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Abstract
Modulation of the properties of AMPA receptors at the post-synaptic membrane is one of

the main suggested mechanisms underlying fast synaptic transmission in the central ner-

vous system of vertebrates. Electrophysiological recordings of single channels stimulated

with agonists showed that both recombinant and native AMPA receptors visit multiple con-

ductance states in an agonist concentration dependent manner. We propose an allosteric

model of the multiple conductance states based on concerted conformational transitions of

the four subunits, as an iris diaphragm. Our model predicts that the thermodynamic behav-

iour of the conductance states upon full and partial agonist stimulations can be described

with increased affinity of receptors as they progress to higher conductance states. The

model also predicts the existence of AMPA receptors in non-liganded conductive substates.

However, the probability of spontaneous openings decreases with increasing conduc-

tances. Finally, we predict that the large conductance states are stabilized within the rise

phase of a whole-cell EPSC in glutamatergic hippocampal neurons. Our model provides a

mechanistic link between ligand concentration and conductance states that can explain

thermodynamic and kinetic features of AMPA receptor gating.

Introduction
One of the key mechanisms responsible for synaptic transmission is the activation of α-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs) at the post-synaptic mem-
brane. AMPARs are ligand-gated ion channels that mediate fast excitatory synaptic transmission.
They are concentrated at the post-synaptic density where their opening is allosterically regulated
by glutamate. AMPARs are tetrameric receptors consisting of various combinations of the four
classes of subunits GluA1-4 (GluR1-4) [1]. Functional heteromeric receptors can also be formed
with members of the kainate receptor family [2]. AMPARs can be found in three functional
states: basal (closed), active (open) and desensitized (closed). Several models of the transitions
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between those states have been described previously [3–5]. In the absence of ligand the receptors
are normally found in the basal state where the ion pore is closed. Glutamate binding to the clam
shell-shaped agonist binding domain concomitant with closure of the two lobes D1 and D2 facili-
tates opening of the ion pore [6]. There is however evidence that ligand-gated ion channels can
be present in an active state also in the absence of ligand [7–9]. When the ion channel is open,
cations flow between the synaptic cleft and the post-synaptic cytoplasm.

Most single-channel studies showed that AMPA receptors could appear in either three or four
open states. The frequency of the population of molecules in the different conductance states de-
pends on both the agonist concentration and the nature of the agonist. These features have been
seen in both recombinant and native receptors, and in the absence of desensitization in recombi-
nant receptors [2, 10, 11]. The effect of different agonist structures such as quisqualate, AMPA,
glutamate and willardiines has been investigated, the latter of which are partial agonists and thus
give rise to lower activation levels than full agonists [10, 12, 13]. Agonist binding and unbinding
can occur on both closed and open states [14]. Increased agonist concentration has consistently
been linked to a shift towards higher conductance states [2, 10–11, 15–17]. It was therefore pro-
posed that the AMPA receptor visits successive conductance states in an agonist-dependent man-
ner, consistent with successive transitions of the receptor subunits [2].

Here, we propose instead that these conductance states could reflect progressive concerted
openings, akin to discrete positions of an iris diaphragm. We formulated a concerted transition
model of the multiple conductance states and then simulated the thermodynamic and kinetic
behavior of the receptor conductance states upon ligand binding. In particular, we examined
whether the effect of full and partial agonists on the conductance of single-channels can be ex-
plained by visiting the conductance states sequentially due to increased agonist affinity. We
also explored whether the time course of the rise phase of a synaptic event in a glutamatergic
hippocampal neuron can be explained by the conductance in the population of AMPA recep-
tors using this mechanism. Finally, a thermodynamic concerted MWCmodel would also pre-
dict the existence of spontaneously open states of the ion pore.

Results

Amechanistic model of the multiple conductance states of the AMPA
receptor
In order to describe the agonist-driven transitions between conductance states in the AMPA re-
ceptor, we used a model following theMonodWyman Changeux framework [18] (S1 Supporting
Equations). The receptor subunits are in equilibrium between conformations, driven by thermo-
dynamic equilibrium. They interconvert between conformational states in a concerted manner,
that is all four subunits change simultaneously. The receptor adopts distinct conformations with
probabilities that depend on the extent of ligand binding. AMPA receptor molecules can be either
in the basal (B) or the active small (AS), medium (AM) or large (AL) states with respect to conduc-
tance as seen in Fig. 1. Our model is parametrized with data from receptors that do not desensi-
tize [2, 15]. The transition between the different conformations is characterized by the state-
specific allosteric constants LS, LM and LL, which are the ratios between the B state and each of
the A states in the non-liganded form, L = [B0]/[A0]. In the absence of agonist the receptor is
more likely to be found in a basal state than in a conductive state (otherwise channel opening
would not be agonist-dependent) and hence all L constants are greater than one.

Ligands bind the conformations with different affinities, which explains their effect on the
conformational transitions. The ratio between the state-specific dissociation constants (KA and
KB) of two successive liganded states is described by the state-specific c parameters cS, cM and
cL. c is invariably less than one for agonists, as the active states have higher affinities for the
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ligand. Thus, at very low ligand concentrations, we expect most receptor molecules to be in the
basal state, but more and more receptors shift to the active states as the ligand concentration is
increased, since the active states are increasingly stabilized by ligand. The MWC framework
distinguishes between two different functions to characterize the system’s behavior. The satura-
tion function is the fraction of ligand molecules bound to the receptor as a function of the con-
centration of the ligand. This function usually takes a sigmoidal shape due to the cooperativity
between subunits [18]. The equation for the saturation function of the AMPA receptor with
three active states and a basal state is presented in supporting information S1. The state func-
tions describe the fractions of molecules in the various conformations.

Full and partial agonist effects explained by conductance dependent
ligand affinity
In order to investigate whether our model could explain the behavior of native AMPA recep-
tors, we used previously published outside-out patch clamp data. The data were generated
from a set of native receptors in developing granule cells in the molecular layer of acute cerebel-
lar slices stimulated by a range of glutamate concentrations in the presence of cyclothiazide to
avoid desensitization [15]. All receptors in this data set showed a tendency to dwell longer in
their large conductance states with increased agonist concentrations. To investigate whether

Figure 1. Kinetic scheme of the AMPAR conductance states. The receptor can appear in either a basal
(B), small (S), medium (M) or large (L) conductance state as shown on the horizontal axis. Receptors can be
in any state with any binding site occupancy.

doi:10.1371/journal.pone.0116616.g001
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the behavior of native AMPA receptors stimulated with 20, 200 and 2000 mM glutamate could
be satisfactorily represented by our MWCmodel, we optimized the dissociation parameters
and the ratios between the non-liganded states. The model was able to reproduce the thermo-
dynamic profiles of the single-channels with a Pearson’s correlation coefficient of R =
0.9521245 and p−value = 7.543 × 10−5 as seen in panel A of Fig. 2.

A drawback of native data sets is the uncontrolled heterogeneity in subunit composition. To
test our model on a more reliable data set with respect to the conductance levels, we used data
from recombinant receptors in a stable transfection system, namely GluK2(GluR6)/GluA3flip
receptors expressed in HEK cells [2]. It should be noted that GluK2 is a kainate receptor

Figure 2. Effects of full and partial agonists. (A) shows the small, medium and large conductance states
upon stimulation with glutamate where the large state is stabilized (S1 Supporting model). The relative
frequency of the small conductance state (green line) is 0.6 at a ligand concentration of 1 μM and decreases
when the ligand concentration is increased, whereas the medium conductance state (blue line) reaches its
peak at a concentration above 0.1 μM and most receptors are found in the large conductance state (black
line) at 10 μM. The dots represent experimental data [15]. (B) stabilization of GluA3/GluK2 receptor large
conductance state upon stimulation with quisqualate [2] (S2 Supporting model). The relative frequencies of
the basal state (red line) and small state (green line) of the receptor are 0.7 and 0.25 at 1 μM and decrease
when ligand concentration is increased, whereas the medium (blue) and large (black) conductance states
increase and reach 0.1 and 0.9 respectively at 1 mM. The line in magenta shows the saturation function.
(C) stabilization of GluR2 homomeric receptors intermediate conductance state upon stimulation with large
willardiines (S3 Supporting model). The relative frequencies of the small state (green lines) is decreased and
the medium (blue) and large (black) states are increased when the ligand concentration increases at
stimulation with both BrW and IW. At a ligand concentration of 10 mM the relative frequency of the medium
state was 0.65 and 0.35 at stimulation with IW (dashed) and BrW (solid) respectively [10].

doi:10.1371/journal.pone.0116616.g002
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subunit, but this chimera had been used in order to avoid desensitization [19] and similar tran-
sition behavior has been seen between conductance states in homomeric GluA3flip receptors
[12]. The data comes in the form of relative frequencies of conductances with different concen-
tration of ligands. In order to deconvolute the frequencies of each subconductance state, we
wrote an algorithm in Matlab (see Supplemental Materials). We focused the parameter optimi-
zation on the data obtained for 1, 2 and 6 mM concentrations of quisqualate. Over this range of
concentrations, the model fitted the data with a Pearson’s correlation coefficient of R =
0.588238 with p−value = 0.01654 (see Fig. 2 panel B). The only moderately successful correla-
tion between the data and the model in this case reflects the fact that the model could not be fit-
ted well with the data at the highest glutamate concentration. For both native and recombinant
receptors, the model predicted that AMPA receptors can visit all conductance states in a non-
liganded form. However, with the allosteric constants in Table 1, we see that for native recep-
tors, the frequency of the spontaneously open form is 106 times more common at basal state
compared to the large conductance state, hence, the spontaneous open form is decreased with
increasing conductance. Table 1 also lists the dissociation constants, which show that the affini-
ty for the different states increased with the conductance state.

Since our data was able to explain the behavior of receptors stimulated with full agonists
reasonably well, we next investigated whether we could also explain why partial agonists shift
receptors to an active state less efficiently than full agonists. For this we used data obtained on
GluR2 homomeric receptors with the L483Y desensitizing mutation expressed in Xenopus lae-
vis oocytes, that were stimulated by 5-substituted willardiines [11]. Since the system was under-
determined, we assumed that non-liganded states were found in the same ratios as for GluA3/
GluK2 receptors and performed only a parameter optimization of the dissociation constants.
As seen in the panel C of Fig. 2 and Table 2, the smaller partial agonist BrW stabilized the large
active state, whereas the larger IW stabilized the medium active state. It is known from other al-
losteric models that the effect of partial agonists can be explained by stabilization of a different
state compared to full agonists [20]. The effect of BrW can be explained by the dissociation

Table 1. Allosteric and dissociation constants determined for full agonists.

Parameter Native GluA3/GluK2
BSc − 0.0601
SMc 0.37 0.0616
MLc 0.2703 0.0690

LS 20.387 2.867

LM 28.898 207.5

LL 1066.73 106

KB − 9 × 10−4

KS 1 × 10−3 5.407 × 10−5

KM 3.7 × 10−4 3.330 × 10−6

KL 1 × 10−4 2.298 × 10−7

doi:10.1371/journal.pone.0116616.t001

Table 2. Dissociation constants for partial agonists.

Parameter IW BrW

KS 1 × 10−3 4 × 10−3

KM 8.580 × 10−5 4.97 × 10−5

KL 1.198 × 10−5 5.02 × 10−6

doi:10.1371/journal.pone.0116616.t002
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constants, BrW having a higher affinity for the large conductance state and lower affinities for
the small and medium states as seen in Table 2. The smaller partial agonist activated the recep-
tor more efficiently than the larger partial agonist. Hence, with the presence of spontaneously
active states and increased ligand affinity with conductance level, we can explain why full ago-
nists stabilize the large conductance state and partial agonists stabilize intermediary conduc-
tance states of AMPA receptors.

Stabilization of the large conductance state during the rise phase of a
synaptic event
We next investigated whether the maximum conductance state could be stabilized within the
rise time of a synaptic event. Upon release in vivo, neurotransmitters are spread and trans-
ported away from the synaptic cleft within microseconds, and the level of glutamate in the cleft
can reach millimolar concentrations [4, 21, 22]. In order to estimate the rise time of a popula-
tion of receptors in a whole hippocampal neuron we averaged spontaneous whole-cell synaptic
currents from wild-type autaptic hippocampal neurons as seen in Fig. 3. The average 20–80%
rise time was 0.53 ms� 0.13 ms (n = 7).

Using the kinetic scheme proposed in Fig. 1, we formulated a kinetic model (see Supporting
Information S1). The forward ligand binding rates were taken from earlier kinetic studies while
the off rates were derived from the thermodynamic parameters of GluA3/GluK2 receptors (see
Materials and Methods). On rates were assumed to be identical for all states. Differences in af-
finity were therefore determined solely by off rates.

Figure 3. Kinetic behaviour of synaptic AMPARs. (A) The blue trace shows the average synaptic current,
which reaches its peak within fractions of ms (n = 7). The black bar represents the depolarisation of the pre-
synapic terminal. (B) Kinetics of the subconductance states of an AMPA receptor population (S4 Supporting
model). Left plot, deterministic simulation of a population of GluA3/GluK2 receptors by 1 μM of agonist. Right
plot, stochastic simulation of a population of 50 receptors. Only the most populated states are represented for
sake of clarity.

doi:10.1371/journal.pone.0116616.g003
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We simulated the time course of a population of AMPA receptors to see how fast the con-
ductances were stabilized upon ligand binding according to predictions of our model, for three
different concentrations between 1 mM and 1 mM. The higher the starting concentration of the
agonist, the faster the population of receptors tends to shift to the large conductance state.
With a ligand concentration of 1 mM, the large conductance state is stabilized within the time
course, in less than 1 ms as seen in Fig. 3 and Fig. 4. From the kinetic parameters in Table 3 we

Figure 4. State transitions of a single channel. A single channel progresses from a non-liganded basal
state to a fully liganded large open state within 0.4 ms upon stimulation with 1 μM full agonist (the original
STOICmodel is provided as S4 Supporting model). It should be noted that the simulation is stochastic and
this is one of the possible paths the receptor takes to its stable state.

doi:10.1371/journal.pone.0116616.g004

Table 3. Kinetic parameters used for the simulations in fig. 3. The interconversion rates correspond to
the fully-liganded state. The free energy gained by the binding of a ligand is assumed to be used to speed-
up forward rates and slow down reverse rates. Therefore the forward rate with n ligands bound are
obtained by multiplying the rate with n+1 ligands bound by the respective c constant (see Table 1) to the
power of the transition parameter. The reverse rates are obtained by dividing with the c constant to the
power of the transition parameter. We assumed an even distribution of free energy and used a transition
parameter of 0.5 for all transitions. See [31] for an example of non even distribution.

Parameter Values
Bkon

5 × 106 M−1.s−1

Bkoff
4.495 × 103 s−1

Skon
5 × 106 M−1.s−1

Skoff
2.704 × 102 s−1

Mkon
5 × 106 M−1.s−1

Mkoff
16.65 s−1

Lkon
5 × 106 M−1.s−1

Lkoff
1.149 s−1

BSk4
3 × 105 s−1

SBk4
860 s−1

SMk4
20000 s−1

MSk4
145 s−1

MLk4
50000 s−1

LMk4
691 s−1

doi:10.1371/journal.pone.0116616.t003
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can see that ligand affinity increases with the conductance state, but the stabilization of the
large conductance state required interconversion rates that were higher than those seen from
single molecule FRET data in GluR2 homomeric receptors [23]. Fig. 3 shows that the most sta-
ble state was the four-liganded large conductance state, which is also the state the system
tended towards in the kinetic simulations as a consequence of it being the state with highest
affinity.

Discussion
We have developed a theoretical model in order to formulate a plausible relationship between
the conductance states of the AMPA receptor and ligand binding. Our model assumes concert-
ed conformational changes of the receptor subunits, increased ligand affinity with the conduc-
tance level, and spontaneous opening of the channel in the absence of ligand. The model can
reproduce the thermodynamic behavior of the conductance states upon stimulation with full
and partial agonists, as well as the kinetic behavior of a population of receptors in a whole ex-
citatory hippocampal neuron.

Ligand binding versus ion channel opening
One of the main predictions of the model is the existence of spontaneous opening of the ion
channel. Such events occur at both low and high conductance states, but are less common at
high conductance states, as reflected in the allosteric constants in Tables 1 and 2. Structural
data which show the direct link between ligand binding and receptor conductance are sparse.
However, a full-length GluR2 homomeric receptor has been crystallized bound to an antago-
nist with the ion pore in a closed conformation [24]. The structure displays a four-fold symme-
try in the channel domain. Single-molecule FRET showed that the ligand binding domain
could visit four conformational states by each liganded state [23]. Assuming that the conforma-
tional changes in the ligand binding domain are directly linked to conformational changes in
the ion channel, this speaks against the theory that each conductance level should correspond
to a specific liganded state. Single-channel data also do not tell us how ligands with different ef-
ficacy act on the ion pore. The fact that each liganded state can visit different conductance
states also supports cooperation of GluR subunits in opening the pore, and evidence for pre-
activation states in which the subunits interact have been seen by crosslinking two ligand bind-
ing domains [25].

It is important to note the fact that the non-liganded conductance states of ligand-gated ion
channels are not only receptor subtype dependent, but they also depend on the expression sys-
tem and the environment [20]. For instance at low pH, protons can readily affect the confor-
mation of the pores and this has been seen to have a role in spontaneous opening of some
channels [9]. An interesting question would be the physiological advantage of spontaneously
open AMPA receptors. This can be of importance for glial cells that are usually acidic and are
known to express AMPA receptors [26]. The low pH might lead to a higher basal activity of
AMPA receptors and thereby contribute to their role in motor activity in these cells [27]. An-
other factor that might increase spontaneous opening of AMPA receptors is electrostatic inter-
actions with surrounding phosholipids in the membrane. This could explain why spontaneous
openings are dependent on the expression system. For instance voltage-gated potassium chan-
nels, which are evolutionarily related to AMPA receptors’s transmembrane domains, exhibit a
left-shift in the activation curve in the presence of polyunsaturated fatty acids [28].

Concerted Model of AMPA Receptor Conductances
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Plausibility of the AMPA receptor gating model
We chose an MWC-like concerted model to see if we could explain the relationship between li-
gand binding and the conductance states of the AMPA receptor, since many of its assumptions
are fulfilled by existing data. Other allosteric models are based on sequential openings with li-
gand binding [3–5, 29]. The MWC theory requires that the protein subunits interconvert be-
tween at least two main conformations in a concerted fashion. Hence, the change of
conformation is not strictly directed by the binding of a ligand and conformational change of a
single ligand binding subunit never occurs, which would likely cause disruption of intersubunit
bonds. A consequence is that the state function for the large state does not necessarily overlap
with the binding function [30]. The theory also predicts spontaneously active states. Although
originally developed for allosteric enzymes, the theory has been extended to explain behaviour
of membrane receptors with several states. It has in particular been used to study the behavior
of neurotransmitter receptors such as nicotinic acetylcholine receptor [31–33] and of voltage-
gated potassium channels [34] which possess a transmembrane structure similar to AMPAR’s.

It has been hypothesized that the agonist concentration dependence of the three active con-
ductance states visited in native and recombinant AMPA receptors was directly linked to re-
ceptor occupancy [2, 15]. For instance, one interpretation of the GluK2/GluA3flip receptor
was that it can only be active if it is bound to at least two agonist molecules [2, 10]. In this re-
port we show that these single-channel data sets can also be described by concerted conforma-
tional changes, which are not directly linked to the liganded state. The existence of active non-
liganded states has been identified for other voltage-gated and ligand-gated ion channels [7–9].
Our model predicts that both recombinant GluK2/GluA3flip receptors expressed in HEK cells
stimulated with quisqualate and native receptors expressed in granular cells stimulated with
glutamate visit all conductance states in the non-liganded form. However, the frequency of
these spontaneous openings decrease with increased conductance. Further, the model predicts
that both quisqualate and glutamate stimulation stabilize the large conductance state, as ex-
pected for full agonists. In contrast, fitting single-channel data of homomeric GluR2 channels
expressed in oocytes that were stimulated with the BrW and IW to the model predicted a stabi-
lization of the large and the medium conductance states respectively, reflecting the ability of
partial agonists to stabilize any state.

At this stage, the experimental insights necessary to elucidate the agonist concentration de-
pendence of the conductance states are restricted by the limitations of the experimental mea-
surements. A thorough kinetic analysis of the receptor by locking single channels into each
possible liganded state with the use of a photoaffinity analogue to glutamate could be useful in
confirming the kinetic framework we have suggested to explain the conductance states [35].
Another possibility would be to perform single-channel recordings with a mutation in one of
the ligand-binding domains. However, since low conductance states are infrequent at highly
liganded states this will probably be a time-consuming project.

Our modeling suggests that describing the behavior of the AMPAR conductance states with
a concerted model could improve existing models of synaptic plasticity, and in particular mod-
els of the biochemical cascade underlying LTP. In turn this could increase our understanding
of the processes underlying learning and memory.

Materials and Methods

Preparation, electrophysiology and data analysis of autaptic neurons
Hippocampal neurons from mice at postnatal day 0 to 2 were cultured on astrocyte islands as
previously described [36]. Animals were handled according to the animal welfare committee of
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the Charité-Universitätsmedizin Berlin, Germany. Newborn mice (p0-P1) were anesthetized
with isoflurane and euthanized by cervical dislocation according to the german animal law (par
4 section 1) and permit by the Berlin authorities (Landesamt für Gesundheit und Soziales,
LaGeSo) under the permit number T0220/09. Single-electrode whole-cell voltage-clamp mea-
surements were carried out on neurons, growing individually on an island between days 12 to
18 after culture. Neurons were voltage-clamped at -70 mV and depolarized to 0 mV for 2 ms to
evoke an unclamped action potential. Cells with a response inferior to 500 pA were excluded.
For measurements we used an Axopatch 200B amplifier (Molecular Devices) and the Clampex
10.0 software fromMolecular Devices. Data acquisition was done at a sampling rate of 10 kHz
and low-pass filtered at 3kHz. The series resistance ranged between 7 and 15 MOhm and was
compensated for.

The extracellular medium contained 136 mMNaCl, 2.5 mM KCl, 10 mM glucose, 10 mM
HEPES, 2 mM CaCl2, 4 mMMgCl2 and the internal solution contained 140 mM potassium
gluconate, 10 mMHEPES, 1 mM EGTA, 4.6 mMMgCl2, 4 mM Na-ATP, 15 mM creatine
phosphate, and 50 U/ml phosphocreatine kinase. To identify excitatory neurons 3 mM KA was
applied for 2 s.

Simulations
The state functions were plotted with MatLab, using parameter values obtained with the pa-
rameter optimization in COPASI as described below [37]. Timecourse simulations of the kinet-
ic transitions between different conductance substates were done in STOIC [30], a program
specifically developed for ligand-gated ion channels and COPASI. The data convolution code
was written in MatLab. Models and simulations were encoded in SBML [38] and SED-ML [39]
respectively and submitted to BioModels Database [40] with the identifier
MODEL1407160000.

The fitting problem
To determine the optimal parameter values for the thermodynamic model using the available
data set [2], we formulated the objective function as the sum of squares between the logarithm
(base 10) of the observed frequency of the conductance states and the logarithm of the theoreti-
cal value. The purpose of the logarithm function was to give compatible weights to the frequen-
cies of the different states, as the state functions were later plotted in a semilogarithmic scale.
In the equations below, G represents the ligand concentration, and each of the equations 1 to 4
give the square of the difference between the logarithm of a specific state function subtracted
by the logarithm of the experimental value of the frequency of a state yij at a certain concentra-
tion. The experimental values belong to a matrix y, where the rows represent the four different
states and the columns represent the different concentrations. To keep the parameters within a
biological range, we restricted Ls between 1 and 106, and Ks between 10−10 and 10−3. These
constraints gave a wide parameter space as seven parameters were to be determined over large
intervals, thus, we tried to avoid using a brute force method. Moreover, the non-linearity of
the objective function rendered it unsuitable to minimize with a gradient method as they tend
to converge to local minima. A genetic algorithm has thus been chosen to find the global

Concerted Model of AMPA Receptor Conductances

PLOS ONE | DOI:10.1371/journal.pone.0116616 January 28, 2015 10 / 14



minimum [41]. We chose the built-in genetic algorithm of Copasi [37].

BG ¼ log

1
LB

1þ G
KB

� �4

1
LS

1þ G
KS

� �4

þ 1
LM

1þ G
KM

� �4

þ 1
LL

1þ G
KL

� �4

þ 1þ G
KB

� �4

0
B@

1
CA� logðy41Þ

0
B@

1
CA

2

ð1Þ

SG ¼ log

1
LS

1þ G
KS

� �4

1
LS

1þ G
KS

� �4

þ 1
LM

1þ G
KM

� �4

þ 1
LL

1þ G
KL

� �4

þ 1þ G
KB

� �4

0
B@

1
CA� logðy31Þ

0
B@

1
CA

2

ð2Þ

MG ¼ log

1
LM

1þ G
KM

� �4

1
LS

1þ G
KS

� �4

þ 1
LM

1þ G
KM

� �4

þ 1
LL

1þ G
KL

� �4

þ 1þ G
KB

� �4

0
B@

1
CA� logðy21Þ

0
B@

1
CA

2

ð3Þ

LG ¼ log

1
LL

1þ G
KL

� �4

1
LS

1þ G
KS

� �4

þ 1
LM

1þ G
KM

� �4

þ 1
LL

1þ G
KL

� �4

þ 1þ G
KB

� �4

0
B@

1
CA� logðy11Þ

0
B@

1
CA

2

ð4Þ

Objective function ¼
Xc

i¼1

LG þ
Xc

i¼1

MG þ
Xc

i¼1

SG þ
Xc

i¼1

BG ð5Þ

Inference of kinetic parameters from thermodynamic parameters

LS ¼
½B0�
½AS

0�
¼

SBk
BSk

LM ¼ ½B0�
½AM

0 �
¼ LS �

MSk
SMk

LL ¼
½B0�
½AL

0�
¼ LS �

MSk
SMk

�
LMk
MLk

KB ¼
Bkoff
Bkon

KS ¼
Skoff
Skon

KM ¼
Mkoff
Mkon

KL ¼
Lkoff
Lkon

Supporting Information
S1 Supporting equations. Derivations of saturation and state functions, and list of ODE.
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S1 Supporting model. MatLab description of a thermodynamic model fitted to data re-
corded on native receptors, used to produced Fig. 2a.
(M)

S2 Supporting model. MatLab description of a thermodynamic model fitted to data re-
corded on transfected GluK2/GluA3flip receptors, used to produced Fig. 2b.
(M)

S3 Supporting model. MatLab description of a thermodynamic model fitted to data re-
corded on transfected GluR2 homomeric receptors stimulated with willardiines, used to
produced Fig. 2c.
(M)

S4 Supporting model. COPASI model used to produced Figs. 3. It was also used to produce
Fig. 4a after dividing the volume of reaction and initial amount by 50 (thus simulating only one
AMPA receptor).
(CPS)
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