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ABSTRACT The effect of extracellular and intracellular Na* on the single-channel kinetics of Mg?* block was
studied in recombinant NR1-NR2B NMDA receptor channels. Na* prevents Mg?* access to its blocking site by oc-
cupying two sites in the external portion of the permeation pathway. The occupancy of these sites by intracellular,
but not extracellular, Na* is voltage-dependent. In the absence of competing ions, Mg?* binds rapidly (>108
M~!s71, with no membrane potential) to a site that is located 0.60 through the electric field from the extracellular
surface. Occupancy of one of the external sites by Nat may be sufficient to prevent Mg?* dissociation from the
channel back to the extracellular compartment. With no membrane potential; and in the absence of competing
ions, the Mg?" dissociation rate constant is >10 times greater than the Mg?* permeation rate constant, and the
Mg?* equilibrium dissociation constant is ~12 wM. Physiological concentrations of extracellular Na* reduce the
Mg?* association rate constant ~40-fold but, because of the “lock-in” effect, reduce the Mg?* equilibrium dissocia-

tion constant only ~18-fold.

KEY WORDS:

INTRODUCTION

At synapses, the channel domain of the MNmethyl-
p-aspartate receptor (NMDAR)! interacts with several
different metal cations, including Na*, K*, Ca%*, and
Mg?*. These interactions have important physiological
consequences. Activation of NMDARs depolarizes den-
drites, with Na* and K* carrying the bulk of the cur-
rent. Ca?* entry into dendrites via NMDARs regulates
synaptic strength and plasticity (Maren and Baudry,
1995; Asztely and Gustafsson, 1996). Voltage-dependent
Mg?* block of NMDARSs may allow these receptors to re-
spond specifically to contemporaneous excitatory in-
puts and, thus, serve as a substrate for Hebbian learn-
ing. Given such critical functions, it is likely that the
NMDAR has specific structures that govern the passage
of Na*t, K*, Ca?*, and Mg?* through its ion permeation
pathway.

These four cations interact with the NMDAR protein
over time scales that span more than four orders of mag-
nitude. Na* and K* are highly permeable and pass
through the pore rapidly. In symmetric, 100-mM diva-
lent cation-free solutions, the NMDAR conductance is
~70 pS for both of these ions, which means that at —60
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mV, Na* and K" interact with the channel for <0.04 ps.
The contact between these ions and the protein is too
brief to be resolved as discrete events in the single-chan-
nel record. Instead, the interaction of Nat and K* with
the NMDAR pore has been probed mainly using cur-
rent-voltage relationships (Mayer et al., 1984; Nowak et
al., 1984; Cull-Candy and Usowicz, 1987) and by measur-
ing their effects on channel block (Chen and Lipton,
1997; Antonov et al., 1998; Antonov and Johnson, 1999).

Under physiological conditions, ~10-15% of the
NMDAR current is carried by Ca?* (Burnashev et al.,
1995). This divalent cation moves through the wild-
type (NRI-NR2B) channel ~100 times more slowly
than Na™, i.e., with a rate constant of ~10° s~! (Prem-
kumar and Auerbach, 1996). Thus, Ca®" resides in the
permeation pathway for ~1 ws. Information regarding
Ca?* transmission has been derived mainly from mea-
surements of macroscopic currents (Mayer and West-
brook, 1987; Iino et al., 1990; Jahr and Stevens, 1993;
Sharma and Stevens, 1996b), single-channel currents
(Iino et al., 1997), or fluxes (Burnashev et al., 1995).
However, certain mutations reduce the Ca?' perme-
ation rate constant to such an extent that its binding
and unbinding are manifest as excess open channel
noise (Premkumar and Auerbach, 1996).

Mg?* is the slowpoke of the group. This divalent cat-
ion typically dwells in the pore for >100 ws (Ascher
and Nowak, 1988; Jahr and Stevens, 1990). Occupancy
of the channel by one Mg?* eliminates conduction by
other ions and generates a discrete gap in the single-
channel current record. Therefore, the microscopic
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rate constants for Mg?* entry and exit from the pore
can be determined readily using single-channel kinetic
techniques (Ascher and Nowak, 1988).

The compositions, characteristics, and locations of
the important sites of ion interaction in the NMDAR
permeation pathway are not completely understood.
Mg?* binds to a site that is (in electric distance) about
half way through the channel (Wollmuth et al., 1998;
Antonov and Johnson, 1999). This site is formed, in
part, by an asparagine residue in the M2 (pore-form-
ing) segment of the NR2 subunit (Wollmuth et al.,
1998), although mutations of other M2 residues also in-
fluence Mg?* blockade (Burnashev et al., 1992; Sharma
and Stevens, 1996a). Ca?" binds to a site that is distinct
from the Mg?* binding site and that may lie at the ex-
tracellular margin of the electric field of the membrane
(Premkumar and Auerbach, 1996; Sharma and Stevens,
1996b). Na* interacts with two sites that are also lo-
cated at the extracellular limit of the electric field (An-
tonov et al., 1998). The residues that constitute the
Ca?* and Na* binding sites have not been clearly iden-
tified. In addition, almost nothing is known about the
key sites of interaction for K* in the NMDAR channel.

The vast difference in residence times for Na* and K*
versus Mg?" in the NMDAR channel is such that there
are on the order of 10* monovalent cation-binding/un-
binding events for each Mg?* binding event. Accord-
ingly, the occupancy by monovalent cations is in steady
state on the time scale of Mg?* blockade. The locations
and affinities of the binding sites for these mobile ions
can be probed by measuring the effect of the extra- and
intracellular concentrations of Na* and K* on the ki-
netics of Mg?* block. This approach has been used to
probe permeant ion binding sites in native NMDARs
(Antonov et al., 1998; Antonov and Johnson, 1999).

In this and in the companion paper (see Zhu and
Auerbach, 2001, in this issue), we present a single-chan-
nel analysis of the effects of extra- and intracellular Na*
and K* on the kinetics of Mg?* block of recombinant
NRI1-NR2A NMDAR. The results suggest that Na* mainly
interacts with two sites that are located external to the
site of Mg?* blockade, whereas K interacts with these
sites plus an additional site located near the intracellular
margin of the electric field. We extrapolate the results to
estimate the kinetics, affinity, and voltage dependence of
Mg?* block in the absence of competing ions.

MATERIALS AND METHODS
Expression of NMDAR in Xenopus Oocytes

Wild-type rat cDNA for the NR1 (splice variant 1) and NR2A sub-
units were provided by Dr. Thomas Kuner and Dr. Peter Seeburg
(Max-Planck Institute for Medical Research, Heidelberg, Ger-
many). These two subunits were coexpressed in Xenopus oocytes
by injection of 50 nl each of cRNA (1 wg/ml). Electrophysiology
experiments were performed 3-10 d after injection. A more de-

tailed description of the molecular biology and expression proto-
cols is given in Premkumar and Auerbach (1996).

Electrophysiology and Solutions

Single-channel currents were recorded from outside-out patches.
Recording pipets were pulled from borosilicate glass (World Pre-
cision Instruments) and were coated with Sylgard (Dow Corn-
ing). The pipet resistance was 10-15 M{). Patch pipets were filled
with the following reagents (in mM): 5-100 NaCl, 2 KyATP, 1
BAPTA, 0.25 GTP, and 10 HEPES, pH adjusted to 7.3. The extra-
cellular solution contained 50 uM NMDA, 10 uM glycine, 2.5
mM KCI, 5 mM HEPES, and 1.5 mM EDTA (pH adjusted to 7.3)
plus added NaCl, KCl, and MgCl, (ultrapure grade from Johnson
Mattey). BAPTA, EDTA, HEPES, and all other salts were ob-
tained from Sigma-Aldrich. Without compensation by other ions,
the amount of NaCl or KCI was adjusted to achieve the desired
Na* or K* concentration. Using the parameters estimated by the
program MAXGC, the desired free Mg?* concentrations were es-
tablished by adding the calculated amount of MgCl, to solutions
buffered with EDTA (1.5 mM) as the Mg?* chelator. Here, we re-
port [Mg2?*] as a concentration rather than an activity. Glucose
was added to the extracellular solution or pipet solution to bal-
ance the osmolarity. The junction potentials between the pipet
solution and the extracellular solution were calculated and the
membrane potential was corrected accordingly (Barry and
Lynch, 1991). All experiments were performed at 22-25°C.
Upon excision of patches in the outside-out configuration, an
ALA BPS4 perfusion system (ALA Scientific Instruments) con-
trolled the exchange of experimental and control solutions.

Signal Processing

The currents were recorded using a patch-clamp amplifier
(model EPC-7; Medical-Systems-List). The currents were low-pass
filtered at 10 kHz, sampled at 94 kHz using a data recorder
(model VR-10B; Instrutech Corp.), and stored on videotape. Re-
corded currents were stored on a PC at sampling frequency of 94
kHz using a VR-111 interface (Instrutech Corp.).

Kinetic Analysis

To study the kinetic properties of Mg?* block, it was necessary to
distinguish the blocked state from the other nonconducting
(closed) states. In the absence of Mg?*, NRI-NR2A receptors
have two main conductance levels: open and closed (Fig. 1 A, top
trace). There were usually two components in the open interval
lifetime distribution (0.1 ms, 29%; and 5 ms, 71%; data not
shown) and at least three components in the closed interval life-
time distribution (0.5 ms, 22%; 7 ms, 12%; and a duration >40
ms that varied with the agonist concentration; data not shown).
The addition of Mg?" to the extracellular solution induces fre-
quent, brief gaps (Fig. 1 A, middle and bottom traces) that reflect
the binding and unbinding of Mg?* to the NMDAR channel.
The kinetics of Mg?* block were quantified using the QuB soft-
ware suite (www.qub.buffalo.edu). First, closed-channel events
longer than 3 ms were discarded (program PRE, version 1.2.0.0).
The remaining segments of current were digitally low-pass fil-
tered (f, = 5 kHz; final signal f, = 4.5 kHz) and idealized using a
recursive Viterbi algorithm (program SKM; version 1.1.0.000;
Chung et al., 1990). From the idealized current level sequences,
rate constants were estimated using a maximum interval likeli-
hood approach that included a first-order correction for missed
events (MIL; version 2.0.6.000; Qin et al., 1996). Typically, a dead
time of 50 ps was imposed. Events shorter than this time were
concatenated with the adjacent intervals. To account for a short-
lived component of channel closure (as distinct from Mg?*
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FiGURE 1. Block of NR1-NR2A NMDA receptors by extracellu-
lar Mg?*. (A) Single-channel currents from NR1-NR2A NMDA
receptors recorded from outside-out patches in the absence
and presence of extracellular Mg?*. Currents were activated by
50 uM NMDA and 10 pM glycine, and the membrane potential
was —80 mV. Both the extracellular and intracellular solutions
contained 100 mM Na*. Openings are shown as downward de-
flections. (B) Interval duration histograms (9 pM Mg?"). In this
example, the inverse of the mean open time was 917 s™!, and
the inverse of the mean block time was 901 s~!, which is the net
rate of Mg?* release from the pore (k) either by dissociation
back to the extracellular solution or permeation into the intra-
cellular solution. (C) The inverse of the open interval lifetime
(7,) versus the extracellular [Mg?*]. Each point is the mean *
SD from at least three patches (in some cases, the SD is smaller
than symbol). The Mg?* association rate constant is the slope of
this relationship (89.0 = 2.2 uM~!s™!; mean * SD).

blockade), interval durations were fitted by a three-state (C;-Oy-
C;) model. Thus, any fast closures that were included along with
the blocking gaps were explicitly taken into account. Density
functions calculated from the fitted rate constants were superim-
posed upon interval duration histograms to provide a visual
check of the accuracy of the fit (Fig. 1 B). The open channel life-
time was defined as the time constant of the slower, predominant
component of the open interval duration distribution.

We used the following kinetic model (Scheme 1) to describe
the transitions between open and blocked states:

k+Mg[Mg2+ Jex kome
pore + extracellular Mg™ @ —> pore-Mg> ——» pore + intracellular Mg™"
K e

(SCHEME I)

where k,y, is the extracellular Mg?* association rate constant,
[Mg?*]. is the extracellular [Mg?**] concentration, k_y is the
Mg?* dissociation rate constant (i.e., back to the extracellular so-
lution), and kyy, is the Mg?* permeation rate constant (i.e., into
the intracellular compartment). Kk, is related to the channel
open lifetime (7,) by:

1
= = @+ ko [Mg" e,
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where a is the intrinsic channel closing rate constant. Thus, the in-
verse of the channel open lifetime is a linear function of [Mg?*],,,
with a slope equal to k., (Fig. 1 C). Mg?* unbinding, either by dis-
sociation back to the extracellular solution or permeation through
the channel, relieves the block. We define the sum of k_y;, and k
to be K, which is the net rate for Mg?* release from the pore.

According to this model, the equilibrium dissociation constant
for Mg?* (K, Mg) is defined as the ratio of the “off” rate and the
association rate constant:

pMg

Kag = k—Mg"'k)Mg — lﬁ

k +Mg k(m

In the following studies, K, K-y, and kpy, were estimated as a
function of the concentration of permeant ions (Na* or K*).
Throughout, we use k to represent the apparent rate constant for
Mg™*? block in the presence of permeant ions, and the Greek let-
ter k for the corresponding rate constant in the absence of com-
peting ions.

Fitting, Simulations, and Statistics

Fits and simulations were made using MICROCAL ORIGIN (ver-
sion 4.0; Microcal Software) and SCIENTIST (version 2.0; Micro-
Math Scientific Software). In SCIENTIST, the comparison of the
models having different numbers of free parameters was carried
out using the Model Selection Criterion (MSC):

n N 2
Z (ans‘ _YObS)
MSC = Initl—— 2P

z (Yobs| _Ycall)2
i=1

where n is the number of points, p is the number of free parame-
ters, and Yobs is the mean of the observed data. The MSC will
give the same ranking as the Akaike Information Criterion, but is
normalized so that it is independent of the scaling of the data
points. The most appropriate model, regardless of the number of
free parameters, is the one with the largest MSC.

The number of intervals in each open or closed duration his-
togram was ~~1,000. Each symbol in the figures is the mean = SD
of from three to seven patches. In most cases, the SD was smaller
than the size of the symbol and is not visible.

RESULTS

Extracellular Na* Decreases the Mg?* Association Rate
Constant in a Voltage-independent Manner

Fig. 2 A illustrates the effects of extracellular Na* on
Mg?* association. At higher extracellular Na* concen-
trations ([Na*].,) openings are longer, indicating a re-
duced rate of Mg?* association. In Fig. 2 B the inverse
open channel lifetime is plotted as a function of
[Mg?*],, for different [Na*].. The slope of this rela-
tionship, which is the apparent Mg?* association rate
constant, is nearly five times slower in 150 mM [Na*].,
compared with 50 mM [Na*].,.

We next examined the voltage dependence of the in-
hibition of Mg?* association by extracellular [Na*] us-
ing the relationship:

% 0 /
k\+Mg = k+Mg’ew\’ (1)
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FiGURE 2. Effects of extracellular Na* on the Mg?* association
rate constant. (A, left) Single-channel currents recorded at differ-
ent [Na*], ([Mg®"] = 3 uM, [Na*], = 5 mM; V = —80 mV).
(A, right) Open interval duration distributions. Open intervals are
longer (i.e., block by Mg?* is slower) at higher [Na*].,. (B) The in-
verse open channel lifetime (1/7,) versus [Mg?*],,. Increasing ex-
tracellular [Na*] reduces the slope (which is equal to the Mg?* as-
sociation rate constant) about fivefold, from 500.0 * 35.6 pM~Is~!
in 50 mM [Na*]. to 109.6 = 6.9 uM~'s~!in 150 mM [Na*],. (C)
The Mg?" association rate constant versus membrane potential, at
different [Na*].,. The solid line is the fit by Eq. 1. The apparent
voltage dependence of the Mg2+ association rate constant is the
same in 50 mM and 150 mM [Na*]., (43 £ 2 mV and 44 = 1 mV
per e-fold change, respectively). In B and C, the SD is smaller than
the symbols for all except one point.

where kXMg is the apparent Mg?* association rate con-
stant at membrane potential V, k(ﬂng is this rate constant
in the absence of a membrane potential, and s is the ap-
parent voltage dependence of this rate constant (i.e.,
the inverse of the voltage that elicits an e-fold change).
The voltage dependence of kXMg was the same at two
different [Na*],, (Fig. 2 C), which indicates that the in-
hibition of the apparent Mg?* association rate constant
by extracellular [Na*] is not voltage-dependent.

Intracellular Na™ Decreases the Mg*>* Association Rate
Constant in a Voltage-dependent Manner

Fig. 3 A shows the effects of intracellular Na* on Mg?* as-
sociation. The open channel lifetime is longer at higher
[Na*];,, indicating a reduced k. Fig. 3 B shows that
the reduction in k, y;, by [Na*];, decreases with hyperpo-
larization, i.e., that [Na*];, inhibits Mg?* association in a
voltage-dependent manner. Using Eq. 1, the apparent
voltage dependence of Mg?" association decreases from
44 * 1 mV per efold change in 5 mM [Na*];, to 32 = 2
mV per e-fold change in 100 mM [Na™*];,.
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Ficure 3. Effects of intracellular Na* on the Mg?* association
rate constant. (A, left) Single-channel currents recorded with dif-
ferent intracellular Na* concentrations. The extracellular solution
contained 150 mM Na* and 7 pM Mg?*, and the membrane po-
tential was —80 mV. (A, right) Open interval duration histograms.
Because intracellular Na* slows the association of extracellular
Mg?*, the inverse of open channel lifetime (7,) is faster in 5 mM
[Na*];, (top histogram) than in 100 mM [Na*];, (bottom histo-
gram). (B) The voltage dependence of the effect of intracellular
Na* on the Mg?* association rate constant. The apparent Mg?* as-
sociation rate is plotted against the membrane potential for differ-
ent [Na*];,. The solid lines are fits by Eq. 1. The inhibition of
Mg?* association by [Na*];, is enhanced by depolarization.

The Locations and Apparent Affinities of
the Na* Binding Sites

The effects of [Na*]. and [Na*];, on Mg?* association
suggests that these ions compete for positions in the Mg?*
association pathway. In the next stage of the analysis, we
invoke physically based models that assume that the pres-
ence of one or more Na* in the permeation pathway sub-
stantially reduces or eliminates Mg?* association.

We start with a simple “one-site” scheme to describe
the effects of Nat on Mg?* association. It is assumed
that the Na™ site is external to, or at the same location
as, the Mg?" site, and that extracellular Mg2* can enter
and block the channel only when the Na* site is empty.
Accordingly (see APPENDIX 1), the apparent Mg?* asso-
ciation rate constant (i.e., in the presence of Na®),
kXMg, is a function of three experimental variables
([Na*]., [Na*];,, and V) and five free parameters
(KﬁMg, Koo Knaiy 9> and a):
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FIGURE 4. Number and affinities of Na* binding sites. The Mg?*
association rate constant was used to probe the occupancy of the
channel by Na*. Data obtained in 100 mM [Na™];, are shown to
the left, and data obtained in 5 mM [Na*];, are shown to the right.
(A) Fits of experimental Mg?* association rate constants assuming
one Na* binding site (Eq. 2). The apparent Mg?" association rate
constant obtained from different [Na*],, is plotted as a function
of the membrane potential. A model with a single Na* binding site
does not provide an adequate description of the experimental re-
sults. (B) Fits of the same experimental data by an “n-site” scheme
(Eq. 3). The solid lines are the predicted curves from the model
(parameters for the best fit are shown in Table I). The model with
n =2 independent Na* sites is better (MSC = 5.5) than the model
with a single Na* site (MSC = 4.0).

ap

v 0 kpT Na Jex Na ]in

Kiyg = Kiyge Bl"'—[ KN1] + 1 1%5 . (2)
O B S

kXMg is the Mg?* association rate constant in the absence
of competing ions at membrane potential V, and Ky,
and K?\]ain are dissociation constants (k.gz/k,,) for [Na*].,
and [Na*];,, respectively, with no membrane potential.
Note that because Na* is a permeant species, these are
not equilibrium constants. The two apparent fractional
electrical distances in Eq. 2 are & (between the extracellu-
lar compartment to the peak of the entry barrier for
Mg?*) and o (between the Na* binding site and the intra-
cellular compartment). kp is Boltzmann’s constant, and T
is the absolute temperature (kgT = 25.3 mV).

Fig. 4 A shows the result of fitting simultaneously (us-
ing Eq. 2) two groups of measurements of k‘+M5 as a
function of membrane potential. The first group (Fig.
4 A, left) was obtained from five different [Na‘t],, (25—

279 7ZHU AND AUERBACH

150 mM) at a single, high [Na*];, (100 mM). The sec-
ond group (Fig. 4 A, right) was obtained from two dif-
ferent [Na*]., (50 and 150 mM) at a single, low [Na*];,
(5 mM). The curves drawn according to the best fit by
Eq. 2 clearly do not describe the experimental data.
Next, we modified the model to incorporate multiple
Na* binding sites in the channel. We assume that Mg?*
can access its site only when all n sites are empty, and, for
simplicity, that these sites are identical and independent:

_Z_BV% + + %[»n
/ kpT S . y
k‘+Mg = K(J)nge B a+ M‘_‘_ [Na ]u g, (3)
O KN,‘1 —av
O * KO kBiD
N“ine

where n is a free parameter. Fig. 4 B illustrates the fit of
the same two groups of experimental data by Eq. 3. The
results are given in Table I. A two-site scheme is able to
describe the experimental results across Na* concen-
trations and voltages.

Finally, we relaxed the constraint that the two Na*
binding sites are identical and independent. Eq. 3 was
modified to allow different dissociation constants (K,
and Ky) at each of two distinct Na* binding sites:

—20V

v 0 KT
King = King€ ’ (4)
o + + + + o
%l + [Na ](‘K + [Na ]cx + [Na ] in_ 4 [Na ]in E )
O Kin, Ko, :x_‘T\ T_ZTVD
D I<(l),Nai“e " Kg,Nz\me " D

Eq. 4, with eight free parameters, could not be fit to the
data (i.e., the SD of the parameters became large). To re-
duce the number of free parameters, we imposed the
constraint of a single voltage dependence term for intra-
cellular Na* occupancy (i.e., ap = o). The results are
shown in Table I. The fit using the constrained Eq. 4
(MSC = 5.9) was better than using Eq. 3 (MSC = 5.5), in-
dicating that the two Na* sites probably are not identical.
The apparent dissociation constants differed by 7-fold
for extracellular Na* (113 = 35 vs. 15 = 5 mM) and 3.6-
fold for intracellular Na® (7.2 = 5.5 vs. 2.0 = 0.8 mM).
The intrinsic Mg?* association rate constant and frac-
tional electrical distance were similar with Egs. 3 and 4.

The results indicate that there are at least two Na*
binding sites in the external portion of the ion perme-
ation pathway that must be empty for Mg2* to associate
with the NMDAR pore. Extracellular Na* occupies these
sites in a nearly voltage-independent manner, whereas
intracellular Na* occupies these sites in a highly volt-
age-dependent manner. Na* permeates through the
channel, thus, this voltage dependence cannot be di-
rectly related to a location of the external sites in the
electric field.



TABLE 1
Na™ Occupancy and Mg®* Association Rate Constant

Value
Parameter Symbol Units Eq. 3 Eq. 4
No. of external sites n 2.0+ 0.2 -
Dissociation constant for extracellular Na™ at the external sites Naeyx mM 41.8 £12.9 113 £ 34.9
(no Mg?* in the channel) 15.2 £5.1
Dissociation constant for intracellular Na* at the external sites K(T]\Iain mM 51+21 20+08
(no Mg?* in the channel, no membrane potential) 72 *55
Fractional electrical distance for Na* from intracellular a 0.83 £ 0.07 0.92 +0.08
compartment to the external sites
Extracellular Mg2* association rate constant Ky (X10%) M™ls7! 44x09 7824
(no competing ions, no membrane potential)
Fractional electrical distance for Mg?* from extracellular 5 0.27 £ 0.01 0.24 £ 0.01
compartment to the peak of the entry barrier
Goodness of fit MSC 5.50 5.90

Kyae, and K(I'\,am are apparent (nonequilibrium) dissociation constants (k,y/k,,) for Na* arising from the extracellular and intracellular compartments,

respectively, with no Mg?* in the pore. MSC is the Model Selection Criterion, with the higher number indicating the better fit (after accounting for the

different in the number of free parameters; see MATERIALS AND METHODS).

This analysis provides information on the intrinsic
rate constant of Mg?* association in pure water (i.e., in
the absence of competing ions). The association rate
constant for extracellular Mg?* is very high (>10%
M~1s71), even in the absence of a membrane potential.
The peak of the barrier of the Mg?* association rate
constant is located ~25% through the electric field
from the extracellular surface.

Extracellular Na* Reduces the Mg®*
Dissociation Rate Constant

A bound Mg?" has two routes by which it can exit the
channel. It can either dissociate back into the extracel-
lular compartment (rate constant k¥,y;,) or it can per-
meate into the intracellular compartment (rate con-
stant K}y) . Both of these processes may be influenced
by the presence of Na* in the permeation pathway, and

such effects are of interest insofar as they provide infor-

A 25 mM [Na*],,

B

< 5ms =~ 3000} [Na*],, (mM)
150 mM [Na*] & 2 25
ex © 5 20001 50
X 100
1000
_ 25 mM [Na'],, 50 mM [Na*],, e
5 03 ky=1493s" O3 Koy = 1389 & -150 110 70
§ 02 m 02 V (mV)
0.1
g o C aooor [Na*],, (mM)
[+}]
01 1 10 ~ 3000 F ex
s 01 1 10 A o
o
< 52000 2
S 100 mM [Na],, 150 mM [Na*],, X 100
8 03 ky=1176s" 0.3 Ky = 1042 8°
<+ 02 0.2 1000
0.1 0.1
1 i 1 ] J
or 1 10 ot 1 10 450 4110 -70
closed interval duration (ms) Vv (mV)

Fiure 5. Effect of extracel-
lular Na* on the Mg?* off rate
constant. (A) Single-channel
currents of Mg?" block re-
corded with different extra-
cellular Na* concentrations
(5 uM extracellular Mg?*, 5
mM [Na*];,, V= —80 mV).
Closed interval duration his-
tograms are shown below.
The Mg?* off rate decreases
with increasing [Na*].. (B)
Separating the Mg?* off rate
into a dissociation rate con-
stant and a permeation rate
constant. The solid lines are
the fits using Eq. 4. Each
point is the mean * SD of at
least three patches (SD may
be smaller than the symbol).
(C) Analyses of the inhibition
of the Mg?* dissociation rate
constant by extracellular Na*t.
The same four sets of data as
in B were fitted simulta-

neously by Eq. 5. The solid lines are the predicted curves from the model. The parameters are KO,Mg = 8,944 + 205571, & = 0.36 (fixed),
K. =624 = 5571 X\ = 0.03 (fixed), and Kyae, = 251 = 12 mM. Additional results are summarized in Table III and Fig. 6.

pMg
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mation about the location of the Na* binding sites with
respect to the Mg?* site.

Only the sum of the exit rate constants, kY, can be
measured directly from the duration of the blocking
gaps in the single-channel current record. However, be-
cause the exit routes require Mg?* to move in opposite
directions in the electric field, kYMg and k};Mg will have
opposite voltage dependencies, the former decreasing
and the latter increasing with hyperpolarization. Using
the standard barrier framework, the apparent exit rate
constants can be estimated using the relationships:

Vo_ .V v
koﬂ' - k*Mg + kng
28V
v _ 10  kgT
Kopg = Koyge (5)
—2AV
v _ 0 kT
kng = k—Mge s

where k”, and k), are the apparent exit rate con-

stants in the absence of a membrane potential, € is the
fractional electrical distance from the Mg?" binding
site to the peak of the dissociation barrier, and A is the
fractional electrical distance from the binding site to
the peak of the permeation barrier (see Fig. 6).

Fig. 5 A shows single-channel currents and interval
duration histograms at different extracellular Na* con-
centrations. The lifetime of the blocked state increases
with an elevation of [Na*],. This suggests that extra-
cellular Na™ inhibits Mg?* dissociation from the chan-
nel (“lock-in”). Fig. 5 B shows that similar effects were
observed over a wide range of membrane potentials.
For each [Na'],.,, both k\ng and k};Mg were estimated
by fitting k& versus membrane potential by Eq. 5. Be-
cause the occupancy of the Na* sites by extracellular
Na* is voltage-independent, in this procedure, we as-
sumed that the effect of [Na*]., on the Mg?" exit rate
constants was also voltage-independent (i.e., € and A
were assumed to be constants).

The results (Fig. 5 B and Table IT) show that Mg?*
dissociation to the extracellular solution decreases with
increasing [Na*].,. This suggests that occupancy of an
external site(s) by Na* reduces significantly the rate of
Mg?* dissociation to the extracellular compartment.
This lock-in effect is consistent with the notion that
Na* exerts its effects on Mg?* association and dissocia-
tion by binding to specific sites in the ion permeation
pathway rather than by acting via a nonspecific charge
screening mechanism. Moreover, the lock-in effect in-
dicates that Na* binds to one or more sites that are dis-
tinct from, and extracellular to, the Mg?* binding site.
There was no significant effect of extracellular Na* on
the Mg?" permeation rate constant.

The inhibition of Mg?* dissociation by extracellular
Na™* was analyzed using a model in which Mg?* can dis-
sociate back to the extracellular solution only when all
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TABLE 11
The Effects of Extracellular [Na™ ] on Mg®>* Dissociation and Permeation

0 0
k —Mg € k pMg A

s! st

Na*], =25mM 6,909 + 1,888 0.36 = 0.08 675 = 288 0.03 £ 0.03

[Na®].

[Na*]o = 50 mM 5,860 = 1,259 - 671 = 283 -
[Na*], = 100 mM 4,417 = 760 - 650 = 262 -
[Na*] = 150 mM 3,513 = 480 - 645 = 249 -

ex

k‘lMg is the rate constant for Mg?* dissociation from the pore to the
extracellular solution, and k?,Mg
into the intracellular solution in the absence of a membrane potential. The

dissociation rate constant decreases as extracellular [Na'] increases

is the rate constant for Mg?* permeation

because a bound Mg?* cannot return to the extracellular solution when
Na* occupies an external binding site. ¢ is the electrical distance from the
Mg?* binding site to peak of the dissociation barrier, and is \ the electrical
distance to the peak of the permeation barrier (see Fig. 6). We assume that
these values do not change with the extracellular [Na*]. The values (*SD)
were obtained by fitting Eq. 4 globally (i.e., simultaneously to multiple data
sets) to the data shown in Fig. 5 B.

of the external Na* sites are empty. Accordingly (ap-
J . .
PENDIX 2), k\y is a function of [Na*], and V:
28V —2\V

0 ekBTEIIl + [Na+]c>%7" P10 T 6)

v _
Ko mg = Koug pMg€
d,Na,,

n is the number of (independent and identical) sites
that must be occupied to lock-in the Mg?*, KYMg is the
Mg?* dissociation rate constant when all of the salient
external Na* sites are empty at membrane potential V,
and JgNa., i the equilibrium dissociation constant of
[Na*]., for each Na® site, and is assumed to be inde-
pendent of the membrane potential. Note that J4 v, 1S
a true equilibrium dissociation constant for Na* when
there is a Mg?* in the pore, whereas Ky, is an appar-
ent dissociation constant for extracellular Na* when
the pore does not contain a Mg?*.

Four sets of experimental data were fitted by Eq. 6, ei-
ther with n as a fixed parameter (equal to 1 or 2) or as
a free parameter. € and A were fixed at their previously
determined values (0.36 and 0.03, respectively), leaving
only KO,Mg, JaNae» and k?)Mg as free parameters. The
predicted curves match the experimental results (Fig. 5
C), with the best-fit parameters shown in Table III. The
results indicate that a model having a single Na* site
(with an equilibrium dissociation constant of 88 mM),
or one with two independent Na* sites (each with an
equilibrium dissociation constant of 251 mM) can ac-
count for the results. In pure water, the Mg?* dissocia-
tion rate constant is ~9,000 s~!, and the Mg*? perme-
ation rate constant is 624 s~ 1.

DISCUSSION

The rate constants of Mg?* block and unblock deter-
mined from single-channel kinetic analysis were used
to report on the steady-state occupancy of the recombi-



TABLE III

Na* Equilibrium Binding and Mg®* Dissociation and Permeation

Parameter Symbol Units Value

No. of external sites n 1 (fixed) 2 (fixed) 1.3*+05

Equilibrium dissociation for extracellular Na* at Jd,NM mM 88.5 = 5.6 251 £ 12 129 *+ 86.3
the external site (Mg " present in the channel)

Mg 2+ dissociation rate constant KO,Mg 57! 9,641 + 277 8,944 * 205 9,318 = 86.3
(no competing ions, no membrane potential)

Mg ?* permeation rate constant K[;)Mg s 623 + 4.8 624 + 5.0 624 + 5.0
(no competing ions, no membrane potential)

Goodness of fit MSC 4.97 4.95 4.89

The results were obtained by fitting to Eq. 5 assuming one or two (equal) external sites. The electrical distances (see Fig. 6) & (0.36; Mg?* binding site to the

extracellular compartment) and X (0.03; Mg?* binding site to the intracellular compartment) were fixed to their values obtained by fitting with Eq. 4 (Table II).

nant NR1-NR2A NMDAR permeation pathway by Na*.
The framework for the analyses was the “Woodhull” for-
malism (Hille, 1992) using a two (asymmetric) barrier,
1-well model that attributes all of the voltage depen-
dence to the movement of the ion through the electric
field. Such a simple scheme is probably a reasonable
approximation for ions that have long, exponentially
distributed lifetimes in the pore, such as Mg?* and
Ca?*. However, it is unclear whether or not this simple
framework can be used to approximate the free energy
profile for a highly mobile species such as Na*. More-
over, it is reasonable to suspect that the ionic environ-
ment and/or voltage can deform the channel protein
to influence Mg?* block and permeation parameters.
Nonetheless, we are optimistic that the barrier formal-
ism provides some information about regions of the
ion permeation pathway where Na* lingers during its
brief sojourn in the NMDAR channel.

Changes in the Mg?" parameters as a function of the
intra- and extracellular Na* concentrations were inter-
preted as arising from occupancy of specific sites in the
ion permeation pathway by the monovalent ion. Be-
cause the ionic strength was not constant, it is also pos-
sible that some of the effects can be attributed to differ-
ent degrees of surface charge. Several results lead us to
suspect that charge screening was not a major factor.
First, the magnitudes of the observed changes in Kk, y,
are greater than those predicted by charge-screening
effects alone. In native hippocampal NMDAR, a reduc-
tion in extracellular Cs* from 150 to 10 mM creates an
excess local negative potential of ~6.5 mV (Zarei and
Dani, 1994), which would be expected to increase k., y,
only e65/125 = 1.7-fold. We observe a 4.6-fold increase
in this rate constant between 150 and 50 mM extracel-
lular Na* (Fig. 2). Second, increasing the intracellular
Na* concentration reduces the apparent association
rate constant for extracellular Mg?* in a voltage-depen-
dent manner, which is not predicted by a simple
charge-screening mechanism. Third, the difference in
the apparent affinity of the external sites for extracellu-
lar Na™' versus K* (see Zhu and Auerbach, 2001, in this
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issue) suggests specific binding rather than a nonspe-
cific surface charge effect. Fourth, the ability of extra-
cellular Na* to prevent Mg?* dissociation (the lock-in
effect; Table II) is more consistent with occupancy of a
binding site than with a charge screening mechanism.
Overall, the results suggest that monovalent cations ex-
ert their effects on Mg?* association and dissociation
predominantly by binding to specific sites in the ion
permeation pathway rather than by acting via a nonspe-
cific electrostatic shielding mechanism.

The Na* Binding Sites

The results suggest that occupancy of either of the two
external sites by Na™ (arising from the extracellular or
the intracellular compartment) slows or prevents Mg2?*
entry into the channel from the extracellular solution.
When the pore is free from Mg?*, extracellular Na*
binding is voltage-independent, whereas intracellular
Na* binding is strongly voltage-dependent. When the
pore is blocked by Mg?*, a voltage-independent occu-
pancy of a single external site by Na* is sufficient to
prevent Mg?* dissociation to the extracellular compart-
ment, but is without effect on Mg?" permeation.

In unblocked NMDAR, the voltage sensitivities of the
Na* effect cannot be used to pinpoint the locations of
the external sites in the electric field because we do not
know the extent to which Na* release is determined by
its dissociation back to the extracellular solution versus
permeation. If dissociation dominates, then the voltage
independence of the dissociation constant for extracel-
lular Na* would indicate that both sites lie near or be-
yond the external margin of the electric field. However,
if Na* release is predominantly determined by its perme-
ation to the intracellular compartment, the voltage sensi-
tivities would suggest that at least one of the external
sites is located deep in the pore. Under this condition,
Na* occupancy of a deep site would show a reduced volt-
age dependence because the on and off rates to the site
will change in the same direction with a change in the
membrane potential. The apparent voltage dependence
of occupancy would disappear if the electrical distance

Na* Binding Sites in NMDA Receptor Channels



from the site to the peak of the permeation barrier was
similar to that from the extracellular solution to the en-
try barrier (i.e., 8 = a, for Na*). At the same time, intra-
cellular Na* occupancy of that site would exhibit a steep
voltage dependence because the on and off rates would
change in opposite directions with voltage.

Our results do not allow us to unequivocally pinpoint
the locations of the Na™ sites. Some results point to a
separation of the Na* sites, with one external Na* site
located near or beyond the extracellular margin of the
electrical field and the other being close to, or perhaps
the same as, the Mg?* site (which is 0.6 though the elec-
tric field). First, the higher apparent affinity of the ex-
ternal sites for intracellular (compared with extracellu-
lar) Na* suggests that the barrier to Na* dissociation to
the external compartment is higher than the Na* per-
meation barrier. Thus, Na* release is likely to be domi-
nated by permeation. Second, although occupancy of
either of two external sites prevents Mg?" association,
the results are consistent with a scheme in which only a
single site must be occupied to prevent Mg?" dissocia-
tion to the extracellular solution. The occupancy of
this lock-in site for Na* is not voltage-dependent. Be-
cause this affinity constant is determined under equilib-
rium conditions (i.e., no permeation), this indicates
that this site lies near or beyond the extracellular
boundary of the electric field. These arguments are not
definitive, and the existence of two nonidentical Na*
sites near or beyond the extracellular limit of the elec-
tric field remains a possibility.
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FIGURE 6. Energy profile for Mg?* block and permeation. The
rate constants pertain to extracellular Mg?" in pure water (no
competing ions) and with no membrane potential. The frac-
tional electrical distances are indicated below, where & pertains
to the Mg?* entry barrier (= 0.25), & pertains to the Mg?* dissoci-
ation (= 0.35), and \ pertains to the Mg?* permeation barrier
(= 0.03). The Mg?* binding site is 0.60 through the electric field
from the extracellular solution.
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Mg?* Block in Pure Water

The intrinsic parameters for Mg?* binding to the NM-
DAR pore, i.e., in the absence of competing permeant
ions, are shown in Fig. 6. In pure water and no mem-
brane potential, the association rate constant for extra-
cellular Mg?* is 7.8 X 10® M~!s~!. This is 100 times
faster than the apparent association rate constant in
140 mM extracellular Na*. The large magnitude of this
rate constant indicates that, in the absence of compet-
ing ions, Mg2* has unhindered access to its blocking
site in the channel.

In pure water and no membrane potential, Mg?* ex-
its the NMDAR pore mainly by dissociating to the extra-
cellular solution (at ~9,000 s~!), but it can also perme-
ate into the intracellular compartment (at 62 s7!).
Thus, under these conditions, Mg?* stays in the pore
~0.1 ms and ~6.5% of the blocking events results in
the permeation of a Mg?*. The Mg?* permeation rate
constant is slow and predicts that this ion can carry only
a tiny current (~0.2 fA) that would normally be an in-
significant fraction of the total single-channel current.
From the rate constants, we estimate that in the ab-
sence of competing ions and at zero membrane poten-
tial, the intrinsic equilibrium dissociation constant of
the NMDAR for Mg?* is ~12 uM.

The main barrier to Mg?" association is located 0.25
through the electric field (i.e., this process increases
e-fold with a 46-mV hyperpolarization). At —60 mV, the
Mg?* association rate constant in pure water is ~2.2 X
109 M~1s7L. The entry barrier appears to be nearly sym-
metric, as a bound Mg?* must traverse 0.35 of the field
to return to the extracellular compartment (35 mV for
an e-fold change). The sum of these two positional pa-
rameters indicates that the Mg?* binding site is located
0.6 through the electric field from the extracellular so-
lution. In contrast, the barrier to Mg?* permeation is
very steep, as the ion, once bound, must traverse only
0.03 of the field to reach the intracellular compart-
ment. Thus, hyperpolarization has very little effect
on Mg?* permeation, per se, whereas it significantly
speeds the association from, and slows the dissociation
of Mg?* to, the extracellular solution.

In the absence of competing ions, equilibrium block
by Mg?" increases e-fold with a hyperpolarization of
~21 mV, so that at —60 mV, the Mg?* equilibrium dis-
sociation constant is only ~0.7 uM. Under these condi-
tions, almost one out of every three Mg?* that binds
permeates through the channel.

Comparison with Native NMIDARs

There have been several excellent studies of the effects
of extracellular Na* and intracellular Cs* on block of
native NMDAR (embryonic rat cortical neurons, proba-
bly composed of a mixture of NR2A and B subunits)



by adamantine derivatives (Antonov et al., 1998) and
Mg?* (Antonov and Johnson, 1999). For the most part,
our results using recombinant NMDARs are in good
agreement with these studies. Both sets of results show
that extracellular Na* binds to two sites (average Ky, =
~40 mM) that are in the external portion of the chan-
nel to thereby prevent the entry of Mg?* into the pore.
In addition, both sets of results show a lock-in effect,
i.e., that the occupancy of either site prevents Mg?* dis-
sociation back to the extracellular solution. Our results
also agree with those of Antonov and Johnson (1999)
with respect to the intrinsic parameters for Mg?* associ-
ation. Both sets of results indicate a similar electrical
distance of the association barrier from the extracellu-
lar solution (0.25 vs. 0.23) and a large association rate
constant at zero potential in pure water (~8 vs. 11 X
103 M~ 1s71).

Our measurements indicate that the intrinsic Mg?*
dissociation rate constant is ~10 times slower, and that
the Mg?* permeation rate constant is ~10 times faster
than was reported by Antonov and Johnson (1999). As
a consequence, we estimate a higher intrinsic affinity
(in pure water and the absence of a membrane poten-
tial) of the pore for extracellular Mg?* (12 vs. 101 uM).
Moreover, our estimate of the location (in electrical
distance) of the Mg?" binding site (0.60) is different
from that of Antonov and Johnson (0.47). We doubt
that these differences arise from a different subunit
composition of recombinant (NR2B) versus native sys-
tems (NR2A and NR2B). Rather, we speculate that
these differences arise from the fact that they used 130
mM Cs* in their intracellular solution, whereas we used
5 mM Na*. Occupancy of an internal monovalent cat-
ion-binding site by Cs* will increase the apparent rate
constant for Mg?* dissociation and slow the apparent
rate constant for Mg?" permeation (see Zhu and Auer-
bach, 2001, in this issue).

Mg?* Block and Unblock as a Function of the Na™*
Concentrations and the Membrane Potential

Egs. 4 and 5 can be combined to describe Mg?* block ki-
netics as a function of [Na*] and the membrane poten-
tial (in the absence of other competing ions). Using the
parameters shown in Tables I and III, at —60 mV and
under the conditions [Na*]., = 140 mM and [Na'],, =
10 mM, the apparent Mg?* block and unblock rates are,
respectively, 2 X 108 M~!s7! and 1,270 s™!, with about
equal probabilities of release to the extra- and intracellu-
lar compartments, yielding an apparent Ky of ~0.6 mM.
These conditions are not “physiological” because they
do not incorporate the effects of K*, which is present at
a high concentration in the intracellular compartment.
In the companion paper (see Zhu and Auerbach, 2001,
in this issue) we describe the effects of extra- and intra-
cellular K* on the kinetics of Mg?* blockade.

APPENDIX 1

We assume that (1) there is a single Na* binding site;
(2) Mg?* can bind to the channel only when this site is
empty; and (3) the Na* association and dissociation
rate constants are much faster than the Mg?* associa-
tion rate constant. Thus,

Vo0 e
kimg = KimgPras

Al.l
where kXMg is the apparent Mg?* association rate con-
stant at membrane potential V, (i.e., in the presence of
Na'), kXMg is the Mg?* association rate constant in pure
water at membrane potential V, and Py, is the probability
of the Na* site being empty. Py, is a function of the equi-
librium dissociation constants and ion concentrations:

1
[Na'Jer , [Na'Jufd
KNae K?\’]a‘ [}

X

0
Py =0+ , Al.2
g
where Ky, and Kx{qain are the unidirectional dissociation
constants (k,g/k,,) for [Na*]., and [Na'];,, respec-
tively. kXMg is related to the membrane potential by:
—20V

v _ .0 kgT
Kimvg = Koy Al.3

where KﬂMg is the Mg?* association rate constant in the
absence of a membrane potential, § is the fractional
electrical distance between the extracellular compart-
ment and the peak of the entry barrier for Mg?*, kg, is
the Boltzmann constant, and T is the absolute tempera-
ture (under our conditions, kyT = 25.3 mV). We as-
sume that Ky, is voltage-independent (Fig. 2 C), and
that K\Q,Nam is voltage-dependent (Fig. 3 C) and is re-
lated to the membrane potential by:

-aVv

V.  _ 0 kT
KNum - KNai“e 5 A14

where K{,, is the intracellular Na* equilibrium disso-
ciation constant at zero membrane potential, and a is
the fractional electrical distance of the Na* site from
the intracellular solution. We now generate a descrip-
tion of kﬁ:Mg as a function of three experimental vari-
ables ([Na*].,, [Na*];,, and V) and five free parame-
ters (KQng, Ky Naey s KaNag,s 0, and a):

LW% + + E[—l
kXMg = KgMge . o+ % * N ]—ciJu\D Alb
Na _T‘]
0 « KO ky 0
Name

APPENDIX 2

We assume that there are n identical and independent
Na* binding sites that must be empty for Mg?* to disso-
ciate back to the extracellular compartment. The ap-
parent Mg?* dissociation rate (i.e., in the presence of
extracellular Na%) is:
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k\—/Mg = KYMg(P;Ia) 5 A2.1
where kY, is the Mg** dissociation rate constant in
pure water at membrane potential V and P, is the
probability that all of the Na* sites are empty. Because
intracellular Na* cannot reach the external site(s)
when Mg?* is bound, Eq. A1.2 was modified so that Py,
depends only on [Na],:

PR
P = e

Jd,Na“

, A2.2

where Jq N, 1S the equilibrium dissociation constant of
[Na*],, for each Na* site and is assumed to be indepen-
dent of the membrane potential. Note that Jix,,, is @
true equilibrium dissociation constant for Na* when
there is a Mg?* in the pore, whereas Ky, is an appar-
ent (nonequilibrium) dissociation constant for Na*
when the pore does not contain a Mg?*.

We now describe k‘iMg as a function of [Na*] . and V:

-2V [ +] —n
0 kBT%l + Na ]

v
koyg = Konge 0
Jd,Naex

A2.3

and kY; as a function of the experimental variables
[Na*].,and V:

2eV —2AV
A\ 0

=EL 49
_ kyT [Nd ]exj] 0 kyT
K = K ype ® B+ e gl e
J d,Na_

A2.4
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