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I N T R O D U C T I O N

AMPA receptors (AMPARs) are responsible for the ma-
jority of fast excitatory synaptic signaling in the mam-
malian central nervous system. Given their role in rapid 
synaptic events, their gating properties shape the dy-
namics of synaptic transmission and have been studied 
extensively. The receptors can be composed of either 
homo- or heterotetramers of GluA1-GluA4 subunits, each 
of which exists in differentially spliced versions and in 
RNA-edited variants (Hollmann et al., 1989; Sommer  
et al., 1990, 1991; Lomeli et al., 1994). Originally, it was 
thought that the composition of the pore-forming sub-
units of the receptor is the primary contributor to their 
gating properties and accounts for known functional 
heterogeneity. However, the discovery of the family of 
related transmembrane AMPAR regulatory proteins 
(TARPs) has made it clear that TARPs add an additional 
layer of functional complexity, play critical roles in shap-
ing many aspects of AMPAR operation, and make vital 
contributions to excitatory synaptic signaling (Tomita 
et al., 2005; Cho et al., 2007; Menuz et al., 2008, 2009).

TARPs were initially identified as playing important 
roles in receptor trafficking (Schnell et al., 2002). But 
more recently, the kinetic and biophysical effects of 
TARP modulation have been explored. Rapid kinetic 
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measurements reveal that TARPs slow AMPAR deactiva-
tion and desensitization (Priel et al., 2005; Tomita et al., 
2005; Cho et al., 2007) as well as increase the potency of 
glutamate (Tomita et al., 2005; Kott et al., 2007; Cokić 
and Stein, 2008). Additionally, at the single-channel 
level, they increase channel openings to large conduc-
tance states and prolong the bursting activity of single 
channels (Tomita et al., 2005; Shelley et al., 2012; Zhang 
et al., 2014). In addition to the effects on responses to 
the neurotransmitter glutamate, a striking feature of 
TARPs is their dramatic enhancement of the efficacy of 
the partial agonist kainate (KA) (Tomita et al., 2005; 
Cho et al., 2007; Kott et al., 2007; Cokić and Stein, 2008) 
and the conversion of the competitive antagonist CNQX 
into a partial agonist (Menuz et al., 2007; Cokić and 
Stein, 2008; Maclean and Bowie, 2011).

The most parsimonious explanation for these effects 
is that TARPs reduce the energy barrier for the transitions 
leading to gating of the channel (Howe, 2013; MacLean, 
2013). Crystallographic (Armstrong et al., 2003; Jin et al., 
2003), fluorescence (Ramanoudjame et al., 2006; Gonzalez 
et al., 2008; Ramaswamy et al., 2012) and electrophysi-
ological (Robert et al., 2005; Zhang et al., 2008) stud-
ies have supported the conclusion that the extent to 
which the ligand-binding domain (LBD) is closed and the 
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valve switcher (VC-6; Warner Instruments) and a homebuilt ap-
plication pipette with a common exit port. 100 µM cyclothiazide 
(CTZ) was continuously present in both control and agonist solu-
tions with 10 mM glutamate and 1 mM KA as agonists.

LRET
The GluA4 flip protein with the N-terminal domain deleted was 
mutated to convert the endogenous exposed Cys residues at sites 
447 and 550 to Ser. A hex-His tag was added in front of Thr395, 
followed by the thrombin cleavage signal (LVPRGS), which re-
placed the original amino acids beginning at site 394. Three to 
four 10-cm dishes of transfected HEK293T cells were labeled with 
200 nM each of donor (terbium chelate; Invitrogen) and accep-
tor (Ni(NTA)2-Cy3, prepared as described previously [Sirrieh et al., 
2013], using bis-reactive Cy3 purchased from GE Healthcare) at 
room temperature for 1 h. Cells were washed three to four times 
with PBS before the LRET measurements. A cuvette-based fluo-
rescence spectrometer (Quanta Master QM3-SS; Photon Technol-
ogy International) measured the lifetimes of the fluorophores. A 
high power, pulsed xenon lamp was used for excitation, and the 
emitted light was passed through a monochromator onto the de-
tector. Experiments were performed at 15°C. Fluorescan software 
(Photon Technology International) was used for data acquisition. 
The donor-only lifetime measurements were obtained at 545 nm, 
whereas the sensitized acceptor lifetimes for Ni(NTA)2-Cy3 were 
obtained at 565 nm. For each sample, LRET lifetimes were ob-
tained with and without agonist before digestion with thrombin, 
with the background LRET after digestion was subtracted from 
the initial signal to obtain the LRET specific to labeled AMPARs. 
The data in Fig. 4 are averages of at least three samples, with each 
sample composed of at least 297 separate scans. Distances be-
tween the donor and acceptor fluorophores were calculated 
using the LRET lifetime (DA) and donor-only (D) lifetime using 
the Förster equation (see Eq. 3 and Data analysis below). The 
largest error in the distances determined by LRET is thought to 
arise from the orientation factor included in the calculation of R0. 
For lanthanides that are isotropic, this error is reduced to being 
at most ±10% (dos Remedios and Moens, 1995).

Data analysis
Electrophysiology data were analyzed using a combination of 
Clampfit 10.2 (Molecular Devices), Excel (Microsoft), and Origin 
9.0 (OriginLab Corp.). The onset of NBQX block was fit with  
Eq. 1 based on previous work (Jones et al., 1998):
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where It is the fraction of peak current for a given NBQX equili-
bration time t, Iss is the fraction of peak current remaining at 
steady-state inhibition, I0 is the initial peak current in the absence 
of NBQX (repeatedly measured throughout the experiment to 
correct for rundown), and  is the time constant for the onset of 
NBQX inhibition. Raising the right-hand terms to the fourth 
power corresponds to the four binding sites needed for maximal 
conductance. Attempts to fit the onset of NBQX block with sin-
gle- or double-binding site equations resulted in visibly poor fits. 
The rate of onset of block (i.e., the inverse of the time constant) 
at various NBQX concentrations was fit with Eq. 2:

	 1
τ = [ ] +k NBQX kon off , 	  (2)

where  is the time constant for inhibition from Eq. 1 for a given 
concentration of NBQX, kon is the forward rate constant for bind-
ing in M1s1, and koff is the rate constant for unbinding in s1.

stability of the resulting closed-cleft conformations govern 
the efficacy of a given iGluR agonist. Therefore, one hy-
pothesis for the mechanism of TARP action is that TARPs 
stabilize LBD states that are more closed, thereby lower-
ing the energy barrier to activation. To test this idea, we 
used a combination of electrophysiology and lumines-
cence resonance energy methods. Our results show that 
the LBD is on average more closed in the presence of 
stargazin (-2, the founding member of the TARP family), 
thus providing a structural mechanism for the known 
increase in efficacy in the presence of TARPs.

M A T E R I A L S  A N D  M E T H O D S

Cell culture and transfection
HEK293 tsA201 cells were transiently transfected using Lipofecta
mine 2000 (Life Technologies), as described previously (Ramaswamy 
et al., 2012). In brief, for electrophysiology, GluA2 and all mu-
tations were flip versions with a glutamine at the Q/R site on 
plasmids encoding enhanced GFP (eGFPS65T) behind an inter-
nal ribosomal entry site (provided by M. Mayer, National Insti-
tutes of Health, Bethesda, MD). GluA2/eGFP was transfected at 
a ratio of 5 µg cDNA/10 ml of media or with -2 at a ratio of 
5:7.5 µg cDNA/10 ml media. Transfections were performed using  
Lipofectamine 2000 according to the manufacturer’s instructions  
and changing to fresh media (MEM plus Pen/Strep and 10% 
FBS) after 8–12 h to include 20 µM NBQX. For whole-cell experi-
ments (GluA4*(Q) flip; see Results and Fig. 4), cells were subse-
quently replated at a lower density onto poly-lysine–coated dishes 
24 h before experiments. Recordings were performed 24–48 h 
posttransfection. For luminescence resonance energy transfer 
(LRET) experiments, tsA201 cells were cultured in 10-cm dishes 
and transfected in 20 µM NBQX with 4 µg cDNA/10 ml for 
AMPAR alone, or with an added 8 µg -2 cDNA. LRET experi-
ments were performed 36–48 h posttransfection.

Electrophysiology
Both outside-out patches and whole-cell recordings were obtained 
from eGFP-expressing HEK293T cells with thick-walled borosil
icate glass pipettes of 3–5 MΩ coated with bees wax, fire-polished, 
and filled with a solution that contained (mM): 135 CsF, 33 CsOH, 
11 EGTA, 10 HEPES, 2 MgCl2, and 1 CaCl2, pH 7.4. External solu-
tions were composed of (mM): 150 NaCl, 10 HEPES, 1 MgCl2, 
and 1 CaCl2, pH 7.4 with 5 N NaOH. The external solution for 
whole-cell recordings also contained 2.5 mM KCl. All recordings 
were performed at a holding potential of 60 mV using an ampli-
fier (Axopatch 200B; Molecular Devices). Outside-out patch data 
were acquired at 30–40 kHz and filtered at 10 kHz (eight-pole 
Bessel). Whole-cell data were acquired at 10 kHz and filtered at  
3 kHz, with both under the control of pCLAMP 10 software 
(Molecular Devices). Series resistances (3–12 MΩ) were rou-
tinely compensated by >95% (>65% for whole-cell experiments) 
where the amplitude exceeded 100 pA. Rapid application for 
patches was performed using home-built theta (Warner Instru-
ments) or multi-barrel (Vitrocom) glass application pipettes, pulled 
to 100–150 µm, and translated using a piezoelectric microstage 
(Burleigh Instruments). Solution exchange times estimated from 
open-tip potentials were 50–300 µs (10–90% rise time). For wild-
type receptors, 10 mM glutamate (Fig. 1–3) and 1 mM quisqualate 
(Figs. 1 and 2) were used; for T686S and T686A, 50 mM gluta-
mate and 10 mM quisqualate were used. Solutions for whole-cell 
experiments were locally applied using a computer-controlled 
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To test if TARPs can rescue the deficits of the mutants 
at the Thr686 position, we compared the efficacy of gluta-
mate (Glu) and quisqualate (Quis) in outside-out patches. 
Previous work has found that the effect of Thr686 muta-
tions on gating is strongly agonist specific, with responses 
to glutamate being reduced substantially more than those 
to quisqualate (Zhang et al., 2008). Therefore, the ratio 
of the responses to these two agonists reflects the de-
gree of rescue of the T686S or T686A phenotype. As 
expected, wild-type GluA2 receptors yield identical peak 
responses to both saturating quisqualate and glutamate 
(Glu/Quis ratio: 0.97 ± 0.03, n = 6; Fig. 1 B), and this 
ratio was not altered by the presence of -2 (Glu/Quis 
ratio: 0.99 ± 0.03, n = 4; Fig. 1, B and C). Consistent with 
previous work, both GluA2 T686S and T686A substan-
tially reduced the Glu/Quis peak response ratio (T686S: 
0.52 ± 0.02, n = 9; T686A: 0.16 ± 0.01, n = 6; Fig. 1 C) 
(Zhang et al., 2008). Interestingly, coexpression of -2 
partially rescues this deficit in glutamate responses, re-
storing the Glu/Quis peak response ratio to 0.90 for 
T686S and 0.60 for T686A (T686S plus -2: 0.87 ± 0.01, 
n = 13, P < 0.001 vs. T686S alone; T686A plus -2: 0.62 ± 
0.03, n = 4, P < 0.001 vs. T686A alone; Fig. 1 C). This 
partial rescue of the T686A phenotype could suggest 
that TARPs stabilize or promote closed-cleft conforma-
tions of the LBD of AMPARs. Moreover, rescue of gluta-
mate efficacy by -2 was also present when desensitization 
was suppressed using CTZ. Under these conditions, 
wild-type GluA2 alone or with -2 gave identical re-
sponses to both glutamate and quisqualate (GluA2 
alone: steady-state ratio Glu/Quis: 1.14 ± 0.02, n = 5; 
plus -2: 1.11 ± 0.02, n = 4; Fig. 1 C). As expected, T686S 
showed a slight reduction in the Glu/Quis ratio (1.02 ± 
0.02, n = 4; Fig. 1 C), which was rescued by coexpression 
with -2 (1.14 ± 0.02, n = 3, P < 0.01 vs. T686S alone in 
CTZ). As in the absence of CTZ, the T686A mutation 
showed a greater reduction in the Glu/Quis ratio (0.61 
± 0.03, n = 6; Fig. 1 C), which was also largely rescued by 
-2 (0.96 ± 0.02, n = 4, P < 0.001 vs. T686A alone in CTZ). 
As with experiments in the absence of CTZ, this illus-
trates that -2 is able to ameliorate deficits in gating caused 
by destabilizing closed-cleft conformations of the LBD.

A prominent feature of the T686A mutation is that 
the destabilizing effect of the alanine mutation on closed-
cleft conformations delays channel opening (Zhang  
et al., 2008). In single-channel experiments, this has been 
observed as a substantial increase in latency to first open-
ing. This has been explicitly modeled previously using 
the scheme in Fig. 2 A, where T686A increases CO, the 
rate of cleft reopening, which causes the closed-pore re-
ceptor to oscillate several times between open-cleft and 
closed-cleft conformations, thus delaying transition to 
the open state (Robert et al., 2005; Zhang et al., 2008). 
Consistent with these findings, we observed changes in 
the macroscopic proxy of latency to first opening, namely 
the rise time of the onset of the peak current response. 

LRET data were analyzed using Origin 4.0 or 9.0, and the dis-
tances were calculated using the Förster equation (Eq. 3):
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where R is the distance between donor and acceptor fluorophore, 
R0 is the distance yielding half-maximal energy transfer for a given 
fluorophore pair (in this instance, 65 Å), D is the measured life-
time of the donor when bound to the protein, and DA is the mea-
sured lifetime of the sensitized emission of the acceptor in the 
presence of donor.

Statistical analysis
For all electrophysiological experiments, n was a single patch or 
cell. Between 5 and 10 individual traces from a single patch were 
averaged for representative traces. For LRET experiments, n was 
a single experiment in which three to four 10-cm dishes of trans-
fected cells were pooled, labeled, and scanned at least 297 times 
(see LRET section above). For statistical significance, an indepen-
dent sample two-tailed t test was used for all experiments, with P < 
0.05 considered significant. An exception to this is certain mea-
surements of LRET lifetime within a receptor population (i.e., 
apo vs. KA in Fig. 4, C and D), which were evaluated using a re-
peated measure t test. Estimates of kon and koff (Fig. 3 and Eq. 2) 
were obtained by fitting Eq. 1 to results from individual patches 
with varying concentrations of NBQX, averaging the resulting fit 
values (plotted in Fig. 3 E), and then using Eq. 2 to estimate kon 
and koff from the averaged fits. Because curves at varying concen-
trations were composed of between four and seven separate 
patches, statistical differences in kon and koff estimates used the 
conservative lower value of n = 4. All summary plots show mean 
data ± SEM.

R E S U L T S

Effect of -2 on gating of T686 mutations
To investigate if -2 (stargazin) increases responses 
from AMPARs by stabilizing closed-bound states of the 
LBD, we asked whether -2 could rescue gating in mu-
tant AMPARs known to have destabilized closed-cleft con-
formations. To do this, we took advantage of mutations 
at the Thr686 position of GluA2 receptors. As seen in 
Fig. 1 A, the hydroxyl moiety of the Thr residue at 686 
makes cross-cleft interactions, thus stabilizing the closed-
cleft state of the LBD. Mutation of this Thr to a Ser resi-
due or Ala disrupts these cross-cleft interactions and 
dramatically accelerates the deactivation of GluA2 re-
sponses as well as right shifts the peak dose–response 
curve, as shown previously and as expected from muta-
tions that destabilize the closed-cleft conformations of 
the LBD (Robert et al., 2005; Zhang et al., 2008). Recent 
single molecule Förster resonance energy transfer (FRET) 
data on the soluble LBD find that the glutamate-bound 
form of the T686S mutation exhibits a wide range of 
cleft closures, thus reducing the fraction of time that in-
dividual receptors spend in the conformation(s) from 
which pore opening can proceed (Landes et al., 2011). 
Therefore, if -2 is able to rescue gating in this muta-
tion, it would be consistent with TARPs stabilizing LBD 
conformations from which channel opening is likely.
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and GluA2 T686A are illustrated. If -2 rescues the gat-
ing of the T686A mutation by acting on the cleft-closure 
step in the reaction, this slowed rising phase should also 
be rescued. This is in fact the case as seen in Fig. 2, where 
GluA2 T686A coexpressed with -2 shows rise times that 
are faster than GluA2 T686A alone and closer to wild-
type levels (460 ± 40 µsec, n = 4, P = 0.0055 vs. T686A 

As seen in Fig. 2, wild-type GluA2 receptors, either alone 
or with -2, activated rapidly with rise times (10–90%) on 
the order of 250 µsec (GluA2: 260 ± 20 µsec, n = 6; GluA2 
plus -2: 280 ± 50 µsec, n = 4). In contrast, GluA2 T686A 
receptors showed markedly slower rise times (810 ±  
70 µsec, n = 6). This is best seen in Fig. 2, where averages 
from the results from all the patches for GluA2 wild-type 

Figure 1.  TARPs rescue the gating of T686S/A. (A) Struc-
ture of GluA2 LBD with glutamate bound, indicating the 
Thr686 position and its interactions with neighboring resi-
dues (Protein Data Bank accession no. 1FTJ). (B) Repre-
sentative responses from GluA2 wild-type (left) or T686A 
(right) alone or coexpressed with -2 (bottom) evoked by 
quisqualate (gray) or glutamate (black or red). (C) Mean 
± SEM ratio from experiment in B performed in the con-
tinual presence (left) or absence (right) of 100 µM CTZ for 
wild-type, T686S, or T686A constructs. n values are given 
in brackets.

Figure 2.  TARPs restore the rise time of T686A. (A) Car-
toon depicting the gating reaction of the AMPAR. “CC” 
stands for cleft closure, and “CO” stands for cleft open.  
(B) All responses from GluA2 wild-type (left) or T686A (right) 
alone or coexpressed with -2 (bottom) evoked by gluta-
mate. Gray traces are averages from individual patches; 
black trace is a super-average across patches. (C) Over-
lay of super-averages from B for GluA2 wild-type (black), 
T686A (gray), and T686A plus -2 (red). (D) Summary of 
rise times (10–90%) for each condition. n values are given 
in brackets. Error bars show mean data ± SEM. *, P < 0.01.

http://www.rcsb.org/pdb/explore/explore.do?structureId=1FTJ
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in 750 ms. The extent of inhibition by 100 nM was 
greater for GluA2 alone than when -2 was present (GluA2 
alone: 14 ± 4% Glu peak, n = 5; GluA2 plus -2: 24 ± 1% 
Glu peak, n = 7, P < 0.02), consistent with results with 
GluA1 and -2 (Maclean and Bowie, 2011). Importantly, 
the time constant for inhibition was slower when -2 was 
present than for GluA2 alone ( from Eq. 1 for GluA2 
alone: 220 ± 20 ms;  for GluA2 plus -2: 300 ± 20 ms, 
P < 0.02). Measuring the time constants of inhibition over 
a range of NBQX concentrations (30–1,000 nM; n = 4–7 
patches per concentration) showed that the presence of 
-2 resulted in a slower rate of onset and reduced inhibi-
tion at all NBQX concentrations tested (Fig. 3, C and D).

To estimate the forward and reverse rate constants for 
NBQX binding, we plotted the time constants of inhibi-
tion as a function of NBQX concentration, where the 
slope of this plot yields the apparent kon and the inter-
cept corresponds to the apparent koff ( Jones et al., 1998; 
Zheng et al., 2001). As clearly seen in Fig. 3 E, the slope 
of this plot when -2 is present is markedly shallower 
than the corresponding plot for GluA2 alone, demon-
strating that the apparent forward rate of binding of 
NBQX is slowed 30% (GluA2 kon: 2.8 ± 0.2 × 107 M1 s1; 
GluA2 + -2 kon: 1.86 ± 0.07 × 107 M1 s1; P = 0.007). The 
apparent koff values extracted from this analysis were 
not significantly different, although NBQX was likewise 
slower in the presence of -2 (GluA2 + -2 koff = 1.78 ± 
0.03 s1 vs 3 ± 1 s1 for GluA2 alone, P = 0.26). The mean 
kon and koff values obtained in this way give equilibrium 
dissociation constants from NBQX binding to GluA2 
and GluA2 with -2 of 110 and 95 nM, respectively, 
which are excellent agreement with the values obtained 
for steady-state NBQX inhibition of peak currents for 
GluA1 and GluA1 coexpressed with -2 (Maclean and 

alone). These results are consistent with TARP stabiliza-
tion of receptor conformations in which the LBD is closed. 
This stabilization could reflect changes in rate constants 
(decreased CO, increased ; Fig. 2 B) for transitions be-
tween states that exist in the absence of TARPs (Howe, 
2013; MacLean, 2013), or alternatively result from an 
effect of TARPs to promote LBD conformations that are 
inherently more closed and rarely visited in the absence 
of TARPs. To test this further, we investigated the effect 
of TARPs on the behavior of antagonists, which do not 
cause pore opening but retain a ligand-bound pre-open 
step where the LBD is closed.

Accessibility of the LBD to antagonists in the presence  
of -2
Previous work found that coexpression of -2 slightly 
reduces the apparent affinity of AMPAR for both CNQX 
and NBQX (Maclean and Bowie, 2011). One proposed 
explanation is that TARPs slightly close the LBD, or 
more precisely shift the ensemble distribution of LBD 
states toward more closed conformations, reducing the 
accessibility of large, rigid, competitive antagonists like 
NBQX to their binding pocket (Maclean and Bowie, 
2011). Such a mechanism is not expected to have a 
large effect on the rates of small agonists such as gluta-
mate. Therefore, to determine the ensemble accessibil-
ity or openness of the LBD in GluA2 wild-type receptors 
alone or with -2, we measured the forward-binding 
rate of the large antagonist NBQX using a “triple-jump” 
protocol. Receptors were first exposed to NBQX for vari-
able times before jumping into glutamate to measure 
the fractional inhibition of the peak current (Fig. 3, 
A and B). As expected, 100 nM NBQX inhibited both 
GluA2 alone and GluA2 with -2, reaching equilibrium 

Figure 3.  TARPs slow the apparent forward 
binding rate of NBQX. (A and B) Responses 
from GluA2 wild-type alone (A) or with -2 (B) 
to progressively longer preincubations with 100 nM 
NBQX before a 10-mM Glu test pulse. (C and D) 
Summary of time course of NBQX inhibition for 
GluA2 alone (C) or with -2 (D) over a range of 
NBQX concentrations. Note that in every case, 
-2 slows the binding of NBQX. n for a given con-
centration ranges from 4 to 7 and is indicted in 
brackets. (E) Plot of the inverse of the time con-
stants from fits in C and D (Eq. 1) versus NBQX 
concentration for GluA2 alone (black) or with 
-2 (red). Dotted lines are fits using Eq. 2. Error 
bars show mean data ± SEM.
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2008; Rambhadran et al., 2011). For these measurements, 
we used a similar construct to those described previ-
ously (Du et al., 2005; Gonzalez et al., 2008), where the 
accessible non-disulphide–bonded cysteines were mu-
tated to serines and a cysteine was introduced at site 653 
for donor labeling with a 6xHistag before site Thr395 
for acceptor labeling (Fig. 4 A). This residue, like 
Thr686, participates in cross-cleft LBD interactions in 
agonist-bound states (Armstrong and Gouaux, 2000), 
and the FRET signal can be used as a readout of the av-
erage degree of the extent of LBD closure (Du et al., 
2005; Gonzalez et al., 2008; Rambhadran et al., 2011). 

Bowie, 2011). Because NBQX binding occurred before 
exposure of the receptor to agonist, the reduced kon val-
ues in the coexpression experiments directly supports 
an effect of TARPs on the apo conformation of the LBD.

The average extent of cleft closure in the LBD  
in the presence of -2
The experiments with NBQX support the hypothesis 
that TARPs close the LBD of the AMPAR in the apo 
state. To examine the average LBD conformation of li-
gand-bound active states, we used LRET methodology 
as described previously (Du et al., 2005; Gonzalez et al., 

Figure 4.  TARPs induce more cleft closure in LRET ex-
periment. (A) Structure of GluA2 LBD showing the posi-
tions of fluorophore labels for LRET (Protein Data Bank 
accession no. 1FTJ). (B) LRET lifetime of apo state for 
GluA4* S653C alone (black) or cotransfected with -2 
(red), with each composed of at least six separate experi-
ments. (C) LRET lifetimes (top) and electrophysiology 
(bottom) from GluA4* S653C alone with the indicated li-
gands. LRET data are aggregates of three separate experi-
ments per ligand and six for apo. (D) LRET lifetimes (top) 
and electrophysiology (bottom) from GluA4* S653C plus 
-2 with the indicated ligands. (E) Plot of mean ± SEM dis-
tances as estimated from the Förster equation versus mean  
± SEM electrophysiological responses. n for electrophysiol-
ogy is four cells for GluA4* S653C and five cells for GluA4* 
S653C plus -2.

http://www.rcsb.org/pdb/explore/explore.do?structureId=1FTJ
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contamination of the signal by additional Cys labeling 
or Trp quenching. Estimates of cleft conformation from 
the apo state with -2 coexpression yielded a distance of 
42.6 ± 0.4 Å (n = 6, P < 0.001 vs. GluA4* S653C), which 
is 1.8 Å more closed than the same condition in the ab-
sence of -2 (Fig. 4, B and D). This independent result 
provides direct support for our conclusion that NBQX 
binds more slowly to TARP-associated AMPARs because 
-2 promotes apo states of the LBD in which the binding 
cleft is on average more closed (Fig. 3). We also found 
for both KA- and glutamate-bound GluA4* S653C plus 
-2 receptors, the LBD was consistently 1–2 Å more 
closed for each agonist than the corresponding condi-
tion in the absence of -2. Specifically, the glutamate-
bound receptors were 1.2 Å more closed in the presence 
of -2 than in its absence (41.0 ± 0.4 Å in glutamate, n = 3, 
P < 0.05 vs. GluA4* S653C glutamate), and the KA-bound 
TARP-associated receptor displayed an additional 2.0 Å 
of LBD closure (41.3 ± 0.4 Å in KA, n = 3, P < 0.05 vs. 
GluA4* S653C KA; Fig. 4 D). Collectively, these data 
clearly demonstrate that the presence of the prototypi-
cal TARP, -2, induces additional LBD cleft closure both 
in the absence and presence of ligands.

D I S C U S S I O N

The results reported here provide the first direct evi-
dence that TARPs alter the conformation of the LBD of 
pore-forming GluA subunits. The partial rescue of the 
effects of the Thr686 mutations on glutamate efficacy 
and activation kinetics, as well as the shorter LRET life-
times we observed in the presence of both glutamate and 
KA, are consistent with an effect of TARPs to promote 
LBD closure in agonist-bound states. Although these re-
sults could arise from stabilization of either closed or 
open states, as suggested from earlier work (Howe, 2013; 
MacLean, 2013), the slower rate of NBQX binding and 
the shorter LRET lifetimes we measured in the apo state 
of full-length receptors demonstrate that TARPs pro-
mote LBD cleft closure even in the absence of agonists. 
Given the established relationship between the extent/
stability of LBD closure and agonist efficacy ( Jin et al., 
2003; Gonzalez et al., 2008; Zhang et al., 2008; Ramaswamy 
et al., 2012), the additional LBD closure demonstrated 
here is likely to contribute importantly to TARP modu-
lation of receptor function.

The shorter LRET lifetimes we observe in the absence 
of agonist could arise either because TARPs promote 
apo states that are physically distinct and more closed 
than those in the absence of TARPs, or because the LBD 
normally visits multiple conformations with different 
extents of cleft closure and TARP association favors con-
formations that are more closed. We have found evidence 
for this latter possibility in previous single-molecule FRET 
studies on the isolated LBD (Landes et al., 2011). Re-
cently, analysis of unitary kinetics in fast application studies 

However, unlike Thr686, it is the backbone of Ser653 
that is involved in cross-cleft interactions, and hence 
mutation or fluorophore addition does not measurably 
alter AMPAR function (Gonzalez et al., 2008; Ramaswamy 
et al., 2012). Additionally, a thrombin recognition se-
quence was introduced after the acceptor site to allow for 
background subtraction (see Materials and methods) 
(Du et al., 2005; Gonzalez et al., 2008; Rambhadran et al., 
2011). Importantly, none of the amino acid substitutions 
noticeably impacted the function of the AMPAR (Du  
et al., 2005; Gonzalez et al., 2008; Lau et al., 2013), and the 
presence of fluorophores at position S653C also does 
not noticeably impact receptor activation (Ramaswamy 
et al., 2012). However, in GluA2, these manipulations 
did result in very poor surface expression, making dif-
ferences in LRET lifetimes from this construct difficult 
to confidently discern. We therefore performed similar 
modifications on GluA4, which we have used previously 
in LRET experiments (Du et al., 2005; Gonzalez et al., 
2008) and which is similarly modulated by TARPs (Körber 
et al., 2007; Kott et al., 2007), including at the level of 
single-channel currents (Zhang et al., 2014). Moreover, 
in additional experiments with the resulting construct 
(GluA4* S653C), we demonstrated that KA remained  
a partial agonist (7 ± 2% of steady-state glutamate re-
sponse in CTZ, n = 5 cells; Fig. 4 C), and the known 
TARP enhancement of KA efficacy was intact as coex-
pression of -2 markedly increased the relative efficacy 
of KA (57 ± 2% of steady-state glutamate response in 
CTZ, n = 6 cells, P < 0.001; Fig. 4 C).

With both function and TARP modulation intact, we 
proceeded to measure cross-cleft distances using LRET 
with terbium chelate as a donor binding to the 6xHis 
tag and Ni(NTA)2-Cy3 as an acceptor binding to S653C. 
As seen in Fig. 4 B, in the absence of added ligand, 
LRET lifetime signals from GluA4* S653C were well  
fit with a single-exponential function, consistent with 
LRET originating predominantly from one subunit and 
not from cross-talk between subunits. Specifically, the 
apo state of GluA4* S653C yielded a distance of 44.4 ± 
0.3 Å (n = 6 separate experiments; Fig. 4 D), in excellent 
agreement with previous reports and with the distances 
measured from crystal structures when fluorophore 
length is considered. Adding KA or glutamate produced 
a significant acceleration of the LRET decay, demon-
strating that these agonists bring T395 6xHis and S653C 
closer together (Fig. 4 C). As expected, glutamate closed 
the LBD more than KA, with glutamate producing 2.2  
Å of domain closure (42.2 ± 0.1 Å with glutamate, n = 3, 
P < 0.02 vs. apo) and KA yielding 1.1 Å of closure (43.3 
± 0.3 Å with KA, n = 3, P < 0.05 vs. apo; Fig. 4 D).

We next repeated the LRET measurements on cells 
cotransfected with -2. As seen in Fig. 4 B, the LRET 
signals from GluA4* S653C cotransfected with -2 were 
also well fit by a single-exponential function, demon-
strating that the presence of -2 does not introduce any 
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