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ABSTRACT Single channel recordings demonstrate that
ion channels switch stochastically between an open and a
closed pore conformation. In search of a structural explana-
tion for this universal open/close behavior, we have uncovered
a striking degree of amino acid homology across the pore-
forming regions of voltage-gated K channels and glutamate
receptors. This suggested that the pores of these otherwise
unrelated classes of channels could be structurally conserved.
Strong experimental evidence supports a hairpin structure
for the pore-forming region of K channels. Consequently, we
hypothesized the existence of a similar structure for the pore
of glutamate receptors. In ligand-gated channels, the pore is
formed by M2, the second of four putative transmembrane
segments. A hairpin structure for M2 would affect the sub-
sequent membrane topology, inverting the proposed orienta-
tion of the next segment, M3. We have tested this idea for the
NR1 subunit of the N-methyl-D-aspartate receptor. Mutations
that affected the glycosylation pattern of the NR1 subunit
localize both extremes of the M3-M4 linker to the extracel-
lular space. Whole cell currents and apparent agonist affin-
ities were not affected by these mutations. Therefore it can be
assumed that they represent the native transmembrane to-
pology. The extracellular assignment of the M3-M4 linker
challenged the current topology model by inverting M3. Taken
together, the amino acid homology and the new topology
suggest that the pore-forming M2 segment of glutamate
receptors does not transverse the membrane but, rather,
forms a hairpin structure, similar to that found in K channels.

Ion channels are large integral membrane proteins that form
ion-selective pores. An important functional determinant is
their mechanism of activation, which defines the two major
classes of channels (1). Voltage-gated channels are activated
by a change in membrane potential, whereas ligand-gated
channels are activated by binding of a neurotransmitter to a
receptor domain. Analysis of single ion channel behavior using
the patch clamp technique has revealed a common functional
characteristic: following activation, channels switch stochasti-
cally between an open and a closed pore conformation (2). In
fact, the kinetic behavior of different channel types may be so
similar that they cannot be easily distinguished (Fig. 14).
Although alternate channel-forming motifs exist [e.g., gram-
icidin (4)], one simple interpretation of this universal binary
open/close behavior is that the pore-forming regions are
structurally conserved.

Ligand- and voltage-gated channels are composed of sub-
units or domains surrounding a central ion-conducting pore.
Despite this common feature, other aspects of quaternary
structure remain distinct (Fig. 1 B-D). Voltage-gated channels
consist of four domains or subunits (5), while ligand-gated
channels consist of five subunits (6-8). Subunits or domains of
voltage-dependent channels consist of six putative a-helical
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transmembrane segments, S1-S6. The amino acid sequence
linking S5 and S6 contains a highly conserved amphiphatic
region (H5 or P region), which forms the narrow part of the
pore, including the selectivity filter (9-13). The structural
model for ligand-gated channels is based mainly on data
obtained for the nicotinic acetylcholine (nACh) receptor (14).
Hydrophobicity analysis originally predicted the signal pep-
tide-containing amino terminus and the carboxyl terminus to
be extracellular and the four putative a-helical transmembrane
segments (M1-M4) to each span the lipid bilayer once. The
long segment linking M3 and M4 has a cytoplasmic localization
in this model.

Although the secondary structure is not known, the tertiary
structure of the pore region of voltage-gated K channels is a
reentrant loop or hairpin, since charybdotoxin binding is
affected by mutations flanking the region, positioning both
ends of the pore externally (15, 16). Site-directed mutagenesis
has implicated M2 in a pore-forming role for many ligand-
gated channels (17-19). The originally proposed transmem-
brane topology of M2 (14) has been supported by experimental
evidence in the nACh receptors (20, 21). Thus, the pore of
voltage-gated channels is thought to be lined by four hairpins,
while the pore of ligand-gated channels seems to be lined by
five a-helical transmembrane segments.

The ligand-gated channel topology model with four trans-
membrane segments has recently been challenged for the
glutamate receptor family (Fig. 1E). A protein kinase C
phosphorylation site was identified in the carboxyl terminus of
the NR1 subunit (22). Also, an N-linked glycosylation site (23,
24) and a protein kinase A phosphorylation site were reported
to exist within the M3-M4 linker of GIuR6 (3). A historic
model with an additional transmembrane region between M3
and M4 (25, 26) was revived in order to account for these
observations (21, 27). Homology with bacterial periplasmic
binding proteins (28) and subsequent mutagenesis studies (29)
have raised the possibility that the region immediately follow-
ing M3 may contribute to ligand binding. An even number of
transmembrane segments would have to precede this region if
it indeed were external. A similar conclusion was reached in a
study using in vitro translation of a kainate binding protein
(30). Deletion of M2 did not affect downstream glycosylation,
suggesting that M2 does not transverse the membrane. How-
ever, since functionality was not demonstrated for these pro-
teins, adverse effects of mutagenesis on membrane topology
could not be evaluated. It must be emphasized that any study
attempting to elucidate native topology must demonstrate
uncompromised function, since lack of function could reflect
improper folding (31).

To investigate the possibility of a common structural motif
for the pores of voltage- and ligand-gated channels, we have
aligned the amino acid sequences of the respective pore-
forming regions. A significant degree of homology was found

Abbreviations: NMDA, N-methyl-D-aspartate; nACh, nicotinic ace-
tylcholine; GABA, y-aminobutyric acid.
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Fic. 1. Function and topology of voltage- and ligand-gated channels. (4) Patch clamp single channel records from a voltage-gated K channel
(drk1) and a glutamate receptor [N-methyl-D-aspartate (NMDA) receptor NR1+NR2A], illustrating uniform, binary open/close behavior. B)
Voltage-gated channels consist of four domains or subunits; ligand-gated channels consist of five subunits. (C) Membrane topology of voltage-gated
channels. Subunits or domains of voltage-dependent channels consist of six transmembrane segments (S1-S6). The pore region (H5) between S5
and S6 forms a hairpin. (D) Membrane topology of ligand-gated channels. The amino (N) and carboxyl (C) termini are extracellular and the four
transmembrane domains (M1-M4) each span the lipid bilayer once. (E) Topology recently proposed for the glutamate receptors, taking into account
two phosphorylation sites (P) and an N-linked glycosylation site (N). (F) Membrane topology for the NMDA receptor proposed in this paper
including a hairpin pore structure (M2). It accounts for the inverted M3 orientation revealed by introduction of an N-glycosylation site (no. 2)
immediately following M3. An N-glycosylation site (no. 1) present in GluR6, 16 residues upstream of M1, orients this segment (3). A functional
phosphorylation site in GluR6 (no. 3) can be accommodated only by the introduction of two additional transmembrane segments. A phosphorylation
site in NR1 (no. 6) as well as functional N-glycosylation sites in GluR6 (no. 4) and NR1 (no. 5) (this paper) are also indicated.

between K channels and glutamate receptors. If their pore
structures were indeed conserved, then M2 would have to be
a hairpin structure. The topological consequences of such an
M2 pore structure were tested for the NR1 subunit of the
NMDA receptor by altering the N-glycosylation pattern. The
results obtained support the hairpin model for M2.

MATERIALS AND METHODS

Amino Acid Alignment. Amino acid sequences of the pore-
forming regions of ligand- and voltage-gated channels were
retrieved from GenBank and aligned as follows. The class of
voltage-dependent channels contains three families, as defined
by their ion selectivity: K*, Na*, and Ca?* channels. The class
of ligand-gated channels contains five families: nACh recep-
tors, y-aminobutyric acid type A (GABA) receptors, glycine
receptors, glutamate receptors, and serotonin (5-hydroxytryp-
tamine) SHT3 receptors. First, amino acid sequences of in-
trafamily members were aligned, which was unambiguous due
to the high degree of conservation. Then, families with known
sequence homology were aligned. Four groups resulted: (i)
GABA, glycine, nACh, and 5HT3 receptors, (i) glutamate
receptors, (iif) voltage-dependent K* channels, and (iv) volt-
age-dependent Na* and Ca?* channels. Finally, these four
groups were aligned with each other. The following conser-
vative amino acid substitutions (single-letter code) were al-
lowed: MILV (hydrophobic), EDRK (charged), FWY (aro-
matic), and AST (hydrophilic). Substitutions within a con-
served group have coefficients >1.0 in the mutation matrix
recommended for initially aligning proteins (32).

Western Analysis. Fifty to 80 Xenopus laevis oocytes were
homogenized (33), followed by sucrose gradient centrifugation

(34) to remove yolk protein. Membranes were solubilized (35)
and subjected to either mock or endoglycosidase H (500 units
each) treatment according to the manufacturer’s protocol
(New England Biolabs) with denaturing temperature reduced
to 67°C. SDS/PAGE using 5% gels was performed, increasing
the run time to enhance separation of proteins. Separated
proteins were transferred electrophoretically to poly(vinyli-
dene difluoride) membranes, incubated with a monoclonal
NRI1 antibody [54.1 Pharmingen (35)] followed by a secondary
antibody conjugated to alkaline phosphatase (Sigma), and
visualized by substrate detection (Bio-Rad).

Molecular Biology. Site-directed mutagenesis was per-
formed using a megaprimer PCR method (36). Oligonucleo-
tides were designed to engineer single amino acid substitutions
into NR1. Mutations were confirmed by sequencing (United
States Biochemical).

Electrophysiology. X. laevis oocytes were injected with 75 nl
of cRNA (100 ng/ul) as described (37). Functional expression
was assessed 2-5 days later using a two-electrode voltage-
clamp amplifier (Warner Instruments, Hamden, CT) by ap-
plication of agonists during continuous perfusion of 100 mM
NaCl/5 mM KCl/2 mM BaCl,/10 mM Hepes, pH 7.4, 25°C.
Low-resistance glass electrodes (0.5-2 MQ) were filled with 3
M KC1/10 mM Hepes, pH 7.4. Data acquisition and voltage
control were accomplished with PCLAMP hardware and soft-
ware (Axon Instruments, Burlingame, CA).

RESULTS AND DISCUSSION

Amino acid sequences of pore-forming regions of voltage- and
ligand-gated channels were aligned and the main result is
summarized in Fig. 2. The K* channel pore-forming regions
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F1G. 2. Homology in pore regions of K channels and glutamate receptors. Amino acid sequences of pore regions were aligned as described in
the text. Only limited homology was observed between the pore-forming regions of voltage-dependent K+ channels and Na* and Ca?* channels.
Also, the glutamate receptors had no significant homology with the GABA~glycine-nACh-5HT group. Unexpectedly, however, the pore regions
of K channels were found to have a large degree of homology with the pore regions of glutamate receptors. A much lesser degree of homology
was observed between K channels and the remaining families of ligand-gated channels, which also required a 2-amino acid deletion between
positions 16 and 17 (see arrow) in order to maintain the alignment. A consensus sequence was constructed containing amino acids that are conserved
between the two classes of channels. Positions that contain an amino acid that belongs to the consensus sequences are shown on a white background;
other positions have a dark background. Absolutely conserved residues are shown in boldface. The single-letter amino acid code is used.

showed a striking homology with the M2 segments of gluta-
mate receptors. The homology extends over a region of 34
amino acids and includes the pore-forming regions (M2 and
H5) as well as the first 4 or 5 amino acids of the following
transmembrane segment (S6 and M3). The homology between
the pore regions of the glutamate receptors and K channels is
highly significant, with most members having 17-22 residues
conserved from a total of 34. A notable exception is the
NMDA receptor NR2 subunit, which has only 10 consensus
residues. The other ligand-gated channels, including the ace-
tylcholine, GABA, glycine, and serotonin SHT3 receptors,
show much weaker homology with K channels, with only 8-14
residues conserved. They also required a deletion of two amino
acids (arrow in Fig. 2) in order to maintain the alignment.
Nearly all ion channel sequences share a motif at the end of
their pore-forming regions—a proline (P) followed by one of
three charged residues: arginine (R), lysine (K), or glutamate
(E).

The extended homology between the pore regions of volt-
age-gated K channels and glutamate receptors suggested that
their structure could be conserved. The hairpin structure of
the pore region of voltage-dependent K channels seems in-
controvertible in light of cumulated experimental data. Struc-
tural conservation therefore implies a hairpin structure for
M2, which would affect the orientation of the subsequent
transmembrane segment (M3) since it adjoins M2 via a very
short linker. In this case, the carboxyl terminus of M3 should

be extracellular (Fig. 1F), not intracellular as in all current
models (Fig. 1 C-E). We have tested this hypothesis for one
member of the glutamate receptor family, the NR1 subunit of
the NMDA receptor. Using site-directed mutagenesis, an
N-linked glycosylation consensus sequence was introduced in
the M3-M4 linker, 16 amino acids downstream of M3. Since
8 of these 16 residues are charged, the existence of an
additional transmembrane segment can be ruled out. Western
analysis demonstrated an increase in apparent molecular mass
of this construct (P675A), confirming the addition of carbo-
hydrate moieties to this sequence (Fig. 3B). Destruction of
another glycosylation consensus sequence (S773A) 41 amino
acids upstream of M4 resulted in a decrease in molecular mass,
localizing the other extreme of the M3-M4 linker to the
extracellular space. Digestion of proteins, isolated from wild-
type and mutant NR1 injected oocytes, with endoglycosidase
H removed all carbohydrate modifications and shifted the
apparent molecular mass of all constructs back to the nongly-
cosylated form (Fig. 3C).

Both NR1 glycosylation mutants displayed normal whole-
cell current responses when expressed in X. laevis oocytes (Fig.
4A4). Dose-response curves for L-glutamate and glycine
showed that the mutations did not affect the ECsg values for
these two coagonists. Since the altered glycosylation pattern
did not compromise function, we can assume that the topology
of the NR1 subunit was not altered by these mutations.
Interestingly, introduction of an additional glycosylation site
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Fic. 3. Extracellular location of the M3-M4 linker inferred by
alteration of N-glycosylation. (4) Site-directed mutagenesis (36) of the
NR1 NMDA receptor subunit (a generous gift of Shigetada Nakanishi;
ref. 38) was used to introduce an N-glycosylation consensus sequence
(NS, x # P) 16 amino acids downstream of M3, by mutating proline
675 to alanine. Also, an existing consensus sequence (NVS) 41 amino
acids upstream of M4 was destroyed by mutating serine 773 to alanine.
(B and C) Western analysis was performed for NR1 and glycosylation
mutants P675A and S773A expressed in X. laevis oocytes. Both mutants
produced the predicted shifts in apparent molecular mass, confirming
their extracellular location (37). These differences were due to altered
carbohydrate modifications since digestion with endoglycosidase H re-
duced the molecular mass of all constructs to ~97 kDa.

seemed to have influenced the glycine binding site, since small
(10%) current responses were obtained with mutant P675A in
nominal glycine-free solutions (Fig. 4C). This region has
previously been proposed to form part of the glycine binding
site (29).

We have uncovered a previously unrecognized homology in
pore regions across two families of ion channels, glutamate
receptors and voltage-dependent K channels, suggesting that
their pore structure is conserved. The glycosylation data
presented here place both extremes of the M3-M4 linker
extracellularly. Therefore, the first three putative transmem-
brane segments (M1-M3) together must cross the membrane
an even number of times. This suggests a hairpin structure for
M2, if we assume that M1 and M3 are a-helical transmembrane
segments that cross the membrane once. A definitive test of
this hypothesis will require an intracellular assignment of both
linkers flanking M2.

Taken together, the amino acid homology and the glycosy-
lation data support the hypothesis that ion conduction path-
ways in K channels and glutamate receptors are structurally
conserved hairpin motifs. This topology further implicates a
contribution by the M3-M4 linker to the ligand binding
domain of glutamate receptors. Our model also provides
further insight into the evolution of ion channels. K channels
evolutionarily predate the Na and Ca channels with which they
share a common ancestor. Ligand-gated channels are relatively
new, arising from an unknown precursor (1). The extended
homology in the pore regions of glutamate receptors and
voltage-gated K channels suggests the possibility of a common
origin for these ion channels. The parallel pore topology may
also allow for renewed interpretation of structure—function
results from two formerly unrelated families of channels.
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FiG. 4. Functional characterization of NMDA receptor glycosyla-
tion mutants. (4) All three constructs (NR1, P675A, and S773A)
directed formation of functional NMDA receptors following expres-
sion in Xenopus oocytes. cRNA of NR1 and mutant constructs was
prepared and coinjected (1:1) with é1 cRNA (mouse NR2A clone, a
generous gift of Masayoshi Mishina; ref. 39) into stage V or VI oocytes
(75 nl each), as described (40). Whole oocyte currents elicited by
agonist application (100 uM L-glutamate plus 100 uM glycine) at a
holding potential of —50 mV are shown. (B and C) Dose-response
curves for L-glutamate (in the presence of 100 uM glycine) and glycine
(in the presence of 100 uM L-glutamate) were obtained by normalizing
current responses to different concentration of agonist. Dose—
response data were fitted with the Hill equation. The mutations had
no significant effect on the ECso values for glutamate (3-5 uM) or
glycine (1-3 pM). Hill coefficients for L-glutamate (1.0-1.4) or glycine
(2.6-3.5) were also unaffected.
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