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A single site in recombinant glutamate receptor channels of 
the GluRl -GIuR4 family has been previously identified as a 
key regulator of ion permeation. The natural amino acid at 
this position (arginine in GluRP but glutamine in GIuRl, GIuR3, 
and GIuR4) determines both the ability to pass outward cur- 
rent and the divalent cation permeability of kainate-activated 
receptor channels. By mutagenesis of GIuR6, we demon- 
strated that the same site also controls the ability to pass 
outward current in another non-NMDA receptor family. Ad- 
ditional mutations at and near this site in GluR3 indicated 
that the position of the arginine is critical to function, that 
the ability to pass outward current is not necessarily linked 
to low barium permeability, and that the size as well as the 
charge of the side chain at this position influences barium 
permeation. These results provide evidence that this site 
forms part of the selectivity filter of glutamate receptor chan- 
nels. 

Calcium permeation through glutamate receptors of the NMDA 
type plays key roles in such diverse phenomena as long-term 
potentiation, excitotoxicity, and epileptic discharges. Although 
the calcium permeability of non-NMDA glutamate receptor 
channels is generally thought to be very low (e.g., Mayer and 
Westbrook, 1987), recent evidence demonstrates that non- 
NMDA receptors in certain neurons and type 2 astrocytes ex- 
hibit considerable permeation to calcium or other divalent cat- 
ions when activated by kainate (Murphy et al., 1987; Glaum et 
al., 1990; Iino et al., 1990; Gilbertson et al., 199 1; Pruss et al., 
1991). 

Studies with recombinant non-NMDA glutamate receptors 
ofthe GluR l-GluR4 family showed that multiple subunits coas- 
semble to form glutamate receptors with different functional 
properties (Boulter et al., 1990; Keinanen et al., 1990; Nakanishi 
et al., 1990; Sakimura et al., 1990). The presence or absence of 
the GluR2 subunit determines the ability to pass outward cur- 
rents at moderately positive (< + 50 mV) potentials as well as 
the degree of calcium permeability in this family (Hollmann et 
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al., 1991). In contrast to voltage-dependent calcium channels, 
calcium-permeable glutamate receptor channels are also per- 
meable to a wide range of divalent cations including magnesium 
(Hollmann et al., 1991; Burnashev et al., 1992) and probably 
cobalt (Pruss et al., 1991). 

Site-directed mutagenesis has beeti used to identify a single 
position that appears to determine certain ion permeation prop- 
erties of recombinant receptors in the GluRl-GluR4 family. 
When a glutamine resides in this position, as in GluRl and 
GluR3, the resulting receptors have high barium permeability 
(Hume et al., 1991) and an inwardly rectifying Z--V relation 
(Hume et al., 199 1; Verdoorn et al., 199 1). When this site con- 
tains an arginine, as occurs naturally in GluR2, homomeric 
receptors carry little current by themselves but can combine 
with GluRl or GluR3 to form receptors with low barium per- 
meability (Hume et al., 1991) and outward rectification (Hume 
et al., 199 1; Verdoorn et al., 199 1). This critical position in the 
GluRl-GluR4 sequences will be referred to as the Q/R site. 
The amino acid sequence of this putative transmembrane region 
is otherwise identical in rat GluRl-GluR4. The functional im- 
portance of this amino acid residue is highlighted by the finding 
that the gene for GluR2 contains a glutamine codon rather than 
the arginine codon found in the RNA, implying that posttran- 
scriptional editing achieves the mature RNA species (Sommer 
et al., 199 1). If this RNA editing process were itself regulated, 
neurons would have an additional means to modify the degree 
of calcium permeation through glutamate-activated AMPA re- 
ceptor channels. 

A major goal of this study was to explore in more detail the 
role the Q/R site plays in rectification and divalent ion per- 
meability of glutamate receptor channels. To this end, we made 
a series of additional mutations at and near this site. One im- 
portant outcome of these experiments is that they provide ev- 
idence that this domain contributes to the selectivity filter of 
the channel. 

The members of the first family of non-NMDA glutamate 
receptors to be cloned (GluRl-GluR4) respond to both AMPA 
and kainate, whereas the second family of non-NMDA recep- 
tors, represented by GluRS-GluR7, has a pharmacological pro- 
file expected of kainate receptors (Bettler et al., 1990, 1992; 
Egebjerg et al., 1991). Members of this family also exist with 
either glutamine or arginine in the critical position (Sommer et 
al., 199 1). A second issue addressed here is whether the arginine/ 
glutamine switch in the GluRS-GluR7 family has the same 
functional consequences as it does in the GluRl-GluR4 family. 
Finally, the first NMDA receptor subunit cloned contains a 
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neutral asparagine in the homologous position (Moriyoshi et 
al., 199 1). In one GluR3 mutant, we inserted an asparagine into 
the Q/R site to examine whether there may be similarities in 
the conduction pathways of all classes of glutamate activated 
channels. 

Materials and Methods 
Construction of mutants. The parent clones (GluRl, GluR2, GluR3, 
GluR6) and all recombinant products were in the plasmid Bluescript 
SK-. The nomenclature used in this article to refer to the subunits is 
that of Boulter et al. (1990), and the numbering system used counts 
from the presumptive initiator methionine. An alternative nomencla- 
ture uses GluRA-GluRC rather than GluRl-GluR3 to refer to these 
subunits (Keinanen et al. 1990), and numbers the amino acids from the 
amino terminus of the putative mature proteins rather than from the 
presumptive initiator methionine. 

Site-directed mutations were made with the Amersham oligonucle- 
otide-directed in vitro mutagenesis system, version 2. Single-stranded 
DNA templates were rescued from the double-stranded plasmids with 
helper phage VCSM13 (Vieira and Messing, 1987). The primers for 
mutagenesis incorporated two types of changes. One caused the desired 
change in amino acid sequence, while the second created a silent re- 
striction site that was used to screen transformants for the presence of 
the mutant. Escherichia coli strain NM522 was transformed with the 
recombinant plasmids, and the production of mutants was verified by 
restriction site analysis and then sequencing through the mutant region. 

Recording methods. Xenopus oocytes (stage V-VI) were injected with 
2-25 ng of RNA transcribed in vitro by T3 RNA polymerase as described 
(Hollmann et al., 1989). Combinations of GluRl and a second subunit 
were coinjected at a ratio of 1 to 5 to reduce the probability of the 
formation of homomeric GluR 1 receptors. Two-electrode voltage-clamp 
recordings were made 2-15 d after injection. For routine recording, 
oocytes were bathed in a solution containing 90 mM NaCl, 1 mM KCl, 
1.7-1.8 mM MgCl,, 0.1 mM CaCl,, and 15 mM HEPES, pH 7.6. The 
low Ca2+ concentration minimized the secondary activation ofthe Caz+- 
dependent Cl- currents (Barish, 1983; Miledi and Parker, 1984). Kain- 
ate was applied by bath perfusion. In most experiments 300 PM kainate 
was used to activate glutamate receptors, but for studies on GluR6, 10 
PM kainate was usually used. 

I-Vrelations were obtained by applying 2 set voltage ramps (typically 
from - 100 to + 50 mV) in the presence and absence of kainate, and 
then subtracting the resting Z-V curve from that in the presence of 
kainate. To summarize the degree of rectification in the Z-V relation of 
each cell, the ratio of the slope conductance at a positive and a negative 
potential was calculated. Slope conductance was calculated by measur- 
ing the current 5 mV positive and negative to the indicated potentials 
and dividing the difference by 10 mV. 

The relat&e permeability to Ba and Na was assessed by measuring 
the shift in reversal notential when 90 mM NaCl was replaced with 60 
mM BaCl, (Hume et al., 199 1). Several complications ensued from this 
substitution. First, there was a junction potential difference between the 
two solutions, which ranged from 5 to 15 mV. A correction for this 
junction potential has been included in the reported reversal potential 
values. Second, for combinations of subunits with strong inward rec- 
tification, there was often no clear reversal from inward to outward 
current. Rather, the current asymptotically approached zero and re- 
mained there at more positive potentials. In these cases, we considered 
the reversal potential to be the zero current potential, defined as the 
least negative potential at which there was still detectable inward current 
(about -1 nA). Finally, the entry of divalent cations through open 
channels often secondarily activated a calcium-dependent chloride 
channel. Although we were not able to suppress this current fully in 
high-calcium solutions, the qualitative effects of high-Ba*+ and high- 
Ca*+ solutions on I-Vrelations were the same (Hume et al., 1991). The 
use of Ba2+ rather than Ca*+ diminished but did not usually eliminate 
this current (cf. Boton et al., 1989). The calcium-dependent chloride 
current was suppressed by keeping the kainate application brief and, in 
most experiments, by including 0.4 M EGTA [ethylene glycol bis(P- 
aminoethvljether-N.N,N’,N’-tetra-acetic acid) as well as 3 M KC1 in the 
recordingand current pipettes. In other experiments, EGTA was omitted 
from the intracellular solution and all extracellular chloride was replaced 
by methanesulfonate (Dascal et al., 1986). The chloride current was 
suppressed by either of these treatments as long as the kainate appli- 
cation was brief. For example, for GluR 1 + GluR3 receptors, the kainate 

reversal potential was more negative in the methanesulfonate solution 
without intracellular EGTA (-23 ? 6.5 mV, n = 5) than in the standard 
chloride solution with intracellular EGTA (-7 f  3 mV), indicative of 
very low chloride permeability. The shift in kainate reversal potential 
upon replacing Na+ with Ba2+ was the same in both conditions (+23 
and + 2 1 mV. respectively), however, so data from the two conditions 
have been pooled. -’ 

In contrast to the records shown in this article, long applications of 
kainate (> 15 set) often produced substantial outward currents in oo- 
cytes injected with any of the combinations of subunits that had strongly 
inwardly rectifying Z-V relations in low Ca*+, due to the secondary 
activation of the chloride current. 

The relative permeability of Ba and Na was calculated from the Gold- 
man-Hodgkin-Katz equation modified to include divalent cations. To 
make these calculations, several simplifying assumptions were made. It 
was assumed that anion permeability was negligible and that all mono- 
valent cations were equally permeable. These first two assumptions were 
verified experimentally with some, but not all, combinations of subunits. 
In all cases studied, substitution of an equimolar concentration of the 
large anion, methanesulfonate, for chloride caused no shift in reversal 
potential, and substitution of 90 mM KC1 for the normal 90 mM NaCl 
did not cause a change of more than 5 mV in the reversal potential. In 
addition, a value of 150 mM was assumed for the intracellular mono- 
valent cation concentration, since this value was necessary to yield the 
measured reversal potentials in the standard solution. Calculations were 
made with and without compensation for the negative surface potential 
(Lewis, 1979; Ascher and Nowak, 1988). The magnitude of this effect 
depends critically on the number and distribution of charges around 
the extracellular mouth of the channel, information not yet available. 
A surface charge equivalent to -20 mV at the channel would reduce 
the estimated permeability ratio ofGluR1 +GluR3 receptors from about 
3 to about 2. 

Results 
Glutamine/arginine switch controls rectification in GluR6 
The first GluR6 clone to be isolated had an arginine in the site 
homologous to the Q/R site of GluRl-GluR4. When expressed 
in oocytes, this clone produced kainate-evoked currents with an 
outwardly rectifying Z-V relation (Egebjerg et al., 1991). Sub- 
sequently, naturally occurring GluR6 sequences were identified 
with glutamine in this position but otherwise identical surround- 
ing sequence (Sommer et al., 1991), as indicated in Figure 1A. 
We used site-directed mutagenesis to convert the arginine of 
GluR6 (Egebjerg et al., 1991) to a glutamine. Homomeric 
GluR6(R62 1) or GluR6(Q62 1) receptors expressed in Xenopus 
oocytes both carried inward current in response to kainate. As 
was the case for GluR6(R62 1) (Egebjerg et al., 199 I), responses 
of GluR6(Q62 1) were potentiated more than 50-fold by appli- 
cation of 10 PM concanavalin A (Fig. lB), a compound known 
to reduce desensitization. The presence of a glutamine at the 
Q/R site caused the kainate I-Vrelation to be strongly inwardly 
rectifying (rectification index, 0.04 f  0.05; II = 15) rather than 
outwardly rectifying as seen when GluR6 contains arginine (Fig. 
lC, rectification index, 3.2 ? 0.39; n = 9; see also Egebjerg et 
al., 199 1). These results demonstrate that the Q/R site is func- 
tionally important in the GluRS-GluR7 family of non-NMDA 
receptors as well as in the GluRl-GluR4 family. 

Rationale for construction of additional GluR3 mutants 
From previous results, it is unclear whether the size or charge 
of the residue in the Q/R site controls permeation properties 
(Hume et al., 1991; Verdoorn et al., 1991; Bumashev et al., 
1992). The presence of an arginine at the Q/R site might alter 
channel properties because the arginine interacts in a specific 
manner with other residues; in this case, the size and position 
of the arginine might be critical. Alternatively, any positive 
charge in the vicinity of the Q/R site may suffice to switch the 
GluR3 phenotype. These ideas were tested in three ways. One 
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Figure I. Properties of GluR6 variants at the Q/R site. A, Sequence 
of GluR6 in the vicinity of the Q/R site. B, Potentiation of kainate 
responses in GluR6(Q62 1) following exposure to 10 FM concanavalin 
A. Holding potential, - 100 mV. C, I-Vrelation for an oocyte expressing 
GluR6(R62 1) and for an oocyte expressing GluR6(Q62 1). Currents were 
normalized to those measured at - 100 mV. 

approach was to change the size or charge of residues at the Q/ 
R site. The second was to examine the effects of repositioning 
the positively charged arginine to nearby sites. A third series of 
experiments tested whether mutation of the aspartate residue 
at position 6 16 can also effect the channel properties. The ra- 
tionale for this choice was that this negatively charged residue 
is close enough to the arginine at 612 that they might form a 
salt bridge. If so, then removal of the residue that interacts 
specifically with the arginine should also alter the channel prop- 
erties. The final series of experiments was based on the idea that 
homologous residues in glutamate receptor and nicotinic recep- 
tor channels may have similar functions. We therefore tested 
whether conversion of serine residues to alanine, which in the 
nicotinic ACh receptor (nAChR) channel reduces outward rec- 
tification (Leonard et al., 1988), has a similar effect in GluR3 
channels. The mutations of GluR3 studied here are indicated 
in Figure 2. 

The arginine location influences rectijkation 
To determine the positional dependence of the arginine effect 
on the shape of the I-Vrelation, five amino acids at or near the 
Q/R site of GluR3 were replaced in turn by arginine. Replace- 
ment of the glycine four residues away [GluR3(G608R)] pro- 
duced functionally detectable homomeric receptors in 13 of 24 

transmembrane 
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Figure 2. The amino acid mutations constructed for this study are 
indicated below the GluR3 sequence. 

cells. The currents evoked by kainate were very small (7 & 1 
nA, n = 13) but displayed a nearly linear Z-V relation (Fig. 3A). 
In both of these properties, this mutant was similar to GluR2 
or GluR3(Q6 12R). Replacement of the adjacent methionine or 
glutamine or the alanine three residues away from the Q/R 
site with arginine [(GluR3(M6 11 R), GluR3(Q6 13R), and 
(GluR3(A609R)] produced receptors that were inactive alone. 
Thus, introducing an arginine into atiy of a number of positions 
near the Q/R site is sufficient to abolish the ability of homomeric 
receptors to carry large currents. 

Each of the arginine-containing mutants gave a different result 
when coexpressed with GluRl. Coexpression of GluR3(M6 11R) 
or GluR3(A609R) with GluR 1 produced much smaller kainate- 
evoked currents (0 nA, n = 15, and 8 f 3 nA, n = 5, respectively) 
than when GluRl was expressed by itself (628 f 124 nA, y2 = 
47). These “killer” mutants appear to code for subunits that can 
coassemble with GluRl into a nonfunctional complex. The in- 
hibition of GluR 1 -evoked current by these killer mutations was 
not the result of contamination of the mRNA preparations with 
RNases or other toxic elements, since when oocytes were coin- 
jetted with mRNAs encoding GluR 1, a killer, and the (Y) and 
p4 subunits of nAChRs, the nicotinic ACh responses were com- 
parable to these evoked in oocytes injected with only olj and /3+ 

In contrast, when coexpressed with GluRl, both 
GluR3(Q6 13R) and GluR3(G608R) produced inward currents 
comparable in amplitude to when GluRl was expressed with 
GluR3. Examination of the Z-V relation showed that both of 
these combinations allowed some outward current flow, al- 
though not as much as when GluRl was coexpressed with 
GluR3(Q6 12R) (Fig. 3B, C). 

Comparison of the rectification ratios of the arginine-con- 
taining mutants when they were coexpressed with GluRl (Fig. 
30) allowed us to quantify the effect of placing an arginine at 
different positions. Although insertion of an arginine at some 
nearby positions allowed the flow of outward current, the Q/R 
site was the most effective position for eliciting outward current 
flow. 

By constructing chimeras of GluRl, GluR2, and GluR3, we 
have previously shown that the domain responsible for divalent 
ion permeability and outward current lies between amino acids 
354 and 776 in GluR3 (Hume et al., 1991). Within this large 
region, there is only one position other than the Q/R site that 
contains a neutral residue (glutamine) in GluR 1 and GluR3 but 
a positively charged residue (lysine) in GluR2. As an additional 
test for specificity, we converted the glutamine to a lysine at 
this position in GluR3. This GluR3 mutant, Q343K, behaved 
identically to the parent GluR3, further suggesting the impor- 
tance of the position of the positive charge. 
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Ability to pass outward current does not imply low divalent 
cation permeability 

The permeability to divalent cations can be assessed by switch- 
ing cells from a solution in which the dominant cation is Na to 
one in which the dominant cation is Ba. For combinations of 
subunits with low divalent cation permeability, the reversal po- 
tential becomes much more negative in the high divalent so- 
lution, while for combinations with high divalent permeability 
currents reverse at more positive potentials. All combinations 
of GluRl, GluR2, and GluR3 produce receptors with either 
strong inward rectification and high Ba permeability, or modest 
outward rectification and low Ba permeability (Hollmann et al., 
1991; Hume et al., 1991; Burnashev et al., 1992). In two mu- 
tations of GluR3, however, these properties could be uncoupled. 

Replacing the glutamine at the Q/R site with asparagine re- 
duces the length of the side chain by one carbon without chang- 
ing its polarity. Kainate currents in GluR3(Q612N) receptors 
exhibited a linear or outwardly rectifying Z-V relation in Na- 
containing medium (Fig. 4A, thin line) rather than the inwardly 
rectifying I-Vrelation characteristic of the GluR3 parent. How- 
ever, although this construct could conduct outward current, it 
possessed high Ba permeability, since replacement of 90 mM 
NaCl with 60 mM BaCl, caused a shift to the right of the reversal 
potential (Fig. 4A, thick line). Similar to the other subunit com- 
binations that are permeable to divalent cations, substitution 
of Ba for Na also caused a reduction in the magnitude of the 
inward current at all membrane potentials. Preservation of high 
divalent ion permeability in mutant receptors displaying out- 
wardly rectifying Z-V relations has also recently been shown by 
others (Burnashev et al., 1992; Curutchet et al., 1992). 

The negatively charged aspartate at position 6 16 of GluR3 is 
close enough to the arginine at the Q/R site (position 6 12) that 
they could potentially form a salt bridge. If  so, the charge and/ 
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Figure 3. The effect of position of the 
arginine on rectification in the Z-V re- 
lation. A, Z-V relation of an oocyte ex- 
pressing GluR3(G608R). B, Z-V rela- 
tion of an oocyte coexpressing GluRl 
and GluR3(G608R). The RNAs were 
injected at a molar ratio of 1 GluR 1 to 
5 GluR3(G608R). C, Z-V relations for 
cells coexpressing GluRl +GluR3, 
GluRl+GluR3(Q612R), and GluRl+ 
GluR3(Q6 13R). The response ampli- 
tudes were normalized by dividing by 
the current amplitude measured at - 100 
mV. In all three cases, the RNAs were 
injected at a GluRl:mutant ratio of 
1:5. D, Rectification index for oocytes 
coexpressing GluR 1 and a second sub- 
unit. For each of a series of cells, the 
slope conductance of the Z-V relation 
was measured at + 40 mV and - 15 mV 
and the ratio of these conductances was 
calculated. The bars indicate the mean 
rectification index, and the error bars, 
the SEM. Seven or more cells were 
studied for each combination. 

or the size of the aspartate might be critical for function. In- 
creasing the size of this residue by one carbon, by substitution 
ofglutamate for aspartate at this position [GluR3(D6 16E)], pro- 
duced inwardly rectifying currents that did not differ from GluR3 
(Fig. 4B). In contrast, substitution of asparagine for aspartate 
at this position, which eliminates the negative charge without 
appreciably altering the size of the side chain, caused a clear 
change in the Z-V relation. This mutant, GluR3(D6 16N), dis- 
played a sigmoidal Z-V relation, with both inward and outward 
rectification (Fig. 4B). Although this mutant receptor could pass 
large outward currents in response to kainate, its permeability 
to divalent cations was nevertheless high as judged by the large 
shift to the right in the kainate reversal potential when Ba re- 
placed Na as the principal charge carrier (Fig. 4C). 

The results from a series of cells injected with these mutants 
are summarized in Figure 40. Substitution of asparagine for 
either D6 16 or Q6 12 resulted in homomeric receptors that could 
pass large outward currents (rectification index, > 1). However, 
unlike the combinations of GluR 1 + GluR2 and GluR3 + GluR2, 
in which the ability to pass outward current is associated with 
low Ba permeability, in these mutants Ba permeability was high, 
like that of the parent GluR3. No mutants were identified that 
showed strong inward rectification and very low Ba perme- 
ability. These results together demonstrate that ability to pass 
outward current and low Ba permeability are not invariably 
linked, so they are likely to be controlled by separate mecha- 
nisms. Non-NMDA receptors are permeable to divalent cations 
in type 2 astrocytes (Pruss et al., 1991) and retinal bipolar cells 
of salamander (Gilbertson et al., 199 l), yet both cell types dis- 
play a nearly linear or outwardly rectifying Z-V relation to kain- 
ate (Gilbertson et al., 199 1; Wyllie et al., 1991). In neurons or 
astrocytes, however, whether this combination of properties is 
due to a mixture of receptor subtypes within individual cells, 
or to a single receptor type, has not been distinguished. Our 
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Figure 4. Separation of ability to pass 
outward current and low Ba perme- 
ability. A, I-V relation for an oocyte 
expressing GluR3(Q6 12N), in high-Na 
(thin line, left current scale) and high- 
Ba (thick line, right current scale) so- 
lutions. B, Z-V relation in the standard 
solution for an oocyte expressing 
GluR3(D6 16E) and an oocyte express- 
ing GluR3(D6 16N). The response am- 
plitudes were normalized by dividing 
by the current amplitude at - 100 mV. 
C, I-V relations for an oocyte express- 
ing GluR3(D616N), in high-Na (thin 
line, left current scale) and high-Ba (thick 
line, right current scale). D, Rectifica- 
tion index (ratio ofkainate-evoked con- 
ductance measured at + 40 mV and - 75 
mV) in standard Na solution (open 
squares) and reversal potential in high- 
Na (open circles) and high-Ba (solid cir- 
cles) solutions for a series of oocytes 
expressing the indicated subunits (n > 
5 cells for each measurement). The er- 
ror bars indicate the SEM. 
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results with mutant GluR3 receptors (D6 16N and Q6 12N) dem- 
onstrate that both properties can reside in a homomeric receptor 
(see also Curutchet et al., 1992). 

When GluRl or GluR3 subunits coassemble with a subunit 
containing an arginine at the Q/R site [GluR2 or GluR3(Q6 12R)], 
the channels formed have a low Ba permeability. GluR2 also 
suppressed Ba permeability when coassembled with the mutant 
subunits GluR3(Q6 12N) and GluR3(D6 16N). When oocytes 
coexpressing GluR2 and GluR3(Q6 12N) were exposed to kain- 
ate, the reversal potential measured in Ba was shifted -40 f 
4.2 mV (n = 5) from the reversal potential in Na solution. For 
oocytes expressing GluR2+GluR3(D6 16N), the shift was -43 
+- 1.7 mV (n = 8). Thus, although these mutants differ from 
their parent in the ability to pass outward current, they may not 
differ in how divalent permeability is regulated. 

Size as well as charge at position 612 injluences barium 
permeability 

The amino group of lysine and the guanidino group of arginine 
both carry a positive charge, but lysine has a somewhat smaller 
side chain. Coexpression of GluRl with the lysine-containing 
GluR3 mutant Q6 12K, like the arginine mutant 46 12R, pro- 
duced receptors with outwardly rectifying kainate currents in 
Na-containing medium (Fig. 54). When Ba replaced Na as the 
major charge carrier, however, the shift in kainate reversal po- 
tential was smaller for lysine-containing than for arginine-con- 
taining mutants (Fig. 54,B). Assuming no difference in mono- 
valent permeability in the two mutants, PB,IP,,,,,,,,., was about 
0.05 for GluRl +GluR3(Q612R) channels but was increased to 
0.20 in GluRl +GluR3(Q6 12K) channels. A potential alterna- 
tive explanation, that PK/PNa is lower for the Q6 12K mutant 
than the Q6 12R mutant, cannot account quantitatively for the 
results. If the Q6 12K mutant were impermeable to BaZ+, the 
reversal potential of -35 mV in barium solution predicts P,/ 
PNa = 0.2. However, in Na solution the reversal potential would 

then be +30 mV rather than the observed -4 -t 1.4 mV (n = 
9). Thus, these results suggest that the size of the positively 
charged side chain, or the distributed electron cloud in the guan- 
idino head group of arginine, is an important determinant of 
barium permeability. 

Several other GluR3 mutants were constructed in attempts 
to modify size or charge at or near the Q/R site. Negatively 
charged Q6 12D and Q6 12E, the large substitution Q6 12W, and 
Q6 13N were all inactive alone. When the 46 12 mutants were 
coexpressed with GluRl, the GluRl responses were substan- 
tially attenuated. For example, in one experiment 300 PM kain- 
ate evoked 694 f 137 nA of current (n = 11) in oocytes ex- 
pressing GluRl +GluR3 subunits, but only 95 f 40 nA (n = 
11) in oocytes injected with GluRl +GluR3(Q6 12D). The small 
residual (inwardly rectifying) currents in the latter set of cells 
may reflect activity of homomeric GluRl receptors or greatly 
diminished current flow through heteromeric channels in which 
aspartate replaces glutamine at some Q/R sites. 

Because of a possible homology with important sites in nic- 
otinic receptor channels (see Discussion), two serines and the 
adjacent phenylalanine in GluR3 were converted in turn to 
alanine (Fig. 2). Both serine mutants, S602A and S606A, were 
similar to GluR3 with respect to rectification and Ba perme- 
ability, however, whether expressed alone or with GluR2. Thus, 
these experiments have not demonstrated a role for the serine 
residues in ion permeation through glutamate receptor channels. 
Conversion of a nearby phenylalanine to alanine (F605A) pro- 
duced another “killer” GluR3 mutant, indicating that residues 
in this region can have a major effect on the structure of the 
receptor. 

Discussion 
The results presented here confirm that the Q/R site in the 
GluR l-GluR4 family of non-NMDA glutamate receptors plays 
an important role in ion permeation (Hume et al., 1991; Ver- 
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doom et al., 1991; Bumashev et al., 1992), and extend this 
finding to the GluRS-GluR7 family. Four new observations 
support the suggestion that the Q/R site is in or near the path 
of permeating ions. First, PeJP,,,,,,,,,,,, was four times larger 
when lysine resided in the Q/R site than when arginine was 
present (Fig. 5). This result might be explained by the difference 
in size (lysine is smaller than arginine), or differences in chemical 
reactivity of the positive charge in the two amino acids (guan- 
idino in arginine, amino in lysine). Second, other substitutions 
at the Q/R site also influenced ion permeation. Reducing the 
length of the polar side chain of glutamine by introducing an 
asparagine at the Q/R site allowed outward as well as inward 
current (Fig. 4A), whereas increasing the size of the side chain 
(tryptophan substitution) or inserting a negative charge (gluta- 
mate and aspartate substitution) abolished all currents. Third, 
the optimum location for arginine was at the Q/R site itself (Fig. 
3), ruling out the possibility that the simple presence of a positive 
charge in this region results in outward rectification. Fourth, 
mutation of a second position four residues away from the Q/ 
R site, GluR3(D6 16N), also altered the ability to carry outward 
current (Fig. 4B). In contrast, removal of the hydroxyl group 
from either serine, 6 or 10 residues on the other side of the Q/ 
R site, had no consistent effect on rectification or Ba perme- 
ability. 

These results are consistent with the idea that the amino acid 
side chain at the Q/R site interacts with permeating cations, 
especially divalents. We emphasize, however, that the muta- 
genesis approach can provide only indirect evidence that the Q/ 
R site lies within the channel. Without independent evidence 
that the Q/R region is actually in the channel, it remains possible 
that the effects observed are due to conformational changes in 
the channel structure rather than a more direct chemical inter- 
action with permeating ions. 

Relationship between channel structure and rect&ation 

The structural basis for inward rectification in glutamate recep- 
tors lacking GluR2 remains unclear. Although rectification and 
high Ba permeability go together in the naturally occurring 
receptors, these properties were uncoupled in two mutants 
(Fig. 4). Comparison of the GluR3 sequence with the sequence 
of nACh receptors is potentially informative, since neuronal 
nicotinic receptors show both inward rectification (Couturier et 
al., 1990; Mathie et al., 1990; Fieber and Adams, 1991; Sands 

o Na solution 
l Ba solution 

Figure 5. Lysine has a weaker effect 
than arginine in the Q/R site. A, I-V 
relations for oocytes expressing GluR 1 + 
GluR3(Q6 12K) and GluRl +GluR3 
(Q612R) in high-Na and high-Ba so- 
lutions. The response amplitudes were 
normalized by dividing by current am- 
plitude measured at -80 mV in Na 
solution. The rightmost curve in Na 
solution is GluR 1 +GluR3(06 12K). 
B, Average reversal potential t+SEM; 
n > 5) for oocytes coexpressing GluR 1 
and the indicated subunit in high-Na 
(open circles) and high-Ba (solid circles) 
solutions. 

and Bar&h, 1992) and high divalent permeability (Fieber and 
Adams, 1991; Sands and Barish, 199 1). The second putative 
transmembrane domain (TM2) of the nicotinic receptor has 
been proposed to donate side chains to the lining of the ion 
channel wall (see Unwin, 1989, for review). The TM2 sequence 
of the rat neuronal (Y* nAChR subunit is shown in Figure 6. 
Several individual amino acids within TM2 that play important 
roles in ion permeation in nicotinic receptor channels are in 
boldface. The leftmost glutamate in the AChR sequence influ- 
ences the rate of ion permeation and channel block by internal 
Mg in Torpedo AChR channels (Imoto et al., 1988). The next 
glutamate in the sequence, which forms the intermediate ring 
of negative charge near the cytoplasmic mouth of the channel 
(Imoto et al., 1988), together with a nearby threonine constitutes 
part of the selectivity filter of Torpedo AChR channels (Konno 
et al., 199 1; Villarroel et al., 199 1). The serine residues near the 
center of this transmembrane domain are thought to donate 
hydroxyl groups to the channel wall since substitution of ala- 
nines at these sites in mouse nAChR reduces outward conduc- 
tance selectively and decreases the dwell time of the open chan- 
nel blocker QX-222 (Leonard et al., 1988; Chamet et al., 1990). 
Mutations of the marked leucine, which is highly conserved in 
ligand-gated ion channels, modify several aspects of permeation 
and gating in neuronal c+ AChR (Revah et al., 199 1). 

The topology of glutamate receptors is not known, although 
models have been proposed that involve three closely spaced 
transmembrane regions plus a fourth near the C-terminus. In 
one model (Hollmann et al., 1989), the sequence of GluR3 in 
which the Q/R site resides lies in an extracellular loop. In an- 
other model this sequence serves as the second transmembrane- 
spanning region, and thus crosses the membrane from the cy- 
toplasmic to extracellular side (Keinanen et al., 1990; Nakanishi 
et al., 1990; Sakimura et al., 1990). This orientation is shown 
in Figure 6A, with the critical Q/R site in boldface and the 
transmembrane topology indicated to the right. It is possible 
from the hydropathy plots, however, to postulate that this se- 
quence forms instead the third transmembrane domain, in which 
case it crosses the membrane in the extracellular-to-cytoplasmic 
direction. This alternative orientation is shown in Figure 6B. 
The similarity with the AChR sequence is strong in either ori- 
entation. If this GluR3 sequence is TM3, then the Q/R site in 
glutamate receptors is near the position of residues known to 
contribute to the selectivity filter of AChR channels. 
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A. 
nAChR (TM2) 
QIURS (If TM2) 

I 
591 

B. 
nAChR (TM2) 
QIURS (If TM3) 

620 

Figure 6. Comparison of sequence of GluR3 near the Q/R site with the TM2 sequence of the czI subunit of rat neuronal nAChR channels (Wada 
et al., 1988). Amino acids in the TM2 sequence that are known to have effects on ion permeation (see Discussion) are indicated in boldface, as is 
the Q/R site of GluR3. The putative transmembrane segments are indicated by underlining, and identical residues are boxed. Two alternative 
orientations of the GluR3 sequence are shown. A, Alignment of sequences if the GluR3 domain is TM2. The sequences are aligned so that 
extracellular to intracellular goes from left to right. The schematic to the right indicates possible transmembrane domains by the solid boxed regions. 
The position of the Q/R site is indicated by the asterisk next to the largest boxed region. B, Sequence alignment if the GluR3 domain shown forms 
TM3. In this case, the GluR3 sequence traverses the membrane in the opposite direction than does TM2 of the nAChR. Another transmembrane 
topology that is consistent with the hydropathy plots is that the sequence containing the Q/R site is the third of five membrane-spanning domains. 

The proposed mechanism for rectification in the neuronal 
nicotinic receptor also suggests, by analogy, that the Q/R site 
may be near the intracellular side of the membrane. Rectifica- 
tion in the neuronal nicotinic receptor appears to be due to a 
combination of rapid voltage-dependent channel gating and 
channel block by internal Mg (Mathie et al., 1990; Sands and 
Bar&h, 1992). Since the negatively charged amino acids forming 
the cytoplasmic rings in Torpedo AChR are important for in- 
ternal Mg block (Imoto et al., 1988), it seems possible that the 
free carboxyl group of D6 16 may contribute to an internal cation 
binding site that causes inward rectification. If this is true, the 
arginine found naturally in GluR2 might prevent block by form- 
ing a salt bridge that neutralizes the negative charge of the as- 
partate at position 6 16. It follows that removal of the negative 
charge at this site in GluR3 should allow outward current, which 
we observed (Fig. 4B). To preserve the analogy with nicotinic 
receptors, however, D616 must be located on the intracellular 
side of the membrane, which implies that the sequence studied 
here is TM3 rather than TM2 as postulated (Keinanan et al., 
1990; Nakanishi et al., 1990; Sakimura et al., 1990). Further 
evaluation of this suggestion requires more direct determination 
of the sidedness and topology of this region in glutamate recep- 
tors, and identification of the putative blocking ion. 

Comparison of divalent permeability of dtyerent receptors 

Calculations based on the constant field equation indicate that 
the 20 mV positive shift in reversal potential that is character- 
istic of the Ba-permeable combinations [e.g., GluRl, 
GluR 1 +GluR3, GluR3(D6 16N), GluR3(Q6 12N)] implies that 
pe,~prn,“,“ak”t is about 3. In contrast, for combinations in which 
one or more of the subunits contain an arginine or lysine at the 
Q/R site, the -30 to -50 mV negative shift corresponds to a 
pe,~pm,,,v,,,,, of less than 0.2. This calculation does not take 
charge screening into account (see Materials and Methods) but 
is useful for comparison with values similarly calculated for 
other receptors. For example, Pdivalen,lPmonovalen, = 5 for inwardly 
rectifying (type II) kainate receptors on hippocampal neurons 
in culture (Iino et al., 1990), CO.2 for nonrectifying (type I) 
kainate receptors (Mayer and Westbrook, 1987; Iino et al., 1990), 
8-10 for NMDA receptors (Mayer and Westbrook, 1987), and 
l-2 for neuronal nicotinic receptors in PC12 cells (Sands and 

Barish, 199 1). Thus, calcium influx through neuronal nicotinic 
and some glutamate receptors may serve roles previously rel- 
egated only to the NMDA receptors. 

In summary, the Q/R site of non-NMDA glutamate receptors 
has been shown to control the degree of divalent ion permeation 
and rectification in both families of non-NMDA glutamate re- 
ceptors. These results are consistent with the notion that the 
general architecture of the channel region of glutamate and nic- 
otinic receptors may be similar (Unwin, 1989). Now that the 
amino acid sequence of one NMDA receptor subunit is known 
(Moriyoshi et al., 1991) it is interesting to consider whether 
similar rules apply to permeation and block by divalent cations 
in NMDA receptors. The NMDA receptor sequence has an 
asparagine at the position that appears to be homologous to the 
Q/R site in the GluRl-GluR4 and GluRS-GluR7 families. In- 
terestingly, when we introduced an asparagine into this site in 
GluR3 (see also Bumashev et al., 1992), the channels exhibited 
a nearly linear I-Vrelation and high barium permeability (Fig. 
4.4), both characteristics of NMDA receptor channels. However, 
NMDA channels only carry substantial inward current at neg- 
ative potentials in the absence of extracellular Mg. Our exper- 
iments were carried out in the presence of 1.7 mM extracellular 
Mg, a concentration that would have nearly completely sup- 
pressed inward current through the NMDA receptor channel in 
oocytes (Kleckner and Dingledine, 199 1). It is little surprise that 
our findings with this mutant AMPA receptor subunit cannot 
be used to explain all the typical features of the NMDA receptor 
channel. Nevertheless, the substantial homology between the 
NMDA-Rl subunit and GluRl-GluR7 in this region suggests 
that the channel domain for all glutamate receptors may be 
similar. 
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