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Glutamate mediates fast excitatory neurotransmission through a-amino-3-hydroxy-5-methyl-4-
isoxazole propionic acid (AMPA)-type glutamate receptors in the central nervous system. Althoughiitis
well known that the glutamate affinity for AMPA receptors is submicromolar, ligand-dependent
currents are observed only at submillimolar glutamate concentrations, suggesting a non-equilibrium
mechanism of dose-dependent signaling. Here, we developed a mathematical model that leverages
published reaction rates to demonstrate that AMPA receptors operate within a pre-equilibrium sensing
and signaling (PRESS) regime. By functioning before equilibrium binding, AMPARSs exploit a transient
dynamic range at high ligand concentrations. Our model reveals that fast desensitization is a key
transition enabling this PRESS mechanism. Regulators of this desensitization, such as
transmembrane AMPAR regulatory proteins TARP, germ cell-specific gene 1-like protein and
cornichon homolog auxiliary proteins (CNIH2/3), thus modulate AMPAR dynamic range by modifying
the time window in which these receptors may use pre-equilibrium information. We speculate that the
use of PRESS by AMPARSs helps restrict the postsynaptic area of action of this fast transmission. Other
receptors with fast desensitization may also take advantage of PRESS to accurately control dose-

dependent responses.

Cells use information about external and internal conditions, and infor-
mation retrieved from their genomes, in order to make decisions that
determine their future actions. To transmit that information, cells evolved
systems based on protein species, operating in processes as diverse as bac-
terial chemotaxis, sensing and metabolism of sugars, responses to mor-
phogen gradients, as well as for the transmission of nerve impulses.

An important feature of these systems is their dynamic range, that is,
the range of input concentrations that the system can distinguish. A key
determinant of the dynamic range is the affinity of the input molecule for its
receptor, usually measured by its dissociation constant, Kp, the value of
which coincides with the concentration of ligand that results in 50% receptor
occupancy at binding equilibrium. Low-affinity receptors (high Kp) cannot
detect low concentrations of ligand, whereas high-affinity ones (low Kp)
become saturated when ligand concentrations become high. One way bio-
logical systems have evolved to overcome this limitation is to express more
than one receptor with different affinities according to need'. In our pre-
vious work™’ we described a mechanism, pre-equilibrium sensing and sig-
naling (PRESS), to control the dynamic range. Taking advantage of pre-
steady state information, signaling systems that operate in a PRESS regime

expand and shift the input dynamic range, enabling cells to discriminate
between ligand concentrations that are indistinguishable at steady state.
PRESS is based on the fact that binding reactions reach equilibrium faster at
high concentrations of binding partners (ligands and receptors, for exam-
ple) than at low (Fig. 1a). As a consequence, the ligand concentration-
response curve is initially right-shifted (to higher ligand concentrations), but
over time it shifts to the left, until binding reaches steady state (Fig. 1b). A
PRESS mechanism is enabled when the signal transduction steps down-
stream of the binding reaction are fast enough to occur before ligand binding
reaches equilibrium. In these conditions, the response to ligand binding
would effectively be taking place during the transient right-shifted con-
centration-response curve.

In our previous work, we showed experimentally that PRESS operates
during the chemotropic mating response in S. cerevisiae. Furthermore,
using simplified mathematical models, we demonstrated that this
mechanism is effective in systems exhibiting negative or incoherent feed-
back loops, and when the activated downstream component passes through
an “activation-refractory” state prior to resetting’. In that work, we specu-
lated that since this topology is similar to how some neurotransmitter
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ion-channel receptors work in neurons, PRESS might be relevant to the
nervous system. Here, we aim to demonstrate this.

A ubiquitous channel with the required characteristics is the central
nervous system receptor of the neurotransmitter L-glutamate, the a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic ~ acid (AMPA)  receptor
(AMPAR), an ion channel located in excitatory synapses’. AMPARs
mediate most fast excitatory synaptic transmission, critically governing
synaptic plasticity, information processing, and network function in the
brain’. In addition, AMPARs have a central role in synaptic function and
dysfunction®. Despite the abundant information accumulated, a deeper
understanding of their activation dynamics, particularly how they process
rapid, high-concentration glutamate pulses typical of synaptic transmission,
remains a challenge in contemporary neuroscience.

AMPARs are tetramers composed of any of four isoforms, GluA1-4
(also known as GluR1-4), with slightly different properties. Each AMPAR
has one ligand binding site per protomer and at least two subconductances
and a main conductance level, corresponding to receptors with two, three
and four bound ligands, though there have been studies that describe 3 sub-
conductance levels’. The events associated with AMPAR activation begin
with ligand binding and are followed by a conformational change known as
clamshell closure, which traps L-glutamate “inside” the ligand-binding
domain, in turn followed either by the opening of the channel pore and
subsequent passage of cations or by a desensitized state. The conformational
changes that lead to channel opening in the AMPAR may be viewed as the
first stage of the signal transduction activated by the ligand. Transduction is
much faster than the speed at which glutamate dissociates from AMPAR
(see below), and since the channel remains desensitized for a while, this
transduction is also transient even when the input ligand is not. Thus, in
principle, AMPAR meets the conditions to perform PRESS: slow binding
followed by fast and transient transduction.

Here, we present a mathematical modeling-based work using pub-
lished reaction rates that shows AMPARs normally operate in a PRESS
regime. The model behaves much as expected, showing a much higher
concentration of L-glutamate (2-3 orders of magnitude higher) required to
elicit a significant current through these channels than for L-glutamate to
bind the receptor*®. We also present a detailed analysis of the effect of the
rates of the different transitions that the channel undergoes after stimula-
tion, highlighting the importance of the balance between rates to achieve this
system-level behavior. We suggest that other receptor systems might use
PRESS, provided they have sufficiently fast inactivation rates to do so.

Results

If AMPARs do in fact operate in a PRESS regime, then we expect their
output dose-response to be right-shifted with respect to the L-glutamate
binding reaction to AMPAR. That is, the concentration of L-glutamate
required to achieve half-maximal peak current (ECso) should be sig-
nificantly higher than that required to reach half-maximal receptor occu-
pancy at binding equilibrium (a concentration equal to the Kp), as we have

shown using toy models’. Notably, previous work has established that while
the Kp, between L-glutamate and AMPAR is around 0.5 pM®, the experi-
mentally measured peak current elicited in the presence of constant
L-glutamate has an ECsj in the range of 10-200 pM, depending on the exact
tetramer subunit composition®. That is, the output is 20-500 times less
sensitive than L-glutamate binding, consistent with AMPARs using PRESS.

A simplified model qualitatively reproduces the experimentally
measured behavior
Experimental data suggested that AMPARs might, in fact, be naturally
operating in PRESS mode. However, the reason for the difference between
glutamate affinity for the receptor and its peak ion current ECs, even
though reproduced in earlier models, has not been not investigated expli-
citly. To determine if the large difference between binding K, and current
ECsis due to PRESS, we used mathematical modeling. First, we constructed
a simplified ordinary differential equations (ODEs) model, based on a
previously described reaction scheme that captures the main transitions of
AMPARs (Fig. 2a)’. In this model, AMPAR is a single subunit, which
transitions reversibly through different states: ROco (unbound, clamshell
open), R1co (bound, clamshell open), R1cc (bound, clamshell closed). R1cc
might then open its channel into the R1o state or desensitize into the R1d
state. We simulated time courses in response to step increases to various
concentrations of L-glutamate (Fig. 2b) using parameters derived from the
literature (Table 1, see Methods). As expected, the concentration of bound
AMPAR (all species minus ROco) monotonically increased over time until it
reached steady state, while the open-channel form Rlo, representing the
current passing through the channel, peaked and then declined to a low
steady state over a range of ligand concentrations. At higher L-glutamate
concentrations, the peak current was higher, and it was achieved earlier. The
deterministic nature of an ODE model sometimes does not capture well the
behavior of a collection of individual molecules, each operating in a prob-
abilistic fashion. Thus, we also performed stochastic simulations of this
simplified AMPAR model, in which each simulation represents an indivi-
dual channel randomly opening and closing (Fig. 2c, top traces). Though the
channels behave independently from each other, the average of many
simulations of the channel resulted in a current with the same rise and
desensitization times as the ODE simulation performed with the same
ligand concentration (Fig. 2c, bottom). From this we concluded that the
ODE model is a good approximation of a collection of channels in a synapse.
In addition, a simulated pre-pulse experiment qualitatively reproduced the
well-documented effect of glutamate-dependent desensitization'® (Fig. 2d).
The binding dose-response curve (Fig. 2e) had an apparent Kp, of
about 0.02 uM, one magnitude smaller than reported previously®. We sus-
pected this difference stemmed from the fact that Abele, measured binding
using the ligand binding domain of AMPAR?, which could not open or
desensitize, but our simple model could. The inclusion of these extra reac-
tions in our model created extra species from which L-glutamate could not
unbind, effectively decreasing the apparent kg and thereby reducing the
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apparent Kp. Indeed, removing these extra reactions from our model
resulted in an apparent Kp, of ~0.38 uM (Supplementary Fig. 1), a value that
matches the previous measurement’. Importantly, the peak current
dose-response curve was located far to the right of the binding curve, with
an ECs, of ~8 uM. Thus, the dynamic range of the downstream response
was displaced to the high-dose region. As we have shown previously by

[Glutamate] (uM)

modeling and experiments with receptor-ligand systems, the bound state
dose-response curve shifts to the left-over time” (Fig. 2e). Peak current at
each simulated concentration of ligand occurred before the binding
dose-response reached equilibrium, indicating the system’s signaling is fast
enough to use pre-equilibrium information, supporting the notion that in
this model AMPARs use PRESS.
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Fig. 2 | A one-subunit model of AMPAR exhibits the expected qualitative
behavior: a current peak followed by desensitization as ligand binding reaches a
steady-state in a monotonic fashion, and a large displacement to higher con-
centrations of the current dose-response curve relative to steady-state binding.
a Diagram of the one-subunit model. b Deterministic time courses with increasing
ligand concentrations. Plot shows receptor occupancy (normalized sum of all species
with bound L-glutamate: R1co, R1cc, R1o,and R1d) and current (normalized species
Rlo, drawn with negative numbers) vs. time. Purple lines correspond to lower ligand
(L-glutamate) concentration. ¢ Plots show 12 single-channel current stochastic
simulations with 1 mM L-glutamate (top) and the resulting average current of
500 such simulations (bottom). d Inset shows the design of the simulated pre-
incubation experiment. Red: peak current vs L-glutamate concentration during

pre-incubation. Blue: peak current obtained when stimulated with 10* uM
L-glutamate after being preincubated with the indicated L-glutamate concentrations.
e The one-subunit model behavior is consistent with the channel operating in PRESS
regime. Plot shows the dose-response curves for peak current (black solid), steady-state
ligand binding (black dotted line), and ligand binding at different times after the
addition of L-glutamate (slash-dotted lines coded using a colormap). Colored circles
highlight AMPAR occupancy at the time of peak current at the indicated L-glutamate
concentrations. The values used for the dose-response curves are from (b). Ligand
concentrations that elicit 50% of maximum response are marked with solid straight
black lines for the steady-state ligand binding and peak current dose-response curves.
b, ¢ Teurrent and Tyise correspond to the time at which peak current occurred or the time it
took the current to decrease to 37% of peak current.

Table 1| Parameters used to model AMPAR with L-glutamate
as ligand

Parameter Rate Reference
Kon 161 8
Kot 1.60 x 10° 8
Koc 6.30x 10* 8
Keo 2.40x 10 8
a 8.00 x 10° 9
B 2.00x10* 9
é 800 9
y 45 9

All rates in s except kon, in uM's .

Since AMPAR is a four-subunit receptor/channel, we wondered how
the PRESS characteristics displayed by the one-subunit model would be
altered by adding extra subunits. Thus, we constructed a four-subunit model
(Figs. 3a and S2), assuming that each subunit behaved independently from
the others (i.e., we used the state transition probabilities independent of
binding order for all subunits, see Methods), but that the current passing
through the channel depended on the number of subunits in the open state.
In our model, only receptors with more than one subunit in the open
conformation pass any current, receptors with three subunits in the open
conformation passed twice the current as those with two, and with four
subunits in the open conformation passed thrice’. The four-subunit model
behaved qualitatively identical to the simpler version (Fig. 3b). As in that
case, this model showed a smaller response when stimulated with
L-glutamate after a pre-incubation with ligand (Fig. 3c), as shown
experimentally'’. Notably, in this four-subunit model, the peak current
dose-response curve was located even farther to the right of the binding
curve than in the one-subunit model, with an ECs, of about 19 puM (Fig. 3d).
This increased current ECs, was a result of the conductance dependence on
the number of open subunits. Since there were no qualitative differences in
the behavior of this more complex model, for the rest of the paper, we used
the one-subunit model.

Enabled by a relatively slow sensing, the system operates in a
pre-equilibrium regime

In PRESS, the displacement between the input and output dose-responses is
caused by the capacity of the transducing machinery to rapidly convert one
into the other before binding equilibrium is reached. Thus, in this section,
we modified the AMPAR model to alter the relative velocities of binding and
channel operation and asked if these changes affected the relative position of
the binding and current ECss in the expected fashion. First, we shortened
the pre-equilibrium time window by increasing the four rates of the pro-
cesses that precede channel opening (ligand binding/unbinding, clamshell
closing/opening) by multiplying k,,, ko ko and k., by a factor of 10, 100,
and 1000. Indeed, as the rates got larger (faster), the simulated peak current
curve shifted to the left (Fig. 4a), resulting in an ECs, of ~0.1 uM with the

largest rates tested, radically reducing the difference between binding and
current curves. In contrast, when we lengthened the pre-equilibrium time
window by reducing the same rates (multiplying K, ko ke and k., by a
factor of 0.1 and 0.01), we observed the opposite effect: the current curve
shifted farther to the right (Fig. 4a), increasing its ECs, to about 5500 uM.
Naturally, because we maintained the ratios of each pair of transition rates
(ie., the same binding Kp and clamshell K.y), the steady-state binding
dose-response curve was not affected. Finally, because the transitions in our
model are independent, changing the speed of the signal transduction steps
(channel opening/closing and desensitization/resensitization) had the exact
opposite effect on the dose-response curve separation (compare Fig. 4a with
Supplementary Fig. 3).

We then wondered which of the four transitions of AMPAR allows the
greatest separation between binding and peak current ECs. To study that,
we began by assessing the effect of changing the binding/unbinding and
clamshell closing/opening rates relative to each other, maintaining fixed
their respective Kp and K, as well as the rates for the channel opening and
desensitization. We found that both for the binding and clamshell-related
rates, the lower the rates, the greater the separation between the
dose-response curves (Fig. 4b). Inspection of the data also revealed that the
effect of binding and clamshell rates was multiplicative, suggesting their
effects are independent, at least in the region of the parameter space studied.
A consequence of this is that low clamshell-related rates compensated for
high binding rates, and vice versa. Thus, for AMPARs, displacement of the
current relative to binding ECs, seemed to be governed by the overall speed
at which the closed clamshell state, R1cc, is formed, relative to the speed of
the channel transitions.

The above result was surprising, since of these two transitions of
the AMPAR receptor (binding and activation), only the first one
depends on ligand concentration, and as explained above, it is the
ligand dependency of the dynamics that brings about the separation of
the ECsps, enabling PRESS. How is it then that the speed of the second
transition affects the separation of the Kp from the ECs,? To explore
this question, we simulated a “truncated” model containing only these
two transitions (binding and activation), for different values of Kp
(kott/kon) and Keq (kco/kcc), and calculated T,cgivation (the time to reach
63.2% of steady-state activation), varying the binding rates (Fig. S4).
We found that for systems with K.q equal to or greater than 1,
Tactivation S dependency on ligand concentration depended only on
binding rates, and as expected, it was lost when both k,, and k¢ were
relatively high. However, if K.q was lower than 1, such as in the case of
the measured rates for AMPARs (clamshell closing is much faster than
its opening), Tactivation's dependency on ligand concentration was
retained even at high k,,, and k¢ values, and at higher Kps. We verified
that these results applied to the complete model as well, modifying the
AMPARs rates so that the activation equilibrium constant was set to 1.
Indeed, in this modified model, information of ligand concentration
(seen as the displacement of the ECs, of peak current relative to
binding) was only dependent on binding rates (Fig. 4c).

Above, we established that speeding up the four-channel operation
rates increases dose-response separation (Supplementary Fig. S3). To tease
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Fig. 3 | The four-subunit model behaves qualitatively identical to the one-subunit
version. a Transitions in the four-subunit model diagram, showing only the first
ligand binding event. b Deterministic time courses with increasing ligand con-
centrations. Plot shows receptor occupancy (normalized sum of all species with
bound L-glutamate) and current (normalized species with at least one subunit in
open configuration), drawn with negative numbers vs. time. Darker corresponds to
higher ligand (L-glutamate) concentration. ¢ Inset shows the design of the simulated
pre-incubation experiment. Red: peak current vs L-glutamate concentration during
pre-incubation. Blue: peak current obtained when stimulated with 10* uM

L-glutamate after being preincubated with the indicated L-glutamate concentra-
tions. d Plot shows the dose-response curves for peak current (solid), steady-state
ligand binding (dotted line), and ligand binding at different times after the addition
of L-glutamate (coded using a colormap). Colored circles highlight binding at the
time of peak current at the indicated L-glutamate concentrations. The values used for
the dose-response curves are from (b). Ligand concentrations that elicit 50% of
maximum response are marked with solid black lines for the steady-state ligand

binding and peak current dose-response curves.

out which part of the channel operation was relevant, we next explored the
relative role of the desensitization and resensitization (§ and y) relative to the
opening and closing (8 and «) transition rates (Fig. 4d). We found that
separation between the steady state binding and peak current dose-response
curves (i.e., the highest capacity to capture pre-equilibrium information)
depended on the speed of § and y. Note that although B and o channel rates
need to be faster than § and y rate, otherwise no current peak occurred, their

values did not control separation.

The desensitization rate is a main controller of the position of the
peak current dose-response curve

The characteristic transient current of AMPAR is caused by a rapid
desensitization () followed by a relatively slow resensitization (y) (800 s~ vs
4557, so that the channel stays desensitized for some time. The above
results showed that the speed of the desensitization process is critical for
PRESS. Thus, we next asked the individual role of each of these two rates.
Increasing the desensitization rate shifted the current dose-response curve
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Fig. 4 | The peak current does capture pre-equilibrium binding information.

a Steady state binding and peak current dose-response curves with binding and
clamshell rates multiplied by the indicated factor. Peak current dose-response
curves in color, with experimentally measured rates (factor 1) centrally (green),
slower (yellow and red) and faster (cyan, blue, and purple) rates shifting right and
left, respectively. Inset shows the model diagram with the modified rates highlighted
in green. b ECs ratio between the steady state binding and peak current
dose-response curves for the explored binding and clamshell parameter space. Axes
show the binding (k,,) and clamshell closing (k) rates, and the model is run at
constant Kp, (kofi/kony and Keq (keo/kec). € ECsp ratio between the steady state binding
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k) and K¢q (k/Kp). b, d “Glu” marks the location in the parameter space where
AMPAR stimulated with L-glutamate lies. d The arrow next to Glu indicates the
range where L-glutamate: AMPAR lies due to changes in desensitization rate caused
by subunit composition or association with accessory proteins (see Discussion).

to the right, and reducing it shifted it to the left (Fig. 5a). Also, at lower

desensitization rates, the current did not exhibit a clear peak (Fig. 5d).
Interestingly, changing the desensitization rate § also changed the

position of the binding dose-response curve, but in the opposite direction,

so that the binding and current dose-responses separated even further upon
increasing the desensitization rate. The change in the binding curve to an
apparent higher affinity at higher desensitization rates is consistent with the
idea that increasing desensitization slows down the apparent unbinding rate
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Fig. 5 | Desensitization controls dose-response curve separation. a Steady state
binding and peak current dose-response curves with base (rates used for AMPAR so
far) and factor-multiplied desensitization rates. Peak current dose-response (solid)
and binding (dashed) curves in color, with experimentally measured rates centrally
(green), and slower (yellow and red) and faster (cyan, blue and purple) rates shifting
respectively left and right. b Deterministic time courses with increasing ligand
concentrations for the rates in (a). Plot shows all binding (normalized sum of all
species with bound L-glutamate) and current (normalized species R10), drawn with

negative numbers vs. Time. Inset for higher desensitization rate shows the small peak
current elicited by the higher ligand concentrations. ¢ Binding time constant t
(Tvinding) With base and factor-multiplied desensitization rates, as in (a). The inset
shows the model diagram with the modified rate highlighted in green. d ECs, ratio
between the steady state binding and peak current dose-response curves for the
explored desensitization and resensitization rates. The inset shows the model dia-
gram with the modified rates highlighted in green.

(Kofs)- Indeed, Tyinging increased as we increased the desensitization rate, but
only in the low L-glutamate concentration region (Fig. 5b), a region in which
Thinding 15 Mostly dependent on kg, not kop. This result suggested that the
desensitized state acted as a sink into which AMPARs fall quickly (at high
desensitization rates), but from which it takes quite some time to return (the

resensitization rate was maintained constant). Consistently, increasing
resensitization compensated for this effect to some extent (Fig. 5¢). When
exploring the parameter space for these two transitions, we find that it’s
mainly desensitization that controls both dose-response curves’ separation
(Fig. 50).
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Fig. 6 | The effect of a changing desensitization rate is diminished but not
eliminated by a transient input. a Constant and transient glutamate (double
exponential decay with time constants 100 ps and 2 ms, as in Clements et al."),
normalized to initial maximum concentration, normalized peak current elicited by
each input, and normalized bound receptors. b Deterministic time courses with base
desensitization rate with increasing ligand concentrations for constant and transient
input with decay as in (a), with the time course corresponding to the ECs, con-
centration marked in black. Plot shows all binding (normalized sum of all species
with bound L-glutamate) and current (normalized species R10), drawn with

kco

koff

Frag

negative numbers vs. time. ¢ Peak current dose-response curves (solid) with base
desensitization rate and constant (pink) or transitory (blue) ligand, steady state
binding dose-response curve for constant ligand (dotted), peak binding and
“binding at-current-peak” dose-response curve for transitory ligand (dashed and
dash-dotted line). d Peak current dose-response curves with base and factor-
multiplied desensitization rate. Peak current dose-response in color, with experi-
mentally measured rates centrally (green), and slower (yellow and red) and faster
(cyan, blue and purple) rates shifting respectively left and right. Inset shows the
model diagram with the modified rate highlighted in green.

A transient input also allows the use of pre-equilibrium binding
information

Physiologically, the system’s input is generally transient—that is, the con-
centration of glutamate in the synapse peaks immediately after neuro-
transmitter release and then it decays rapidly, both by diffusion and because
itisactively removed®. Thus, we wondered if PRESS could still be detected in
our model in these conditions. To test that, we modeled the effect of a
transient ligand by implementing a biphasic function for the disappearance
of glutamate with time constants of 100 us and 2 ms, to capture the in vivo
clearance rate, as previously shown'' (Fig. 6). As expected, in contrast to the
simulations so far, bound receptor peaks after glutamate begins to decrease
(Fig. 6a, b). In this case, the dose-response of peak current was shifted
farther to the right with respect to that obtained with constant input, and,

notably, it nearly coincided with that of peak binding (Fig. 6c). Because
binding slows when glutamate begins to disappear, and that happens before
ligand-receptor binding reaction reaches equilibrium (for all but the largest
glutamate concentrations simulated), we reasoned that the peak binding
curve actually captured pre-equilibrium binding information. Thus, in this
case, the current dose-response curve likely reflected pre-equilibrium
information not only for the reasons laid out for constant input, but also
because of the pre-equilibrium nature of the binding curve. If correct, then
the ECs, of the current dose-response curve should not be as dependent on
the desensitization rate. This is most notable in the simulations with wild-
type desensitization rates (§ multiplicative factor = 1). All parameter sets
exhibit a peak current dose-response curve shifted to the right with respect
to the same parameter set with a constant input (compare Figs. 6d and 5a, or
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see wild type parameter set comparison in Fig. 6¢), and the effect of reducing
the desensitization rate is diminished (Fig. 6d). However, the 1/100 slower
desensitization rate peak current ECs, is still around half of the ECs
obtained with the base rate (41 pM versus 87 uM), so the shift is still
detectable.

Discussion

Here, we presented a detailed kinetic analysis with well-established state
models to show how AMPA receptors operate in the PRESS regime. PRESS
explains why the ECs, of glutamate measured using the amplitude of the
peak current is so much larger than when measured at the binding step
(current ECs, 200-500 uM vs. apparent Kp, 0.5 uM). We demonstrated this
by mathematical modeling using the published rates for the receptor’s
transitions. Both a single and a more complex four-subunit model behaved
as expected from the large body of experimental work. The large separation
between Kp and current ECs, is apparent in major reviews®, but has not been
studied computationally in detail. Thus, while the significant difference
between AMPAR ligand affinity and the concentration required for peak
current activation has long been observed, here we provide a detailed kinetic
analysis demonstrating that the PRESS mechanism offers a robust expla-
nation for this phenomenon.

AMPAR is able to work in PRESS mode because the operation of the
channel itself is faster than the time it takes the ligand to reach equilibrium
binding, thereby allowing the system to capture information only present
before equilibrium. To demonstrate this, we simulated the model, mod-
ifying the rates of binding relative to channel operation. Of the four tran-
sitions that govern the channel, we concluded that the first two, binding and
clamshell closure, combined, need to be slow (evidenced in that the rates
have a multiplicative effect—i.e., it only mattered the rate of formation of the
AMPAR state competent for channel opening, Rlcc in the 1 subunit model)
relative to channel operation, opening/closing and desensitization/resensi-
tization. For there to be a peak current, of these two processes, opening/
closing needs to be faster than desensitization/resensitization. In this way,
the peak takes place some time before the ligand achieves equilibrium
binding. Finally, of the desensitization/resensitization rate pair, our simu-
lations indicated that it is the desensitization rate that controls the separation
of sensing (binding) and response (current) dose-responses.

In our modeling, we have employed a desensitization rate of 800 s™.
However, kinetics of AMPARSs are influenced by subunit composition'*",
naturally altering the operation of the PRESS regime. For example, homo-
tetramers of GluAl channels desensitize very rapidly (time constant
Teurrent = 3-4 ms, corresponding to ~250-330 s) while GluA2-containing
receptors (especially homomeric GluA2) do so more slowly (7yrrent 01 the
order of 6-10 ms, ~100-170 s). GluA3 and GluA4 subunits confer inter-
mediate to fast gating profiles. Notably, alternative splicing at the “flip/flop”
module produces further differences: for GluA2, GluA3, and GluA4, the flip
isoforms desensitize significantly more slowly (longer 7) than their flop
counterparts. For example, flip variants of GluA2 and GluA4 have
Teurrent = 5—6 ms, whereas the flop forms desensitize in ~1-2 ms. Indeed,
GluA4(flop) is one of the fastest-desensitizing AMPARS (Teyrrent ~ 0.9 ms,
>1000 s™), whereas a GluA2(flip) homomer desensitizes much more slowly
(Teurrent ~ 5.8 ms, ~170s™). In general, GluA1-containing receptors show
inherently fast desensitization (with GluAl flip vs. flop splicing having
minimal effect), whereas receptors incorporating GluA2-4 can exhibit
desensitization rates spanning an order of magnitude depending on the
subunit/isoform combination. Thus, the overall range of AMPAR desen-
sitization rate constants is roughly 10>s™ up to >10’s” under saturating
glutamate'>"”. We marked this region of desensitization rates in Figs.
4d and 5d, to highlight the impact on PRESS (ECs, peak /ECsgss), shifting
the range of concentrations where there is a concentration-dependent
response to L-glutamate.

In addition, the presence of auxiliary proteins also modulates AMPAR
desensitization. Transmembrane AMPAR regulatory proteins (TARPs),
such as y2 (stargazin), y4, or y8 generally slow entry into desensitization
(2-3-fold), reducing the region of PRESS (ECs, peak /ECsqss closer to 1),

thereby increasing steady-state currents'*'”. For instance, co-expression of
TARP y2 with GluA2 slows the desensitization rate from ~120s™' to
~60 5" '°. Similarly, cornichon homolog auxiliary proteins (CNIH2/3) slow
AMPAR desensitization in a manner akin to TARPs". Cornichon-3, for
example, reduces desensitization of GluA1/2 receptors from 160s™" to
140s™'". In contrast, the accessory protein germ cell-specific gene 1-like
protein  (GSG1L) does the opposite, accelerating AMPAR
desensitization'*'*"”, markedly increasing the region of PRESS. Thus, aux-
iliary subunits finely tune AMPAR desensitization kinetics: Type I TARPs
(2, y4, y8) and cornichon proteins act as positive modulators that slow
desensitization (Teyrent €xtended into the tens of milliseconds in some
complexes), whereas GSGIL acts as a unique negative modulator that
accelerates desensitization and abbreviates AMPAR signaling.

The modulation on PRESS (altering receptor peak current ECs) we
described here by changing the desensitization rate (§) resembles the effect
obtained by the association of the various regulators of AMPAR mentioned
above. This effect of auxiliary proteins on current ECs; is strictly dependent
on the fact that AMPARs use PRESS; otherwise, these regulators would just
lengthen or shorten the duration of the current pulse, without modifying the
current ECsy. We speculate, then, that a potential role of TARPs and other
accessory proteins is to modulate PRESS on AMPARs. Therefore, the
PRESS mechanism provides a quantitative framework for interpreting the
functional impact of the family of AMPAR auxiliary subunits being dis-
covered and characterized.

On the one hand, both experiment and simulation showed that the
glutamate peak ion current dose-response has an ECs atleast in the 100 uM
range. And we have shown here that the reason the current EC5 is shifted to
these higher concentrations relative to the Kp (~0.5 uM) is PRESS. On the
other, in the synaptic cleft AMPARs are exposed even higher glutamate
concentrations (up to 1 mM®), suggesting that, in principle, it might not be
relevant if the jon current dose-response has an ECs, of 100 uM or 0.1 pM,
as in both cases AMPARs will be equally saturated with L-glutamate.
However, cells do experience a topographically-based glutamate
dose-response, with maximal glutamate concentration immediately facing
the site of release, diminishing steeply with distance’*””. That is, AMPARs
further from the immediate release site will be exposed to lower con-
centrations. In this regard, the actual current EC5, determines the extent of
the membrane that will depolarize in response to a given neurotransmitter
release. The higher the ECs, the smaller the excitation area. Given the
various shapes and receptor densities in which AMPAR is configured’, we
speculate that the current EC5 is an important functional parameter.

In contrast to AMPARSs, the glutamate N-methyl-p-aspartate receptors
(NMDAR) desensitize much more slowly*******. Consistent with our pre-
diction from our models of a case with a low desensitization rate, their
current ECsy is very similar to the apparent Kp,". Thus, the same release of
glutamate would activate a much larger area covered with NMDARs.
However, activation of NMDARSs requires an initial depolarization of the
membrane, which is commonly accomplished by opening of co-localizing
AMPARs". Consequently, the smaller area of AMPARs activation caused by
PRESS contributes to restricting the area of NMDAR activity. In addition,
NMDARs participate in the major form of long-term potentiation (LTP) in
the brain, the so-called NMDAR-dependent LTP. This type of LTP is
thought to result from either recruitment of extra AMPARSs to the mem-
brane in the post-synapse, from an increase in the conductance of existing
channels, or both’. Consistent with our modeling results, we suggest that
modulation of PRESS via, for example, the desensitization rate through
TARPs or other molecules could be one of the mechanisms of increased
overall current by allowing neighboring AMPARs to activate. Character-
izing AMPARs as PRESS systems now offers new insights into how spatial
precision in synaptic signaling is achieved and modulated.

In our four-subunit model we assumed that each subunit behaved
independently, except for the fact that the model required at least two
subunits bound by ligand to be able to open the channel, and we obtained
qualitatively similar results to the one-subunit model, with and even greater
separation between steady-state binding ECs, and peak current ECso. The
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assumption of independence greatly facilitates the modeling of the receptor,
but it is not exactly correct, since there seems to be some degree of negative
cooperativity in L-glutamate binding”. Although this effect is moderate,
estimated at around a two-fold reduction in binding affinity, that is a small
effect compared to the effect of PRESS.

Regarding the rate requirements for PRESS, modeling AMPAR
showed an unexpected result. Up to now, all our results indicated that
biochemical steps whose speed depended on ligand concentration (basi-
cally, binding reactions) generated dose-response curves that move to the
left over time (we have called those steps, shifters), and thus enable PRESS.
Because of that, the faster they operate, the shorter the time window for a
downstream step to take advantage of the shift, until it is so fast that there is
no possibility of PRESS. Here, we found that when a subsequent transition is
slow enough (in the case of AMPAR, the transition would be clamshell
closure/opening) it may compensate for an initial fast binding reaction,
provided its Kgq of that transition is lower than 1 (as in the case of AMPAR,
where clamshell closing is much faster than its opening). The interpretation
of this result is that when Kgq «1, then, ligand binding + clamshell closure
should be considered as a single step, in comparison to the slower closure
opening + ligand unbinding.

Methods

We developed a simple mathematical kinetic model for the AMPAR
receptor using COPASI'"® that captures the essence of its behavior, based on a
previously described reaction scheme that captures the main transitions of
AMPARs (Fig. 2a)’. The model contains one state with no ligand, ROco, and
four states with bound ligand, R1co, Rlcc, Rlo, R1d. There is one desen-
sitized state, R1d, three closed states, ROco, R1co and Rlcc, and only one
open state R1o. All the transitions are reversible. We used the open-channel
species (R10) as a proxy for the current and considered all ligand-bound
species for the receptor-ligand complex equilibrium.

The rates we used are listed in Table 1 and were obtained from the
literature™"’. The model differs from some other published models in that it
requires one extra conformational change after binding (closing of the
clamshell-like ligand binding domain) and that open and desensitized states
follow that transition in parallel and have no direct transitions. As the rates
in the literature were measured at different temperatures, they were com-
patibilized using a temperature coefficient (Q10) of 2 for conformational
changes’ rates and 1.3 for the binding rates, and the models were run with
rates corresponding to room temperature (22 °C). The equation used for
changing the rates is (1).

rate, = rate; X Q10 ! 1)

We performed steady-state and time-course simulations using the
COPASI R Connector package (CoRC) with a constant input (constant
ligand concentration), and time-course simulations with transient input, in
which the ligand disappears as an exponential curve with two time-con-
stants, 100 ps and 2 ms'". In all these simulations, all species are in solution
with free diffusion, and there’s no spatial modeling of the synaptic space, or
postsynaptic membrane.

0.85 X [Glutamate], x e~ | .15 x [Glutamate],, x ¢~+6-19> time

)

In a similar manner, we also extended the model to a more complex,
four-subunit model, that presupposes independent binding and con-
formational transitions for all four subunits, with equal rates (see diagram in
Fig. S2). Rates for transitions are multiplied by the number of subunits that
can potentially undergo the transition in that step.

We used a Latin Hypercube Sampling algorithm from R package
FME’ to obtain random rates for exploring model behavior in the
parameter space.

Data availability

Mathematical models and the datasets generated and analyzed during the
current study are available in the Mendeley Data repository https://data.
mendeley.com/datasets/nhzxgw23m4/2.
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