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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 current and the divalent cation permeability
of kainate-activated
receptor
channels.
By mutagenesis
of GIuR6, we demonstrated that the same site also controls the ability to pass
outward current in another non-NMDA
receptor family. Additional 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 channels.

Calcium permeation through glutamatereceptorsof 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
channelsis generally thought to be very low (e.g., Mayer and
Westbrook, 1987), recent evidence demonstrates that nonNMDA receptors in certain neurons and type 2 astrocytes exhibit considerablepermeation to calcium or other divalent cations when activated by kainate (Murphy et al., 1987; Glaum et
al., 1990; Iino et al., 1990; Gilbertson et al., 1991; Prusset al.,
1991).
Studies with recombinant non-NMDA glutamate receptors
ofthe GluR l-GluR4 family showedthat multiple subunitscoassembleto form glutamate receptors with different functional
properties(Boulter et al., 1990;Keinanen et al., 1990;Nakanishi
et al., 1990; Sakimura et al., 1990). The presenceor absenceof
the GluR2 subunit determinesthe ability to passoutward currents at moderately positive (< + 50 mV) potentials as well as
the degreeof 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 permeableto a wide rangeof divalent cationsincluding magnesium
(Hollmann et al., 1991; Burnashev et al., 1992) and probably
cobalt (Prusset al., 1991).
Site-directed mutagenesishas beeti used to identify a single
position that appearsto determine certain ion permeation properties of recombinant receptors in the GluRl-GluR4 family.
When a glutamine residesin 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., 1991; Verdoorn et al., 1991). When this site contains 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 permeability (Hume et al., 1991) and outward rectification (Hume
et al., 1991; Verdoorn et al., 1991). This critical position in the
GluRl-GluR4 sequenceswill be referred to as the Q/R site.
The amino acid sequenceof this putative transmembraneregion
is otherwise identical in rat GluRl-GluR4. The functional importance of this amino acid residueis highlighted by the finding
that the genefor GluR2 contains a glutamine codon rather than
the arginine codon found in the RNA, implying that posttranscriptional editing achievesthe mature RNA species(Sommer
et al., 1991). If this RNA editing processwere itself regulated,
neurons would have an additional meansto modify the degree
of calcium permeation through glutamate-activated AMPA receptor 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 permeability of glutamate receptor channels.To this end, we made
a seriesof additional mutations at and near this site. One important outcome of these experiments is that they provide evidence 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) respondto both AMPA
and kainate, whereasthe secondfamily of non-NMDA receptors, representedby GluRS-GluR7, hasa pharmacologicalprofile 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., 1991).A secondissueaddressedhereis whether the arginine/
glutamine switch in the GluRS-GluR7 family has the same
functional consequences
as it doesin 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
Constructionof 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 nomenclature 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 oligonucleotide-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 restriction 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.
Recordingmethods.
Xenopusoocytes (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). Kainate 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 measuring 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 rectification, there was often no clear reversal from inward to outward
current. Rather, the current asymptotically approached zero and remained 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 highCa*+ 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(Paminoethvljether-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 application was brief. For example, for GluR 1+ GluR3 receptors, the kainate
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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 oocytes 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 Goldman-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 monovalent 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 monovalent 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). Subsequently, naturally occurring GluR6 sequences were identified
with glutamine in this position but otherwise identical surrounding 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 application 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 functionally 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 changethe size or chargeof residuesat the Q/
R site. The secondwas to examine the effects of repositioning
the positively charged arginine to nearby sites.A third seriesof
experiments tested whether mutation of the aspartate residue
at position 6 16 can also effect the channel properties. The rationale 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 alsoalter the channelproperties.The final seriesof experimentswasbasedon the idea that
homologousresiduesin glutamate receptor and nicotinic receptor channels may have similar functions. We therefore tested
whether conversion of serine residuesto alanine, which in the
nicotinic ACh receptor (nAChR) channel reducesoutward rectification (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 dependenceof the arginine effect
on the shapeof the I-Vrelation, five amino acidsat or near the
Q/R site of GluR3 were replacedin turn by arginine. Replacement of the glycine four residuesaway [GluR3(G608R)] produced functionally detectablehomomeric receptorsin 13 of 24

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 theseproperties, this mutant was similar to GluR2
or GluR3(Q6 12R). Replacementof the adjacent methionine or
glutamine or the alanine three residuesaway from the Q/R
site with arginine [(GluR3(M6 11R), 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 coexpressedwith GluRl. Coexpressionof GluR3(M6 11R)
or GluR3(A609R) with GluR 1 produced much smallerkainateevoked currents (0 nA, n = 15,and 8 f 3 nA, n = 5, respectively)
than when GluRl wasexpressedby itself (628 f 124 nA, y2=
47). These“killer” mutants appearto code for subunitsthat can
coassemblewith GluRl into a nonfunctional complex. The inhibition of GluR 1-evoked current by thesekiller mutations was
not the result of contamination of the mRNA preparationswith
RNasesor other toxic elements,sincewhen oocytes were coinjetted with mRNAs encoding GluR 1, a killer, and the (Y)and
p4subunitsof nAChRs, the nicotinic ACh responseswere comparable to theseevoked 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 expressedwith
GluR3. Examination of the Z-V relation showed that both of
these combinations allowed some outward current flow, although not as much as when GluRl was coexpressedwith
GluR3(Q6 12R) (Fig. 3B,C).
Comparison of the rectification ratios of the arginine-containing mutants when they were coexpressedwith 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 wasthe most effective position for eliciting outward current
flow.
By constructing chimeras of GluRl, GluR2, and GluR3, we
have previously shownthat the domain responsiblefor divalent
ion permeability and outward current lies betweenamino 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 chargedresidue(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 suggestingthe importance of the position of the positive charge.
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Ability to passoutward current doesnot imply low divalent
cation permeability
The permeability to divalent cations can be assessed
by switching cellsfrom a solution in which the dominant cation is Na to
one in which the dominant cation is Ba. For combinations of
subunitswith low divalent cation permeability, the reversal potential becomesmuch more negative in the high divalent solution, 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 mutations of GluR3, however, thesepropertiescould be uncoupled.
Replacing the glutamine at the Q/R site with asparaginereducesthe length of the sidechain by one carbon without changing its polarity. Kainate currents in GluR3(Q612N) receptors
exhibited a linear or outwardly rectifying Z-V relation in Nacontaining medium (Fig. 4A, thin line) rather than the inwardly
rectifying I-Vrelation characteristic of the GluR3 parent. However, 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 combinations that are permeableto divalent cations, substitution
of Ba for Na also causeda reduction in the magnitude of the
inward current at all membranepotentials. Preservation of high
divalent ion permeability
in mutant receptors displaying outwardly 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/

Rl;dR3
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Figure 3. The effect of position of the
arginine on rectification in the Z-V relation. A, Z-V relation of an oocyte expressing GluR3(G608R).
B, Z-V relation 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 amplitudes 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 subunit. 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. Increasingthe size of this residueby one carbon, by substitution
ofglutamate for aspartateat this position [GluR3(D6 16E)], producedinwardly rectifying currentsthat did not differ from GluR3
(Fig. 4B). In contrast, substitution of asparaginefor aspartate
at this position, which eliminates the negative charge without
appreciably altering the size of the side chain, causeda clear
change in the Z-V relation. This mutant, GluR3(D6 16N), displayed a sigmoidal Z-V relation, with both inward and outward
rectification (Fig. 4B). Although this mutant receptor could pass
large outward currents in responseto kainate, its permeability
to divalent cations was neverthelesshigh asjudged by the large
shift to the right in the kainate reversal potential when Ba replaced Na as the principal charge carrier (Fig. 4C).
The resultsfrom a seriesof cells injected with thesemutants
are summarized in Figure 40. Substitution of asparaginefor
either D6 16or Q6 12resultedin homomeric receptorsthat could
passlarge outward currents (rectification index, > 1). However,
unlike the combinationsof GluR 1+ GluR2 and GluR3 + GluR2,
in which the ability to passoutward current is associatedwith
low Ba permeability, in thesemutants Ba permeability washigh,
like that of the parent GluR3. No mutants were identified that
showed strong inward rectification and very low Ba permeability. 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 separatemechanisms.Non-NMDA receptorsare permeableto divalent cations
in type 2 astrocytes(Prusset al., 1991)and retinal bipolar cells
of salamander(Gilbertson et al., 199l), yet both cell types display a nearly linear or outwardly rectifying Z-V relation to kainate (Gilbertson et al., 1991; 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 permeability. A, I-V relation for an oocyte
expressing GluR3(Q6 12N), in high-Na
(thin line, left currentscale)and highBa (thick line, right currentscale)solutions. B, Z-V relation in the standard
solution for an oocyte expressing
GluR3(D6 16E) and an oocyte expressing GluR3(D6 16N). The response amplitudes were normalized by dividing
by the current amplitude at - 100 mV.
C, I-V relations for an oocyte expressing GluR3(D616N),
in high-Na (thin
line,leftcurrentscale)and high-Ba (thick
line, right currentscale).D, Rectification index (ratio ofkainate-evoked conductance measured at + 40 mV and - 75
mV) in standard Na solution (open
squares)
and reversal potential in highNa (opencircles)and high-Ba (solidcircles) solutions for a series of oocytes
expressing the indicated subunits (n >
5 cells for each measurement). The error bars indicate the SEM.

-dO

-40
membrane

40

--

-100

-50

(mV)

membrane

0
potential

(mV)

C.
R3(D616N)
:”

Di

~~

R3

0

:,

-100

I
-50

I
0

I
50

D616E

~:~~~

r

o
l

membrane

results with mutant GluR3 receptors (D6 16N and Q6 12N) demonstrate that both propertiescan residein a homomeric receptor

(seealso Curutchet et al., 1992).
When GluRl or GluR3 subunits coassemblewith a subunit
containingan arginineat the Q/R site[GluR2 or GluR3(Q6 12R)],
the channelsformed have a low Ba permeability. GluR2 also
suppressedBa permeability when coassembledwith the mutant
subunits GluR3(Q6 12N) and GluR3(D6 16N). When oocytes
coexpressingGluR2 and GluR3(Q6 12N) were exposedto kainate, the reversal potential measuredin Ba was shifted -40 f
4.2 mV (n = 5) from the reversal potential in Na solution. For
oocytes expressingGluR2+GluR3(D6 16N), the shift was -43
+- 1.7 mV (n = 8). Thus, although

0
potential

these mutants

differ from

their parent in the ability to passoutward current, they may not
differ in how divalent permeability is regulated.
Size as well as chargeat position 612 injluencesbarium
permeability
The amino group of lysine and the guanidino group of arginine
both carry a positive charge,but lysine hasa somewhatsmaller
side chain. Coexpressionof GluRl with the lysine-containing
GluR3 mutant Q6 12K, like the arginine mutant 46 12R, produced receptors with outwardly rectifying kainate currents in
Na-containing medium (Fig. 54). When Ba replacedNa as the
major charge carrier, however, the shift in kainate reversal potential was smaller for lysine-containing than for arginine-containing mutants (Fig. 54,B). Assuming no difference in monovalent permeability in the two mutants, PB,IP,,,,,,,,., wasabout
0.05 for GluRl +GluR3(Q612R) channelsbut wasincreasedto
0.20 in GluRl +GluR3(Q6 12K) channels.A potential alternative explanation, that PK/PNais 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

potential

D616N

;

Q612N

:

Rl+R2

;

Na solution
Ba solution

(mV)

then be +30 mV rather than the observed -4 -t 1.4 mV (n =
9). Thus, these results suggestthat the size of the positively
chargedsidechain, or the distributed electron cloud in the guanidino 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
chargedQ6 12D and Q6 12E,the large substitution Q6 12W, and
Q6 13N were all inactive alone. When the 46 12 mutants were
coexpressedwith GluRl, the GluRl responseswere substantially attenuated. For example, in one experiment 300 PM kainate evoked 694 f 137 nA of current (n = 11) in oocytes expressingGluRl +GluR3 subunits, but only 95 f 40 nA (n =
11)in oocytesinjected 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 channelsin which
aspartatereplacesglutamine at someQ/R sites.
Becauseof a possiblehomology with important sitesin nicotinic receptor channels(seeDiscussion),two serinesand the
adjacent phenylalanine in GluR3 were converted in turn to
alanine (Fig. 2). Both serinemutants, S602A and S606A, were
similar to GluR3 with respect to rectification and Ba permeability, however, whether expressedalone or with GluR2. Thus,
these experiments have not demonstrateda role for the serine
residuesin ion permeationthrough glutamatereceptor channels.
Conversion of a nearby phenylalanine to alanine (F605A) produced 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 receptorsplays
an important role in ion permeation (Hume et al., 1991; Ver-

The Journal

*-

50

r

Rl +R3 mutant

A-/

0

RI+
R2
0

RI+
Q612R
0

-100 1
-100

I
-50

I
0

I

membrane potential (mV)

doom et al., 1991; Bumashev et al., 1992), and extend this
finding to the GluRS-GluR7 family. Four new observations
support the suggestionthat 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 smallerthan arginine),or differencesin chemical
reactivity of the positive charge in the two amino acids (guanidino 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
asparagineat the Q/R site allowed outward as well as inward
current (Fig. 4A), whereasincreasingthe size of the side chain
(tryptophan substitution) or inserting a negative charge (glutamate and aspartate substitution) abolished all currents. Third,
the optimum location for arginine wasat the Q/R site itself (Fig.
3), ruling out the possibility that the simplepresenceof a positive
charge in this region results in outward rectification. Fourth,
mutation of a secondposition four residuesaway from the Q/
R site, GluR3(D6 16N), alsoaltered the ability to carry outward
current (Fig. 4B). In contrast, removal of the hydroxyl group
from either serine, 6 or 10 residueson the other side of the Q/
R site, had no consistent effect on rectification or Ba permeability.
Theseresultsare consistentwith the idea that the amino acid
side chain at the Q/R site interacts with permeating cations,
especially divalents. We emphasize, however, that the mutagenesisapproach can provide only indirect evidencethat the Q/
R site lies within the channel. Without independent evidence
that the Q/R region is actually in the channel,it remainspossible
that the effects observed are due to conformational changesin
the channel structure rather than a more direct chemical interaction with permeating ions.
Relationship betweenchannel structure and rect&ation
The structural basisfor inward rectification in glutamate receptors lacking GluR2 remainsunclear. 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 sequencewith the sequence
of nACh receptors is potentially informative, since neuronal
nicotinic receptorsshowboth inward rectification (Couturier et
al., 1990; Mathie et al., 1990; Fieber and Adams, 1991; Sands
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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 solutions. The response amplitudes were
normalized by dividing by current amplitude measured at -80 mV in Na
solution. The rightmost curve in Na
solution is GluR 1 +GluR3(06
12K).

B, Averagereversalpotentialt+SEM;

n > 5) for oocytes coexpressing GluR 1

o Na solution
l
Ba solution

and the indicatedsubunitin high-Na
(open circles) and high-Ba (solid circles)
solutions.

and Bar&h, 1992) and high divalent permeability (Fieber and
Adams, 1991; Sandsand Barish, 1991). The secondputative
transmembrane domain (TM2) of the nicotinic receptor has
been proposed to donate side chains to the lining of the ion
channel wall (seeUnwin, 1989, for review). The TM2 sequence
of the rat neuronal (Y*nAChR subunit is shown in Figure 6.
Several individual amino acidswithin TM2 that play important
roles in ion permeation in nicotinic receptor channels are in
boldface. The leftmost glutamate in the AChR sequenceinfluencesthe 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 TorpedoAChR channels(Konno
et al., 1991; Villarroel et al., 1991). The serineresiduesnear the
center of this transmembrane domain are thought to donate
hydroxyl groups to the channel wall since substitution of alanines at thesesitesin mousenAChR reducesoutward conductance selectively and decreasesthe dwell time of the open channel blocker QX-222 (Leonard et al., 1988;Chamet et al., 1990).
Mutations of the marked leucine, which is highly conserved in
ligand-gatedion channels,modify severalaspectsof permeation
and gating in neuronal c+ AChR (Revah et al., 1991).
The topology of glutamate receptors is not known, although
models have been proposed that involve three closely spaced
transmembraneregions plus a fourth near the C-terminus. In
one model (Hollmann et al., 1989), the sequenceof GluR3 in
which the Q/R site resideslies in an extracellular loop. In another model this sequenceservesasthe secondtransmembranespanningregion, and thus crossesthe membrane from the cytoplasmicto 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
transmembranetopology indicated to the right. It is possible
from the hydropathy plots, however, to postulate that this sequenceforms insteadthe third transmembranedomain, in which
caseit crossesthe membranein the extracellular-to-cytoplasmic
direction. This alternative orientation is shown in Figure 6B.
The similarity with the AChR sequenceis strong in either orientation. If this GluR3 sequenceis TM3, then the Q/R site in
glutamate receptors is near the position of residuesknown to
contribute to the selectivity filter of AChR channels.
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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 mechanismfor rectification in the neuronal
nicotinic receptor also suggests,by analogy, that the Q/R site
may be near the intracellular side of the membrane.Rectification in the neuronal nicotinic receptor appearsto be due to a
combination of rapid voltage-dependent channel gating and
channel block by internal Mg (Mathie et al., 1990; Sandsand
Bar&h, 1992).Sincethe negatively chargedamino acidsforming
the cytoplasmic rings in Torpedo AChR are important for internal Mg block (Imoto et al., 1988), it seemspossiblethat the
free carboxyl group of D6 16may contribute to an internal cation
binding site that causesinward rectification. If this is true, the
arginine found naturally in GluR2 might prevent block by forming a salt bridge that neutralizes the negative charge of the aspartate at position 6 16. It follows that removal of the negative
chargeat 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
sideof the membrane,which implies that the sequencestudied
here is TM3 rather than TM2 as postulated (Keinanan et al.,
1990; Nakanishi et al., 1990; Sakimura et al., 1990). Further
evaluation of this suggestionrequiresmore direct determination
of the sidednessand topology of this region in glutamatereceptors, and identification of the putative blocking ion.
of divalent permeability
of dtyerent receptors
Calculations basedon the constant field equation indicate that
the 20 mV positive shift in reversal potential that is characterComparison

istic

of the

Ba-permeable

combinations

[e.g.,

GluRl,

GluR 1+GluR3, GluR3(D6 16N), GluR3(Q6 12N)] implies that
is about 3. In contrast, for combinations in which
pe,~prn,“,“ak”t
one or more of the subunitscontain an arginine or lysine at the
Q/R site, the -30 to -50 mV negative shift correspondsto a
pe,~pm,,,v,,,,, of lessthan 0.2. This calculation does not take
charge screeninginto account (seeMaterials 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)
kainatereceptors(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 (Sandsand

Barish, 1991). Thus, calcium influx through neuronal nicotinic
and someglutamate receptors may serve roles previously relegatedonly to the NMDA receptors.
In summary, the Q/R site of non-NMDA glutamatereceptors
hasbeenshownto control the degreeof divalent ion permeation
and rectification in both families of non-NMDA glutamate receptors. These results are consistent with the notion that the
generalarchitecture of the channelregion of glutamate and nicotinic receptors may be similar (Unwin, 1989). Now that the
amino acid sequenceof 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 sequencehas an
asparagineat the position that appearsto be homologousto the
Q/R site in the GluRl-GluR4 and GluRS-GluR7 families. Interestingly, when we introduced an asparagineinto this site in
GluR3 (seealsoBumashev et al., 1992), the channelsexhibited
a nearly linear I-Vrelation and high barium permeability (Fig.
4.4),both characteristicsof NMDA receptor channels.However,
NMDA channels only carry substantial inward current at negMg. Our experative potentials in the absence of extracellular

iments werecarried out in the presenceof 1.7 mM extracellular
Mg, a concentration that would have nearly completely suppressedinward current through the NMDA receptor channel in
oocytes(Kleckner and Dingledine, 1991). It is little surprisethat
our findings with this mutant AMPA receptor subunit cannot
be usedto explain all the typical featuresof 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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