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SUMMARY

All ionotropic glutamate receptor (iGIUR) subunits analyzed so
far are heavily N-glycosylated at multiple sites on their amino-
terminal extracellular domains. Although the exact functional
significance of this glycosylation remains to be determined, it
has been suggested that N-glycosylation may be a precondi-
tion for the formation of functional ion channels. In particular, it
has been argued that N-glycosylation is required for the forma-
tion of functional ligand binding sites. We analyzed heterolo-
gously expressed recombinant glutamate receptors (GluRs) of
all three pharmacological subclasses of glutamate receptors,
N-methyl-p-aspartate (NMDA), «-amino-3-hydroxy-5-methyl-
4-isoxazole propionic acid, and kainate receptors. By express-
ing the GluR subunits in tunicamycin-treated, nonglycosylating
Xenopus laevis oocytes, we determined that in neither case is

N-glycosylation required for ion channel function, although for
NMDA receptors, functional expression in the absence of N-
glycosylation is very low. Furthermore, we analyzed and com-
pared the interaction of the desensitization-inhibiting lectin
concanavalin A (ConA) with all functional GIuR subunits. We
show that although ConA has its most pronounced effects on
kainate receptors, it potentiates currents at most other receptor
subtypes as well, including certain NMDA receptor subunits,
although to a much lesser extent. One notable exception is the
a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid re-
ceptor GluR2, which is not affected by ConA. Furthermore, we
show that ConA acts directly via binding to the carbohydrate
side chains of the receptor protein.

iGluRs are the prevalent excitatory neurotransmitter re-
ceptors in the central nervous system of vertebrates (1). They
can be classified into three major subfamilies on the basis of
pharmacological and electrophysiological profiles: NMDA,
AMPA, and KA receptors. Being the main mediators of cell-
to-cell signaling, GluRs are regulated and functionally mod-
ulated by a multitude of post-transcriptional and post-trans-
lational mechanisms such as alternative splicing, RNA
editing, protein phosphorylation, palmitoylation, and N-gly-
cosylation (for a review, see Ref. 2). iGluRs are thought to
consist of five subunits and may form heteromeric receptors
containing different subunits, in many cases resulting in a
receptor complex with different properties than their constit-
uent subunits. For some receptor subunits, function can be
demonstrated only on coexpression with another subunit of
the same subfamily (for a review, see Ref. 2).

The amino acid sequences of iGluR subunits contain 4-12
potential extracellular sites for N-glycosylation, which con-
form to the universal consensus sequence N-X-S/T, with X #
P. These sites are marked in Fig. 1 and occur in the two large
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domains of iGluRs that according to the recently proposed
three-transmembrane domain model, are located in the two
putatively extracellular domains, the amino terminus and
the loop between transmembrane domains B and C (3, 4).
Many but not all of the sites are conserved within or even
across subfamilies; however, no site is conserved across all
iGluRs. The use of at least some of these consensus sites has
been confirmed (5). For GluR1 alone, a systematic investiga-
tion of all existing consensus sites demonstrated that each of
the six sites is glycosylated, at least in oocytes (3); however,
the functional role of the carbohydrate moieties of iGluRs is
not clear. Carbohydrate side chains have been implicated in
many diverse functions, including protection from proteases,
correct assembly of the subunits, formation of ligand binding
sites, receptor targeting to the cell surface, and recognition
by extracellular modulators (for a review, see Ref. 6). Impor-
tantly, the role of N-glycosylation in receptor function seems
to vary widely among different receptors.

There have been contradictory reports regarding whether
N-glycosylation is essential for GluR function. Several groups
have claimed that glycosylation is required for channel func-
tion (7, 8) or ligand binding (9-11), whereas other studies
found no such requirements (3, 12). We therefore reinvesti-

ABBREVIATIONS: iGlIuR, inotropic glutamate receptor; GluR, glutamate receptor; DMSO, dimethylsulfoxide; AMPA, «a-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid; Glu, glutamate; SDS, sodium dodecyl sulfate; KA, kainate, NMDA; N-methyl-p-aspartate; ConA, concanavalin

A; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid.

861

2102 ‘T Jaquiadag uo 1sanb Aq 6o sjeusnofiadse wieydjow wol) papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet.’

862 Evertsetal.
w \ A B C
GlRl [ | BaY | AN 1 6
Y
GluR2 [ | Wa | Y7 4
GluR3 [ : : | BVaY | N 5
GluR4 A _ s Fig. 1. Structure of all iGIuR sub-
" : e units investigated in this study. Ar-
rowheads, position of all extracel-
GLuRS Y W y y 0 lular N-glycosylation consensus
RS T AN e sites (N-X-S/T, X # P). Right of
Y " ’ bars, total number of sites. Stip-
GluR6 AN | — 9 ) . .
. L pled vertical lines, connect con-
GIuR7 = " ey | — 5 served consensus sites at homol-
ogous positions in different
KAl I Y AN ' ¥ ] 9 receptors. Black squares, Position
. ) of transmembrane domains A, B,
KA2 [ AN | 11 and C. Hairpin loop between do-
mains A and B, position of the ion
v Y Y Y vy v v v channel-forming domain. Hatched
NR1 [ 7 N AN 12 rectangles, alternatively spliced
1 v A domains (only indicated for splice
NR2A [ | Wa | | 17 variants that were investigated).
NR2B [ | Ba | | b7
Y
NR2C | r v ' | BaY | ! | ] 1 6
A y \ A
NR2D [ Y nr ' 'l AN ! | | —1 7

gated this question to determine whether N-glycosylation is
necessary for channel function.

Carbohydrate side chains attached to N-glycosylation con-
sensus sites of iGluRs most likely are the sites of interaction
with lectins such as ConA. ConA has been found to potentiate
current responses of native (13—17) and recombinant (18-21)
iGluRs, with a strong selectivity for KA receptors over AMPA
receptors. It is assumed that ConA acts by inhibiting receptor
desensitization (14, 15). Several studies have reported the
potentiation of selected iGluR subunits by ConA (18-20, 22),
but not all of the functional subunits have been examined,
and no study has compared the effects of ConA at all mem-
bers of the iGluR family. Specifically, NMDA receptors have
not been investigated in great detail, and the two existing
reports on ConA modulation of these receptors are contradic-
tory (18, 19). NMDA receptor splice variants have not been
examined at all. Because the potentiating effect of ConA is
increasingly used as a pharmacological tool to identify sub-
sets of iGluRs in tissue slices or cell culture, it is important to
know which effects ConA exerts on each of the known func-
tional iGluR subunits or combinations; therefore, we system-
atically investigated the modulatory properties of ConA for
all cloned subtypes of iGluRs.

This study shows that (a) N-glycosylation is not strictly
essential for functional expression of any iGluR subunit com-
bination but may affect current amplitudes and (b) receptor
modulation by ConA is a direct effect of the lectin on the
receptor protein and is subunit and splice variant dependent.

Materials and Methods

ConA (grade VI) was obtained from Sigma Chemie (Munich, Ger-
many). Tunicamycin was purchased from Boehringer-Mannheim
Biochemica (Mannheim, Germany). Other drugs were purchased
from Sigma unless noted otherwise. Adult female frogs (Xenopus
laevis) were obtained from Nasco (Fort Atkinson, WI).

cRNA synthesis. Template was prepared from circular plasmid
cDNA by linearization of each clone with a suitable restriction en-

zyme. cRNA was prepared from 1 ug of linearized template using an
in vitro transcription kit (Stratagene, Heidelberg, Germany) with a
modified standard protocol that uses each of the nucleotides at 800
uM (except GTP, for which 200 uM was used), 800 uM ™’GpppG
(Pharmacia, Vienna, Austria) for capping, and an extended reaction
time of 3 hr with T3 or T7 RNA polymerase. All cRNAs were trace-
labeled with [*?P]JUTP (Amersham, Braunschweig, Germany) to al-
low quality checks by gel electrophoresis and calculation of the yield.

Electrophysiological recordings from X. laevis oocytes.
Frog oocytes of stages V or VI were obtained by surgical removal of
parts of the ovaries of X. laevis anesthetized with 3-aminobenzoic
acid ethyl ester (2 g/liter). The removed ovaries were chopped and
incubated with 815 units/ml (2.8 mg/ml) collagenase type I (Worth-
ington Biochemicals, Freehold, NJ) and 2200 units/ml (0.15 mg/ml)
trypsin at 20° for 2 hr in calcium-free Barth’s solution (see below)
with slow agitation to remove the follicular cell layer and then
washed extensively with Barth’s solution [88 mm NaCl, 1.1 mm KCl,
2.4 mM NaHCOj;, 0.3 mm Ca(NO);, 0.3 mM CaCl,, 0.8 mm MgCl,, 15
mM HEPES, pH 7.6 with NaOH]. Oocytes were maintained in Bar-
th’s solution supplemented with 100 pg/ml gentamycin, 40 pg/ml
streptomycin, and 63 ug/ml penicillin. Oocytes were injected with 10
ng of cRNA for homomeric receptors and 5 ng of cRNA for each
subunit of heteromeric receptors 24 hr after collagenase treatment
using a 10-pl Drummond (Broomall, PA) microdispenser. At 5-6
days after RNA injection, oocytes were recorded in amphibian Ring-
er’s solution (115 mMm NaCl, 2.5 mMm KCl, 1.8 mm CaCl,, 10 mM
HEPES, pH 7.2 with NaOH) under voltage clamp at a holding
potential of —70 mV, with a Turbo Tec-10CD amplifier (NPI, Tamm,
Germany). Voltage electrodes had resistances of 1-3 M(Q) and were
filled with 3 M KCI; current electrodes had resistances of ~1 M() and
were filled with 3 M CsCl. Agonist was applied by superfusion at a
flow rate of 6 ml/min in a 50-ul recording chamber. For each oocyte,
steady state currents were recorded before and after ConA treat-
ment. Lectin treatment was carried out by pipetting 100 ul of 10 um
ConA in amphibian Ringer’s solution (calculated for the tetramer of
102 kDa) directly into the recording chamber while perfusion was
stopped. Oocytes were incubated for 8 min in the lectin solution;
then, perfusion was restarted for 1 min before the next agonist
application. To estimate EC;, values, eight different agonist concen-
trations (A) were applied, and steady state values of the evoked
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currents (I) were measured and fitted with the SigmaPlot program
(Jandel Scientific, San Rafael, CA) to the equation I = I /[1 +
(EC5y/A)*H], where I, is the maximal current, EC;, is the agonist
concentration giving half-maximal currents, and ny is the Hill coef-
ficient.

Inhibition of N-glycosylation by tunicamycin. To express
nonglycosylated receptors in oocytes, we used tunicamycin, a potent
inhibitor of N-glycosylation (23). At 1 day before injection with
cRNA, oocytes were preinjected with 50 nl of 400 ug/ml tunicamycin
(20 ng/oocyte, or ~22 ug/ml for an oocyte of 1.2-mm diameter).
Immediately before injection, a stock solution of 10 mg/ml tunicamy-
cin in DMSO was diluted to 4% DMSO with amphibian Ringer’s
solution; 4% DMSO did not adversely affect the oocytes. Bath treat-
ment of oocytes with tunicamycin turned out to be largely ineffective
in inhibiting N-glycosylation (data not shown).

Site-directed mutagenesis. Single nucleotide exchanges were
introduced by polymerase chain reaction-mediated site-directed mu-
tagenesis using mutagenetic primers as described previously (3). We
mutated wild-type GluR2 at the Q/R editing site to GluR2(R586Q)
[hereafter referred to as GluR2(Q)] for both the flip and flop splice
variants. To create N-glycosylation site mutants of GluR1, we de-
leted the first N-glycosylation consensus site in the GluR1 sequence
to obtain GluR1(N45S), which we called GluR1-ANG1. We also cre-
ated the double-mutant GluR1-ANG1/3 by also deleting the third
N-glycosylation consensus site [mutation GluR1(N239S)], and we
engineered the mutant GluR1-ANG3 by introducing solely the mu-
tation N239S. GluR1-ANG2/4/5/6 was engineered by deleting N-
glycosylation sites 2 and 4-6 by introducing the mutations N2318S,
N345S, N383S, and N388S, respectively. GluR2(Q) with two ectopic
N-glycosylation sites (GluR2-EG1/2) was engineered by introducing
the mutations E45N and A47T (to create EG1l) and D243N and
D245T (to create EG2). All mutations were verified by chain-termi-
nation method sequencing using the Sequenase kit from United
States Biochemical Corp. (Cleveland, OH).

Labeling of cell surface glycoproteins with biotinylated
ConA. To identify only the fraction of receptor protein inserted in the
plasma membrane, surface proteins were tagged with biotin and
isolated by streptavidin/Sepharose-mediated precipitation of the la-
beled protein. Briefly, intact oocytes were incubated in 1 mg/ml
NHS-SS-Biotin (Pierce, Indianapolis, IN) solution for 2 hr at 4°.
After five 10-min washes in frog Ringer’s solution, 10 oocytes were
homogenized with a Teflon pestle in 200 ul of buffer H [100 mM NaCl,
20 mM Tris'HCI, pH 7.4, 1% Triton X-100, 1 mM phenylmethylsulfo-
nyl fluoride, and a cocktail of additional proteinase inhibitors (2.5
pg/ml leupeptin, 20 ug/ml aprotinin, 2.5 ug/ml pepstatin, and 20
pg/ml benzamidine hydrochloride)]. The homogenate was kept on ice
for 60 min. After centrifugation for 60 sec at 16,000 X g to remove
yolk platelets and the melanin pigment granula, the supernatants
were supplemented with 20 ul of streptavidin/Sepharose beads (Sig-
ma) and incubated for 3 hr at 4° on a rotator. The streptavidin/
Sepharose beads were pelleted by a 60-sec spin and washed three
times with buffer H, and the washed pellets were boiled in 40 ul of
SDS-polyacrylamide gel loading buffer (0.8 M B-mercaptoethanol, 6%
SDS, 20% glycerol, 25 mM Tris-HCI, pH 6.8, 0.1% bromphenol blue).

Crude membrane preparation, gel electrophoresis, and
Western blotting. At 3-6 days after RNA injection, a crude mem-
brane fraction was prepared from oocytes. Briefly, 20 oocytes were
homogenized with a Teflon pestle in 400 ul of buffer H as described
above. The homogenate was kept in a shaker at 4° for 15 min and
then spun down for 1 min at 16,000 X g. The supernatants contain-
ing the cytosolic proteins as well as the solubilized membrane pro-
teins were separated at 4° on discontinuous SDS-polyacrylamide gels
(3) with a 5% stacking gel and a 7.5% separating gel. The gel was
blotted (3) onto Hybond ECL nylon membranes (Amersham). Mem-
branes were blocked with 1X Roti-block (Roth) and probed (4° over-
night) with the primary anti-GluR antibody diluted in antibody
incubation buffer (0.1X Roti-block, 0.1% Triton X-100, 20 mMm
Tris-HCI, pH 7.6, 140 mM NaCl). Immunoreactive bands were de-
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tected by peroxidase-labeled donkey anti-rabbit IgG antibodies
(Jackson Laboratories, Bar Harbor, ME) in the case of polyclonal
primary antibodies or by peroxidase-labeled donkey anti-mouse IgG
antibodies (Jackson Laboratories, Bar Harbor, ME) in the case of
monoclonal primary antibodies. All antibodies were diluted in anti-
body incubation buffer and visualized with the enhanced chemilu-
minescence method (ECL Kit, Amersham).

Deglycosylation. Crude membranes were enzymatically degly-
cosylated with N-Glycosidase F (Boehringer-Mannheim) at 37° for 4
hr in the presence of protease inhibitors (see above) after denatur-
ation for 10 min at 100° in 1% SDS, following the manufacturer’s
protocol.

Results

N-Glycosylation is not required for receptor func-
tion. To investigate the requirement for N-glycosylation of
GluRs, we expressed recombinant rat GluR subunits in X.
laevis oocytes as homomeric proteins as well as in various
heteromeric combinations. Oocytes were either not pre-
treated at all or preinjected with the antibiotic tunicamycin.
Tunicamycin, a hydrophobic analog of UDP-N-acetylglu-
cosamine, specifically inhibits N-glycosylation by blocking
the addition of N-acetylglucosamine to the sugar carrier doli-
cholphosphate, which is the first step in the formation of the
core oligosaccharide in N-linked glycosylation events. We
then compared the steady state current amplitudes of recep-
tor subunits expressed in untreated, glycosylating oocytes
with those in tunicamycin-preinjected, nonglycosylating oo-
cytes.

For AMPA receptors, function is preserved in the nongly-
cosylated state for all homomeric and heteromeric subunit
combinations tested (Table 1). Interestingly, the flop and flip
versions of each of the four AMPA receptor subunits behave
quite differently: although lack of N-glycosylation increases
Glu-evoked currents at all flip versions except for GluR3g;,,,
amplitudes at flop versions are generally reduced, except in
the case of GluR4y,, (Fig. 2, A and B, and Table 1). The
behavior of heteromeric AMPA receptor combinations cannot
be easily predicted on the basis of that of the constituting
subunits, except for a tendency to follow the behavior of the
flop subunit in the combination rather than the flip subunit.

When currents observed in tunicamycin-treated oocytes
were normalized to currents in untreated control oocytes, a
comparison of Glu- and KA-evoked normalized currents at 16
AMPA receptor subunits or combinations revealed unex-
pected differences between the two agonists. KA-evoked re-
sponses in tunicamycin-treated oocytes were either smaller
(11 of 16 subunit combinations) or about the same size (five of
16) as those in untreated oocytes. In contrast, with Glu as the
agonist, seven of the 16 receptors examined displayed signif-
icantly larger currents compared with glycosylating controls
(Table 1). However, regardless of the glycosylation state of
the receptor, absolute current amplitudes are always consid-
erably larger for KA-evoked responses than for Glu-evoked
responses, with the sole exception of homomeric GluR2g; s.

At KA receptors, N-glycosylation is not required for KA- or
Glu-evoked steady state currents at any of the subunit com-
binations that give measurable currents in oocytes (Fig. 2C
and Table 1). In fact, the heteromeric subunit combinations
GluR6(Q)/KA1 and GluR6(Q)/KA2 give even larger steady
state currents in the absence of N-glycosylation (Fig. 2D and
Table 1). In contrast to steady state currents, however, the
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Fig. 2. Tunicamycin pretreatment
of oocytes differentially affects cur-
rents of expressed iGluRs. Repre-
sentative current traces obtained
with either KA or Glu as agonist are
shown for untreated (left) and tuni-
camycin-pretreated (right) oocytes
from the same frog. GluR1g,, (A),
GluR1y, (B), GIuR6(Q)ep (C),
GluR6(Q)/KA1 (D), NR1-4b (E), and
NR1-1b/2B (F) are shown as ex-
amples of subunits with reduced (A
and F), increased (B and D), un-
changed (C), and abolished (E) re-
sponses after tunicamycin treat-
ment. Note different scale bars for
KA- and Glu-evoked currents at
AMPA receptors.
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rapidly desensitizing initial peak currents are significantly
decreased or even lacking at nonglycosylated receptors (Fig.
20).

At NMDA receptors, lack of N-glycosylation causes a large
reduction (=99%) in steady state currents in heteromeric
subunit combinations containing NR2A or NR2B as the
structural subunit but does not seem to abolish channel
function entirely (Fig. 2F and Table 1). For all homomeric
subunits tested and for heteromeric combinations containing
either NR2C or NR2D, we failed to detect any currents in
nonglycosylating oocytes (Fig. 2E and Table 1). However,
because these particular subunits and subunit combinations
comprise the NMDA receptors with the smallest currents, it
is possible that channel function was not entirely abolished
but merely dropped below our detection level. If we assume
that for the subunits with low levels of expression, lack of
N-glycosylation reduces currents to <1% of control values
measured in glycosylating oocytes, as it is for the better-
expressing NMDA receptor subunits, then maximal ampli-
tudes would have dropped to =~1 nA and thus could not
have been detected in our expression system.

To rule out that the small NMDA receptor currents ob-
served in tunicamycin-treated oocytes are due to incomplete
inhibition of N-glycosylation, the absence of carbohydrate
side chains must be confirmed. Two lines of evidence argue
against residual N-glycosylation. First, we found a total lack
of ConA-mediated current potentiation on tunicamycin treat-
ment for all subunits tested, including NR1-4a/NR2B, which
normally will be potentiated when glycosylated (Table 1). A
second line of evidence was provided by Western blots of
Triton X-100-solubilized crude oocyte membranes separated
on polyacrylamide gels. Because all receptor subunits have at
least four consensus sites for N-glycosylation (Fig. 1) and all
or most of these sites are likely to be used (3), a substantial
difference in molecular weight can be expected between N-
glycosylated and non-N-glycosylated proteins, which is easily
resolved on a polyacrylamide gel. Western blots of such gels

A B C D

revealed a downward shift in the molecular weight of recep-
tor proteins expressed in tunicamycin-treated oocytes. No
bands equivalent to the N-glycosylated protein could be de-
tected in N-glycosylation-incompetent oocytes (Fig. 3). This
confirms our previous findings for GluR1 that up to 12 days
after cRNA injection into tunicamycin-treated oocytes, no
N-glycosylated receptor protein is being synthesized (3). Fur-
thermore, N-glycosidase F treatment of membrane prepara-
tions demonstrated that the molecular weight of nonglycosy-
lated receptor protein obtained from tunicamycin-pretreated
oocytes was identical to that obtained by enzymatic deglyco-
sylation of receptor protein from control oocytes (Fig. 3B).
Moreover, N-glycosidase F treatment of receptor protein from
tunicamycin-pretreated oocytes did not show any further
downward shift in the molecular weight (Fig. 3B).

The amount of protein produced in glycosylating versus
nonglycosylating oocytes depended on the receptor subfam-
ily. AMPA receptors seem to express equally well, regardless
of N-glycosylation (Fig. 3A), whereas KA receptors such as
GluR6(Q) (Fig. 3, B and C) and GluR6(R) (data not shown)
may show some reduction in protein expression. The editing
variants of GluR6 express equally well. In contrast, the NR1
subunit of the NMDA receptor is expressed only very weakly
in glycosylation-deficient oocytes compared with normal, gly-
cosylating oocytes (Fig. 3, D-G). This observation most likely
explains the absence of currents at homomeric NR1 receptors
and the low levels of currents observed for heteromeric NR1/
NR2B receptors. Reduced NR1 subunit expression in nong-
lycosylating oocytes is observed for both major NR1 splice
variants, NR1-1a (Fig. 3D) and NR1-1b (Fig. 3, E and G),
and is found to a similar extent in total expressed protein
(Fig. 3E) and surface protein (Fig. 3F). Interestingly, the
reduction in NR1 protein expression in nonglycosylating oo-
cytes is not accompanied by a reduction in the expression
level of the NR2B subunit coexpressed in the same oocyte
(compare Fig. 3, G and H). Similarly, coexpression of NR1-1a
and GluR6 does not lead to a reduction in GluR6 expression

E F G H I

GluRlp,,| [ GluRlg,, | | GIuRé | GluR6| [NRI-1a] [NR1-1b| [NRI-1b| [NRI-1b| [NRI-1b
NRI-1a NR2B | | NR2B
anti-GluR1 anti-GluR1 anti-GluR6  anti-GluR6 anti-NR1 anti-NR1 anti-NR1 anti-NR1 anti-NR2B
213= | . =213
‘ M ye
4 9 l -. p<
119= ' ‘*. n i - R l =119
. - “ -+ [ & .
83— AW "< < e< <t < << s

=+ - -+ o+ -+ -+
E E

=+ = o+ - 4+ =+ =4

Fig. 3. Western blots of total membrane preparations (A-F, H, and I) or surface receptors (G; see text for details) from untreated (—) or
tunicamycin-treated (+) oocytes expressing various iGIuR subunits as noted. Lanes marked E, samples enzymatically deglycosylated with
N-glycosidase F. Blots were probed with polyclonal, affinity-purified carboxyl-terminal antibodies against GluR1 (A and B) or GluR6 (C and D)
(provided by Bob Wenthold), a monoclonal anti-NR1 antibody (E-H) (provided by Nils Brose), and a polyclonal carboxyl-terminal anti-NR2B
antibody (I) (Chemicon International, Temecula, CA). cRNA (5 ng/oocyte) had been injected, except for blot E (10 ng), and the protein equivalent
to two oocytes was loaded per lane, except for blots F (1 oocyte) and G (10 oocytes). Filled arrows, glycosylated receptor proteins. Open arrows,
smaller unglycosylated variants. *, Band not related to the heterologously expressed protein; it is recognized by the antibody even in uninjected
oocytes. This band varies considerably even between oocytes from the same frog. 83, 119, And 213 kDa, positions of prestained protein markers.
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(compare Fig. 3, B and C). Thus, the reduced expression level
of NR1 in tunicamycin-treated oocytes does not reflect a
generalized down-regulation of protein synthesis.

The lack of N-glycosylation did not dramatically alter the
EC;, values for the agonists KA or Glu. EC;, values were
either unchanged [GluR1y,, (Fig. 4A) and GluR6(Q) (Fig.
40)], slightly decreased [NR1-1b/NR2B (Fig. 4D)], or slightly
increased [GluR1g;, (Fig. 4B)]. The very modest changes in
ECj, values cannot account for the observed changes in cur-
rent amplitude. In fact, for NR1-1b/NR2B, the current is
decreased, whereas the affinity for Glu is increased. No
changes in nz; values were seen for any of the subunits
tested, indicating that the number of ligand binding sites per
receptor complex remained unaltered (Fig. 4).

In summary, our data suggest that N-glycosylation is not a
prerequisite for the expression of functional ion channels in
any of the three major subfamilies of ionotropic GluRs. Al-
though not essential, N-glycosylation is, however, necessary
for the efficient expression of NMDA receptor channels. In
this case, N-glycosylation seems to be specifically required to
ensure high-level expression of the NR1 subunit. In contrast,
no such requirement was found for AMPA or KA receptor
subunits.

A
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N-Glycosylation of Glutamate Receptors

Lectins potentiate current amplitudes at GluRs in a
highly subunit-specific manner. To analyze lectin-medi-
ated modulation of AMPA receptors, we examined all eight
homomeric flop/flip splice variants (flop and flip variants
each of GluR1 to GluR4) as well as six heteromeric combina-
tions of these subunits. With 300 uMm Glu as the agonist, all
receptors except homomeric GluR2 subunits showed small
but significant potentiations of steady state currents after an
8-min pretreatment with 10 um ConA. Potentiations of Glu-
evoked currents ranged from 3.6 = 1.2 for GluR4y,,/
GluR2g,, to 13 * 4.0 for GluR4y;, and were always larger
than potentiations of KA-evoked currents (Table 1) Notably,
we found no significant differences in potentiation between
flop and flip splice variants, regardless of whether homo-
meric or heteromeric receptors were analyzed (Fig. 5A). Het-
eromeric combinations of GluR1, GluR3, or GluR4 with
GluR2 (flip or flop) generally displayed ConA-mediated cur-
rent potentiations similar to those of the respective homo-
meric receptors (Table 1), indicating that the nonpotentiated
GluR2 subunit does not dominate the ConA effect the way it
dominates the rectification properties and the calcium per-
meability when expressed in heteromeric assemblies (2).

Because homomeric GluR2 subunits seemed to be the only

C
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Fig. 4. Dose-response curves for GluR1,,, (A), GluR1,,, (B), GIuR6(Q) (C), and NR1-1b/NR2B (D) expressed in untreated (O) and tunicamycin-
treated (@) oocytes. ECg, values, ng, values, and maximal currents (I,,,,,) were estimated with KA as the agonist for GIuR1 and GluR6 and with Glu
in the presence of 10 um glycine as the agonist for NR1-1b/NR2B. Values represent the mean *+ standard error of three individually measured
dose-response curves.
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Fig. 5. ConA pretreatment differentially affects cur-
rents of iGIuRs in an N-glycosylation-dependent man-
ner. Representative current traces recorded with Glu or
KA are shown for untreated oocytes as well as oocytes
from the same batch incubated in 10 um ConA for 8
min. GluR 14, (A), GIUR2(Q)q,, (B), and GIuR6(Q) (C) are
shown as examples of subunits with slightly increased,
unchanged, and hugely potentiated responses, respec-
tively, after ConA treatment. NR1-4a (D) and NR1-4b
(E) are shown as examples for splice variant-specific
potentiation: NR1-4a is potentiated but NR1-4b is un-
affected by ConA. Note that after tunicamycin pretreat-
ment (right), no more ConA potentiation is seen, regard-
less of the subunit analyzed.
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AMPA receptors not affected by ConA (Fig. 5B), we investi-
gated these receptors more closely. Homomeric GluR2 sub-
units yield only minute currents, which makes it very diffi-
cult to assess reliably the effect of ConA. Therefore, we used
site-directed mutagenesis on both GluR2g,, and GluR2g;, to
construct mutants containing a glutamine residue (Q) in-
stead of an arginine residue (R) at the Q/R editing site in the
ion channel (position 586). This mutation is known to in-
crease the maximal amplitudes of GluR2 channels consider-
ably, and it also changes the calcium permeability and rec-
tification properties (24, 25). The large currents of the
mutant GluR2(Q) channels allowed easy quantification of the
ConA effect, and we confirmed that GluR2 indeed is not
potentiated by ConA, regardless of the editing status at the
Q/R site (Fig. 5B and Table 1).

GluR2 has the lowest number of N-glycosylation sites of all
iGluRs, with only four consensus sites. It differs from other
AMPA receptors in lacking two of the six sites present in
GluR1 and one of the five sites found in both GluR3 and
GluR4. We set out to test whether those lacking N-glycosy-
lation sites could potentially account for the absence of ConA-
mediated current potentiation at GluR2 receptors. We used
site-directed mutagenesis to alter the consensus site aspar-
agine residues at the first and third N-glycosylation sites of
GluR1 to serine residues. We created mutants lacking only
the first site (GluR1-ANG1) or the third site (GluR1-ANG3)
and a double-mutant lacking both the first and third sites
(GluR1-ANG1/3). When these mutants were tested for ConA-
mediated current potentiation, GluR1-ANG1 and GluR1-
ANGS still showed potentiation, although Glu-evoked cur-
rents were significantly less increased than in wild-type
GluR1 (Fig. 6). However, the double-mutant GluR1-ANG1/3
could not be lectin-potentiated any more, regardless of the
agonist used for channel activation (Fig. 6). The complemen-

9.0

8.0 T

7.0 E==

SERIERT
Gaginsns

S3iasien

Current potentiation by ConA

Fig. 6. Simultaneous removal of N-glycosylation sites 1 and 3 from
GluR1, which leaves a GluR2-like N-glycosylation pattern (Fig. 1), abol-
ishes ConA-mediated potentiation of Glu-evoked currents. GIuR7 wt,
GluR1 wild-type (n = 19); GluR2(Q) shown for comparison (n = 16);
GIluR1-ANG1/3, GluR1 lacking N-glycosylation sites 1 and 3 (n = 7);
GIluR1-ANG1, GluR1 lacking N-glycosylation site 1 (n = 9); GluR1-
ANGS3, GlIuR1 lacking N-glycosylation site 3 (n = 6); GIuR1-ANG2/4/
5/6, GluR1 lacking N-glycosylation sites 2 and 4-6 (n = 7); GIuR2(Q)-
EG1/2, GluR2(Q) carrying two additional ectopic N-glycosylation sites
at positions equivalent to sites 1 and 3 (see Fig. 1) in GIuR1 (n = 14).
Error bars, = standard error; those of GIuR1-ANG1/3 are too small to
show. Horizontal line, control current level (no ConA potentiation).
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tary quadruple mutant GluR1-ANG2/4/5/6, which lacks N-
glycosylation sites 2 and 4-6, on the other hand, was still
potentiated (Fig. 6), demonstrating that sites 1 and 3 are
sufficient to allow potentiation. This mutant was difficult to
analyze, however, because the currents were quite small; in
some cases, currents could be seen only after ConA treat-
ment. These data suggest that the GluR2-like N-glycosyla-
tion pattern of GluR1-ANG1/3 is linked to a GluR2-like phe-
notype in terms of lectin interaction and the two sites are
both necessary and sufficient. We conclude that the lack of
ConA-mediated current potentiation of GluR2 is a conse-
quence of its particular configuration of N-glycosylation sites
rather than differences in the amino acid sequence between
GluR2 and the other AMPA receptors elsewhere in the pro-
tein. To further support this conclusion, we engineered a
mutant GluR2(Q), which has two additional, ectopic N-gly-
cosylation sites at positions equivalent to sites 1 and 3 of
GluR1 (see Fig. 1). This “GluR1-like” mutant of GluR2(Q)
indeed regained some ConA-mediated current potentiation,
although it did not approach wild-type GluR1 levels (Fig. 6).

KA receptors displayed the largest ConA effects, which
could easily reach values of several thousand-fold, for GluR5
as well as for GluR6 and for heteromeric assemblies of these
subunits with KA1 and KA2 (Fig. 5C and Table 1). To achieve
fully developed potentiation, incubation with the lectin had
to be performed for =8 min at 10 umMm ConA (5 min gave
half-maximal potentiation; data not shown). Unexpectedly,
we found a marked difference in ConA potentiation of GluR6
receptors of different Q/R-site editing status. Although the
unedited Q form gave huge potentiations (>1000-fold, Fig.
5C), the effect was much more modest with the edited R form
(~100-fold). This was counterintuitive because the extracel-
lular ligand binding sites as well as the N-glycosylation sites
presumably targeted by ConA should be identical in both
these editing variants (see Discussion).

An additional difference between Q and R editing variants
was revealed by the agonist-dependency of the degree of
ConA potentiation: Glu-evoked currents at Q variants are
potentiated to a larger degree than KA-evoked currents,
whereas at R variants, there is no obvious difference. The
agonist-dependent differences in ConA potentiation of KA
receptor variants extended to other agonists as well, such as
domoate and methylglutamate. Interestingly, there is an in-
verse relation between ConA-mediated current potentiation
and the amplitude of agonist-evoked basal currents. Al-
though agonist-evoked steady state currents at GluR6(Q)
follow the sequence domoate >> KA > methylglutamate >
Glu, ConA-mediated current potentiation follows the reverse
sequence Glu > methylglutamate > KA >> domoate (data
not shown).

The GluR7 subunit of the KA receptor subfamily could not
be analyzed because it did not give any measurable currents,
whether expressed homomerically nor in heteromeric combi-
nations with KA1, KA2, or both (Table 1). This confirms
previous observations by other researchers (26, 27) .

NMDA receptors revealed an interesting pattern of small
(=2-fold) ConA-mediated current potentiations of certain
subunits (Fig. 5, D and E, and Table 1). We compared all
eight splice variants of the homomeric NR1 subunit, compris-
ing four progressively shorter carboxyl-terminally spliced
forms (NR1-1-4) that each can occur without (“a”) or with
(“b”) an amino-terminal insertion of 21 amino acids (28, 29).

N-Glycosylation of Glutamate Receptors
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All splice variants lacking the amino-terminal insertion
(NR1-1a, NR1-2a, NR1-3a, and NR1-4a) showed potentia-
tion, whereas the corresponding “b” splice variants (NR1-1b,
NR1-2b, NR1-3b, and NR1-4b) did not (Fig. 5, D and E,
Table 1). Instead, there was a small apparent reduction in
maximal amplitudes in “b” splice variants. This reduction,
however, was due to a slow run-down of NMDA receptor
currents seen in most oocytes over time. This run-down oc-
curred during the 8-min ConA incubation period and did not
depend on the presence of ConA (data not shown).

On examination of heteromeric combinations of NR1-1a or
NR1-1b with each of the four structural NMDA receptor
subunits, NR2A, NR2B, NR2C, and NR2D (30), no potentia-
tion was seen in any combination containing a “b” splice
variant of NR1 (Table 1). However, when heteromeric com-
binations included an “a” splice variant of NR1, a small
ConA-mediated potentiation was observed in cases in which
the structural subunit was either NR2B or NR2D but not
NR2A or NR2C. Thus, ConA-mediated current potentiation
at NMDA receptors is subunit specific as well as splice vari-
ant dependent.

ConA acts via direct binding to the carbohydrate
side chains of GluRs but does not affect the ligand
binding site. Current potentiation seen after ConA treat-
ment is not due to an increase in the affinity for the agonists
KA and Glu; EC5, values were virtually unchanged by ConA
treatment. On treatment with lectin, they were entirely un-
affected (NR1-1b/NR2B; Fig. 7C), marginally decreased
[GluR6(Q); Fig. 7Bl, or even slightly increased (GluR1g,,;
Fig. 7A). This finding was quite unexpected because binding
of a large molecule such as ConA to the extracellular domain
of a receptor protein might be expected to severely affect the
ligand binding site; after all, ConA is a tetramer with a
molecular weight of ~102 kDa, which is in the same range as
that of one glycosylated GluR subunit (~105 kDa for GluR1,
~118 kDa for GluR6, and ~117 kDa for NR1).

It is well known that benzothiadiazines such as cyclothia-
zide act as potent and highly selective inhibitors of desensi-
tization of AMPA receptors, and it has been suggested that
they act by stabilizing a nondesensitized agonist-bound
closed state of the receptor complex (31). To test whether
ConA might act via the same mechanism as cyclothiazide, we
compared KA- and Glu-evoked currents at GluR1g,,-express-
ing oocytes that had been sequentially treated with cyclothia-
zide alone, ConA alone, and ConA plus cyclothiazide. As can
be seen in Fig. 8A, the effects of ConA and cyclothiazide are
additive and not mutually exclusive regardless of which ag-
onist is used. In another presentation of the same data (Fig.
8B), ConA-mediated potentiation factors are identical in the
absence and presence of cyclothiazide. Thus, ConA and cy-
clothiazide clearly act via different molecular mechanisms.

The potentiating effect of ConA could be caused by direct
interaction of the lectin and the receptor protein or by some
indirect mechanism in which the lectin binds to some protein
that in turn modulates the receptor. To distinguish between
these two possibilities, we tested the ConA effect on each
GluR subunit in tunicamycin-pretreated oocytes that will
produce only nonglycosylated receptor protein (see Fig. 3).
Under these conditions, ConA potentiation was completely
abolished for all receptors, even in the case of GluR6, for
which a current increase of several thousand-fold is seen
without the tunicamycin pretreatment (Fig. 5C and Table 1).
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Fig. 7. Dose-response curves for GluR1,,,, (A), GIUR6(Q) (B), and NR1-
1b/NR2B (C) expressed in untreated (O) and ConA-treated (@) oocytes.
ECs, values, n,, values, and maximal currents (l,,,,,) were estimated with
KA as the agonist for GluR1 and GluR6 and Glu in the presence of 10
uM glycine as the agonist for NR1-1b/NR2B. Values represent the
mean = standard error of three individually measured dose-response
curves.

Thus, receptor N-glycosylation is an absolute requirement for
ConA potentiation. These data demonstrate that for all sub-
units examined, the lectin must bind directly to the receptor
via its carbohydrate side chains to elicit current potentiation.
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Fig. 8. ConA and cyclothiazide act via different mechanisms. A, ConA-
mediated potentiation of AMPA receptors is independent of cyclothia-
zide-induced current potentiation. Modulatory effects of 10 um ConA
(2, open bars), 100 um cyclothiazide (3, hatched bars), and 10 um ConA
plus 100 uMm cyclothiazide (4, filled bars) on KA- and Glu-evoked cur-
rents of GluR1;,,-expressing oocytes [7 (controls), stippled bars]. B,
ConA-mediated current potentiation has the same size in control and
cyclothiazide-treated oocytes. Potentiation of KA- and Glu-evoked cur-
rents at GIuR1y, in the absence (contr., open bars) and presence
(cyclo, filled bars) of 100 um cyclothiazide. Note that for both agonists,
ConA potentiation factors are identical regardless of the presence of
cyclothiazide. Values are mean = standard error for four oocytes.

Discussion

The functional importance of N-glycosylation. Our
data show that N-glycosylation in general is not required for
GluR function. The analysis did not include O-glycosylation,
which is known to occur in GluRs (5) and persists in tunica-
mycin-treated oocytes. For AMPA and KA receptors, the lack
of N-glycosylation does not impair the formation of fully
functional ion channels. Certain subunits, such as the flip
splice variants of the AMPA receptor or heteromeric KA
receptors, pass even larger currents in the absence of N-
glycosylation. The lack of N-glycosylation does not signifi-
cantly alter the EC;, values for agonists at AMPA or KA
receptors, indicating that carbohydrate side chains are not
part of the ligand binding pocket and do not play a significant
role in establishing the protein conformation required for the
formation of that pocket. We observed that at many AMPA
and KA receptor subunits, inhibition of N-glycosylation
causes an increase in Glu-evoked relative to KA-evoked
steady state currents regardless of how the absence of N-
glycosylation affects the absolute amplitudes of the currents.
Because the smaller steady state currents seen with Glu are
usually attributed to Glu being a more strongly desensitizing
agonist than KA (22), it seems that Glu is less desensitizing
at nonglycosylated receptors. This suggests that N-glycosy-
lation has a role in setting the maximal desensitization levels
of AMPA and KA receptors.

The lack of N-glycosylation does not prevent AMPA or KA
receptor protein synthesis, transport, subunit assembly, or
insertion into the plasma membrane, as demonstrated by the
perfectly functional ion channels generated in nonglycosylat-
ing oocytes. Our data on recombinant receptors are in agree-
ment with the report by Sumikawa et al. (12), who found that
KA currents expressed from total brain RNA were not abol-
ished by tunicamycin.

Our data partially contradict those of Kawamoto et al. (9,
10), who claimed that N-glycosylation is essential for ligand
binding of GluR1 and GluR2. The fact that we observed
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functional receptors that could be activated by various glu-
tamatergic agonists (Glu and KA; Fig. 2, A and B) in tunica-
mycin-treated oocytes that showed no biochemical (Fig. 3) or
pharmacological (Table 1) evidence of residual N-glycosy-
lated receptors demonstrates conclusively that ligands must
have bound to the nonglycosylated receptor. This is espe-
cially obvious for the flip splice variants of GluR1 and GluR2,
which are even potentiated by lack of N-glycosylation.
Muphoff et al. (7) used tunicamycin-treated oocytes to inves-
tigate the effect of inhibition of N-glycosylation on AMPA,
KA, and quisqualate responses expressed from total rat brain
RNA and reported a total lack of responses in the absence of
N-glycosylation. This finding contradicts our data as well as
those of Sumikawa et al. (12). The reason for this discrepancy
remains unclear; however, it might be speculated that the
RNA preparation that Mughoff et al. used selectively ex-
pressed the more N-glycosylation-sensitive GluR subunits
(Table 1) or an N-glycosylation-dependent subunit that has
not yet been cloned.

Non-N-glycosylated NMDA receptors, unlike AMPA and
KA receptors, undergo large reductions in their current am-
plitudes but no change in the EC;, values for the agonist,
demonstrating that ligand binding site formation is not de-
pendent on the direct or indirect participation of N-linked
carbohydrate side chains. Western blots reveal a significant
reduction in NR1 (but, interestingly, not NR2) protein ex-
pression (Fig. 3, D-H). This reduction is not an artifact
caused by our use of a monoclonal anti-NR1 antibody that
might not bind to the nonglycosylated form of the receptor
because we obtained similar results with a polyclonal anti-
NR1 antiserum (data not shown). The reduction in NR1
expression seems to be the likely cause of the marked reduc-
tion (>99%) in maximal current amplitudes. The small frac-
tion of residual channel activity is not due to an incomplete
block of glycosylation, as indicated by two independent lines
of evidence. First, on Western blots of total membranes from
tunicamycin-treated oocytes, we do not detect the N-glycosy-
lated receptor, whereas we see a distinct band at a lower
molecular weight, which is consistent with the nonglycosy-
lated receptor protein (Fig. 3). Second, the small residual
currents detected for the subunit combinations NR1-1a/
NR2B and NR1-4a/NR2B in tunicamycin-treated oocytes
were not potentiated by ConA, which they should have been
if they had somehow escaped tunicamycin inhibition.

The observed general decrease in NMDA receptor function
on block of N-glycosylation is consistent with the reported
lack of binding of the glycine site antagonist 5,7-dichlo-
rokynurenate to NR1 subunits expressed in tunicamycin-
treated Sf9 insect cells (11). However, Kawamoto et al. (11)
observed no concomitant decrease in protein levels. Our
Western blot data are also at odds with reports that the
number of human embryonic kidney 293 cells expressing
nonglycosylated NR1/NR2A receptors on their surface is sim-
ilar to the number expressing glycosylated receptors (8).
However, the immunoblot data shown by these authors indi-
cate a large decrease in the amount of NR1 protein (8).
Furthermore, although the same number of cells may be
labeled, the expression level in each cell might be reduced.
The drastic decrease in functional receptors as measured by
a decrease in NMDA receptor-mediated excitotoxic cell death
by these authors matches our finding that current ampli-
tudes are reduced to 0.3% of glycosylated controls (Table 1).
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Based on our observation that EC,, values do not increase in
nonglycosylated NMDA receptors but that NR1 expression
levels drop precipitously, we conclude that although the
channel structure remains intact, the decrease in receptor
function is due to the lack of sufficient NR1 subunits.

We do not know whether the observed large reduction in
protein expression of NR1 subunits is due to a down-regula-
tion of protein synthesis or increased degradation of nongly-
cosylated NR1 subunits, but we suspect the latter to be the
case because protein synthesis itself clearly is not compro-
mised by tunicamycin treatment, as demonstrated by our
data for KA or AMPA receptor expression as well as the fact
that NR2 or GluR6 subunits, when coexpressed with NR1 in
the same oocyte, are not reduced (Fig. 3, H and C). Such an
increase in degradation might be caused by failure of nong-
lycosylated subunits to assume their correct folding, assem-
ble correctly with other subunits, or be transported correctly
to the Golgi apparatus and/or the plasma membrane. Our
data do not allow us to distinguish among these possibilities.
However, the similarity between the observed overall de-
crease in NR1 receptor protein in total cell homogenates (Fig.
3E) and the reduction seen in NR1 surface protein (Fig. 3F)
rules out that nonglycosylated receptor subunits are merely
prevented from reaching the plasma membrane and instead
accumulate intracellularly without degradation.

Previous studies on the functional importance of N-glyco-
sylation for various receptor proteins using tunicamycin as a
tool have uncovered a wide variety of effects. In the case of
acetylcholine receptors, N-glycosylation was found to be re-
quired for correct subunit assembly (32) and for protection
from intracellular degradation (33, 34). Similarly, subunit
assembly and membrane insertion of Na* channels were
shown to be dependent on proper N-glycosylation (35). On the
other hand, expressions of the two-subunit protein Na*/K™-
ATPase (36), human erythrocyte anion transporter (37), m2
muscarinic acetylcholine receptor (38), and voltage-gated po-
tassium channel RCK1 (7, 12) were found to be independent
of N-glycosylation.

This multitude of seemingly contradictory observations in-
dicates that N-glycosylation has distinct effects on specific
receptor systems and that no general predictions can be
made for the functional consequences (if any) of a lack of
N-glycosylation. As our data show, this multifaceted signifi-
cance of N-glycosylation is true not only for membrane pro-
teins in general but also within the closely related family of
iGluRs, in which the N-glycosylation state can have pro-
foundly different functional consequences, depending on the
subunit composition. This mechanism adds one more tool to
the modulatory arsenal of neuronal cells.

ConA-mediated current potentiation. We cannot con-
firm the conclusion by Partin et al. (20, 22) that ConA poten-
tiates AMPA receptors only weakly (<2-fold). Their conclu-
sion was based solely on the examination of KA-evoked
currents. With KA as the agonist, we also failed to see sig-
nificant ConA-mediated potentiation, except for GluR1,,,.
When Glu is used as the agonist, a significant potentiation is
revealed, ranging from 5.7- to 13-fold (Table 1). ConA did not
differentially potentiate either one of the AMPA receptor
splice variants, regardless whether Glu or KA was used as
the agonist. Interestingly, GluR2 could not be potentiated, a
feature we showed to be due to its particular arrangement of
N-glycosylation sites (Fig. 6). However, this property is re-

stricted to homomeric GluR2 receptors, and it is thus ques-
tionable whether it could have any physiological significance.

KA receptors in our study showed huge ConA-mediated
potentiation (ltequ]6000-fold). The considerably smaller po-
tentiation factors reported by Partin et al. (20) and Yue et al.
(19) most likely stem from shorter incubation periods (2-3
min) and the lower concentrations of ConA used in those
studies. Unlike Partin et al. (20), we found that ConA-medi-
ated potentiation of homomeric GluR6 as well as heteromeric
combinations of GluR6 with KA1l or KA2 depends on the
editing status of the receptor. The highly potentiated Q vari-
ant and the modestly potentiated R variant differ merely by
one amino acid located in the middle of the ion channel.
Because ConA acts by inhibiting desensitization, this finding
implies that desensitization may not simply be determined
by a certain agonist-evoked conformational change of the
extracellular ligand binding site but rather may reflect a
complex interaction of that site with the ion pore itself.

Before our study, NMDA receptor potentiation by ConA
had been examined for only one splice variant of NR1 (NR1-
la) and for one heteromeric subunit combination (NR1-1a/
NR2A), and no potentiation had been observed in either case
(19). However, ConA treatment in the study by Yue et al.
(1995) was carried out for only 2 min, which might have
prevented full potentiation to be achieved. In the same study,
succinyl-ConA was shown to cause a 2-fold potentiation of
NR1-1a, presumably because the smaller, dimeric succinyl-
ConA has a faster time course of action than the tetrameric
ConA. In keeping with this interpretation, NMDA receptor
currents expressed from total rat brain RNA have been
shown to be potentiated by a very long (30 min) treatment
with ConA (18). The data presented in our study demonstrate
that all NMDA receptors made up of homomeric NR1 sub-
units of the “a” splice type can be modestly potentiated by
ConA, and the same is true for certain heteromeric receptors
containing NR1 “a” splice variants. Thus, the amino-terminal
exon of 21 amino acids that is located between potential
N-glycosylation sites 1 and 2 (see Fig. 1) and is absent from
“a” splice variants but present in “b” splice variants seems to
control the ConA effect.

Plant lectins such as ConA do not occur in the mammalian
central nervous system. Given the modulatory power of het-
erologous lectins, especially when acting on KA receptors, it
is tempting to speculate that endogenous mammalian ho-
mologs of ConA might exist that could serve as highly potent
and subunit- and even splice variant-specific modulators of
GluR function under physiological conditions.
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