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ABSTRACT The kinetic properties of main and subconductance states of a mutant mouse N-methyl-p-aspartate
(NMDA) receptor channel were examined. Recombinant receptors made of {-e, (NR1-NR2B) subunits having as-
paragine-to-glutamine mutations in the M2 segment ({N598Q) /€,N589Q)) were expressed in Xenopus oocytes. Sin-
gle channel currents recorded from outside-out patches were analyzed using hidden Markov model techniques. In
Ca?*-free solutions, an open receptor channel occupies a main conductance (93 pS) and a subconductance (62
pS) with about equal probability. There are both brief and long-lived subconductance states, but only a single
main level state. At —80 mV, the lifetime of the main and the longer-lived sub level are both ~3.3 ms. The gating
of the pore and the transition between conductance levels are essentially independent processes. Surprisingly, hy-
perpolarization speeds both the sub-to-main and main-to-sub transition rate constants (~~120 mV/e-fold change),
but does not alter the equilibrium occupancies. Extracellular Ca?* does not influence the transition rate con-
stants. We conclude that the subconductance levels arise from fluctuations in the energetics of ion permeation
through a single pore, and that the voltage dependence of these fluctuations reflects the modulation by the mem-

brane potential of the barrier between the main and subconductance conformations of the pore.
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INTRODUCTION

N-methyl-p-aspartate (NMDA)! receptors are cation-
selective ion channels commonly found in the verte-
brate central nervous system (see review by McBain and
Mayer, 1994). When open, NMDA receptor channels,
like many other ion channels, can assume multiple con-
ductances (Jahr and Stevens, 1987; Stern et al., 1992;
Cull-Candy and Usowicz, 1993; Gibb and Colquhoun,
1994; Stern et al., 1994). Several general mechanisms
have been proposed to account for subconductance
states of channels, including multiple pores (Miller,
1982; Krouse et al., 1986; Fox, 1987; Hunter and Giebisch,
1987) and fluctuations in the energetics of permeation
through a single pore (Lauger, 1986; Dani and Fox,
1991).

As part of a larger study of ion transport through
NMDA receptor channels, we encountered a mutant
receptor that showed a prominent subconductance
level (Premkumar and Auerbach, 1996a). This mutant
is formed from mouse {-€; (NR1-NR2B) subunits that
each have an asparagine-to-glutamine mutation at the
QRN site of the M2 segment. Several studies indicate
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that the channel of this mutant receptor has altered
permeation properties (Burnashev et al., 1992; Sakurada
et al., 1993; Ruppersberg et al., 1994; Wollmuth et al.,
1996). In addition, the subconductance level of this mu-
tant receptor channel has been shown to have a higher af-
finity for Ca?" than the main conductance level (Premku-
mar and Auerbach, 19964a).

In this paper we address four aspects of the subcon-
ductance states of this mutant NMDA receptor. First,
we describe the amplitude properties of the main and
subconductance states in divalent cation-free solutions.
Second, we measure the rate constants of the transi-
tions between different conductance states of the pore.
Third, we characterize the voltage dependencies of
these rate constants. Fourth, we present the effects of
extracellular Ca2*™ on the kinetics of conductance level
transitions. The results suggest that the receptor sub-
conductance levels arise from fluctuations in the ener-
getics of ion transport through a single permeation
pathway, and that these fluctuations are essentially in-
dependent of the main gating event of the channel.
The dependence of the fluctuation rate constants on
the membrane potential indicates that voltage modu-
lates an energy barrier that separates these channel
conformations. Although Ca?* binds with a higher af-
finity to the subconductance conformation of the chan-
nel, it does not influence the rate constants of conduc-
tance transitions. Some of these results have been pre-
sented in abstract form (Premkumar and Auerbach,

19964).
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METHODS

Expression

All experiments were carried out with mutant mouse { (NR1)
and €; (NR2B) NMDA receptor subunits having asparagine (N)-to-
glutamine (Q) mutations in the M2 segment ({N5980Q)/€,N589Q).
A full description of the molecular biology, expression, and elec-
trophysiology protocols is given in Premkumar and Auerbach
(1996a). Briefly, mutant cRNAs from { and €, were expressed in
Xenopus oocytes by injection of 50 nl each of 1 pg/ml cRNAs. Oo-
cytes were examined between 4 and 20 days after injection.

Electrophysiology

All experiments were from outside-out patches. Patch pipettes
were filled with (in mM): 90 Na gluconate, 10 NaCl, 10 BAPTA,
10 HEPES (pH 7.3), 2 K,LATP, and 0.25 GTP. The divalent cation-
free extracellular solution contained: 100 NaCl, 2.5 KCI, 5
HEPES (pH 7.3), and 1.5 or 5 EGTA. The concentration of Ca**
was achieved by adding CaCl, to a solution containing: 100 NaCl,
2.5 KCl, 5 HEPES (pH 7.3), and 1.5 EGTA in accordance with
the computer program MAXC. The patch was continuously su-
perfused with a solution that could be exchanged in <2 ms via a
solenoid valve. The temperature was 22-25°C. To activate receptors,
the perfusate was switched to one containing NMDA (10-50 uM) plus
glycine (10 uM). Agonist-containing solution was applied in pulses
that lasted from 5-180 s, with at least one minute between pulses.

Ultrapure NaCl, KCI, CaCly, and NaOH were obtained from
Johnson Matthey (MA). NMDA, glycine, and all other reagents
were obtained from Sigma Chemical Co., St. Louis (MO).

Signal Processing

Single-channel currents were recorded using an EPC-7 patch
clamp amplifier (List Medical), and were stored in digital format
on video tape using a data recorder (model VR-10B; Instrutech
Corp., Great Neck, NY). The digitized currents were transferred
to disk at a sampling frequency of either 47 or 94 kHz using a VR-
111 (Instrutech) interface. The VR-10B data recorder limited the
bandwidth (6 dB) to ~23 kHz. The initial channel activity was
higher than the steady state level, thus for each patch the first few
pulses of agonist were not acquired. Digitization of the current
commenced >1 s after the initiation of each pulse, i.e., after the
solution was fully equilibrated.

For analysis, the digitized current record was divided into seg-
ments. Usually, the segments were simply 5-s contiguous epochs.
In some cases, segments were defined as a group of openings sep-
arated by closures of less than a critical duration, typically 50 or 1
ms. Amplitude measurements were carried out on a segment-by-
segment basis. For rate constant estimation, data from several
segments (but from a single pulse) were combined.

Current segments were digitally low-pass filtered (Gaussian)
and resampled to the new Nyquist frequency to minimize the
number of samples on the rising and falling edges of current
level transitions. The filter was a zero delay Gaussian, and nonin-
tegral decimation was achieved by interpolation. The half power
frequency (f.) values were 5-20 kHz.

Amplitude characteristics and an idealized state sequence were
determined via the segmental k-means (SKM) algorithm (Rabiner
et al,, 1986). First, a three state Markov model was specified, with
initial estimates of rate constants and amplitude parameters. The
model had one state each for the closed, sub, and main conduc-
tance levels, with all states interconnected. The initial rate con-
stants were all 1,000 s™!, and the initial amplitudes were set man-
ually. It is important to note that the detection accuracy is not
sensitive to the kinetic model (the number of states for each con-

ductance class and the starting rate constants) because the ampli-
tude parameters dominate the likelihood function values. Next,
the Viterbi algorithm (Forney, 1973; Chung et al., 1990) was used
to estimate the optimal conductance level sequence, and its like-
lihood. The parameters of the model were then re-estimated us-
ing the amplitude and kinetic parameters of the optimal se-
quence, and the Viterbi algorithm was reapplied. The procedure
was iterated until the likelihood stabilized, usually within five cy-
cles. Upon convergence, an amplitude probability density was
calculated from the model parameters and was superimposed on
an all-points amplitude histogram of the current (see Fig. 1 B). In
addition, a trace of the idealized conductance level sequence was
displayed along with the currents, for a visual assessment of the
detection accuracy. From these analyses, the mean current ampli-
tude and standard deviation and the mean lifetime and occu-
pancy probability for each conductance class of the model, were
determined. In all figures, the continuous curves superimposed
on all-points amplitude histograms (see Fig. 1 B) are calculated
from the model parameters derived by SKM analysis.

Kinetics

Rate constants were estimated from the idealized conductance
level sequences using a maximum interval likelihood (MIL) ap-
proach that had a correction for missed events (Qin et al., 1996).
To minimize “edge” effects, a dead time (typically, 100 ps) was
imposed. As a visual check, histograms of interval duration for
each conductance class were displayed, both from the idealized
currents and as calculated from the rate constants of the model.
The standard deviations of the rate constants were typically
within 20% of the optimal values. In all figures, the continuous
curves superimposed on interval duration histograms (see Fig. 2
B) were calculated from the optimal rate constants, after apply-
ing a correction for missed events and sampling frequency (Qin
etal., 1996).

To signal average channel openings (see Fig. 2 (), currents
were digitized at 94 kHz and digitally low pass filtered (f, = 1 kHz)
without decimation. Opening transitions (to either the main or
the subconductance level) were detected using a threshold-cross-
ing criterion (typically set at 3 pA). Once the openings had been
identified, the currents were reprocessed without any digital fil-
tering (f, = 23 kHz) using the previously determined threshold-
crossing locations for alignment. Isolated, brief openings were
excluded from the analysis.

For noise analysis (see Fig. 1 D), currents were sampled at 47
kHz and low pass filtered (f. = 2 kHz). The SKM algorithm was
used to identify sojourns in closed, sub, and main conductance
levels that were at least 3 ms in duration. As above, the currents
were reprocessed without digital filtering (f. = 23 kHz) using the
conductance transition points determined at lower bandwidth.
The leading and trailing five samples of each sojourn were elimi-
nated in order to reduce edge effects, and a 128 point fast Fou-
rier transfer (FFT) was calculated for the remaining current sam-
ples. Up to 100 spectra for each conductance class were averaged.

RESULTS

Multiple Conductances

Fig. 1 A shows NMDA receptor currents, activated by 50
uM NMDA plus 10 puM glycine, obtained from an out-
side-out patch exposed to Ca?*- and Mg?*-free extracel-
lular solution. Two open channel current levels are ap-
parent, with amplitudes (at —90 mV) of —8.3 and —5.5
pA. We will refer to the larger current as the main level,
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FiGure 1. Amplitude charac-
teristics of NMDA receptor main
and subconductance levels in
Ca’*free solutions. (A) Exam-
ple currents at —90 mV (inward
current is down). The top two
traces are currents filtered and
analyzed at 10 kHz. Main and
subconductance levels of the
open channel are apparent, but
obscured by additive instrumen-
tation noise. The idealized cur-
rent trace was estimated using
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the SKM algorithm. The lower
two traces show the same current
filtered and analyzed at 1 kHz.
The sub and main conductance
levels are clearly distinguishable.
(B) An all-points amplitude his-
togram of currents filtered at 10
kHz. The solid line is calculated
from the final parameters of the
model and is the sum of three
Gaussians (dashed lines). The
subconductance level has a mean
amplitude (i) that is ~70% of

closed

100

1000
frequency (Hz)

10000 the main conductance level. In
this experiment, an open chan-

nel occupied either the main or

sub level with about equal probability (p). (C) The current-voltage relationship for the main and subconductance levels is linear. The main
level conductance is ~1.4 times greater than the sub level, but both levels reverse near 0 mV. (D) Spectra of the current noise for each con-
ductance level. There is no measurable difference in the magnitudes or frequency compositions of the main and sub level currents.

and to the smaller current as the sub level. Both main
and sub levels change with voltage approximately lin-
early, with average conductances of 93 and 62 pS, re-
spectively (Fig. 1 C).

The probability of being closed varied substantially
both from patch to patch, and with time in a single
patch. However, once a channel opened, the relative
probability that it occupied either the main or the sub-
conductance level was consistent. Relative occupancies
were determined from all-points amplitude histograms
(Fig. 1 B). In six patches, the main conductance level
was occupied with a relative probability of 0.48 = 0.02
(range: 0.53-0.44). The relative occupancy of channels
in the main and sub levels was not influenced by the ex-
ternal concentration of protons (pH 6.4-8.0) or NMDA
(10-100 pM).

In divalent cation-free solutions, the variances of the
main and sub level current noise were virtually identi-
cal, but were slightly greater than that of the closed
level. To characterize the noise, we analyzed the spec-
trum of main, sub, and closed level currents (Fig. 1 D).
The spectra of main and sub level currents were indis-
tinguishable.

Kinetics

To explore the kinetics of the transitions between con-
ductance levels, histograms were constructed of inter-
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val durations of sojourns in closed, sub, and main lev-
els. The number of exponential components in each
histogram reflects the minimum number of states for
each conductance level (Colquhoun and Hawkes,
1977). The histogram for the main level was well de-
scribed by a single exponential. The sub level histo-
gram was typically described by the sum of two expo-
nentials, although in some cases a single exponential
was sufficient. Short-lived subconductance sojourns can
be seen in the raw current trace shown in Fig. 2 A, as
well as by the excess number of brief events in the inter-
val duration histogram shown in Fig. 2 B. Closed inter-
val duration histograms were quite complex and vari-
able between patches, but could be described by the
sum of two to five exponentials. There are hundreds of
ways to interconnect even the minimum number of
states that we observed: two closed (C), two sub (S),
and one main (M). We used the following approach to
select a model, without exhaustively calculating likeli-
hood for all of the possible kinetic schemes.

In patches in which only one S and one M compo-
nent were apparent, the current intervals were fitted by
a kinetic model in which all three conductance classes
were interconnected (solid lines in Fig. 2 B). In patches
having two S states, we found that models with uncou-
pled S states yielded S-M transition rate constants that
were similar to those obtained from files having a single
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Ficure 2. Kinetic characteris-
tics of NMDA receptor multiple
) conductance levels in Ca?*-free
‘ solutions. (A) Example cur-
rents at —80 mV. The top trace is
a low time resolution view. The
underlined region has been ex-
panded in the lower trace. (B)

9 pA Interval duration histograms
1.4s/40ms and a kinetic model. The solid
lines in the histograms were cal-
culated from the optimal rate
constants, estimated using the
MIL algorithm. The main level
histogram was described by a sin-
gle exponential with a time con-
stant (1) equal to 227 ms,
whereas the sub level histogram
was described by the sum of two
exponentials (1, = 3.67 ms, 75%
of all intervals; 7o = 0.25 ms). In
this patch, the rate constant for
transition from the main to the
longer-lived sublevel (k) was
328 s71, and 236 s~! for the re-
verse transition (kg,). The ideal-
ized currents were fitted by a ki-
netic model that had four closed,

closed

two sub, and one main level state. The solid arrows of the model represent transitions that were included in the fitting process for all
patches. In some patches, additional states and transitions (indicated by dashed lines) were included (see Table I). M is the main state, S is
a long-lived sublevel state, S, is a brief sublevel state, C, is a brief closed state, C is a long-lived closed state; additional closed states were
added in series with G, to describe the closed interval distribution. (C) Signal-averaged opening transitions of the current shown in A. 62
opening transitions, each following a sojourn in a closed level of at least 1 ms in duration, were aligned at the point of leaving the closed
level (i.e., the first sample to cross the —3 pA threshold), and were averaged. The dashed lines indicate the amplitudes obtained from the
SKM analysis for each conductance level. The dotted lines are the predicted amplitudes from the rate constants (upper line is the average
of the sub and main level amplitudes, weighted by the probability of opening to either from the C, state; Table I), and from an all-points
amplitude histogram of this patch (lower line is the average of the sub and main level amplitudes, weighted by the relative equilibrium oc-
cupancy of each level). The channel opens either the main or the subconductance level, indicating that gating and conductance fluctua-

tions are not strongly coupled processes.

S state, while models with coupled S states did not. We
therefore selected a model in which the S states were
not directly connected (dashed lines in Fig. 2 B). We
did not attempt to determine the connectivity of the C
states. The two closed states were connected as shown
in Fig. 2 B, and additional closed states were added in
series to the long-lived closed state, as needed. The S-M
transition rate constants did not depend on the closed
state connectivity.

The average rate constants for sub-main transitions at
—80 mV in pure Na* solutions are given in Table I. The
values for the rate constants between the main state
and the long-lived sub state were consistent from patch
to patch. In six different patches the average sub-to-
main rate constant (k) was 287 = 60 s~!, and the aver-
age main-to-sub rate constant (k) was 318 = 64 s71.
From the rate constants we estimate that the mean life-
time of the main level sojourn is 2.3 ms, and that of the
sub level (long-lived) sojourn is 2.7 ms. In four of the
six patches, a brief sub level was apparent, with an aver-
age lifetime of 0.22 ms.

Equilibrium occupancy probabilities (p) can be cal-
culated for each state of the model. The average values
of the rate constants predict that p = 0.49 for the main
state, p = 0.45 for the long-lived sub state, and p = 0.01
for the brief sub state. The rate constant estimates are
consistent with the observation that the relative occu-
pancy of open channels in the main and sub levels are
approximately equal. In the kinetic scheme (Fig. 2 B)
the states Cy-S,-M-S form a cycle. The ratio of the prod-
uct of the rate constants in each direction of this cycle
is 0.953. Given the error limits on the rate constants,
there is no evidence to suggest that the system violates
detailed balance.

In the kinetic scheme, sojourns out of the long-lived
closed state (C,) to sub or main level states may be con-
sidered to be channel opening events, i.e., to reflect the
main gating event of the pore. The rate constants out
of G, suggest that a channel opens to either sub or
main levels, with perhaps a slightly greater probability
of opening to a sub level (p = 0.63). Because the SKM
algorithm has a tendency to associate data points on

184 NMDA Receptor Subconductance States



TABLE I

Rate Constants in Ca?*-free Solutions

Connection Mean SD n Patches
C - M 257 164 6
Gy - S 153 67 6
Cy - S 288 144 4
M - G, 20 12 6
M-S 318 64 6
M- S, 69 32 4
M - G 39 — 2
S-M 287 60 6
S -Gy 15 8 6
S - G 72 46 6
S, - Gy 1494 503 4
S, - M 3041 257 4
C - S 6801 2752 6
C -M 2794 — 2

All values are s™!. The kinetic scheme is shown in Fig. 2 B. The state defini-
tions are: M = main, S = long sub, S; = brief sub, G, = long closed, C; =
brief closed. Six patches were fit; in two patches the S; state was not appar-
ent, and in four patches the M-C; connection was not apparent. The kg
and k,, values are highlighted in bold. An average lifetime for each state
can be calculated from the rate constants: M = 2.34 ms, S = 2.67 ms, S, =
0.22 ms, C; = 0.10 ms, Cy = 1.43 ms. The rate constants predict that 37%
of opening transitions (from C,) will be to the main conductance level.

transitions with subconductance states, we signal-aver-
aged channel openings (which followed closures longer
than 1 ms). If channels preferentially open to a sub
level, then the average current immediately after open-
ing should be less than the equilibrium average ampli-
tude. Conversely, if channels preferentially open to the
main level, then the average current immediately after
opening should be greater than the equilibrium aver-
age amplitude. The results are shown in Fig. 2 C. The
amplitude of the average current shortly after opening
is similar to that expected from the rate constants, and
the average amplitude 0.25 ms after opening is close to
that computed from the equilibrium occupancies esti-
mated from an all-points amplitude histogram. These
results indicate that the primary, closed-to-open gating
event of the pore is essentially independent of the pro-
cess that drives the transition between the main and
subconductance levels.

Voltage Dependence

Fig. 3 A shows the effect of voltage on main-sub level
transitions. As the membrane is hyperpolarized, the
equilibrium occupancy of the channel does not
change, but the lifetimes of both the main and the sub
levels become shorter. Fig. 3 B shows the rate constants
as a function of the membrane potential. Both k,, and
k., increase, approximately exponentially, with hyper-
polarization. An analysis of the currents from the patch
shown in Fig. 3 indicated that % increased e-fold with
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a hyperpolarization of 110 mV (and is 150 s™! at 0 mV),
and kg, increased e-fold with a hyperpolarization of 183
mV (and is 167 s7! at 0 mV). A similar analysis of a dif-
ferent patch produced qualitatively similar results, that
is e-fold increases with 92 mV (k,,, = 186 s™! at 0 mV)
and 104 mV (ky,, = 157 s7! at 0 mV). The results indi-
cate that the rate constants of sub-main transitions in-
crease e-fold with ~120 mV hyperpolarization.

Effects of Ca®*

Ca?* blocks the current through the channel, and the
concentration dependence of this block indicates that
the subconductance conformation of the pore has
~35-fold higher apparent affinity for Ca?* than the
main conductance conformation (Premkumar and
Auerbach, 1996a). We therefore compared the kinetics
of main-sub level transitions in Ca?"-free and Ca%*-con-
taining solutions. The Ca?* concentrations were such
that the vestibule Ca?* binding was occupied with a
high probability in the sub level (apparent equilibrium
dissociation constant, K;, = 5 wM), but mostly vacant in
the main level (K; = 180 pM).

Fig. 4 A shows currents obtained in the presence of
4.8 uM Ca?*. Compared to pure Na* solutions, the am-
plitude of the sub level is reduced to a greater extent
than the main level, because fast “block” of the sub
level by Ca%* reduces the mean channel current ampli-
tude. At this concentration, the probability that the ves-
tibule site is occupied by Ca?* is 0.5 in the sub level, but
only 0.08 in the main level. The relative probability that
an open channel occupied the main level (0.45 * 0.04,
n = 5) was not altered by extracellular Ca?*. In five
patches, kinetic modeling was used to estimate that
main-sub rate constants. In the presence of 4.8 uM
Ca?*, both k,, (378 £ 91 s7!) and kg, (330 = 47 s71)
were similar to their values in Ca?* free solutions.

The observed sub-to-main rate constant (k*,) should
decrease with increasing [Ca?'] if a channel cannot
switch conductance levels when Ca?* is bound:

k* = kg / (1+[Ca]/K,).

If, however, a channel can switch when Ca?* is bound,
the apparent rate constant will not vary with the extra-
cellular [Ca?*]. Fig. 4 D shows rate constants (at —80
mV) as a function of [Ca®>"]. The results indicate that
under our experimental conditions, extracellular Ca?*
does not significantly influence the kinetic properties
of the sub and main states.

DISCUSSION

Subconductance States

There are several possible mechanisms for the generation
of subconductance events. One hypothesis is that a sub-
conductance sojourn reflects unresolvably fast gating
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FiGure 3. Voltage dependence
of NMDA receptor conductance
transitions in Ca%'free solu-
tions. (A) Example currents at
the indicated membrane poten-
tials. The lifetimes of both the
main and subconductance level
sojourns appear to become
shorter with hyperpolarization.
(B) Rate constant estimates ob-
tained from kinetic analysis of a
single patch. The main-to-sub
(kys) and sub-to-main (k) rate
constants both increase with hy-
perpolarization, suggesting that
voltage influences the height of a
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events, i.e., rapid transitions between fully closed and fully
open (main) states. If so, such sublevel flickering must be
voltage independent because the current voltage relation-
ship is linear (Fig. 1 C). In addition, it must be extraordi-
narily fast because there is no measurable excess noise in
the sub level compared to the main level (Fig. 1 D).

We can quantify how fast the flickering needs to be
based on the excess variance it would be expected to
produce. The spectral density of a two-state process can
be estimated as (FitzHugh, 1983):

212k Kk 1
S(w) = « +°°k °)°3DD L
° * |:|1-i-kCO-|-k0C[|

where k., and k. are the opening and closing rate con-
stants and 1, is the amplitude of the main state. The
mean amplitude of the process (i.e., the measured sub-
conductance amplitude), I, is given by:

o= ok (K + k) -

Thus, the excess variance produced by flickering is ap-
proximated by:

Uexz = 3(0)BZZB|S(|m—IS)/(kco+k00) ’

where B is the bandwidth.

Experiments in Ca%?"-free solutions indicate that the
sublevel variance is not detectably larger than the main
level variance (Fig. 1 D). Nonetheless, we estimate that
the accuracy of these measurements of variance was
such that 0%, = 0.02 pA? when B = 10 kHz, i.e., (k, +
k) "' =86 ns. For rapid gating to account for subcon-
ductance states, such events must take place on the
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same time scale as ion translocation events. The lack of
excess noise in the sub level leads us to reject the hy-
pothesis that fast gating accounts for NMDA receptor
subconductance states.

A second hypothesis is that subconductance levels
arise from the gating of multiple permeation pathways.
This concept has been used to describe the gating be-
tween of multiple conductances of a Cl™-selective chan-
nel from Torpedo (Miller, 1982) and of other channels
(Krouse et al., 1986; Hunter and Giebisch, 1987). For
example, in mutant NMDA receptors the 94 pS “main”
level could reflect current flow through two open pores
(67 and 27 pA), whereas sub levels reflect times when
only the larger conductance pore is open. The fact that
main and sub level pore currents both reverse at 0 mV
(Fig. 1 C) indicates that both pores have similar equilib-
rium potentials.

Two relevant observations are that the Ca%* equilib-
rium dissociation constant is ~35 times higher in the
main level compared to the sub level, and that binding
Ca?* results in a nearly complete block of the current
through the subconductance pore (Premkumar and
Auerbach, 19964). According to the multiple pore hy-
pothesis, the sub level reflects a single, open, high Ca**
affinity pore, whereas the main level represents two
open pores, only one of which has a high affinity for
Ca?*. Thus, according to this hypothesis, at —80 mV,
concentrations of Ca?* well above the K; of the high af-
finity pore should virtually abolish the sub level cur-
rent, and reduce the main level current to ~2 pA (i.e.,
the residual conductance of the low affinity pore). This
is inconsistent with the experimental observations,

NMDA Receptor Subconductance States
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points amplitude histogram (1
kHz filtering) is shown at the
right. Ca’* concentration only
modestly affects the amplitude of
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solutions (see Table I). (C) Rate constants as a function of extracellular Ca?*. At each concentration, each symbol is from a different
patch. The rate constants show little, if any, dependence on the external Ca?*.

which show that Ca?* indeed blocks the sub level but
leaves the main level virtually untouched (Fig. 4 A;
Premkumar and Auerbach, 19964). Because the sub
level has a higher affinity for Ca%*, we reject the hy-
pothesis that subconductance states of NMDA recep-
tors arise from the gating of multiple independent ion
conductance pathways.

A third hypothesis is that subconductance states re-
flect fluctuations in the free energy profile for the per-
meation of ions through a single channel structure
(Auerbach and Sachs, 1983; Lauger, 1986). That is,
Na* passes through the NMDA pore ~30% more slowly
during sub level sojourns because it encounters rela-
tively higher energy barriers and/or deeper wells dur-
ing its transit.

This hypothesis is consistent with the experimental
results. It predicts that the current noise should de-
crease, rather than increase, with the lower sub level
current, as was observed. Ca?* flows through the sub
level conformation ~40 times slower than through the
main level conformation because it remains bound to a
site near the pore entrance for a relatively long time
(35 vs. 0.9 ps; Premkumar and Auerbach, 19964). By
elimination, we conclude that the difference in con-
ductance between main and subconductance state of
NMDA receptors arises from changes in the perme-
ation properties of a single pore. Our experiments do
not provide information whether multiple conduc-
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tances arise from fluctuations in energy wells and/or
barriers in the permeation pathway.

Signal averaging opening transitions shows that the
average current immediately after a transition (i.e.,
within about 30 ps) is similar to the steady-state ampli-
tude (Fig. 2 C), and single-channel kinetic analyses in-
dicate that channels can open to either the main or to
sub level states (Table I). These results suggest that the
events that underlie gating and the conductance fluctu-
ations of the pore are essentially independent pro-
cesses. The aggregate rate at which a channel exits the
long-lived closed state (C,) to either a sub or main con-
ductance level is an estimate of the NMDA receptor
channel opening rate, which we calculate to be 698 s™!
for these mutant receptors.

Voltage Dependence

The rate constants for the subconductance level transi-
tions show an unusual voltage dependence: both for-
ward and reverse rate constants increase exponentially
with hyperpolarization (Fig. 3 B). The similar polarity
of the voltage dependencies indicates that the mem-
brane potential does not influence the relative stability
of either the main or sub level conformations. This sug-
gests that the salient charges are in the same relative
position with respect to the electric field. Changing the
membrane potential appears to change the height of



an energy barrier that separates the main and subcon-
ductance configurations of the channel. Hyperpolariza-
tion lowers the barrier allowing main and sub level con-
figurations of the pore to interconvert more rapidly,
but does not alter the equilibrium occupancy of the
conductance levels.

The pattern of voltage dependence suggests that the
sub-main transition requires the net movement of
charge, but that the initial and final positions of the
center of charge is in the same position relative to the
electric field in the sub and main states. For example,
the sub-main conformational change may involve a ro-
tation or tilt of subunits or sidechains, with the center
of charge not shifting between the end states, but shift-
ing in the transition state. Assuming that the field is
normal to the axis of the particle rest positions, the
magnitude of the voltage dependence of the sub-main
switching rate constants is the product of the fraction
of the electric field (8) and the magnitude of the
charge (z). The voltage dependence of kg, and k,, are
approximately equal (~122 mV/e-fold change), indicat-
ing that 28 = 0.20 for each direction of the transition.

Physical Interpretation

The following picture emerges of the pore of NRI-
NR2B NMDA receptors having an asparagine-to-
glutamine mutation in the M2 segment of each sub-
unit. The open pore can assume two stable structures,
main and sub. Other conductance levels are not appar-
ent. At —80 mV and 23°C, the main and sub structures
interconvert about every 3 ms. This corresponds to an
energy barrier of ~14 kcal/mol separating the two
structures. The probability that the channel assumes a
sub or main structure is essentially independent of the
gating status of the channel. Although the membrane
potential modestly influences the rate constants for the
conductance transition (by ~0.5 kcal/mol, in the phys-
iological range of voltages), the equilibrium probability
that the channel assumes a sub or main structure is in-
dependent of voltage. The evidence indicates that the
fluctuation in structure is an intrinsic aspect of the mu-
tant receptor protein that is quite immune to environ-
mental perturbation.

Wild-type NMDA receptors do not exhibit a promi-
nent subconductance level in Ca?*-free solutions. The
fact that mutant receptors occupy a sub level with a rel-
atively high probability can therefore be attributed to

one or more of the mutated (glutamine) residues. Our
experiments do not allow us to determine if the change
in conductance is due to changes in the disposition of
the glutamine residues themselves, or whether the
glutamines alter the properties of the protein at some
distance. We also do not know if a specific subset of the
glutamine residues induce the conductance fluctua-
tions of the pore, or if all of the glutamines act in a con-
certed fashion to alter the conductance.

The subconductance conformation of the pore is
characterized by a lower Na* current. Previous work
(Premkumar and Auerbach, 19964) has shown that this
conformation is also characterized by a higher Ca?* af-
finity, as this ion lingers at a site that is, on average,
~15% through the electric field from the extracellular
solution. One may consider the possibility that the site
that binds Ca?*, and the site that limits the Na* cur-
rent, are one-and-the-same, i.e., that the structural ele-
ments of the pore that fluctuate between main and sub
configurations are identical to those that bind these
cations. A major problem with this hypothesis is that
Ca?* does not alter the rate constants of the sub-main
transitions. The coordination of a divalent cation al-
most certainly would alter the free energy of a confor-
mational change that involved the coordinating
ligands, yet there is almost no effect of Ca®>* on the
main-sub transition rate constants (Fig. 4 C). Itis there-
fore unlikely that the mutated residues constitute the
high affinity divalent cation binding site. Rather, these
residues may serve as a barrier for the permeation of
cations, with the fluctuations in Na* conductance and
Ca?* affinity arising from fluctuations in the height of
this barrier. Permeation in NMDA receptors is deter-
mined both by interactions of cations with a superficial
binding site, and at a constriction, formed by QRN resi-
dues, that lies deep within the electric field of the mem-
brane (Villarroel et al., 1995; Zarei and Dani, 1995;
Kuner et al., 1996).

In conclusion, subconductance levels of NMDA re-
ceptors arise from fluctuations in a barrier to ion per-
meation through a single pore. The unusual voltage de-
pendence of these fluctuations reflects the modulation
by the membrane potential of a transition state, rather
than a change in the stability of either the sub or main
conductance conformation. The structural correlates
of these functional characteristics remain to be deter-
mined.
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