine (10 mg/kg). The whole
brain was removed and placed in iced and 95% O2, 5% CO2
oxygenated cutting medium including the following (in mM):
230 sucrose, 2.5 KCl, 10 MgSO4, 1.25 Na2HPO4, 26 NaHCO3,
0.5 CaCl2, 10 D-glucose. The sagittal or coronal slices were cut
with a VT1200S vibratome (Leica) and moved to the artificial
cerebrospinal fluid (ACSF) saturatedwith 95%O2, 5%CO2.The
ACSF contained the following (in mM): 124 NaCl, 5 KCl, 2.5
CaCl2, 1.3 MgSO4, 1.2 KH2PO4, 26 NaHCO3, and 10 glucose.
The slices were incubated at 37 °C for at least 45min in oxygen-
ated ACSF before use.
Brain slice was transferred to the recording chamber and

kept in place with a slice anchor (Warner Instruments) under a
microscope (ECLIPSE FN1, Nikon) equipped with infrared dif-
ferential interference contrast and water immersion objective
for visualization of neurons in live tissue. The slice in the
recording chamberwas continuously perfusedwith oxygenated
ACSF (2ml/min) at room temperature. The recording solution
contained the following (in mM): 145 potassium gluconate, 7.5
KCl, 9 NaCl, 1 MgSO4, 10 HEPES, 0.2 EGTA, 2 sodium ATP,
0.25 sodium GTP, adjusted to pH 7.4 with KOH, osmolality
290–300 mosM. The concentric bipolar stimulating electrode
was placed in the dentate gyrus cell body layer to activatemossy
fibers or in the CA3 striatum radiatum to activate associational
commissural fibers. The single stimulating pulse (100 �s dura-
tion) was produced byMaster-8 stimulator (AMPI, Israel) with
the frequency of 0.1 Hz. As reported previously (32), to assess
the contribution of mossy fiber-CA3 transmission, 1 �M

(1R,2R)-3-[(1S)-1-amino-2-hydroxy-2-oxoethyl]cyclopropane-
1,2-dicarboxylic acid (DCG-IV), a group II mGluR agonist that
selectively blocks mossy fiber synaptic transmission, was ap-
plied at the end of every experiment, and the datawere accepted
only if synaptic responses were reduced bymore than 90%. The
synaptic response remaining in DCG-IV was then subtracted
from all previous responses before further analysis to isolate
mossy fiber-specific synaptic activity. KAR-EPSCs were moni-
tored in the presence of the selective AMPAR antagonist GYKI
53655 (30 �M), and cells were voltage-clamped to �60 mV or
�30 mV. The mossy fiber-CA3 EPSCs were evoked by single
stimulation in the dentate gyrus. NMDAR-EPSCs were moni-
tored in 10 �M 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo-
[f]quinoxaline-2,3-dione, 100 �M picrotoxin, and 3 �M

CGP55845 while voltage-clamping to �30 mV. Given the varia-
bility and potential polysynaptic contamination of AMPAR-
mediated EPSCs at mossy fiber-CA3 synapses (46), AMPAR-
mediated transmission was evaluated by activating associational-
commissural CA3 synapses (Vh � �60mV) in the presence of 50
�M D-AP5, 100 �M picrotoxin, and 3 �M CGP55845. Analysis of
decaykineticswascarriedoutby fitting traceaveragesof20sweeps
with a single exponential. The EPSCswere recordedwith aMulti-
Clamp 700B amplifier (Molecular Devices) and filtered at 2 kHz
with a low pass filter, and data were digitized at 10 kHz and stored
on line using the pClamp 10 software.
Statistical Analyses—Data are expressed asmean� S.E. with

statistical significance assessed by Student’s t test for two group
comparisons or one-way analysis of variance tests for multiple
comparisons. The value of *, p � 0.05, was considered statisti-
cally significant difference.
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RESULTS

14-3-3 Proteins Associate with GluK2a-containing KARs—A
previous proteomic analysis has identified 14-3-3� as a putative
binding partner of the GluK2a subunit (26). Here, we directly
assessed the interaction of GluK2-containing receptors with
14-3-3 proteins using coimmunoprecipitation approaches. As
shown in Fig. 1A, 14-3-3 proteins and GluK2 subunits were
effectively coimmunoprecipitated from rat hippocampal
homogenates, indicating the existence of a GluK2-containing
KAR and 14-3-3 protein complex in the brain (Fig. 1A). This
was further supported by our finding that exogenously
expressed GluK2a coimmunoprecipitated with endogenous
14-3-3 proteins in HEK293 cells (Fig. 1B). In contrast, 14-3-3
proteins were unable to coimmunoprecipitate with GluK2b in
cotransfected HEK293 cells (Fig. 1E), which is in agreement
with a published study (26).
To determine isoform-specific interactions of 14-3-3 pro-

teins with the GluK2a subunit, we carried out coimmunopre-
cipitation and Western blot analyses in HEK293 cells tran-

siently coexpressing GluK2a and different 14-3-3 isoforms.
GluK2a subunits were present in 14-3-3 immunoprecipitates
from all 14-3-3-cotransfected cells but not from vector-
cotransfected cells (Fig. 1C), demonstrating that these 14-3-3
isoforms are all capable of binding to GluK2a. However, quan-
tification of Western blots revealed differences in the extent of
interactions between GluK2a and various isoforms of 14-3-3
proteins (Fig. 1D). Among them, 14-3-3� exhibited quantita-
tively the strongest binding to GluK2a, and this particular iso-
form was thus utilized in most of the subsequent experiments.
Furthermore, we asked where in the cell the interaction

between KARs and 14-3-3 takes place, as this is a question with
important functional implications. To address this, we per-
formed the coimmunoprecipitation experiment with crude
membranes prepared from cells coexpressing 14-3-3 and
GluK2a subunits. As shown in Fig. 1F, 14-3-3 coimmunopre-
cipitated GluK2a in the membrane fraction, demonstrating
that this protein/protein interaction can happen after traffick-
ing of the KARs to the plasma membrane.

FIGURE 1. 14-3-3 proteins associate with GluK2a-containing KARs. A, GluK2 subunits coimmunoprecipitate with 14-3-3 proteins from rat hippocampal
lysates. B, GluK2 coimmunoprecipitates with endogenous 14-3-3 proteins in HEK293 cells transfected with GluK2a cDNA. The anti-pan 14-3-3 antibody was
used for immunoblotting (IB) in A and B; images shown are representative Western blots from three independent experiments. C, coimmunoprecipitation of
GluK2a and different FLAG14-3-3 isoforms. The identities of the transfected cDNAs are indicated below each lane. The exogenously expressed 14-3-3 proteins
were immunoprecipitated (IP) with the FLAG antibody. D, normalized levels of coimmunoprecipitation between GluK2a and various 14-3-3 isoforms. These
values were determined by measuring the relative intensity of immunoprecipitated bands and their corresponding lysate (L) bands on Western blots and then
normalized to and compared with that of 14-3-3� (n � 3, *, p � 0.05). E, no interaction between GluK2b and 14-3-3� is detected by coimmunoprecipitation in
cotransfected HEK293 cells. F, GluK2a and FLAG14-3-3� coimmunoprecipitate in the crude plasma membrane fraction prepared from cotransfected HEK293
cells. Image shown is representative Western blots from three independent experiments. Data represent mean � S.E.; IB, antibody used for immunoblot
analysis; IP, antibody used for immunoprecipitation.
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14-3-3 Binds to GluK2a C-terminal Tail in a Phosphoryla-
tion-dependent Manner—14-3-3 generally interacts with its
target proteins through binding to consensus phosphoserine-
containing motifs (35, 47, 48). To identify potential 14-3-3-
binding sites in the GluK2a subunit, we introduced site-di-
rected mutations to each of the four serine residues (S846A,
S856A, S859A, and S868A) located at the GluK2a C-terminal
tail, a region that was previously reported to be important for
14-3-3 binding (26). As assessed by coimmunoprecipitation
andWestern blot analysis in a heterologous expression system,
the interaction between 14-3-3 and GluK2a was significantly
attenuated in all four mutants compared with the wild-type
(WT)GluK2a (Fig. 2A). Based onquantification of relative band
intensity for 14-3-3-coimmunoprecipitatedGluK2a,mutations
of Ser-846 and Ser-868 residues at the GluK2a subunit resulted
in more pronounced reductions in 14-3-3 binding than the
S856A and S859A mutations (Fig. 2A, bar graph). Thus, the
GluK2a C-terminal serine residues, especially Ser-846 and Ser-
868, play a significant role in mediating 14-3-3 binding.

Interestingly, Ser-846 and Ser-868 have previously been
identified as the major phosphorylation sites of protein kinase
C (PKC) within the GluK2a C-terminal tail (49). To determine
whether theGluK2a and 14-3-3 interaction is regulated by PKC
phosphorylation, we treated the 14-3-3� and GluK2a cotrans-
fected HEK293 cells with either a PKC activator (PMA) or a
PKC inhibitor (calphostin C), and we assessed their effects on
the GluK2a and 14-3-3 interaction. As shown in Fig. 2B, 14-3-3
binding to the WT GluK2a was markedly enhanced by PMA
while notably inhibited by calphostin C. Quantification of
Western blots indicated that these changes were statistically
significant (Fig. 2B).
Next, we asked whether the effect of PKC on the 14-3-3/

GluK2a interaction is mediated by phosphorylation of the ser-
ine residues at the GluK2a C-terminal tail. Here, we con-
structed the mutant 4SA-GluK2a (S846A, S856A, S859A, and
S868A). As expected, 14-3-3 binding was nearly abolished by
the 4SA-GluK2a mutation (Fig. 2B). Moreover, activation of
PKC by PMA treatment or inhibition of PKC by calphostin C

FIGURE 2. 14-3-3 proteins bind to the C terminus of GluK2a in a PKC phosphorylation-dependent manner. Western blot analyses of immunoprecipitates
and cell lysates from HEK293 cells were transfected with 14-3-3� and other proteins as indicated. A, mutation of single serine residues at the GluK2a C terminus
impairs interaction between 14-3-3 and GluK2a. Quantification of Western blots indicates that the S846A and S868A mutants have more significant reduction
in 14-3-3 binding (n � 3, **, p � 0.01; ***, p � 0.001, comparison with WT) (right panel). B, coimmunoprecipitation of 14-3-3 and WT GluK2a is enhanced by PMA
(5 �M) (a PKC activator) and reduced by calphostin C (1 �M) (a PKC inhibitor, CC). Right panel shows that the mutant 4SA-GluK2a subunit has impaired 14-3-3
binding, which is not affected by either PMA or calphostin C treatment. Lower panel summarizes quantified Western blot results for groups data of PMA (n �
4), CC (n � 3) in WT GluK2a, and PMA (n � 3), CC (n � 3) in 4SA-GluK2a. Data represent mean � S.E., ***, p � 0.001, comparison with WT control. IB, immunoblot;
IP, immunoprecipitation.

Bound 14-3-3 Modulates Kainate Receptors

24680 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 34 • AUGUST 23, 2013



did not result in any enhancement or reduction of 14-3-3 bind-
ing to the mutant 4SA-GluK2a subunit (Fig. 2B). Taken
together, these data clearly demonstrated that 14-3-3 binding is
regulated by PKC-mediated phosphorylation of serine residues
at the GluK2a C-terminal tail.
14-3-3 Modulates Desensitization Kinetics of GluK2a Homo-

meric Receptors—To determine whether 14-3-3 binding mod-
ulates the biophysical properties of GluK2a receptors, we

recorded homomeric GluK2a receptor currents from trans-
fected HEK293 cells and assessed the changes in channel prop-
erties induced by exogenously expressed 14-3-3 proteins. In
these experiments, GluK2a currents were elicited by 1 mM glu-
tamate in outside-out patches at a holding potential of�60mV.
Note that no current was evoked by this concentration of glu-
tamate in the absence of heterologously expressedGluK2a, cor-
responding to a lack of endogenous GluK2a transcript or pro-

FIGURE 3. Characterization of our rapid solution exchange and heterologous expression systems. A, open tip recordings were used to assess the solution
exchange time of our 	-glass application pipette system. The solution is applied using SF-77B perfusion step controlled by PatchMaster software through
digital to analog converter output in EPC10 amplifier. The 10 –90% rise time of the liquid junction currents (resulting from the application of a 1:10 diluted
extracellular solution) is �250 �s (B). A and B are the same current trace shown in different time scales. C and D, representative traces of outside-out (C) and
whole-cell (D) currents recorded from HEK293 cells expressing homomeric GluK2a receptors, evoked by rapid application of glutamate using the rapid solution
exchange system. The time courses of current onset and desensitization are comparable with data reported by other laboratories. E–H, no endogenous GluK2a
expression in HEK293 cells. E, GluK2a mRNA was not detected by RT-PCR assay in nontransfected HEK293 cells (left lane). F, Western blot analyses confirm the
lack of endogenous GluK2a protein in nontransfected HEK293 cells (left lane). G and H, in the absence of heterologously expressed GluK2a, no whole-cell
current was evoked by 1 mM glutamate in either vector (G) or 14-3-3� (H)-transfected HEK293 cells. IB, immunoblot.
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tein in these cells (Fig. 3, E–H). Nevertheless, coexpression
14-3-3� resulted in a significant slowing of desensitization
kinetics ofGluK2a (Fig. 4A). As analyzed by a single exponential
fitting of the GluK2a currents, the desensitization time con-
stant (�des) was significantly larger in cells cotransfected with
14-3-3� than the corresponding values for GluK2a alone (Fig.
4A, bar graph). Consistent with our biochemical results, coex-

pression of other 14-3-3 isoforms also slowed desensitization of
GluK2a homomeric receptors, but 14-3-3� had the biggest
quantitative effect (data not shown).
Next, we tested whether 14-3-3 binding is necessary for its

modulation of GluK2a homomeric receptors. Our strategy was
to cotransfect cells with pSCM138, encoding the YFP-fused
difopein that binds to 14-3-3 proteins with a very high affinity

FIGURE 4. 14-3-3 proteins modulate the kinetics of homomeric GluK2a receptors in a heterologous system. A and B, GluK2a current traces are evoked by
glutamate (1 mM, 100 ms) in outside-out configuration from HEK293 cells cotransfected with KAR subunits and other proteins as indicated. Desensitization time
constants (�des) are determined by single exponential fits to the decaying phase of the currents. A, representative current traces recorded from outside-out
patches in HEK293 cells transfected with GluK2a subunits, together with either corresponding vector (dark trace), 14-3-3� (red trace), pSCM138 (green trace), or
pSCM174 (blue trace). Cotransfection of pSCM138, but not pSCM174, significantly accelerates the desensitization of homomeric GluK2a receptors, whereas
cotransfection 14-3-3� significantly slows the desensitization of homomeric GluK2a receptors. Right panel summarizing group data for vector (n � 12), 14-3-3�
(n � 10), pSCM138 (n � 9), and pSCM174 (n � 11) cotransfected cells. Data represent mean � S.E., *, p � 0.05; ***, p � 0.001. B, representative current traces
from outside-out patches in HEK293 cells transfected with the 14-3-3-binding deficient mutant 4SA-GluK2a, together with either the vector (dark trace) or
14-3-3� (red trace). Desensitization of the mutant GluK2a receptor is not affected by coexpressed 14-3-3�. Right panel shows the summary data (n � 10 and 9
for without and with 14-3-3�, respectively). C, representative currents evoked by either 0.3 or 3 mM glutamate on outside-out patches from HEK293 cells
transfected with GluK2a subunits, together with either corresponding vector (dark trace) or 14-3-3� (red trace). Cotransfection of 14-3-3� slows the desensiti-
zation of homomeric GluK2a currents evoked by low (0.3 mM) but not the high (3 mM) concentration of glutamate. Right panel shows the summary data (0.3 mM

group, n � 11 and 9; 1 mM group, n � 12 and 10; 3 mM group, n � 16 and 15 for without and with 14-3-3�, respectively). Data represent mean � S.E., **, p � 0.01;
***, p � 0.001.
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and thus disrupting 14-3-3s’ interaction with their endogenous
partners (38, 39). As shown in Fig. 4A, cotransfection of
pSCM138, but not its inactive form pSCM174, significantly
accelerated desensitization kinetics of GluK2a homomeric
receptors. Quantitatively, �des of GluK2a currents in pSCM138
cotransfected cells was significantly smaller than that of vector
or pSCM174-cotransfected cells, revealing the modulation
conferred by endogenous 14-3-3 proteins in HEK293 cells.
To further define the role of 14-3-3/GluK2a interactions in

regulating the kinetics of GluK2a homomeric receptors, we
recorded channel currents in outside-out patches from cells
expressing themutant 4SA-GluK2a receptor that is deficient in
14-3-3 binding. In agreement with our biochemical data (Fig.
2B), the desensitization kinetics of 4SA-GluK2a homomeric
receptors was not significantly affected by exogenously
expressed 14-3-3� in HEK293 cells (Fig. 4B). Moreover, we
assessed the effect of 14-3-3 on theGluK2b subunit that did not
interact with 14-3-3 proteins (Fig. 1E). Because of the poor sur-
face expression of GluK2b homomeric receptors (26), no cur-
rent was elicited by 1 mM glutamate in outside-out patches
from cells expressing GluK2b subunits (Fig. 5A). Thus, we
recorded the homomeric GluK2b currents in lifted whole-cell
configuration and found that coexpression of 14-3-3� did not
affect the desensitization kinetics of GluK2b homomeric recep-
tors (Fig. 5B). Together, these results demonstrated that 14-3-3
modulates desensitization kinetics of GluK2a homomeric
receptors through its interaction with GluK2a.
To explore the potential underlying mechanisms, we exam-

ined the impact of 14-3-3 on the desensitization kinetics of
GluK2a receptors using different concentrations of glutamate.

When evoked by 0.3 mM glutamate, a concentration that is
lower than the EC50 (�0.5 mM) of GluK2a homomeric recep-
tors (41, 63), desensitization of GluK2a currents was signifi-
cantly slowed by coexpressed 14-3-3 (Fig. 4C, left panel). Inter-
estingly, no such effect of exogenous 14-3-3 was observed at a
glutamate concentration of 3 mM (Fig. 4C, right panel) that
reaches the saturation level of the dose-response curve (41, 63).
These data fit well with previous publications showing that
GluK2a receptors display slow desensitization kinetics only at
partially agonist-bound states (41, 63, 64). Under such condi-
tions, gating properties of theGluK2a receptor are likely altered
as a result of 14-3-3 binding.
Effect of 14-3-3 on Desensitization Kinetics of GluK2a-con-

taining Heteromeric Receptors—KARs composed of GluK2a
and GluK5 are the most abundant KAR subtype in the brain.
We therefore assessed the effect of 14-3-3 on the kinetics of
receptors formed by GluK2a/GluK5 heteromers. In heterolo-
gous cells, cotransfection of GluK2a and GluK5 cDNAs at an
appropriate ratio is expected to yield surface expression of
functional GluK2a/GluK5 heteromeric receptors (41, 50).
However, the amplitude of heteromeric GluK2a/GluK5 recep-
tor currents is considerably smaller than that of homomeric
GluK2a receptors (41). Under our experimental conditions,
most of the outside-out patches showed no detectable current
(Fig. 6A). Thus, we examined the properties of GluK2a/GluK5
currents in lifted whole-cell configuration. To ensure that
recorded whole-cell currents were primarily derived from het-
eromeric GluK2a/GluK5 receptors, we utilized the established
criteria to distinguish between homomeric and heteromeric
receptor currents (Fig. 6B) (41, 42). Coexpression of 14-3-3�

FIGURE 5. 14-3-3 proteins do not modulate the kinetics of homomeric GluK2b receptors in a heterologous system. A, in outside-out configuration, no
detectable current was evoked by glutamate (1 mM, 100 ms) from HEK293 cells expressing GluK2b subunits. Shown is a representative trace of 10 independent
experiments. B, representative whole-cell current traces from HEK293 cells transfected with GluK2b, together with either corresponding vector (dark trace) or
14-3-3� (red trace). Cotransfection of 14-3-3� (red trace) has no effect on the desensitization of homomeric GluK2b receptors. Right panel shows the summary
data for control (n � 7) and 14-3-3� (n � 10) group, respectively.
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significantly slowed desensitization of heteromeric GluK2a/
GluK5 receptors (Fig. 6C). Conversely, desensitization kinetics
of GluK2a/GluK5 heteromers was accelerated by antagonizing
14-3-3 binding in cells with cotransfection of pSCM138 (Fig.
6C, bar graph). Thus, 14-3-3 alsomodulated the desensitization
kinetics of GluK2a-containing heteromeric receptors.

14-3-3was previously shown to interact withGluK5 subunits
as well (37). This was confirmed by our biochemical data show-
ing a direct binding of 14-3-3 to GluK5 in the HEK293 expres-
sion system (Fig. 6, E and F). To dissect the biochemical basis
underlying 14-3-3-dependent modulation of the GluK2a/
GluK5 heteromers, we recorded whole-cell currents in cells
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expressing heteromeric receptors composed of GluK5 and the
14-3-3-binding deficientmutant 4SA-GluK2a. As shown in Fig.
6D, 4SA-GluK2a/GluK5 heteromers desensitized similarly
in cells with or without exogenously expressed 14-3-3� pro-
teins, suggesting that 14-3-3 binding to GluK2a plays a crit-
ical role in regulating desensitization kinetics of GluK2a-
containing receptors.
14-3-3-dependentModulation of Homomeric GluK2a Recep-

tors Is Regulated by PKC Phosphorylation—Given that 14-3-3
binding was dependent on PKC phosphorylation of GluK2a
subunits, we sought to test whether PKC phosphorylation
could dynamically regulate 14-3-3-dependent modulation of
GluK2a receptors. To maintain the integrity of cellular con-
tents, we conducted this set of electrophysiological experi-
ments in a lifted whole-cell configuration. At first, we con-
firmed that the desensitization kinetics of whole-cell WT
GluK2a homomeric receptor currents was significantly modu-
lated by altering cellular 14-3-3 levels (Fig. 7A), whereas the
whole-cell currents of the mutant 4SA-GluK2a receptors were
not affected by exogenously expressed 14-3-3 (Fig. 7B).

Next, we loaded either PMA or calphostin C through the
patch electrode into HEK293 cells expressing homomeric
GluK2a receptors, and we assessed their effect on channel
desensitization kinetics. Compared with the control, desensiti-
zation of GluK2a was slowed by PMA and accelerated by cal-
phostin C (Fig. 7C). Statistically, there were significant differ-
ences in �des between control and PMA- or calphostin
C-treated groups (Fig. 7C, bar graph).
We also examined the effect of PMA and calphostin C on the

kinetics of GluK2a homomers in HEK293 cells cotransfected
with pSCM138, in which 14-3-3/ligand interactions were
inhibited. As analyzed by the decay kinetics of IGlu, desensitiza-
tion of GluK2a receptors remained unchanged after either
PMA or calphostin C treatment (Fig. 7D). Collectively, these
results demonstrated that PKC modulated desensitization
kinetics ofGluK2a receptors by regulating phosphorylation-de-
pendent binding of 14-3-3 to GluK2a.
14-3-3 Proteins Modulate KAR-mediated EPSCs in the

Hippocampus—14-3-3 proteins are enriched at synapses (38,
51).We therefore asked whether 14-3-3 has a role in regulating
decay kinetics of KAR-mediated EPSCs. These experiments
utilized our newly generated 14-3-3 FKO mice, in which the
14-3-3 binding antagonist (YFP-fused difopein) was transgeni-

cally expressed in the brain. Although the thy-1-directed trans-
gene expression patterns varied among different founders,5 this
study focused on one of the founders (number 142) that has
extensive transgene expression in the dentate gyrus and CA3
regions of the hippocampus (Fig. 8A). We recorded KAR-
EPSCs in CA3 pyramidal cells on acute mouse hippocampal
slices, and we found that the KAR-EPSCs decay kinetics in the
number 142 founder of 14-3-3 FKOmicewere noticeably faster
than that of theirWT littermates (Fig. 8B). As assessed by decay
time constants (�decay) of KAR-EPSCs, there was a significant
difference between the 14-3-3 FKO and WT mice (Fig. 8C). In
contrast, the decay kinetics of either AMPAR- or NMDAR-
mediated EPSCswas not altered in this line of 14-3-3 FKOmice
(Fig. 8, B and C). In addition, we recorded EPSCs from CA3
pyramidal cells at a positive holding potential (�30 mV) in the
presence of the AMPAR antagonist GYKI 53655 (30 �M). After
blocking the NMDAR-mediated component of mf-CA3 EPSCs
by MK-801, the synaptic current remaining was considered as
KAR-mediated EPSCs component, because it was sensitive to
the KAR antagonist 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo-
[f]quinoxaline-2,3-dione (NBQX) (Fig. 8D). Consistently, the
KAR-EPSCs recorded from the 14-3-3 FKO mice decayed
faster than that of WTmice. However, the amplitude and rela-
tive contribution (versus NMDAR) of KAR-EPSCs were not
different between the 14-3-3 FKO mice and their WT litter-
mates (Fig. 8D). Thus, these results provided evidence that
14-3-3 specificallymodulated the kinetics of KAR-EPSCs in the
brain.

DISCUSSION

Phosphorylation-dependent Interaction of 14-3-3 and GluK2a-
containing Receptors—14-3-3�has been reported to be a poten-
tial binding partner of GluK2a subunits by a previous pro-
teomic analysis (26).Our present results extend this finding and
provide both in vitro and in vivo evidence for the interaction of
14-3-3 proteins and GluK2a-containing KARs. Additionally, we
determined that phosphorylation of several serine residues at the
GluK2a C-terminal tail is required for this protein/protein inter-
action. Although sequences around those serine residues do not
matchperfectly the consensus 14-3-3-bindingmotifs, our findings
are consistent with the previous report showing that 14-3-3�

5 M. Foote, Y. Wu, and Y. Zhou, manuscript in preparation.

FIGURE 6. 14-3-3 proteins modulate the kinetics of heteromeric GluK2a-containing receptors in a heterologous system. A, GluK2a/GluK5 currents
recorded in outside-out configuration from cotransfected HEK293 cells. In our experimental conditions, most of the patches showed either no detectable
current (left panel, n � 20) or small currents ranging from 30 to 50 pA (right panel, n � 3). B, representative whole-cell currents recorded from HEK293 cells
transfected with GluK2a, alone or together with GluK5 subunits. GluK2a and GluK5 cDNAs were transfected at a ratio of 1:3. Glutamate pulses (1 mM, 100 ms)
delivered to cells expressing homomeric GluK2 subunits elicited current responses of large amplitude at a holding potential of �70 mV, whereas the peak
current amplitude was considerably smaller in GluK2a/GluK5-cotransfected cells (left panel). The rectification index (ratio between the current amplitudes at
membrane potential �70 mV and �70 mV) of currents recorded from cells transfected with GluK2a alone or together with GluK5. Quantification data show
means � S.E. of GluK2a (n � 9) and GluK2a/GluK5 (n � 11) groups. ***, p � 0.001 (right panel). For recordings from GluK2a/GluK5-cotransfected cells, data with
rectification index of �0.9 were discarded. C, representative whole-cell current traces from HEK293 cells cotransfected with GluK2a and GluK5 subunits, in
combination with other proteins as indicated. Desensitization kinetics of heteromeric GluK2a/GluK5 receptors is also slowed by exogenous 14-3-3� (red trace)
and accelerated by cotransfection of pSCM138 (green trace) but not pSCM174 (blue trace). Right panel summarizes group data for vector- (n � 14), 14-3-3�- (n �
28), pSCM138- (n � 8), and pSCM174 (n � 8)-cotransfected cells. Data represent mean � S.E.; statistical significance is denoted as follows: *, p � 0.05; **, p �
0.01. D, representative whole-cell current traces from HEK293 cells cotransfected with 4SA-GluK2a mutant and GluK5 in combination without or with 14-3-3�.
Cotransfection of 14-3-3� (red trace) has no effect on the desensitization of heteromeric 4SA-GluK2a/GluK5 receptors. Right panel shows the summary data (n �
12 and 13 for without and with 14-3-3�, respectively). E and F, 14-3-3� associates with GluK5 subunits. Western blot analyses of immunoprecipitates (IP) and cell
lysates from HEK293 cells transfected with 14-3-3� and other proteins as indicated. E, 14-3-3� and GluK5 subunits coimmunoprecipitate in cotransfected cells.
F, interaction between 14-3-3� and GluK5 subunits is not dependent on 14-3-3 binding to the GluK2a subunit. The results shown are representative of at least
three independent experiments. IB, immunoblot.
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interacts specifically with the full-length subunit GluK2a but not
its C-terminal splice variantGluK2b, inwhich only one of the four
crucial serine residues (Ser-846) is present (26, 52).

In addition, we demonstrated that the formation of the 14-3-
3�GluK2a protein complex is dynamically regulated by altering
PKC activities in cells (Figs. 2B and 7C). The fact that 14-3-3
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binding can be reduced by acute treatment of a PKC inhibitor
(calphostin C) suggests that the 14-3-3/GluK2a interaction is
reversible and that the bound 14-3-3 proteins can dissociate
from the receptors upon their dephosphorylation. Although it
has yet to identify the protein phosphatase(s) involved in this
process, ourmutagenesis study did show that the PKC effect on
14-3-3/GluK2a interaction was mediated by phosphorylation
of the serine residues (Ser-846, Ser-856, Ser-859, and Ser-868)
at the GluK2a C-terminal tail. This fits well with previous
reports that have identified Ser-846 and Ser-868 as the major
phosphorylation sites of PKCwithin theGluK2aC-terminal tail
(49). In fact, our site-directed mutagenesis study showed that
mutations of Ser-846 and Ser-868 residues resulted in more
pronounced reduction of 14-3-3 binding than mutation of the
other two serine residues (Fig. 2A).

14-3-3-dependent Modulation of GluK2a-containing KARs—
In this study,we also determined that 14-3-3 binding resulted in
themodulation of the biophysical property of GluK2a-containing
KARs. In the heterologous system,we showed that 14-3-3 binding
slows the desensitization kinetics of GluK2a-containing homo-
meric and heteromeric receptors, and disrupting 14-3-3/GluK2a
interactions accelerates desensitization of GluK2a-containing
KARs (Figs. 4 and6).Moreover,we found that thedecaykineticsof
KAR-EPSCs is accelerated at hippocampal synapses of the 14-3-3
functional knock-out mice (Fig. 8). Taken together, these results
support the hypothesis that 14-3-3 proteins are an important reg-
ulatorofGluK2a-containingKARsandmaycontribute to the slow
decay kinetics of native KAR-EPSCs.
How does 14-3-3 modulate the property of KARs? Our

results indicate that 14-3-3 binding to GluK2a is required for

FIGURE 7. PKC regulates the 14-3-3-dependent modulation of GluK2a receptors. A and B, whole-cell current traces are evoked by glutamate (1 mM, 100 ms)
from HEK293 cells cotransfected with KAR subunits and other proteins as indicated. Time constant of desensitization (�des) is determined by single exponential
fits to the decaying phase of the currents. A, representative whole-cell currents recorded from HEK293 cells transfected with GluK2a subunits, together with
either corresponding vector (dark trace), 14-3-3� (red trace), pSCM138 (green trace), or pSCM174 (blue trace). Cotransfection of pSCM138, but not pSCM174,
significantly accelerates the desensitization of homomeric GluK2a receptors, whereas cotransfection 14-3-3� significantly slows the desensitization of homo-
meric GluK2a receptors. Right panel summarizing group data for vector- (n � 9), 14-3-3�- (n � 15), pSCM138- (n � 8), and pSCM174 (n � 14)-cotransfected cells.
Data represent mean � S.E., *, p � 0.05; ***, p � 0.001. B, representative whole-cell current traces from HEK293 cells transfected with the 14-3-3-binding
deficient mutant 4SA-GluK2a, together with either the vector (dark trace) or 14-3-3� (red trace). Desensitization of the mutant GluK2 receptor is not affected by
coexpressed 14-3-3�. Right panel shows the summary data (n � 10 and 8 for without and with 14-3-3�, respectively). C, representative whole-cell current traces
of GluK2a homomeric receptors from transfected HEK293 cells. PKC activator PMA (5 �M) or inhibitor CC (1 �M) was loaded into cells through the patch
electrode. The decay time constant of GluK2a channels is substantially slowed down by PMA (red trace) and notably accelerated by CC (green trace). Summa-
rized data are shown in the right panel for control (n � 11), PMA (n � 19), and CC (n � 15) groups. Data represent mean � S.E.; statistical significance is denoted
as follows: *, p � 0.05; **, p � 0.01. D, representative whole-cell current traces from HEK293 cells cotransfected with GluK2a subunits and pSCM138. The decay
kinetics of GluK2 is unchanged by either PMA or CC treatment when 14-3-3 bindings are inhibited by transfection of pSCM138. The right panel show the
summarized results for control (n � 8), PMA (n � 8), CC (n � 9) groups. Data represent mean � S.E.

FIGURE 8. 14-3-3 proteins modulate the kinetics of KAR-mediated synaptic currents. A, fluorescence image of hippocampal slice from the 14-3-3 FKO mice.
#142 refers to the founder line that has extensive expression of the transgene (YFP-fused R18 dimer) in specific regions of the hippocampus. B, representative
normalized KAR-, NMDAR-, and AMPAR-mediated EPSCs recorded from the 14-3-3 FKO mice (green trace) and their wild-type littermates (dark trace). KAR-EPSCs
decay faster in 14-3-3 FKO mice compared with the wild type (left), but there is no difference between 14-3-3 FKO mice and their wild-type littermates in
NMDAR-mediated EPSCs (elicited by mossy fiber stimulation; middle), and AMPAR-mediated EPSCs (elicited by stimulation of associational/commissural fibers;
right). C, comparison of the decay time constants for KAR-, NMDAR-, and AMPAR-mediated EPSCs, measured by single exponential fit to the decaying phase of
the currents. (n � 4, **, p � 0.01). D, representative example of KAR- and NMDAR-EPSCs. Mossy fiber-evoked mixed KAR responses were recorded at �30 mV
in the presence of AMPAR blocker. After establishing a base line, 50 �M MK-801 was washed in to isolate pure KAR-EPSCs. Inset traces show the residual
KAR-EPSCs after MK-801 block. Green and dark traces are from the 14-3-3 FKO mice and their wild-type controls, respectively.
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the observed modulation. One key piece of evidence was our
mutagenesis study showing that mutations of all four serine
residues (S846A, S856A, S859A, and S868A) of the GluK2a
C-terminal tail not only abolishes the binding of 14-3-3 pro-
teins toGluK2a but also curtails themodulatory effect of 14-3-3
on the receptor biophysical property (Figs. 2B, 4B, and 6D).
Interestingly, another study has previously identified an associ-
ation of 14-3-3 proteins with the GluK5 subunit (37). Although
this observation is confirmed by our coimmunoprecipitation
andWestern blot analysis (Fig. 6, E and F), we found that coex-
pression of 14-3-3�did not alter the kinetics of amutant formof
GluK2a/GluK5 heteromeric receptors composed of wild-type
GluK5 and the 14-3-3-binding deficient mutant 4SA-GluK2a
(Fig. 6D), suggesting that 14-3-3 binding to GluK5 does not
seem to play amajor role inmodulating the kinetics of GluK2a-
containing KARs. However, caution has to be exercised in
interpreting these results, because our current experimental
approaches only permit the analysis of desensitization, but not
deactivation kinetics of GluK2a-containing homomeric and
heteromeric receptors expressed in heterologous cells. In fact,
previous studies have shown that the decay kinetics KARs, par-
ticularly those composed of recombinant GluK2 and GluK5
subunits, is much slower when activated by brief (1–2 ms) ago-
nist exposures than those evoked by longer glutamate applica-
tions, indicating that the deactivation property is one of the
important gating features of KARs and may contribute to the
slow decay kinetics of KAR-EPSCs (41). Therefore, it is impor-
tant for future studies to further determine the action of 14-3-3
binding to GluK2a and/or GluK5 on deactivation properties of
KARs, to gain insight into themolecularmechanismunderlying
14-3-3-dependent regulation of KAR-EPSC kinetics.
The modulatory effect of 14-3-3 proteins is similar to that of

NETO1 and NETO2, which are newly identified auxiliary sub-
units of native KARs that regulate the key properties of KARs.
In heterologous systems, NETO1 and NETO2 slow deactiva-
tion and desensitization of GluK1 through GluK3 homomers
and GluK2/GluK5 heteromers (30–33). In genetically engi-
neered mice, loss of NETO1 accelerates the decay kinetics of
KAR-EPSCs at mf-CA3 synapses (32, 34). However, the under-
lying molecular mechanisms for 14-3-3 and NETO proteins
appear to be different, because NETO1 and NETO2 bind to
GluK2-containing KARs through its extracellular CUB (com-
plement C1r/C1s, Uegf, Bmp1) domains (34), although 14-3-3
proteins interact with GluK2a through its intracellular C-ter-
minal domain. In addition, there are no endogenous NETO
proteins in the heterologous systems. This excludes the possi-
bility that theNETOproteins are involved in the 14-3-3-depen-
dent modulation.
Functional Implications of the 14-3-3 and GluK2 Regulatory

Protein Complex—Phosphorylation of KARs by PKC and its
role in regulation of KAR function have been extensively stud-
ied (49, 53–57). Here, we propose a novel mechanism by which
PKC regulates properties of GluK2a receptors by controlling
phosphorylation-dependent binding of 14-3-3 to GluK2a. This
hypothesis is supported by several lines of evidence from our
biochemical and electrophysiological studies. Most notably, we
found that changes of PKC activities no longer alter the kinetics

of GluK2a receptors when 14-3-3/ligand interactions were
inhibited by cotransfection with pSCM138 (Fig. 7D).
PKC plays a key role in the initial events of signal transduc-

tion and is a major modulator of synaptic transmission in the
CNS (58). Phosphorylation of KARs by PKC can regulate KAR-
mediated synaptic transmission and is involved in long term
depression in the hippocampus (25, 54, 55, 59, 60). However,
14-3-3 proteins are known to play a crucial role in the regula-
tion of synaptic transmission and plasticity. Mutations of
14-3-3� exhibit impairments in high frequency transmission
fidelity and post-tetanic potentiation (51) and result in a deficit
in learning andmemory in the fruit flyDrosophila (61). In addi-
tion, 14-3-3 is required for a presynaptic form of long term
potentiation in cerebellar neurons (62). Previously, we have
found that 14-3-3 proteins modulate Cav2.2 channel inactiva-
tion through its bindings to the carboxyl tail of the pore-form-
ing a1B subunit (38). Given that both 14-3-3 and KARs are
localized at pre- and postsynaptic sites, dynamically regulated
14-3-3-GluK2a protein complexes may contribute to the
diverse functions of KARs in synaptic signaling.
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