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NMDA receptors are glutamate-acti-
vated, Ca2+-permeable ion channels 

with critical roles in synaptic transmis-
sion and plasticity. The shape and size 
of their current is modulated by several 
kinase/phosphatase systems, and numer-
ous residues located on the receptors’ 
intracellular C-termini are phosphory-
lated in vivo. To investigate the mecha-
nisms by which phosphorylation may 
control channel gating, we examined the 
single-channel behaviors of receptors car-
rying the S900A or S929A substitution 
in their GluN2A subunits and thus were 
rendered resistant to phosphorylation 
at those sites. We found that the muta-
tions reduced channel open probability 
primarily by increasing the frequency of 
desensitized events. The kinetic models 
we developed revealed complex but simi-
lar changes in mechanism for the two 
mutants, leading to the view that dephos-
phorylation at either site may cause 
receptors to activate slower, deactivate 
faster and desensitize more frequently. 
This modulatory mechanism is consis-
tent with the proposed roles for these 
residues in Ca2+-dependent desensitiza-
tion and calcineurin-mediated reduction 
of current during brain development.

Introduction

NMDA receptors (NRs) are prominent 
members of the ionotropic glutamate 
receptor family whose activation initiates 
synaptic plasticity at a majority of syn-
apses in the central nervous system and 
also mediates neurotoxic actions of gluta-
mate. They have high Ca2+ permeability 
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and characteristically slow gating kinet-
ics. Consistent with their central roles in 
health and disease, NR activity is con-
trolled by numerous cellular mechanisms 
including reversible covalent modification 
by kinase/phosphatase pathways.

Functional receptors are tetramers of 
two GluN1 (N1) and two GluN2 (N2) 
subunits.1 Each subunit spans the synap-
tic membrane and projects significantly 
into both the extra- and the intra-cellular 
fields. The large N-termini are organized 
into eight distinct globular domains; 
whereas C-terminal domains (CTDs), 
which represent about one third of the 
receptor’s mass, are believed to be intrinsi-
cally disordered.1,2 Substantial functional 
diversity arises from differential splic-
ing of the N1 transcript combined with 
regulated expression of four separate N2 
subunits, denoted A through D.3 In addi-
tion, both the level and the kinetics of the 
NR-generated current are controlled by 
mechanisms with remarkable diversity. 
Numerous diffusible ligands bind at spe-
cific extracellular sites and control recep-
tor kinetics with allosteric mechanisms, 
while several inorganic divalent cations 
and organic small molecules bind within 
the membrane-spanning pore to affect 
the level and composition of ionic flux.1 
Further, covalent modifications, mainly 
by phosphorylation of intracellular resi-
dues, have been proposed to control recep-
tor permeation and gating.4-6

We have recently discovered that, 
relative to wild-type receptors, NRs 
engineered to lack the CTDs of N1 sub-
units (N1Δ838/N2A) produce currents 
with larger unitary conductance but 
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distributions of the mutants we examined 
had five exponential components, E

1
–E

5
, 

as described previously for wild-type NRs 
(Fig. 1B). The three shorter components 
(E

1
–E

3
) occur largely within bursts and 

reflect receptor states visited along the 
activation pathway, whereas the two lon-
gest components, E

4
 and E

5
, represent 

largely closures that terminate bursts and 
inform about desensitized receptor states.17 
The closed event durations measured from  
N1/N2A900A and N1/N2A929A revealed 
that the longer MCT values could be 
attributed to slightly (< 2-fold) longer 
intra-burst, E

1
–E

3
 events, 10-fold longer 

E
4
-type closures and a 6-fold larger rela-

tive area for the E
5
 component (Table 2). 

Notably, the time constant of E
5
 was not 

significantly different from wild-type for 
either mutant (p > 0.05), and was ~3 sec 
for each. This was a conspicuous differ-
ence from N1/N2AΔ844, whose longest 
closures (E

5
) were significantly longer  

(p < 0.05) with a time constant of ~8 sec. 
These results support the hypothesis that 
dephosphorylation of either serine would 
lengthen specific time components in a 
similar manner.

Although the lower P
o
 exhibited by the 

S900A and S929A mutations was only 
partially attributed to a reduction in mean 
open time, we went on to examine the 
open duration distributions for the two 
mutants to learn about possible changes 
in modal gating. Aside from gating and 
desensitization transitions, NRs also expe-
rience modal transitions, which change 
the receptor’s activity pattern for seconds 
or minutes at a time.16 For N1/N2A recep-
tors, three modes can be queried experi-
mentally by determining how many types 
of openings occur in a record generated 
by an individual channel. In any mode, 
defined as a period of uniform kinetics, 
N1/N2A receptors generate two types of 
openings, one short and one long. Shifts 
in modes are characterized by changes 
in duration of the long openings, while 
length of the short openings remains con-
stant across all modes. Thus, the open 
duration distribution will reveal two, three 
or four open components for records that 
capture one, two or three modes, respec-
tively. The molecular determinants of NR 
modal gating are not yet known; however 
phosphorylation of intracellular residues 

omitted adding Ca2+ to the extracellular 
recording solution, such that the inward 
current passed by the channel consisted of 
only Na+. We reasoned that in these con-
ditions, and for the entire duration of the 
observation window, the trapped recep-
tor will be in the high-activity form that 
exists basally before Ca2+ entry initiates 
desensitization, inactivation or run-down 
events.8,10-15

We obtained several current traces, 
each lasting between 10 and 90 min, 
from patches containing one N1/N2A900A  
(n = 6) or one N1/N2A929A channel  
(n = 8). We compared these to previously 
reported data sets for wild-type receptors 
(N1/N2A, n = 14) and receptors with trun-
cated N2A CTDs (N1/N2AΔ844, n = 7),  
which were obtained and analyzed in 
similar conditions (Fig. 1A).7 All chan-
nels examined opened to a single ampli-
tude level that was not different in value 
across the four data sets (p > 0.05, one-
way ANOVA) (Table 1). Relative to N1/
N2A receptors, the open probability (P

o
) 

of N1/N2A900A and N1/N2A929A, as cal-
culated from entire records, decreased 
2- and 3-fold, respectively (p < 0.01). For 
both mutants, this drop in activity origi-
nated mainly from a ~4-fold increase in 
mean closed time (MCT), with only N1/
N2A929A also having shorter (~1.5-fold) 
mean open time (MOT). Neither muta-
tion reproduced the full phenotype of low 
activity we observed previously for N1/
N2AΔ844, which originated from a com-
bination of much longer MCT (~50-fold) 
and longer MOT (~3-fold). These results 
support the interpretation that perturba-
tions to either of the examined serine resi-
dues, including by dephosphorylation, will 
contribute substantially to the low activity 
observed for the full CTD deletion; how-
ever, because the CTD truncations have 
a much more severe loss of function phe-
notype, we surmise that yet undetermined 
sites within the N2A C-termini modulate 
channel activity by lengthening desensi-
tized and/or open events.

In saturating concentrations of ago-
nists and the absence of divalent cations, 
as employed in this study (1 mM Glu, 
0.1 mM Gly and 1 mM EDTA), traces 
recorded from wild-type NRs have event 
durations with complex multi-expo-
nential distributions.16 The closed event 

similar kinetics, whereas receptors engi-
neered to lack the CTD of N2A subunits  
(N1/N2AΔ844) produce currents of simi-
lar unitary conductance but dwell sig-
nificantly longer in open and desensitized 
states. In addition, we found that the 
gating effect of N2A CTD truncation is 
mediated solely by the membrane-prox-
imal region, residues 844 to 944, of the 
C-terminal tail.7 Based on these results, 
we hypothesized that the C-termini of 
N2A subunits may exert their effects on 
receptor gating through specific sites that 
may be subject to phosphorylation by cel-
lular kinases. Based on available literature, 
two residues in this region, Ser-900 and 
Ser-929, stand out in functional signifi-
cance. These were identified by alanine 
scanning mutagenesis to be responsible for 
the Ca2+-dependent calcineurin-mediated 
increase in use-dependent desensitization 
of the NR currents.8 Importantly, one of 
these residues, Ser-900, is a direct target 
for dephosphorylation by calcineurin in 
vivo and represents the mechanism that 
causes the rapid reduction in NR current 
decay observed during early development 
of the visual system.9

We recorded currents from individual 
channels and used statistical analyses and 
kinetic modeling to examine how pertur-
bations at residues Ser-900 or Ser-929 con-
trol N1/N2A receptor activity. Our results 
show that modifications at these positions 
impose substantial change on receptor 
open probability and delineate how these 
perturbations at either of these two sites 
modulate the extent of macroscopic desen-
sitization and the duration of NR cur-
rent decay, both of which are biologically 
important attributes of the NR signal.

Results

To investigate our hypothesis that lack of 
endogenous phosphorylation at Ser-900 
or Ser-929 of N2A may be responsible for 
the large gating effects observed in recep-
tors that lack the intracellular C-termini 
of N2A subunits,7 we produced receptors 
that cannot be phosphorylated at these 
sites by substituting alanine residues at 
these positions: N1/N2A900A and N1/
N2A929A. We used the cell-attached patch-
clamp technique, which preserves the 
integrity of the intracellular milieu, and 
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(Fig. 2), as expected from their similar 
kinetic parameters (Table 1) and dura-
tion distributions (Table 2). Relative to 
wild-type channels, N1/N2A900A and  
N1/N2A929A had slower activation rates 
(C

3
 → C

2
), slower recovery from the 

desensitized C
4
 state (C

2
 ← C

4
) and faster 

access into the most stable desensitized 
state, C

5
 (C

3
 → C

5
). Relative to the full 

N2A CTD truncation, the changes in the 
rate constants for activation (C

3
 → C

2
), 

desensitization (C
3
 → C

5
) and resensitiza-

tion (C
4
 ← C

2
) were less pronounced. This 

using a commonly used state model for 
NR gating (Fig. 2).17 In this scheme, all 
states represent receptors that are fully 
occupied with glutamate and glycine; C

3
, 

C
2
, and C

1
 represent a sequence of non-

conductive conformations en route to 
channel open states; C

4
 and C

5
 are non-

conductive states that represent function-
ally desensitized receptors; and last, O 
stands for all active receptor conforma-
tions. The rates estimated by fitting this 
model to entire recordings were largely 
similar for N1/N2A900A and N1/N2A929A 

has been mentioned as a possible mecha-
nism for modal shifts.18 We found that the 
open interval distributions of both N1/
N2A900A and N1/N2A929A receptors had 
four components and that their time con-
stants and relative areas were not statisti-
cally different from those calculated for 
N1/N2A receptors (data not shown). This 
result demonstrates that neither Ser-900 
nor Ser-929 influences modal gating of 
N1/N2A receptors.

Next, we summarized the kinetic 
changes we measured for the two mutants 

Figure 1. Gating and desensitization mechanism of N1/N2A900A and N1/N2A929A. (A) Representative traces (50 sec) of continuously recorded current 
from a cell-attached patch containing a single receptor exposed to high concentrations of Glu (1 mM) and Gly (0.1 mM). (B) Individual closed event 
histograms for entire files. Overlaid are fits to individual closed components (thin lines) and the probability density function (thick lines) calculated by 
fitting entire files to a kinetic model containing five closed and one open state. For each histogram, time constants (τ) and areas (a) for the five expo-
nential closed components are indicated.
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if the mechanisms we propose here are 
correct, they should also account for the 
macroscopic results reported previously 
for S900A and S929A in recombinant sys-
tems,8 as well as the changes in the NR 
synaptic response upon dephosphoryla-
tion at Ser-900 by calcineurin.9 To deter-
mine how well our models account for 
these known effects, we used them to sim-
ulate macroscopic currents (100 channels, 
10 pA each) in response to desensitizing 
(5 sec) and synaptic-like (1 ms) pulses of 
glutamate (1 mM).

Results of simulations with long 
stimuli show that both N1/N2A900A and  
N1/N2A929A receptors produce macro-
scopic currents that desensitize faster  
(Fig. 3A). This result is consistent with 
measurements done by the Westbrook 
group in that both constructs have pro-
nounced effects on macroscopic desen-
sitization; even though in the previous 
study the receptors used also lacked the 
C-termini of N1 subunits (N1Δ838/N2A900A 
and N1Δ838/N2A929A).8 In addition, our 
model predicted that both N1/N2A900A 
and N1/N2A929A will reduce the peak 
macroscopic response (Fig. 3B), and over-
all will reduce charge transfer by 40% and 
70%, respectively. This information can-
not be obtained experimentally because 
in whole-cell current measurements the 
total number of channels is unknown; 
however it is valuable in estimating how 
the specific serine residues may control 
the actual charge transfer that generates 

the activation pathway C
2
 ↔ C

1
. This 

result may have structural implications, 
but these are insufficiently determined at 
this time.19

State models are valuable in that they 
summarize and organize all observed 
kinetic changes into a reaction mecha-
nism. More importantly, they have the 
power to predict channel responses over a 
broad spectrum of stimulation protocols. 
This is useful in testing the model experi-
mentally but also in controlling variables 
that cannot be determined empirically, 
such as the number of receptors contrib-
uting to a macroscopic response. Thus, 

may mean that the S900A and S929A 
substitutions have additive effects, and/
or additional site(s) on the N2A proximal 
CTD can reduce channel activity through 
similar mechanisms. Interestingly, only 
the full truncation caused the closing rate, 
C

1
 ← O, to become slower. This result 

strongly suggests that in addition to the 
modulatory effects described here, N2A 
C-termini can control channel gating 
through mechanisms that would increase 
channel activity above the basal level 
observed for N1/N2A receptors. Notably, 
neither the point mutations nor the CTD 
full deletion affected the second step in 

Table 1. Single-channel properties of N1/N2A900A and N1/N2A929A

Receptor Amplitude (pA) Po MCT (ms) MOT (ms) N Events

N1/N2A 8.7 ± 0.3 0.54 ± 0.04 4.7 ± 0.5 5.4 ± 0.5 14 4.9 × 106

N1/N2A900A 8.3 ± 1.6 0.28 ± 0.10* 18 ± 6*† 3.9 ± 0.7† 6 1.7 × 106

N1/N2A929A 8.9 ± 1.6 0.18 ± 0.05* 21 ± 6*† 3.1 ± 0.4*† 8 1.6 × 106

N1/N2AΔ844 9.7 ± 0.3 0.22 ± 0.04* 50 ± 10* 13 ± 2* 7 5.0 × 105

Symbols mark values that are statistically different compared with N1/N2A (*) or N1/N2AΔ844 (†), (p < 0.05, Student’s t-test).

Table 2. Closed components of N1/N2A900A and N1/N2A929A

Receptor
τE1

(ms)

aE1

(%)

τE2

(ms)

aE2

(%)

τE3

(ms)

aE3

(%)

τE4

(ms)

aE4

(%)

τE5

(ms)

aE5

(%)

N1/N2A 0.14 ± 0.01 45 ± 3 1.4 ± 0.1 24 ± 2 4.4 ± 0.2 30 ± 3 22 ± 4 1.5 ± 0.3 3,000 ± 400 0.08 ± 0.01

N1/N2A900A 0.17 ± 0.01* 31 ± 4*† 2.1 ± 0.2* 38 ± 4*† 5.6 ± 0.6 29 ± 6 100 ± 50* 1.2 ± 0.7 3300 ± 500† 0.5 ± 0.1*

N1/N2A929A 0.18 ± 0.01* 32 ± 6* 2.1 ± 0.2* 30 ± 3*† 6.3 ± 0.7* 36 ± 6† 230 ± 80* 1.3 ± 0.3† 3400 ± 700† 0.5 ± 0.1*

N1/N2AΔ844 0.15 ± 0.02 46 ± 4 2.0 ± 0.3 46 ± 4* 7 ± 1 11 ± 2* 900 ± 400* 0.5 ± 0.1* 8,000 ± 1,000* 0.7 ± 0.1*

Symbols mark values that are statistically different compared with N1/N2A (*) or N1/N2AΔ844 (†), (p < 0.05, Student’s t-test).

Figure 2. Reaction mechanisms of N1/N2A900A and N1/N2A929A. Rates (s−1) were optimized by fitting 
the illustrated model directly to idealized single-channel data in each record and are presented 
as mean values for each data set rounded to the first significant figure. Symbols (*) mark values 
that are significantly different, larger (red) or smaller (blue) relative to those obtained for N1N/2A 
receptor (p < 0.05, Student’s t-test).
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Our simulations based on the kinetic 
models developed from single-channel 
data of N1/N2A900A and N1/N2A929A 
agree well with the conclusions by the 
Westbrook group that these two residues 
control macroscopic desensitization.8 The 
shape of our simulated currents, however, 
was distinct from those reported by the 
Westbrook group. Namely, they found 
that N1Δ838/N2A900A had a rapid initial 
desensitization, reminiscent of wild type 
receptors that were repeatedly exposed to 
glutamate in the presence of Ca2+, while 
N1Δ838/N2A929A were resistant to this time-
dependent form of desensitization. Our 
simulations predicted that N1/N2A900A 
will have deeper desensitization than wild 
type receptors, whereas N1/N2A929A will 
desensitize even more. However, these 
quantitative discrepancies may originate 
from the different constructs used (with 
or without the N1 CTD) and also perme-
ant ions present (with or without Ca2+), 
and thus may point to the likelihood that 
in addition to kinase/phosphatase systems 
acting at the two serine residues exam-
ined here, separate biochemical pathways 
may target sites located elsewhere on NR 
C-termini.

Overall, our simulations with brief 
pulses of glutamate predicted that sub-
stituting an alanine residue at Ser-900 or 
Ser-929 will cause NR-mediated synaptic 
currents to become smaller and to decay 
faster (Fig. 3C). These constructs were 
developed with the intent of replicating a 
WT receptor that cannot be phosphory-
lated at these sites. Our results are consis-
tent with a series of literature reports that 

higher fraction of all closures. For  
N1/N2A929A, but not for N1/N2A900A, we 
also observed a slight decrease in mean 
open time; however, the open dura-
tion distributions for both mutants were 
very similar to those of wild-type recep-
tors, an indication that perturbations to 
Ser-900 or Ser-929 of N2A subunits nei-
ther causes nor modulates modal gating. 
Instead, kinetic modeling of our single 
channel data indicated changes at several 
activation and desensitization steps, and 
predicted that the phosphorylation status 
at these serine residues may control the 
kinetics and extent of macroscopic desen-
sitization and also the decay of the synap-
tic response.

Because in our records we tracked 
channel activity as pure Na+ currents, 
and because all our measurements were 
done with the cell-attached technique, 
we presume that the receptor trapped 
within the patch pipette displayed the 
high level of basal activity that precedes  
Ca2+-dependent desensitization, inactiva-
tion or run down events.8,10-15 This prem-
ise was supported by our observation that 
in the records we obtained, which lasted 
between 10 and 90 min, channel activity 
was independent of recording time. For 
these reasons we assume that the reduc-
tion in P

o
 we observed for N1/N2A900A and 

N1/N2A929A receptors was caused directly 
by the site-specific perturbations we intro-
duced, and also that the behaviors we 
characterized for each mutant may inform 
about the gating mechanism of wild-type 
N1/N2A receptors that are dephosphory-
lated at these sites.

Ca2+ transient. Our results with brief 
synaptic-like stimuli predicted that both 
N1/N2A900A and N1/N2A929A receptors 
will generate macroscopic currents with 
lower peaks and shorter decay times (Fig. 
3C). Notably, these results match closely 
previous reports of calcineurin-dependent 
reduction in synaptic NR current by direct 
dephosphorylation of Ser-900.9

Discussion

Based on our previous findings that the 
N2A CTD has substantial influence over 
NR gating,7 we investigated how phos-
phorylation/dephosphorylation cycles may 
control NR output. Our approach was to 
examine the gating properties of NRs that 
were rendered resistant to phosphorylation 
at two specific sites by serine-to-alanine 
single-residue substitutions. We recorded 
currents from individual channels with 
the cell-attached patch-clamp technique; 
examined the kinetic distributions of the 
recorded open and closed intervals; and 
used kinetic modeling to summarize and 
interpret the observed changes in terms 
of a previously proposed reaction scheme. 
We found that relative to wild-type  
N1/N2A receptors, N1/N2A900A and  
N1/N2A929A receptors were substantially 
less active, and their P

o
 values were low pri-

marily because these channels remained 
closed for longer periods (longer MCT). 
Of the five components present in the 
closed duration distributions, all were lon-
ger, except for E

5
. However, this longest 

time component, which reflects desensi-
tized intervals, represented a substantially 

Figure 3. Predicted effects of N2A S900A and S929A substitutions on NR macroscopic responses. Responses to 5 sec (A and B) or 1 ms (C) applications 
of glutamate (1 mM) were simulated with the models in Figure 2. Current traces are normalized to peak in (A).
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models directly to the idealized data after 
imposing a dead time of 0.075 ms.24 This 
procedure also calculated time constants 
and areas for the exponential compo-
nents present in the closed and open event 
distributions.

Simulations. To simulate glutamate-
elicited currents we appended the illus-
trated kinetic models, which represent 
saturation gating, with glutamate asso-
ciation steps leading into the closed fully 
liganded state C3. We used association 
and dissociation rate constants previously 
determined for N1/N2A receptors in con-
ditions similar to those described here  
(1.7 × 10 M-1s-1 and 60 sec-1, respec-
tively).22 Macroscopic responses were cal-
culated as the time-dependent occupancy 
of the open state after exposing 100 rest-
ing channels (10 pA/each) to pulses (5 sec 
or 1 ms) of glutamate (1 mM).

Statistical tests. Results are reported as 
means ± SEM, unless otherwise indicated. 
Statistical significance of differences was 
evaluated with ANOVA or Student’s 
t-test, as indicated, and was considered 
significant for p values < 0.05.
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into HEK293 cells with the Ca2+ precipita-
tion method previously described in more 
detail.17 Transfected cells were cultured 
in standard medium supplemented with  
2 mM Mg2+ and were used for experi-
ments 24 to 48 h post transfection.

Electrophysiology. Steady-state activ-
ity was recorded as inward Na+-only 
currents from cell-attached patches 
that contained one active channel after 
applying 100 mV through the record-
ing pipette, which was filled with (extra-
cellular) solution containing (in mM):  
150 NaCl, 2.5 KCl, 10 HEPBS, 1 EDTA, 
1 glutamate and 0.1 glycine, adjusted to 
pH 8.0 (NaOH). In all experiments, cur-
rents were amplified and low-pass filtered 
at 10 kHz using Axopatch 200B, were dig-
itally sampled at 40 kHz using National 
Instruments PCI-6229 A/D board, and 
were stored into digital files using QuB 
software (www.qub.buffalo.edu).

Kinetic analysis and modeling. 
Current amplitude levels and event dura-
tions were measured directly from the 
single-channel record using QUB soft-
ware with methods described in detail 
elsewhere.17 Briefly, records were first 
minimally preprocessed to correct for 
baseline drifts and noise artifacts and were 
idealized with the SKM algorithm after 
imposing a 12 kHz Gaussian digital fil-
ter.23 Kinetic modeling was done with the 
MIL algorithm by fitting the illustrated 

show kinetic effects of dephosphorylation 
at these sites. Tong and Jahr reported that 
repeated stimulation of synaptic NRs in 
the presence of physiologic Ca2+ reduces 
the NR-mediated synaptic current by a 
mechanism that involves Ca2+ activation 
of calcineurin.20 At least part of this effect 
is mediated by dephosphorylation at Ser-
900 of N2A subunits.9 Further, inhibit-
ing protein kinase A (PKA) prevents the 
calcineurin-mediated reduction of NR 
currents and conversely, stimulating PKA 
overcomes the ability of calcineurin to 
reduce NR currents; however, PKA stimu-
lation alone does not elevate NR currents 
above basal levels.5 These latter observa-
tions are salient to our report, in light of 
biochemical evidence that PKA directly 
phosphorylates NRs in vivo at multiple 
sites on both N1 and N2A subunits.21

Together, the available data on NR 
modulation by kinase/phosphatase sys-
tems paint the view that during quiescent 
periods, synaptic NRs are basally phos-
phorylated by (at least) PKA action and 
that the Ca2+ influx that accompanies 
synaptic stimulation of NRs results in 
calcineurin-mediated dephosphorylation 
of specific sites on NR. During develop-
ment of the visual system, this latter effect 
causes NR currents to become smaller and 
to decay faster.9

We should note that in addition to pre-
venting phosphorylation at the examined 
sites, our serine-to-alanine substitutions 
may have also perturbed CTD structure 
in other ways, such as by altering gating 
directly or by abolishing protein-protein 
interactions aside from kinases. Despite 
this, the CTDs of NRs are believed to lack 
ordered structures,22 and to our knowl-
edge, there is not yet evidence of protein-
protein interactions at the examined sites. 
Given that the CTD of NRs make as 
much as one third of the receptor’s mass, 
it is likely that multiple mechanisms exists 
which can modulate gating through this 
domain. The role of CTD in NR gat-
ing is just beginning to be explored, and 
additional investigations are necessary to 
delineate these.

Overall, the state models we developed 
in this study extend on previous reports 
regarding changes in macroscopic NR 
responses caused by dephosphorylation of 
N2A Ser-900 or Ser-929 by illuminating 
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