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We performed a genealogical analysis of the ionotropic glutamate receptor (iGIuR) gene family, which includes the
anima iGluRs and the newly isolated glutamate receptor-like genes (GLR) of plants discovered in Arabidopsis.
Distance measures firmly placed the plant GLR genes within the iGIuR clade as opposed to other ion channel clades
and indicated that iGIuRs may be a primitive signaling mechanism that predated the divergence of animals and
plants. Moreover, phylogenetic analyses using both parsimony and neighbor joining indicated that the divergence
of animal iGluRs and plant GLR genes predated the divergence of iGIuR subtypes (NMDA vs. AMPA/KA) in
animals. By estimating the congruence of the various glutamate receptor gene regions, we showed that the different
functional domains, including the two ligand-binding domains and the transmembrane regions, have coevolved,
suggesting that they assembled together before plants and animals diverged. Based on residue conservation and
divergence as well as positions of residues with respect to functional domains of iGIuR proteins, we attempted to
examine structure—function relationships. This analysis defined M3 as the most highly conserved transmembrane
domain and identified potential functionally important conserved residues whose function can be examined in future

studies.

I ntroduction

lonotropic glutamate receptors (iGIURs) were first
discovered in vertebrates, in which they have been
shown to be involved in mediating fast neuronal re-
Sponses in excitatory synapses via the amino acid neu-
rotransmitter L-glutamate (Sprengel and Seeburg 1995).
Two classes of animal glutamate receptors exist: iGIURS,
which are ligand-gated ion channels, and metabotropic
glutamate receptors (MGIuRs), which are G-protein-
linked receptors. Vertebrate iGIuRs are pharmacologi-
cally classified into three major groups based on their
ligand selectivity: (1) AMPA (a-amino-3-hydroxy-5-
methyl-4-isoxazole propionate), (2) KA (kainate), and
(3 NMDA (N-methyl-D-aspartate). Very often, the
AMPA and KA receptors are further grouped together
as non-NMDA types due to their sequence similarity
and cross-reactivity. That is, AMPA receptors can re-
spond to kainate as well as AMPA and vice versa. Be-
sides these three major classes of iGIuRs, there are two
other classes of iGIuRs that are related to the AMPA/
KA class with respect to sequence similarity: the delta
class (Yamazaki et al. 1992; Lomeli et al. 1993) and the
kainate-binding proteins (Gregor et al. 1989; Wada et al.
1989). The delta class includes 81 and 32 subunits that
were isolated in rat and mouse brain cDNA libraries.
Although researchers have yet to demonstrate that the
wild-type delta genes encode proteins with ion channel
activity, a mutation in 82 shown to cause a heurodegen-
erative disorder in Lurcher mice results in a constitu-
tively open ion channel as tested in Xenopus laevis oo-
cytes (Zuo et al. 1997). Using electrophysiological tech-
niques, Rosenmund, Stern-Bach, and Stevens (1998)
presented data that indicate iGIUR channels exist as tet-
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rameric structures, much like the voltage-gated potas-
sium channels (Doyle et al. 1998). In contrast, other
groups previously presented data to support a penta-
meric structure for iGluRs (Premkumar and Auerbach
1997) similar to the acetylcholine receptor, another li-
gand-gated ion channel. lonotropic glutamate receptors
can either be homomeric or heteromeric. In both cases,
each subunit is encoded by a single gene, and depending
on the subunit composition of the channel, the function-
al properties of the channel differ. All identified animal
iGluRs contain six conserved domains that are believed
to be functionally important. These include the two li-
gand-binding domains (GInH1 and GInH2, also known
as Sl and S2) that have similarity to a glutamine-bind-
ing protein (GInH) in Escherichia coli (Nakanishi,
Shneider, and Axel 1990; Stern-Bach et al. 1994), and
the four transmembrane domains (M1-M4) (fig. 1A).
M2 is believed to be a major part of the pore and is
important in the selective filtering of ions (Wo and Os-
wald 1995). Unlike the other three transmembrane do-
mains, M2 was proposed not to span the membrane, thus
exposing the two ligand-binding domains to the extra-
cellular side of the membrane (fig. 1B) (Hollmann, Ma
ron, and Heinemann 1994; Bennett and Dingledine
1995). It was suggested that the two ligand-binding do-
mains act in concert on the extracellular side of the
membrane to provide a ligand-binding site (Stern-Bach
et a. 1994).

While iGluRs were originally discovered in verte-
brates, more recently they have been identified in in-
vertebrates, including Caenorhabditis elegans (Maricq
et a. 1995), and Drosophila melanogaster (Schuster et
al. 1991; Ultsch et al. 1992, 1993). A deletion mutation
in C. elegans glr-1 suggests a role for these receptorsin
mechanosensation and signal transduction (Maricq et al.
1995). Surprisingly, putative iGIuRs have also recently
been identified in an organism lacking a nervous system,
the model plant Arabidopsis thaliana (Lam et al. 1998).
The similarity between the plant GLR genes and the an-
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Fic. 1.—A, Diagrammatic representation of the iGIUR protein showing the important functional domains, the two ligand-binding domains
(GInH1 and GInH2), and the four transmembrane domains (M1-M4). SP at the N-terminal end represents the signal peptide. N and C represent
the amino- and carboxy-terminal ends, respectively. B, Diagram showing the current model of the membrane topology of animal iGIuRs. C,
Diagram of the three transmembrane domains used in the ION analysis. D, Diagram showing the bacterial periplasmic amino-acid-binding
protein and its putative region of homology with the animal iGIUR proteins.

imal iGluRs spans all the important domains that are
conserved among the animal iGIuRs, including the two
ligand-binding domains and the four transmembrane
segments (M1-M4). The highest similarity between
plant GLR genes and animal iGIuRs is observed in M3,
in which the percentage of identity is above 60% (data
not shown). Currently, there are at least four plant GLRs.
Based on sequence similarity, the plant genes seem to
be more closely related to the non-NMDA class of an-
imal iGIuRs, but the exact classification has yet to be
determined functionally in a heterologous expression
system. In planta studies using iGIuR antagonists sug-
gest plant GLRs may be involved in light signal trans-
duction (Lam et al. 1998). The discovery of iGluRs in
plants suggests that signaling by excitatory amino acids
in human brains has evolved from a primitive signaling
mechanism that existed prior to the divergence of plants
and animals.

In this study, we performed a phylogenetic analysis
of the iGIuR gene family of plants and animals. By in-
cluding the plant GLR genes in the analysis, we exam-
ined how the plant genesfit into the evolutionary history
of these receptors. By examining the genealogy of the
iGIuR gene family, we also attempted to make predic-
tions concerning the functional properties of the plant
receptors based on residue conservation. Moreover, by
looking at amino acid character state changes, we iden-
tified residues that are invariant or are diagnostic of the
various classes of iGIuRs. Absolutely conserved resi-
dues are likely to be functionally important, while class-
specific variations may control subtype specificity for
ligand. By correlating this information to the location of
the residue within the gene as well as the functional
properties of the various receptor classes, we identified
possible structure—function relationships.

Materials and Methods
Sequences

The animal glutamate receptor channel genes used
in this study were obtained from GenBank. Table 1 lists
all of these genes and their GenBank accession numbers.
The four putative plant glutamate receptors were isolat-
ed by a combination of cDNA screening and genomic
and EST sequence analysis as described in Lam et al.
(1998) and are included in this study. We used a two-
step approach in examining the plant GLR genes. First,
we aligned and compared them with amino acid se-
quences of various kinds of ion channels (animal glu-
tamate receptors, potassium channels, acetylcholine re-
ceptors, and GABA , receptors) in the database to de-
termine if reasonable similarity to any ion channel genes
could be established at least in the transmembrane do-
mains (ION analysis). These genes are listed in tables 1
and 2 with their GenBank accession numbers. The sec-
ond step was to limit the study to glutamate receptors
only (GLU analysis). Bacterial periplasmic amino-acid-
binding protein gene sequences from Escherichia, Sal-
monella, and an archaebacteria (also listed in table 1)
were obtained and used as outgroups.

Alignment

CLUSTAL was used to align al amino acid se-
quences. All alignments using the default parametersin
CLUSTAL for both the GLU and ION analyses showed
large regions of difficult-to-align amino acids. We there-
fore implemented a ““culling”” procedure (Gatesy, De-
Salle, and Wheeler 1993) to remove alignment-ambig-
uous regions.

Inthe ION analysis, in which we used several kinds
of ion channel genes, only three transmembrane do-
mains were used in our alignments in the following way.
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Table 1

GenBank Accession Numbers and Abbreviations for All Glutamate Receptors and Bacterial Periplasmic Amino-Acid-

Binding Proteins Examined in this Study

Abbreviation Used

Accession (if different
Gene Species Number from gene name)

Animal glutamate receptors

hNMDARL ....... ..., Homo sapiens D13515

INMDARL ........ ... ..ot Rattus norvegicus X63255

ol Mus musculus D10028

INR2A ... R. norvegicus M91561

INR2B ... ... R. norvegicus M91562

INR2C ... R. norvegicus M91563

INR2D ... R. norvegicus L31612

dNMDARL . ... Drosophila melanogaster X71790

NMDAR ....... .o Xenopus laevis X94156 frogglur

I8l o R. norvegicus 217238

182 o R. norvegicus 217239

GluHL . ... H. sapiens M64752

al M. musculus X57497

GIURK2 .. ... R. norvegicus X54655 ratk2

rGIURC ... R. norvegicus M36420

IGIURG ........ ... ..ot R. norvegicus 711715

B2 o M. musculus D10054

FKAL o Rattus rattus X59996

h-EAA2 .. . H. sapiens $40369 humeaa2

722 M. musculus D10011

dGIuRY ... D. melanogaster M97192

dGIUR2 .. ... ... D. melanogaster M73271

GLRL ... .. Caenorhabditis elegans U34661 celegansglrl

Putative GIUR .................. C. elegans 275545 celgansglur

GIUR3/C ... Gallus gallus X89509 gallusglur3

GluR-Il ... Columba livia 47031 pigeonglur

GluR4 . ... . Carassius auratus u12018 goldfishglur

fGIUR2AC . ... oo Oreochromis nilonica L 46366 cichlidglur

fGIUR2A .. ... ... . L Tilapia nilotica L. 34036 fishglur

GluR ... Lymnaea stagnalis ACGAE snailglur

GluR-K1 ... L. stagnalis X87404 lymglur
Plant GLRs

GLRL ... Arabidopsis thaliana AF079998

GLR2 ... ... A. thaliana AFO79999

GLR3 ... .. A. thaliana AF007271

GLR4 ... A. thaliana AC000098
Bacterial periplasmic

amino-acid-binding

proteins

oginH ... Escherichia coli X14180 ecoliginh

anP . Archaeoglobus fulgidus AE001090 afggln

ginP .. Salmonella typhimurium U73111 saglnp

The entire amino acid sequences were trimmed to in-
clude only M1-M3 in glutamate receptors and the cor-
responding transmembrane regions in other ion channel
genes (fig. 1C). Since no experimental data are available
for assigning transmembrane identity to sequences of
the plant GLRs at the present moment, the transmem-
brane regions of plant GLRs used in this study are pre-
dicted based on hydropathy plots and their alignment
with animal glutamate receptors (data not shown). These
sequences of only approximately 100 amino acids were
then aligned using CLUSTAL and a gap-to-change cost
of 10. These alignments were of inferior quality in the
regions of proposed transmembrane identity as deter-
mined by CLUSTAL and showed extremely limited lev-
els of similarity. In the GLU analysis, the entire amino
acid sequences of all animal glutamate receptor genes
and plant GLRs were aligned using three separate sets
of alignment parameters (gap to change = 10, 20, 30).

These alignments were examined for regions of align-
ment stability (columns of amino acids that did not
change from alignment cost to alignment cost) and am-
biguity (as defined in Gatesy, DeSalle, and Wheeler
1993). The alignment-ambiguous amino acid columns
were “culled” from the data matrix. All of these prelim-
inary alignments are available on request from the au-
thors.

Data Coding

Two data-coding issues involved in the analysis of
these sequences were the coding of outgroups and the
coding of long gaps. A major problem we encountered
with incorporating outgroup sequences into our data ma-
trices was the lack of amino acid similarity in severa
regions of the genes examined. For the GLU analysis,
we chose two bacterial and one archaebacteria peri-
plasmic amino-acid-binding protein genes as outgroups.
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GenBank Accession Numbers and Abbreviations for Non-Glutamate-Receptor Ion Channel Genes Examined in this

Study

Abbreviation Used

Accession (if different
Gene Species Number from gene name)

Potassium channels

MBK1 (Kv1l) ............... Mus musculus Y 00305

AKTL ..o Arabidopsis thaliana X62907

ECOKCH ............. .. ..., Escherichia coli L12044

dShaker ........... ...l Drosophila melanogaster M17211

KATL .o A. thaliana M86990

HuK4 (Kv12) ................ Homo sapiens L02752

dshab ....................... D. melanogaster M32659

Raw3 (rKv3.4) ............... Rattus rattus X62841

msShal (Kv4.1) ................ M. musculus M64226

MIRKL ... M. musculus X73052

GIRKL ... Rattus norvegicus L25264

NIRKL ... Caenorhabditis elegans u40947

PaKl ... Paramecium tetraurelia U19907
Acetylcholine receptors

al o Heliothis virescens AJO00399 wormal

Unc-38 ...t C. elegans X 98600

ACR-3 ... ... C. elegans Y 08637

A3 D. melanogaster Y 15593 da3

Q-2 R. norvegicus AF007212 ra4-2

B2 o R. norvegicus L10077 ra2

o M. musculus M30514 mryachr

ab Gallus gallus X83889 guab

A8 G. gallus X52296 ga8

O G. gallus K02903 gd

A6 H. sapiens Y 16282 ha6

AT H. sapiens Y 08420 ha7
GABA, receptors

GABA-€ ... H. sapiens Y 09765

GABA-pl ... ... ... M. musculus AF024620

GABA-p3 ... R. norvegicus D50671

GABA-y3 ... R. norvegicus X63324

GABA-B ... D. melanogaster L17436

GABA-rdl ................... Aedes aegypti U28803

Paas (1998) demonstrated that there are two major re-
gions of supportable similarity between these bacterial
genes and eukaryotic ionotropic glutamate receptor
genes, and we chose to use these two regions as out-
group sequences for rooting the eukaryotic ionotropic
glutamate receptor analysis (fig. 1D). All other regions
of the glutamate receptor genes that were deemed align-
ment-unambiguous (see above) that are not in these two
regions were coded as missing in the outgroups (indi-
cated by question marks in the matrix; fig. 2).

In many cases, long stretches of positions in our
alignment showed gaps. We chose to gap code these
positions so as not to heavily weigh these regions in
phylogenetic analysis. Our gap coding was implemented
as unordered, and indel events were coded as distinct
on the basis of their lengths (DeSalle and Brower 1997).
Figure 2 shows some examples of how we implemented
the gap coding.

Phylogenetic Analysis

Phylogenetic analysis using parsimony (PAUP*;
Swofford 1998) was used to infer phylogeny. All char-
acters were equally weighted in al analyses. This
weighting scheme allowed us to most efficiently and
severely test hypotheses of relationships (Kluge 1997)

among the genes in this multiple gene family. For the
ION analysis, uncorrected absolute distances between
amino acid sequences of plant GLRs and various types
of ion channel genes were calculated in PAUP* based
on the data matrix which includes transmembrane re-
gions only (fig. 3). Two different distance measures
were generated in this analysis, one for M1-M3, and
another one for M3 only. Characters 46—71 in this align-
ment were excluded in the distance calculation from M1
to M3. Dglurl has an insertion in this region which cre-
ated gaps in al other sequences. By excluding this re-
gion, we avoid the introduction of similarity due to the
gaps present in all of the sequences. The range and mean
values for each comparison were then computed using
the distances between different plant GLRs and the
members of each ion channel class.

For the GLU parsimony analysis, we implemented
heuristic searches with 10 random-addition searches
with TBR branch swapping to explore the tree space and
narrowed the possibility that we obtained suboptimal
trees. It was not necessary to place alimit on the number
of trees saved in each search. When multiple equaly
parsimonious trees were obtained, we constructed strict-
consensus trees to represent our phylogenetic hypothe-
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A B
Alignment Region Position 1 - 34 Alignment Region Position 344-368
(N terminal end of GinH1) (Start of GinH2)
gallusglur3 EGYC-VDLASEIA-KHVGIKYKLSIVGO DGKYGR CDTMKVG??1 GNLDSKGYGVATPKG
rqlurc EGYC-VDLAYEIA-KHVRIKYKLSIVGO DGKYGA CDTMKVG??1  GNLDSKGYGVATPKG
goldfishglur EGYC-VDLASEIA-KHIGIRYKISIVPC DGKYGA CDTMKVG??1 GNLDSKGYGVATPKG
al EGYC-VELAAETIA-KHVGYSYRLEIVSO DGKYGA CDTMKVG??1 GNLDSKGYGIATPKG
gluhl EGYC-VELAAEIA-KHVGYSYRLEIVSO DGKYGA CDTMKVG??1 GNLDSKGYGIATPKG
cichlidgiur EGYC-VDLAAEIA-KHCGIRYQLRIVGO DGKYGA CDTMKVG??1 GNLDSKGYGIATPKG
fishglur EGYC-VDLAAEIA-KHCGIRYQLRIVGO  DGKYGA CDTMKVG??1  GNLDSKGYGIATPKG
piqecnglux EGYC-VDLATEIA-KHCGFKYKLTIVGO DGKYGA CDTMKVG??1  GNLDSKGYGIATPKG
ratk2 EGYC-VDLAAEIA-KHCGFKYKLTIVGO DGKYGA CDTMKYG??71  GNLDSKGYGIATPKG
snsilglur ‘EGFC- IDLTKAVAEK-VGFDFVIQFVKO DGSYGS CDTLKVG??1 SNLNSDGFGIGTPVG
dglurl EGYC-KDLADMLA-AQLGIKYEIRLVQO  DGNYGA CDTMKVG??1 RNIDTKGFGVATPIG
celegansglrl EGYC~IDLLHKIA-NILKFTYTIQKVRO DNAYGS CDTMKVG??1 ANLNSIGYGIATPFG
ﬂ2 EGYC-IDLLRELS-TILGFTYEIRLVEQ DGKYGA CNLTQIG??1 GLIDSKGYGVGTPMG
rglurs EGYC-IDLLRELS-TILGFTYEIRLVE0 DGKYGA CNLTQIG??1 GLIDSKGYGVGTPMG
¥2 EGFC-VDMLRELA-ELLRFRYRLRLVEO  DGLYGA CNLTQIG??1 GLLDTKGYGIGMPLG
humeaaz EGFC-VDMLRELA-ELLPFPYRLRLVEQ DGLYGA CNLTQIG??1 GLLDTKGYGIGMPLG
rkal EGFC-VDMLKELA-EILRFNYKIRLVGO DGVYGV CNLTQIG??1 GLLDTKGYGIGMPVG
lymglur EGFC-IDLTKELA-KIVGFNFRIELVPO DGNYGS CDLMQVG??1 GTLDSKSYGIGLPMN
celegansglur EGFC-IDLLKLLADKIEEFNYEIKL--0 GTKAGS CELMQIG??1 GLIDQKGYGIGLPKG
dglur2 EGYAWISLASFPS~SWSSITEFMIVNGO NGKYNP CDLTQIG??1 EQIGEKHYGLAVPLG
rdl KGFS5-IDVLDALA-KALGFKYEIYQAPO  DGRYGH CSVIVIG??71 NSISSKGYGIALQHG
bz QGFS-IDVLDALS-NYLGFNYEIYVAPO DHKYGS CSFYTVG??1 NTVADRGYGIALQHG
hnmdarl Y¥GFC-IDLLIXLA-RTMNFTYEVHLVAC  DGKFGT CDLVTTG??1 ELFFRSGFGIGMRKD
rnmdarl YGFC-IDLLIKLA-RTMNFT YEVHLVAQ DGXFGT CDLVTTG??1 ELFFRSGFGIGMRKD
ol YGFC-VDLLIKLA-RTMNFTYEVHLVAC  DGKFGT CDLVTTG??1 ELFFRSGFGIGMRKD
frogglur ¥GFC-VDLLIKLA-REMNFTYEVHLVAO DGKFGT CDLVTTG??1 ELFFRSGFGIGMRKD
dnmdarl RGYC-IDLLIELS-KRINFTYDLALSPO DGQFGH CELVTAG??1 ELFGRSGYGIGLQKG
rnr2a KGFC-IDILKKLS -RTVKFTYDLYLVTO NGKHGK CKLVTIGSGO YIFASTGYGIALQKG
rnxzb KGFC~ IDILKKIS-KSVKFIYDLYLVTO NGKHGK CKLYTLIGSG0  KVFASTGYGIALQKD
rnr2c KGFC-IDILKKLA-KVVKFSYDLYLVTQ  NGKHGK CKLVTIGSGO KVFATTGYGIAMQKD
rnr2d KGFC-IDILKRLA-HTIGFSYDLYLVTO  NGKHGK CKLVTIGSGO KVFATTGYGIALHKG
GLR2 QGYC-IDVFEAAV-KLLSYPVPHEFIF1 222FGD CKFAIRG??1 QEFTRCGWGFAFPRD
GLR4 RGYC-IDVFEAAI-ELLPYPVPRTYIL1 ???2YGD CKFRTVG?7?1 QEFTRTGWGFAFQRD
GLR1 SGFC-VEVEKTCI-APFNYEL??EFIPL 2?77¥RG 7222222222 22772 2GFGFMFQKG
GLR3 SGFS-IDYFEAVI-QAIPYDISYDFIPL ?77FQD NKYKMVQ??1 TPFKVDGLGFVFPIG
ecoliglnh VGFD-VDLWAAIA-KELKLDYELKPMDO 777727 GNGQFKAVGO  DSLEAQQYGIAFPKG
salglnp VGFD-VDLWDAIA-KELKLDY TLKPMDO 772727 GNGQFKAVGD ESLEAQQYGVAFPKG
afggln AGFD-IDLMKEIA-KRMGLEAKFVNTAQ 777727 PGLYRIVESO DEFAPEYYGIAVNKD

Fic. 2—Examples of gap coding. Two regions from the glutamate
receptor alignments are shown. In both examples, alignment using
CLUSTAL resulted in the insertion of gaps longer then a single pep-
tide. Such areas were recoded so as not to outweigh these regions in
phylogenetic analysis. A, Alignment from position 1 to position 34
(our alignment positions) using CLUSTAL. Question marks denote
gaps introduced by CLUSTAL. The three gaps in the plant GLR genes
right after the space are the gaps in question. The column with 0 and
1 shows the recoded character states for these gaps. 0 indicates that no
gaps are present, and 1 indicates the presence of two gaps. All question
marks are treated as missing data in the phylogenetic analysis. B,
Alignment from position 344 to position 368 (our alignment positions).
Question marks denote gaps introduced by CLUSTAL. The two gaps
in most sequences three positions to the left of the space are the gaps
in question, and the column to the right of these two gaps represents
the scoring system. (Accession numbers for these genes may be found
in table 1.)

sis. The amino acid sequence character matrix used in
the maximum-parsimony analysis was also analyzed us-
ing neighbor joining (Saitou and Nei 1987). Uncorrected
absolute distances were calculated and analyzed by
neighbor joining in PAUP*.

Node Robustness

We generated three measures of node robustness
for al nodesin our parsimony analysis: bootstrap values
(Felsenstein 1985), Bremer (1994) indices, and jack-
knife estimates (Farris et al. 1996). Bootstrap and jack-
knife analyses were performed using PAUP*, and Bre-
mer indices were calculated using AUTODECAY (Er-
iksson 1996). Ten random-addition searches with TBR
branch swapping were used for each replicate in boot-
strap analysis and for the searches at each node for AU-
TODECAY analysis. For our neighbor-joining analysis,
robustness of nodes was inferred using 1,000 bootstrap
replicates performed by PAUP*.

Inhomogeneity Estimates

Estimates of the congruence of different gene re-
gions were obtained through the ILD test developed by
Farris et a. (1994, 1995) asimplemented in PAUP*. We
partitioned our data matrix between transmembrane do-
mains (M), GInH domains (GInH), and domains outside

of these two areas (INTER) and tested for incongruence
of these gene regions to see if there were significantly
different phylogenetic signals emanating from the three
different regions.

Character Mapping

The final data matrices were transported to
MacClade (Maddison and Maddison 1992) and manip-
ulated in that program. By using the ““chart and trace”
option in the program, we were able to examine the
number of possible character states at each residue. We
targeted regions from the transmembrane domains and
the GInH domains that had previously been determined
as functiona regions for analysis. In our analysis, we
simply looked for regions of conservation as well as
significant correlation of character changes with respect
to changes in amino acids and functionality in the pro-
teins.

Results and Discussion
Placement of Putative Plant Glutamate Receptors in
the Context of lon Channel Classes

Previous distance measures demonstrated a high
degree of identity between plant GLRs and animal i-
GluRs, but did not accomplish a phylogenetic analysis
(Lam et al. 1998). To determine where these plant GLR
genes fit within the context of ion channel evolution, we
constructed a matrix with amino acid sequences for the
transmembrane domains from all GluRs in table 1 and
al ion channel genes, including both ligand and voltage-
gated ion channels, in table 2 (ION analysis). In addition
to anima iGluRs which are shown to have extensive
identity with the plant GLRs (Lam et al. 1998), we chose
to examine the relationship of plant GLRs and other ion
channel classes such as acetylcholine receptors, GABA 5
receptors, and potassium channels due to structural sim-
ilarities suggested in other reports (Hollmann, Maron,
and Heinemann 1994; Bennett and Dingledine 1995; Wo
and Oswald 1995). Glutamate receptors, nicotinic ace-
tylcholine receptors, glycine receptors, serotonin recep-
tors, y-aminobutyric acid (GABA) receptors, etc. are al
members of the ligand-gated ion channel superfamily
(Barnard 1992). Although in the same superfamily, i-
GluRs are distinct in terms of primary structure (fig. 3)
as well as membrane topology (fig. 4). The initia hy-
pothesis based on generating hydropathy plots indicated
that the animal glutamate receptor protein, like the nic-
otinic acetylcholine receptors, has four transmembrane
segments (Hollmann et al. 1989). However, more in-
depth investigation has now led to the current model, in
which the second transmembrane segment of iGluRs
does not actually span the membrane (Hollmann, Ma-
ron, and Heinemann 1994; Bennett and Dingledine
1995). This major structural difference distinguishes the
iGluRs from other ligand-gated ion channels, but, on the
other hand, it suggests a closer structural and functional
relationship between iGluRs and other ion channels. For
example, membrane-spanning M1 and M3 together with
non-membrane-spanning M2 in glutamate receptors fit
the description of a structure known as a pore loop,
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Fic. 3—Alignment of animal and putative plant glutamate receptor transmembrane regions with several ion channel transmembrane regions
that have putative similarity. Transmembrane regions 1-3 of glutamate, acetylcholine, and GABA , receptors are used in this analysis. For
potassium channels, regions S5, B, and S6 are used due to their suggested homology with M1-M3 of animal iGluRs (Wo and Oswald 1995).
The three transmembrane regions were aligned by determining the limits of the three regionsin all genes in the figure. The three transmembrane
regions are labeled using the transmembrane region numbering for animal glutamate receptors. (Accession numbers for these genes may be

found in tables 1 and 2.)

which is common in other ion channels, such as voltage-
gated potassium, sodium, and calcium channels, as well
as inward rectifier potassium channels and nucleotide-
gated cation channels (MacKinnon 1995). Wo and Os-
wald (1995) reported conservation of amino acid resi-
dues between glutamate receptors and potassium chan-
nels within this functionally important region.

The main purpose of this first analysis was to at-
tempt to discover elements of the plant GLR transmem-
brane sequences that might diagnose the plant GLR
genes as glutamate receptors compared with other ion
channels. We limited our analysis to relevant parts of
the proteins which are possibly homologous across all
the ion channels, i.e., the characters which make up the
pore loop region in the potassium channels and the
iGluRs and the corresponding transmembrane segments
(M1-M3) in acetylcholine and GABA, receptors (fig.
4). The resulting alignment (fig. 3) is unstable, as evi-
denced by drastic changes in aignment columns with
slight changes in gap-to-change cost parameters (data
not shown). The phylogenetic tree resulting from par-
simony analysis is not strongly supported except for the
node which groups the plant GLRs with the animal
iGluRs and the nodes which group the members of the
distinct ion channel classes (data not shown). This may
indicate different evolutionary origins for the various
ion channel classes, or it may simply indicate that it is
not possible to homologize amino acid sequences in

transmembrane domains of iGIuRs and other ion chan-
nels. In this respect, it is important to note that although
Wo and Oswald (1995) suggested possible homology
between transmembrane regions of potassium channels
and animal iGluRs, our alignment leads us to suggest
that this homology is doubtful. Instead, the similarity in
the pore loop structure present in both classes of ion
channels may be due to convergent evolution.

Distance calculations of the data matrix aligned in
figure 3 are shown in figure 4. The smaller the distance
value, the more closely related are the sequences com-
pared. Although the ranges for absolute distances of the
different categories overlap slightly when considering
M1-M3 in glutamate receptors and the corresponding
regions in other ion channels, the mean values indicate
that the plant GLRs are most closely related (smaller
distance values) to animal glutamate receptors. This re-
sult is strongly supported by previous analyses, such as
hydropathy plots and BLAST searches (data not shown).
This suggests that the plant GLRs have amino acid res-
idues in their transmembrane domains that are diagnos-
tic of animal glutamate receptor genes rather than other
ion channel classes. In addition, when considering only
M3 in glutamate receptors and the corresponding trans-
membrane domain in other ion channels, the absolute
distances between plant GLRs and animal iGIuRs de-
crease, while those between plant GLRs and non-gluta-
mate-receptors increase dramatically.
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Plant GLRs

Animal iGluRs M1-M3: Mean = 0.658

Range = 0.594-0.745
M
M3 only: Mean = 0.537

Range = 0.368-0.737

M1-M3: Mean = 0.833
o raD £ Range = 0.708-0.934

Mean = 0.9186
Range =0.737-1.0

M1-M3: Mean = 0.747

our ' Range = 0.689-0.783
.. M3 only: Mean = 0.926
L Range = 0.789-1.0

M1-M3: Mean = 0.769

o D Range = 0.736-0.792
H..H M3 only: Mean = 0.943

N
- Range = 0.895-1.0

FiGc. 4—Uncorrected absolute distances between plant GLRs and
four classes of ion channels (animal iGIuRs, potassium channels, ace-
tylcholine receptors, and GABA, receptors) based on the transmem-
brane region alignment shown in figure 3. The membrane topology for
each of the different ion channelsin the three transmembrane segments
considered in this analysisis aso shown here. For distance calculations
using M1-M3 of glutamate receptors and the corresponding transmem-
brane regions in the other ion channels, characters 46-71 from the
alignment shown in figure 3 are excluded. In this region, gaps are
introduced in the alignment in al sequences due to an insertion in
dglurl (see fig. 3). For distance calculations using only M3 of gluta-
mate receptors and the corresponding regions of other ion channels,
characters 1-117 were excluded. In each of the comparisons, uncor-
rected absolute distances for al different combinations of plant GLRs
and members of each ion channel class were calculated using PAUP*.
The mean value and the range were then computed and are presented.
Note: The smaller the distance values, the more related the sequences.

The alignment of the transmembrane regions of the
various ion channels brings renewed significance to the
similarity observed in the transmembrane regions of the
animal iGIuRs and plant GLRs. Unlike the comparison
between the transmembrane segments of glutamate re-
ceptor genes and other ion channel genes, which shows
very limited similarity, the transmembrane regions of
animal iGluRs and plant GLRs are similar not only in
terms of hydrophobicity, but also in terms of primary
sequence. This evidence supports common ancestry of
animal iGluRs and plant GLR genes rather than conver-
gence.

Based on the information from this analysis, we
predict that the membrane topology of the Arabidopsis

GLRs will be similar to that of animal iGIuRs where the
second hydrophobic segment of the protein does not
span the membrane, thus leaving the two ligand-binding
domains on the extracellular side of the cell membrane
(fig. 1B). This coincides with the prediction of TMPred
analysis done on two of the plant GLR genes (Lam et
al. 1998). Functional assays and membrane topology ex-
periments will be required to confirm this prediction ex-
perimentally.

Plant Glutamate Receptor Genes in the Context of
Glutamate Receptor Gene Evolution

The ION analysis described above suggests that the
plant GLR genes belong to the iGIuR family. The next
step of our analysis was to examine where they fit into
the evolutionary history within the iGIuR receptor gene
family. We therefore constructed a matrix composed of
amino acid sequences from the glutamate receptor genes
of plants and animals listed in table 1. One of the chal-
lenges of this analysis was to choose an appropriate out-
group. This is not straightforward, since no putative
iGluRs have been uncovered in the genomes of eubac-
teria, archaebacteria, or yeast whose entire genomes
have been completely sequenced. However, a group of
genes known as the bacterial periplasmic amino-acid-
binding proteins has been known to share identity with
one of the functionally important modules of the animal
iGlIuRs, the ligand-binding domain GlnHs (Nakanishi,
Shneider, and Axel 1990). It was suggested that perhaps
with the rise of multicellularity, there was increased se-
lection pressure toward the development of membrane
proteins necessary for cell—cell signaling (Wo and Os-
wald 1995). We therefore used three noneukaryaotic peri-
plasmic amino-acid-binding protein sequences (two eu-
bacteria and one archaebacteria) that share similarity
with the putative ligand-binding domains of iGIuRs as
outgroups (fig. 1D). Visual inspection of the alignments
we obtained using the bacterial sequences as outgroups
reveals a much greater degree of similarity when com-
pared with the alignment in the ION analysis (fig. 2).
However, the regions prior to the conserved GInH1 and
after GInH2 showed no similarity and were easily
“culled” (Gatesy, DeSalle, and Wheeler 1993) from the
matrix.

Parsimony analysis of this glutamate receptor data
matrix using the bacterial sequences as outgroups gave
two equally parsimonious trees of 2,686 steps with a
consistency index of 0.705 and a retention index of
0.782. Figure 5 shows the consensus parsimony tree
with Bremer support and jackknife and bootstrap values.
The plant GLR genes are consistently placed as the most
basal group of glutamate receptors in the gene family,
and the support for this arrangement is relatively robust
(Bremer support at the node = 7; bootstrap at the node
= 98%; jackknife at the node = 97%). Our neighbor-
joining analysis generated a tree with a very similar to-
pology and led to identical conclusion in terms of the
placement of the plant GLRs (fig. 6). This placement
indicates that the putative plant receptors diverged from
the other animal iGluRs well before the various iGIuRs
that reside in animals (e.g., AMPA vs. NMDA) began
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Fic. 5.—Phylogenetic tree generated from parsimony analysis of 35 glutamate receptor genes and 3 bacterial periplasmic amino-acid-
binding protein sequences. This is the consensus of two most-parsimonious trees obtained from our search. Nodes are labeled in the following
way: Nodes with squares on them are strongly supported. The number in the square is the Bremer support value, and all nodes with squares
had bootstrap and jackknife values of 95%-100%. The nodes with circles on them are less strongly supported. Nodes with letters on them had
Bremer support values, bootstrap values, and jack-knife values, respectively, as follows: A = 3/96/92, B = 2/72/77, C = 3/82/79, D = 3/85/
83, E = 3/67/58, F = 10/84/88, G = 1/59/58, H = 8/80/83, J = 7/86/85, K = 1/60/52, L = 9/92/96, M = 1/74/66, N = 0/50/61, P = 6/97/
92, and Q = 20/93/93. All other nodes with circles show the Bremer support value in the circle and at least one of the measures for robustness

(bootstrap and jackknife) is less than 50%.

to diverge. In addition to the placement of the plant
GLRs, the branch lengths in the neighbor-joining tree
(fig. 6) aso indicate that whereas most of the animal
iGluRs, with the exception of snail, C. elegans, and
Drosophila iGluRs, are very closely related, the plant
GLRs show more significant differences. Moreover, our
analysis establishes the relationship among members of
the plant GLR gene family, in which GLR2 and GLR4
are related more closely to each other than to either
GLR1 or GLR3. Members of each of the three subdivi-
sions within the plant GLR gene family may represent
proteins that have different functions, e.g., ligand selec-
tivity, as in the case of anima iGIuR subtypes. This
hypothesis needs to be tested experimentally in future
functional assays. According to this analysis, the mem-
bers of the various classes of animal iGluRs, AMPA/
KA, NMDA, and delta, each reside within their appro-
priate groups with strong node support. Previously, the
cloned glutamate receptor gene (glr-1) from C. elegans
was classified into the AMPA/KA family due to se-
gquence similarity (Maricq et a. 1995). This analysis

supports the hypothesis, although no functional data are
available at present.

Due to the early divergence of the plant genes, it
is difficult to predict the function of putative glutamate
receptors in plants. However, based on our phylogenetic
trees (figs. 5 and 6), it is likely that the plant GLRs will
have ligand-binding capability, since most of the animal
GluRs retained the ligand-binding property of the bac-
terial periplasmic binding proteins. It is interesting to
note that no ligand-binding or channel activity has been
recorded with a class of animal iGIuR genes known as
the delta class. Wild-type delta genes showed no channel
activity in heterologous systems such as X. laevis oo-
cytes, even when glutamate, the natural ligand for glu-
tamate receptors, was added to the bath solutions (Araki
et a. 1993; Lomeli et a. 1993; Zuo et a. 1997). How-
ever, when a mutated form of the rat 82 gene that causes
the phenotype of the neurodegenerative Lurcher mice
was used in similar experiments, the channels seemed
to be constitutively open in the presence or absence of
ligand (Zuo et al. 1997). This raises two major ques-
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Fic. 6.—Phylogenetic tree generated from neighbor-joining analysis of 35 glutamate receptor genes and 3 bacterial periplasmic amino-acid-
binding protein sequences showing branch lengths and bootstrap values. Uncorrected absolute distances were calculated from the same amino
acid data matrix used in the maximum-parsimony analysis and analyzed by neighbor-joining in PAUP*. Bootstrap values are also generated in
PAUP* and are shown for each of the nodes except one. The node which holds all the AMPA/KA genes except for celegansglur and dglur2
collapses in the tree from the bootstrap analysis and is not shown here.

tions: (1) Do the plant GLRs retain ligand-binding abil-
ity? (2) Will they respond to the same ligand as the
animal receptors, or can they be constitutively open? In
the rat 82 mutants, a single nucleotide alteration causes
an aanine in M3 of the wild-type protein to change to
athreonine in the mutant (Zuo et a. 1997). While most
functional studies of anima iGluRs have concentrated
on M2 due to the presence of RNA editing in this re-
gion, it is significant that the greatest sequence similarity
between anima iGluRs actually resides in M3. The
same thing is true when the plant GLR genes are aligned
with the animal iGIuRs (fig. 4). Due to the high se-
quence conservation of M3 among animal iGluRs and
between plant GLRs and animal iGIuRs, this region is
suggested to have functional importance. The location
of the mutation in the Lurcher mice (Zuo et al. 1997)
in the M3 domain supports this hypothesis. A close ex-
amination of the residues in the plant GLR genes cor-
responding to the Lurcher mutation residue raises an in-
teresting speculation. Instead of having a sequence of
“LAA,” asin wild-type delta proteins, the putative plant
receptors have a sequence of “LTS” or “LAS’ at the

corresponding location. Like in the case of the rat 82
mutation, which results in “LAT" at that location, the
crucia second aanine is atered. However, instead of
changing alanine to a threonine, asin the rat §2 mutant,
it is substituted with serine in the plant proteins. The
amino acid serine is very closely related to threoninein
terms of charge and size and may confer similar func-
tional properties. Although it is not likely that the pu-
tative plant channels are constitutively open, as in the
case with the rat 82 mutant, it is possible that they are
congtitutively open in certain cellular conditions, such
as at certain extracellular ion concentrations. This and
other possibilities are yet to be tested experimentaly.
On the other hand, perhaps these plant proteins do not
function primarily via channel activity, but via protein—
protein interactions. In this case, that would mean that
channel activity actually evolved after the divergence of
plants and animals.

Homogeneity of the Transmembrane Domains and the
GInH Domains

We tested the homogeneity of the phylogenetic sig-
nal in the transmembrane domains versus that in the
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Fic. 7—A, Consensus tree generated using parsimony for the GInH regions of 35 glutamate receptor genes. There were 16 most-parsi-
monious trees of length 811; consistency index (Cl) = 0.667 and retention index (RI) = 0.755. B, Consensus tree generated using parsimony
for the regions of 35 glutamate receptor genes that lie between the GInH and transmembrane domains. There were eight most-parsimonious
trees of length 1,036; Cl = 0.749 and RI = 0.810. C, Consensus tree generated using parsimony for the transmembrane regions of 35 glutamate
receptor genes. There were 26 most-parsimonious trees of length 699; CI = 0.735 and Rl = 818.

GInH domains using the ILD test devised by Farris et
al. (1994, 1995). This test was implemented to deter-
mine if the phylogenetic signals emanating from two (or
more) data partitions are homogeneous. We reasoned
that an inference of homogeneity of the two kinds of
regions would be indicative of a common evolutionary
history or linkage. In this case, the hypothesis that these
regions were united in an exon-shuffling scenario latein
evolution would be rejected. In contrast, inhomogeneity
would be indicative of incongruent evolutionary history,
and the hypothesis that these two regions of the gene
coevolved before plants and animals diverged would be
rejected. Figure 7 shows the individual phylogenetic an-
alyses of the three partitions (transmembrane domains
[M], ligand-binding domains [GInH], and the regions
[INTER] between the transmembrane domains and
GInH domains) we erected. Visual inspection of these
trees indicates some evident topological differences.
However, statistical analysis of the incongruence length
difference reveals no statistically significant incongru-
ence among the three partitions (M vs. GInH: P = 0.87;
INTER vs. M: P = 0.44; INTER vs. GInH: P = 0.84).
These results indicate that the transmembrane domains
and GInH domains have most likely coevolved since
their assembly before the divergence of plants and ani-
mals.

Predicting Function from Sequence

By including the plant GLRs in our anaysis, we
have the opportunity to identify residues of the iGIuR

proteins that were conserved before the divergence of
plant GLRs and animal iGluRs. Since these residues
have not mutated throughout the evolution of iGIURs,
they are most likely functionally important residues that
are crucial to the basic operations of these receptors. The
invariant residues in plant GLRs and animal iGIuRs are
presented in figure 8A. Conservation is apparent in a
stretch of characters at the end of M3. Several invariant
residues are also present in the ligand-binding domains,
GInH1 and GInH2. In addition, two tryptophan residues
(W) are universally conserved in M1 and M2, respec-
tively. Whereas at least one of these residues has been
studied in mutagenesis experiments—mutations of R499
result in nonfunctional channels (Uchino et al. 1992)—
published data from mutagenesis studies are not avail-
able on other invariant residues identified in this study.
By conducting mutagenesis studies on these universally
invariant residues, one should be able to gain insight
into possible structure—function relationships.

On the other hand, by recognizing the differencein
the locations of conserved regions in the different clas-
ses of iGluRs, we hope to identify regions of the pro-
teins that may cause them to function differently, e.g.,
ligand and ion selectivity. In addition, by comparing the
plant genes with the different classes of animal iGIuRs
separately (NMDA, AMPA/KA, and delta), we hope to
gain insight into the functional properties of the putative
plant receptors. Residues that are conserved only be-
tween plant GLRs and each animal iGIuR subclass are
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Fic. 8.—Diagrams showing the invariant residues between plant GLRs and different animal iGIuR classes: al animal iGluRs (A), NMDA

(B), AMPA/KA (C), and delta (D) iGluRs. In panel A, the positions of

the invariant residues between plant GLRs and all animal iGluRs are

given, and the numbers correspond to amino acid positions in the human GluH1 gene (GenBank accession number M64752). The approximate
positions of the conserved residues are shown in relation to the functional domains, GInH1, M1-M3, and GInH2. In panels B-D, residues that
are invariant between al plant and animal genes are shown as in panel A. In addition, invariant residues between plant GLRs and each iGIuR
subclass (NMDA, AMPA/KA, and delta) are shown in bold. The residues shown in bold can be uniquely invariant between plant GLRs and
one iGIuR subclass or invariant between plant GLRs and two of the three iGIuR subclasses. By definition, these residues have to be conserved
among members of each iGIUR subclass as well. In fact, the number of residues that are conserved in each iGIuR gene class is underestimated
by adding the plant genes to each of the three analyses. The boxes representing the domains do not reflect actual sequence length.

shown in bold in figure 8B-D. The phylogenetic analy-
ses shown in figures 5 and 6 failed to classify the plant
GLRs into one of the gene classes of iGIURS—NMDA,
AMPA/KA, or delta—based on a comparison using all
of the important functional domains. However, it is still
possible that the plant GLRs may be more closely related
to a certain class of iGIUR when looking at individua
functional domains. According to figure 8, this is not
the case. There appears to be more conservation be-
tween the plant GLRs and the delta iGIuRs in al func-
tional domains. As mentioned earlier, the wild-type delta
iGluRs have no channel activity (Araki et al. 1993; Lo-
meli et al. 1993; Zuo et al. 1997); therefore, it is possible
that this is the case for the plant genes. However, it is
interesting to note that two residues, proline (P) and gly-
cine (G), present at the end of GInH1 in NMDA and
AMPA/KA are conserved in the plant GLRs but altered
in the delta iGluRs. GInH1 is believed to function as
part of the ligand-binding site in iGluRs. Since NMDA
and AMPA/KA iGluRs are both functional in terms of
ligand-binding, the plant GLRs may have the capacity
for ligand binding as well, but the presence of channel
activity that is totally identical to NMDA and AMPA/
KA iGluRs is another matter. It would be informative
to conduct mutagenesis studies in which proline and gly-
cine are adtered in NMDA or AMPA/KA iGluRs to re-
semble the delta residues, or vice versa. Such studies
will give us answers as to whether the deltaiGluRs have
lost proper ligand-binding ability due to the loss of these
two conserved residues, or whether residues other than
the two mentioned are also crucial.

Besides looking at residues in the iGIuR proteins
that are invariant between plants and animals, it is also

interesting to look at the differences between the two.
To examine more detailed structure—function relation-
ships in this respect, we isolated M3 and examined it
more closely. M3 was chosen because it is the most
conserved region of the protein, as observed in figures
4, 8 and 9, as well as in previous sequence alignment
analyses (data not shown). Wheresas it is believed that
M2 serves as a major part of the channel pore (Sommer
et al. 1991; Kohler et al. 1993), the function of M3 is
not exactly clear yet. While most researchers have con-
centrated their studies on M2 due to its structural im-
portance and RNA-editing property, the analysis pre-
sented here could identify residues that may be func-
tionally important in M3. We identified residues that are
conserved in al of the animal iGluRs (fig. 9A), as well
as those that are conserved in both animal iGIuRs and
plant GLRs (fig. 9B) in M3. As observed in fig. 9, the
longest stretch of conserved residues in animal iGluRs
is a the end of M3 (YTANLA), athough the sixth res-
idue in M3, tryptophan (W), is strikingly conserved in
both plant GLRs and animal iGluRs. When the plant
GLRs are added to the analysis, the conservation gen-
erally decreases, but the level of conservation and the
properties of the amino acids in the M3 C-terminal re-
gion barely change. In other cases, possible amino acid
character states added to the animal character states
(shown in bold) by the addition of the plant genes are
sometimes quite different in terms of amino acid charge
and size. Thisis apparent in characters 1, 9, 14, 15, and
20. For character 1 in M3, two of the four plant GLRs
(GLR1 and GLR4) have an aromatic phenylalanine (F)
instead of a nonaromatic amino acid such as isoleucine
(1) or valine (V). Although this character is not extreme-
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Fic. 9.—Graphs showing the number of possible character states at each amino acid position in M3 in the GLU analysis. The number of
possible amino acids is shown on the Y-axis, and the amino acid positions in M3 from the N-terminal to the C-terminal end are shown from
left to right on the X-axis. Character 1 in M3 corresponds to amino acid position 614 in the human GluH1 gene (GenBank accession number
M64752). The possible amino acids at each character are shown inside the bar. The most common amino acid at each character is located at
the bottom of each bar, while the least common is located at the top. A, The animal graph was generated by excluding the plant and bacterial
genes. By using the trace character function in MacClade (Maddison and Maddison 1992), each character of M3 was examined, and the number
of possible amino acids at each position was recorded. B, The animal-and-plant graph was generated by excluding only the bacteria genes. In
the animal-and-plant graph, the amino acids in bold are added onto the possible character state list with the incorporation of the plant genesin

the second graph.

ly conserved even in anima iGluRs with five possible
character states, this drastic change in amino acid size
and properties may have functional consequences. The
case of character 9 in M3 seems to be the opposite of
that of character 1 (fig. 9). Instead of having an aromatic
phenylalanine (F) that is conserved in all of the animal
iGluRs, the plant GLRs have nonaromatic leucine (L) or
valine (V). Although these amino acids are similar in
terms of hydrophobicity, their sizes are different. There-
fore, if M3 is a structura part of the channel pore or
vestibule, this character change may affect the selectiv-
ity and permeability of ions passing through the chan-
nels. In genera, this part of the analysis points to pos-
sible sites for mutagenesis at which residues in animal
iGluRs are dtered to resemble the corresponding plant
residues. Results of these studies can help to uncover
the function of residues in M3 as well as the functional
properties of the plant GLRs.

In conclusion, using the plant GLR genes as a tool
to identify invariant residues may provide ‘“‘fossil” ev-
idence with which to explore how cell—cell signaling by
excitatory amino acids in animal brains evolved from a
primitive signaling mechanism that existed before plants
and animals diverged. The fact that iGIuRs appear to
exist in plants and animals and not in the genomes of
unicellular organisms whose genomes are completely
sequenced suggests that cell—cell signaling in multicel-

lular organisms may predate the divergence of animals
and plants.

Acknowledgments

We thank D. Swofford for advance accessto PAUP
version 4d64 and appreciate his permission to report re-
sults obtained from this program. This work was sup-
ported by NIH grant GM32877 to G.C.

LITERATURE CITED

ARAKI, K., H. MEGURO, E. KusHIYA, C. TAKAYAMA, Y. INOUE,
and M. MisHINA. 1993. Selective expression of the gluta-
mate receptor channel delta 2 subunit in cerebellar Purkinje
cells. Biochem. Biophys. Res. Commun. 197:1267-1276.

BARNARD, E. A. 1992. Receptor classes and the transmitter-
gated ion channels. Trends Biochem. Sci. 17:368-374.

BENNETT, J. A., and R. DINGLEDINE. 1995. Topology profile
for a glutamate receptor: three transmembrane domains and
a channel-lining reentrant membrane loop. Neuron 14:373—
384.

BREMER, K. 1994. Branch support and tree stability. Cladistics
10:295-304.

DESALLE, R., and A. BRowER. 1997. Process partitions, con-
gruence and the independence of characters: inferring re-
lationships among closely related Hawaiian Drosophila
from multiple gene regions. Syst. Biol. 46:752—765.

DovLE, D. A., J. M. CaBRAL, R. A. PFUETZNER, A. Kuo, J.
M. GuLBls, S. L. CoHEN, B. T. CHAIT, and R. MACKINNON.

¥202 I1dy 0z uo 1senb Aq 961G262/928/9/9 1 /8191E/aquU/Wwod°dnodlwspede//:sdiy woly papeojumoq



838 Chiu et al.

1998. The structure of the potassium channel: molecular
basis of K+ conduction and selectivity. Science 280:69—77.

ErRikssoN, T. 1996. Autodecay. Version 2.9.2. Stockholm, Swe-
den.

Farris, J. S, V. A. ALBERT, M. KALLERSJO, D. Lipscoms, and
A. G. KLuGe. 1996. Parsimony jackknifing outperforms
neighbor joining. Cladistics 12:99-124.

FARRIS, J. S., M. KALLERSIO, A. G. KLUGE, and C. BuLT. 1994.
Testing the significance of congruence. Cladistics 10:315—
320.

FARRIS, J. S, M. KALLERSIO, A. G. KLUGE, and C. BuLT. 1995.
Constructing a significance test for incongruence. Syst.
Biol. 44:570-572.

FeLseNnsTEIN, J. 1985. Confidence limits on phylogenies. an
approach using the bootstrap. Evolution 39:783-791.

GATESY, J, R. DESALLE, and W. WHEELER. 1993. Alignment-
ambiguous nucleotide sites and the exclusion of systematic
data. Mol. Phylogenet. Evol. 2:152-157.

GREGOR, P, I. MANO, |. MAaOZ, M. McKEOWN, and V. |. TEICH-
BERG. 1989. Molecular structure of the chick cerebellar
kainate-binding subunit of a putative glutamate receptor.
Nature 342:689—692.

HoLLMANN, M., C. MARON, and S. HEINEMANN. 1994. N-gly-
cosylation site tagging suggests a three transmembrane do-
main topology for the glutamate receptor GIuR1. Neuron
13:1331-1343.

HoLLMANN, M., A. O SHEA-GREENFIELD, S. W. RoGERS, and
S. HEINEMANN. 1989. Cloning by functional expression of
a member of the glutamate receptor family. Nature 342:
643-648.

KLuGE, A. 1997. Testability and the refutation and corrobora-
tion of cladistics hypotheses. Cladistics 13:81-96.

KOHLER, M., N. BURNASHEV, B. SAKMANN, and P H. See-
BURG. 1993. Determinants of Ca?* permeability in both
TM1 and TM2 of high affinity kainate receptor channels:
diversity by RNA editing. Neuron 10:491-500.

Lam, H. M., J. CHiu, M. H. HsiEH, L. MEISEL, |. C. OLIVEIRA,
M. SHIN, and G. Coruzzi. 1998. Glutamate receptor genes
in plants. Nature 396:125-126.

LomELI, H., R. SPRENGEL, D. J. LAURIE, G. KOHR, A. HERB,
P H. SeeBURG, and W. WisDeEN. 1993. The rat delta-1 and
delta-2 subunits extend the excitatory amino acid receptor
family. FEBS Lett. 315:318-322.

MacKINNON, R. 1995. Pore loops. an emerging theme in ion
channel structure. Neuron 14:889-892.

MabbisoN, W. P, and D. R. MADDISON. 1992. MacClade: anal-
ysis of phylogeny and character evolution. Sinauer, Sun-
derland, Mass.

MARICcQ, A. V., E. PeckoL, M. DriscoLL, and C. |. BARG-
MANN. 1995. Mechanosensory signaling in C. elegans me-
diated by the GLR-1 glutamate receptor. Nature 378:78-81.

NAKANIsHI, N., N. A. SHNEIDER, and R. AXEL. 1990. A family
of glutamate receptor genes: evidence for the formation of
heteromultimeric receptors with distinct channel properties.
Neuron 5:569-581.

Paas, Y. 1998. The macro- and microarchitectures of the li-
gand-binding domain of glutamate receptors. Trends Neu-
rosci. 21:117-125.

PREMKUMAR, L. S., and A. AUERBACH. 1997. Stoichiometry of
recombinant N-methyl-D-aspartate receptor channels in-

ferred from single-channel current patterns. J. Gen. Physiol.
110:485-502.

RosenmunDp, C., Y. STERN-BAcH, and C. E StevENs. 1998.
The tetrameric structure of a glutamate receptor channel.
Science 280:1596-1599.

SaiTou, N. and M. Ne1. 1987. The neighbor-joining method: a
new method for reconstructing phylogenetic trees. Mol.
Biol. Evol. 4:406-425.

ScHUSTER, C. M., A. ULTscH, P ScHLoss, J. A. Cox, B.
ScHMITT, and H. BETz. 1991. Molecular cloning of an in-
vertebrate glutamate receptor subunit expressed in Dro-
sophila muscle. Science 254:112-114.

SOMMER, B., M. KOHLER, R. SPRENGEL, and P H. SEEBURG.
1991. RNA editing in brain controls a determinant of ion
flow in glutamate-gated channels. Cell 67:11-19.

SPRENGEL, R., and P H. SEEBURG. 1995. lonoctropic glutamate
receptors. Pp. 213-263 in R. A. NorTH, eds. Handbook of
receptors and channels: ligand- and voltage-gated ion chan-
nels. CRC Press, Boca Raton, Fla

STERN-BACH, Y., B. BETTLER, M. HARTLEY, P. O. SHEPPARD,
P J O'HaRra, and S. E HEINEMANN. 1994. Agonist selec-
tivity of glutamate receptors is specified by two domains
structurally related to bacterial amino acid-binding proteins.
Neuron 13:1345-1357.

SworFoRD, D. L. 1998. PAUP*. Test version 4d64. Laboratory
of Molecular Systematics, Smithsonian Institution, Wash-
ington, D.C., Sinauer, Sunderland, Mass.

UcHINO, S., K. SAKIMURA, K. NAGAHARI, and M. MISHINA.
1992. Mutations in a putative agonist binding region of the
AMPA-selective glutamate receptor channel. FEBS Lett.
308:253-257.

ULTtscH, A., C. M. ScHUSTER, B. LAauBg, H. BETz, and B.
ScHMITT. 1993. Glutamate receptors of Drosophila melan-
ogaster: primary structure of a putative NMDA receptor
protein expressed in the head of the adult fly. FEBS Lett.
324:171-177.

ULTscH, A., C. M. ScHUSTER, B. LAuUBE, P ScHLoss, B.
ScHmITT, and H. BETz. 1992. Glutamate receptors of Dro-
sophila melanogaster: cloning of a kainate-sel ective subunit
expressed in the central nervous system. Proc. Natl. Acad.
Sci. USA 89:10484-10488.

WabDA, K., C. J DECHESNE, S. SHIMASAKI, R. G. KING, K.
Kusano, A. BuoNANNO, D. R. HAmMPsON, C. BANNER, R.
J. WENTHOLD, and Y. NAKATANI. 1989. Sequence and ex-
pression of a frog brain complementary DNA encoding a
kainate-binding protein. Nature 342:684—6809.

Wo, Z. G., and R. E. OswaLD. 1995. Unraveling the modular
design of glutamate-gated ion channels. Trends Neurosci.
18:161-168.

YAMAZAKI, M., K. ARAKI, A. SHIBATA, and M. MIsHINA. 1992.
Molecular cloning of a novel member of the mouse gluta-
mate receptor channel family. Biochem. Biophys. Res.
Commun. 183:886-892.

Zuo, J., P L. DE JAGER, K. A. TAKAHASHI, W. JANG, D. J.
LiNDEN, and N. HEINTZ. 1997. Neurodegeneration in Lurch-
er mice caused by mutation in 92 glutamate receptor gene.
Nature 388:769—773.

NARUYA SaiTou, reviewing editor

Accepted February 25, 1999

¥202 I1dy 0z uo 1senb Aq 961G262/928/9/9 1 /8191E/aquU/Wwod°dnodlwspede//:sdiy woly papeojumoq



